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Foreword

The present book, The Chemistry of Organomagnesium Compounds, is a continuation of
the sub-group of volumes in ‘The Chemistry of Functional Groups’ series that deals with
organometallic derivatives. Closely related to it are the two volumes, The Chemistry of
Organolithium Compounds (Zvi Rappoport and Ilan Marek, Eds., 2003 and 2005) in three
parts and the two parts of The Chemistry of Organozinc Compounds (Zvi Rappoport and
Tlan Marek, Eds., 2006). Organomagnesium (or Grignard) reagents play a key role in
organic chemistry. Although considered as one of the oldest organometallic reagents in
synthesis, there have been a complete renaissance of the field in the last decade.

The two parts of the present volume contain 17 chapters written by experts from 11
countries. They include chapters dealing with structural chemistry, thermochemistry and
NMR of organomagnesium compounds, formation of organomagnesium compounds in
solvent-free environment, photochemistry of magnesium derivatives of porphyrins and
phthalocyanines, and electrochemistry, analysis and biochemistry of organomagnesium
derivatives. Special chapters are devoted to special families of compounds, such as mag-
nesium enolates, ate-complexes, carbenoids and bonded-complexes with groups 15 and 16
compounds. Processes such as enantioselective copper-catalyzed 1,4-addition of organo-
magnesium halides, the iron-catalyzed reactions of Grignard reagents, and theoretical
aspects of their addition to carbonyl compounds as well as carbomagnesiation reactions
are covered in separate chapters. Both synthesis and reactivities of organomagnesium
compounds are extensively discussed.

Unfortunately, the planned chapter on ‘Theoretical Aspects of Organomagnesium Com-
pounds’ was not delivered. However, some theoretical aspects are covered in other
chapters, especially Chapter 9. Another chapter on ‘Mechanisms of Reactions of Organo-
magnesium Compounds’ was not included after it was found that recent material on the
topic was meager as compared with the coverage of the topic in Richey’s book Grig-
nard Reagents, New Developments, published in 2000. We gratefully acknowledge the
contributions of all the authors of these chapters.

The literature coverage is mostly up to and sometimes including 2007.

We will be grateful to readers who draw our attention to any mistakes in the present
volume or to omissions, and to new topics which deserve to be included in a future
volume on organomagnesium compounds.

Jerusalem and Haifa Zvi Rappoport
November 2007 Tlan Marek
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The Chemistry of Functional Groups
Preface to the series

The series ‘The Chemistry of Functional Groups® was originally planned to cover in
each volume all aspects of the chemistry of one of the important functional groups in
organic chemistry. The emphasis is laid on the preparation, properties and reactions of the
functional group treated and on the effects which it exerts both in the immediate vicinity
of the group in question and in the whole molecule.

A voluntary restriction on the treatment of the various functional groups in these
volumes is that material included in easily and generally available secondary or ter-
tiary sources, such as Chemical Reviews, Quarterly Reviews, Organic Reactions, various
‘Advances’ and ‘Progress’ series and in textbooks (i.e. in books which are usually found
in the chemical libraries of most universities and research institutes), should not, as a rule,
be repeated in detail, unless it is necessary for the balanced treatment of the topic. There-
fore each of the authors is asked not to give an encyclopaedic coverage of his subject, but
to concentrate on the most important recent developments and mainly on material that
has not been adequately covered by reviews or other secondary sources by the time of
writing of the chapter, and to address himself to a reader who is assumed to be at a fairly
advanced postgraduate level.

It is realized that no plan can be devised for a volume that would give a complete cov-
erage of the field with no overlap between chapters, while at the same time preserving the
readability of the text. The Editors set themselves the goal of attaining reasonable coverage
with moderate overlap, with a minimum of cross-references between the chapters. In this
manner, sufficient freedom is given to the authors to produce readable quasi-monographic
chapters.

The general plan of each volume includes the following main sections:

(a) An introductory chapter deals with the general and theoretical aspects of the group.

(b) Chapters discuss the characterization and characteristics of the functional groups,
i.e. qualitative and quantitative methods of determination including chemical and physical
methods, MS, UV, IR, NMR, ESR and PES—as well as activating and directive effects
exerted by the group, and its basicity, acidity and complex-forming ability.

(c) One or more chapters deal with the formation of the functional group in question,
either from other groups already present in the molecule or by introducing the new group
directly or indirectly. This is usually followed by a description of the synthetic uses of
the group, including its reactions, transformations and rearrangements.

(d) Additional chapters deal with special topics such as electrochemistry, photochem-
istry, radiation chemistry, thermochemistry, syntheses and uses of isotopically labeled
compounds, as well as with biochemistry, pharmacology and toxicology. Whenever appli-
cable, unique chapters relevant only to single functional groups are also included (e.g.
‘Polyethers’, ‘Tetraaminoethylenes’ or ‘Siloxanes’).

Xiii



Xiv Preface to the series

This plan entails that the breadth, depth and thought-provoking nature of each chapter
will differ with the views and inclinations of the authors and the presentation will neces-
sarily be somewhat uneven. Moreover, a serious problem is caused by authors who deliver
their manuscript late or not at all. In order to overcome this problem at least to some
extent, some volumes may be published without giving consideration to the originally
planned logical order of the chapters.

Since the beginning of the Series in 1964, two main developments have occurred. The
first of these is the publication of supplementary volumes which contain material relating
to several kindred functional groups (Supplements A, B, C, D, E, F and S). The second
ramification is the publication of a series of ‘Updates’, which contain in each volume
selected and related chapters, reprinted in the original form in which they were published,
together with an extensive updating of the subjects, if possible, by the authors of the
original chapters. Unfortunately, the publication of the ‘Updates’ has been discontinued
for economic reasons.

Advice or criticism regarding the plan and execution of this series will be welcomed
by the Editors.

The publication of this series would never have been started, let alone continued,
without the support of many persons in Israel and overseas, including colleagues, friends
and family. The efficient and patient co-operation of staff-members of the Publisher also
rendered us invaluable aid. Our sincere thanks are due to all of them.

The Hebrew University SAUL PATAI
Jerusalem, Israel Z V1 RAPPOPORT

Sadly, Saul Patai who founded ‘The Chemistry of Functional Groups’ series died in
1998, just after we started to work on the 100th volume of the series. As a long-term
collaborator and co-editor of many volumes of the series, I undertook the editorship and
I plan to continue editing the series along the same lines that served for the preceding
volumes. I hope that the continuing series will be a living memorial to its founder.

The Hebrew University ZV1 RAPPOPORT

Jerusalem, Israel
May 2000
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List of abbreviations used

Ac acetyl (MeCO)

acac acetylacetone

Ad adamantyl

AIBN azoisobutyronitrile

Alk alkyl

All allyl

An anisyl

Ar aryl

Bn benzyl (PhCH,)

Bu butyl (C4Ho)

Bz benzoyl (C¢HsCO)

c- cyclo

CD circular dichroism

CI chemical ionization

CIDNP chemically induced dynamic nuclear polarization
CNDO complete neglect of differential overlap
Cp n’-cyclopentadienyl (CsHs)

Cp* n’-pentamethylcyclopentadienyl (CsMes)
DABCO 1,4-diazabicyclo[2.2.2]octane

DBN 1,5-diazabicyclo[4.3.0]non-5-ene

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene
DIBAH diisobutylaluminium hydride

DME 1,2-dimethoxyethane

DMF N,N-dimethylformamide

DMSO dimethyl sulfoxide

E- entgegen

ee enantiomeric excess

EI electron impact

ESCA electron spectroscopy for chemical analysis
ESR electron spin resonance

Et ethyl (C,Hs)

eV electron volt

Xvil



Xviii List of abbreviations used

Fc ferrocenyl

FD field desorption

FI field ionization

FT Fourier transform

Fu furyl (OC4H3)

GLC gas liquid chromatography

Hex hexyl (C¢Hj3)

c-Hex cyclohexyl (c-C¢Hjy)

HMPA hexamethylphosphortriamide

HOMO highest occupied molecular orbital
HPLC high performance liquid chromatography
i- iso

ICR ion cyclotron resonance

Ip ionization potential

IR infrared

LAH lithium aluminium hydride

LCAO linear combination of atomic orbitals
LDA lithium diisopropylamide

LUMO lowest unoccupied molecular orbital
M metal

M parent molecule

MCPBA m-chloroperbenzoic acid

Me methyl (CH3)

Mes mesityl (2,4,6-Me;CeH,)

MNDO modified neglect of diatomic overlap
MS mass spectrum

n- normal

Naph naphthyl

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

NMR nuclear magnetic resonance

Pen pentyl (CsHy;)

Ph phenyl

Pip piperidyl (CsH;oN)

ppm parts per million

Pr propyl (C3H7)

PTC phase transfer catalysis or phase transfer conditions
Py pyridine (CsHsN)

Pyr pyridyl (CsH4N)



List of abbreviations used Xix

R any radical

RT room temperature

s- secondary

SET single electron transfer
SOMO singly occupied molecular orbital
t- tertiary

TCNE tetracyanoethylene

TFA trifluoroacetic acid

TFE 2,2,2-trifluoroethanol

THF tetrahydrofuran

Thi thienyl (SC4H3)

TLC thin layer chromatography
TMEDA tetramethylethylene diamine
TMS trimethylsilyl or tetramethylsilane
Tol tolyl (MeCgHy)

Tos or Ts tosyl (p-toluenesulphonyl)
Trityl triphenylmethyl(Ph;C)

Vi vinyl

XRD X-ray diffraction

Xyl xylyl Me,CeH3)

Z- zusammen

In addition, entries in the ‘List of Radical Names’ in IUPAC Nomenclature of Organic
Chemistry, 1979 Edition, Pergamon Press, Oxford, 1979, p. 305-322, will also be used
in their unabbreviated forms, both in the text and in formulae instead of explicitly drawn
structures.
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PLATE 1 Top left: Ribbon diagram of the CorA magnesium transporter (PDB 2BBJ). Top right:
Monomeric subunit. Middle and bottom left: Various views of the funnel and membrane openings.
Bottom right: Illustration of critical structural features
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Dickerson-Drew dodecamer

5S rRNA fragment

Loop E binding motif dinuclear magnesium motif

PLATE 2 Examples of specific Mg?* interactions with DNA and RNA. Upper left: the Dicker-
son-Drew DNA fragment CGCCAATTCGCG (NDB BD0007). Lower left: the RNA loop E backbone
zipper motif containing a dinuclear magnesium cluster (NDB URLO064). Right: the 5S rRNA frag-
ment from ribosomal E. coli (NDB file URL065) containing two dinuclear magnesium clusters and
a twisted loop E motif (blow-up)



Stem |
Stem ||

Stem Il
3 5

PLATE 3 Top right: The Y-structure of a minimal hammerhead construct (PDB 301D). Left:
Sequence, secondary structure and tertiary interactions of the Schistosoma mansoni ribozyme. Stems
I, II, and II are purple, blue and lilac, respectively. Nucleotides involved in tertiary interactions are
green. The catalytic core is orange and the cleavage site is red. Thick black arrowed lines denote
backbone continuity and thin lines show tertiary interactions; T-termini represent stacking interactions
and /  denotes a Watson-Crick/Hoogsteen interaction and /  is a Hoogsteen/sugar edge
interaction. Reproduced with permission from reference 190 © Wiley-VCH Verlag GmbH & Co.
KGaA. Bottom right: Solid state structure drawn with the color notation indicated above (PDB 2goz)



B-sheet

Lys168

activation
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domain
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PLATE 4 Top: Transition state analog of cAMP dependent protein kinase complexed with ADP, two
Mg”* ions and BF; (left) as well as a blowup of the active center (right) showing polar interactions
with essential side chains (PDB 1L3R). Bottom: An engineered variant of cAMP dependent protein
kinase complexed with MgATP?>~ and the inhibitor peptide fragment 5—-24 (left) and a blowup of
the active site (right). Drawn from the PDB file 1Q24



PLATE 5 Loop movement in the active site of yeast enolase. Upper left: ‘closed’ conformation
(PDB 2AL1) superimposed upon the ‘open’ conformation (PDB 1P43). Upper right: view from
the back. Lower left: A quantum chemical ‘soccer ball’ model for yeast enolase illustrated on the
enol-intermediate and calculated at the TPSS(MARI-J;COSMO)/SV(P) level of theory. Lower right:
view from the back
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PLATE 6 Top left: Klenow fragment (engineered) showing the typical “hand” structure of poly-
merases (PDB 2KZZ). Top right: Klenow fragment of E. coli polymerase 1 (Bacillus stearother-
mophilus) complexed with 9 base pairs of duplex DNA (PDB 1L3S). Bottom left: Human DNA
polymerase 8 complexed with a gapped DNA inhibitor showing the typical 90° orientation of the
template to the growing replicant (PDB 1BPX). Bottom right: Active site of T7 DNA demonstrating
the position of the metal ions with respect to the primer and template (PDB 1T7P)



PLATE 7 Top left: Plant (pea) light harvesting complex LHC-II—view from the lumenal membrane
surface (PDB 2BHW). Top right: View from the side. Middle left: One sub unit of LHC-II showing
the placement of chlorophyll a (blue), chlorophyll b (red) and carotinoid cofactors (yellow). Middle
right: The primary electron donor P700 and its protein environment in the photosystem I of Syne-
chococcus elongates (PDB 1JB0). Bottom left: A closer view (from the top) of P700. Bottom right:

View from the side



PLATE 8 Top left: Structure of a rubisco-like protein showing the basic dimeric unit (PDB 20EK).
Top right: Active site of this rubisco-like protein showing conserved residues and the coordination
sphere of Mg?*. Middle left: Structure (dimer of dimers) of activated spinach rubisco complexed with
product (PDB 1AA1). Bottom right: Active site of this spinach rubisco product complex. Bottom
left: Structure of activated green algae rubisco (tetramer of dimers)
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1. INTRODUCTION

Although organomagnesium compounds are among the earliest reported organometallic
compounds they were regarded as curiosities until 1900. At that time Victor Grignard,
then a graduate student, worked in the laboratory of Professor Barbier at the University
of Lyon in France. His task was to optimize conditions for what is now known as the
Barbier reaction (equation 1)!.

O o OH
M + Mel +Mg L M v

Grignard proposed the intermediate in this reaction to be a RMgI species and concluded
that yields might be improved by preparing this compound first and than adding it to the
ketone. He found that alkyl halides indeed react readily with magnesium in diethyl ether as
solvent to give compounds formulated as RMgX (equation 2). Addition of these reaction
mixtures to a ketone or an aldehyde affords the corresponding alcohols in higher yields
than when the Barbier procedure is used.

Et,O
RX + Mg ——> RMgX @)

Immediately, the synthetic potential of the Grignard reagents was recognized, resulting
in an ever increasing number of investigations towards their preparation and application®~>,
and nowadays the Grignard reagent is one of the most powerful synthetic tools in chem-
istry. For Grignard’s discovery and subsequent development of this finding, he was
awarded the Nobel Prize in Chemistry in 1912.

Soon after its discovery an onium-type structure (1) for methylmagnesium iodide in
ether was proposed by Baeyer and VilligerS, while a somewhat different onium-type
structure (2) was proposed by Grignard (Figure 1)7.

Although it seemed that Standnikov had evidence to support Grignard’s proposal®,
investigations by Thorp and Kamm demonstrated conclusively that Grignard reagents
could not be represented by an onium type of structure’. A polar composition of the
Grignard reagent R~ (MgX)* was proposed by Abegg!® and he suggested the possibility
of an equilibrium (equation 3), which nowadays is known as the Schlenk equilibrium.

2 RMgX —— R,Mg + MgX, 3)

With these proposals a debate started about the constitution of Grignard reagents in
solution which lasted for about sixty years. This topic has been reviewed by Ashby'!.

Me
Et\ /MgMc Et\ ,

O\ /O\

Et 7 | Et Mgl
1) (2)

FIGURE 1. The earliest proposed structures for methylmagnesium iodide in diethyl ether solution
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Nowadays it has been well-established that the simple representation of Grignard
reagents as RMgX, used in most organic text books, is far beyond the truth. Instead,
in coordinating solvents like diethyl ether Grignard reagents exist as complicated mix-
tures of various aggregated species, in which the Schlenk equilibrium (equation 3) plays
an important role'?. The actual structures of the species present in solution depend on the
nature of R, the nature of X, the properties of the coordinating solvent, concentration and
temperature® > 111315,

Modern techniques like X-ray absorption spectroscopy and large-angle X-ray scatter-
ing, which have been reviewed recently'®, have provided detailed information about the
actual species present in solutions of organomagnesium compounds. Such studies are a
prerequisite for a better understanding of the structure—activity relationships of organo-
magnesium compounds and in particular Grignard reagents, and the mechanisms involved
in the reactions thereof'”- 8,

Elucidation of the structures of organomagnesium compounds in the solid state started
in the early sixties of the previous century when modern X-ray crystallographic techniques
became available. Single-crystal X-ray structure determinations of both the diethyl etherate
of phenylmagnesium bromide and the diethyl etherate of ethylmagnesium bromide unam-
biguously showed that in the solid state these compounds exist as discrete monomers. In
these structures the magnesium atom has a distorted tetrahedral coordination geometry
as a result of the bonding of both the carbon atom and the bromine atom to magnesium
and the coordination of two additional diethyl ether molecules to magnesium'®2°. Until
then it was thought that Grignard reagents exist as asymmetric dimers in the solid state
(Figure 2).

At the same time the structures in the solid state of Me,Mg and Et,Mg were determined
by X-ray powder diffraction studies®!?2, Both compounds form polymeric chains as the
result of the bridging of two methyl groups between two magnesium atoms, rendering the
magnesium atoms almost perfectly tetrahedrally coordinated.

These early studies started a renaissance in the structural investigations of organomag-
nesium compounds in the solid state and nowadays hundreds of structures are known.
In fact, in the January 2007 version of the CSD database®® 423 structures containing
at least one direct magnesium—carbon interaction have been found. The present chapter
gives an overview of the structural investigations on organomagnesium compounds in the
solid state, a topic that has been reviewed earlier by others'>?*-28, Tt should be noted
that the structures of organomagnesium compounds obtained from X-ray crystallographic
studies do not necessarily represent the structure as present in solution. Nowadays it is
well known that organomagnesium compounds in solution are involved in complicated
redistribution and aggregation equilibria. Such equilibria are driven by thermodynamics
and therefore often the thermodynamic most stable species crystallize from such solutions.
However, solubility properties and crystal packing effects also determine which particular
organomagnesium compound crystallizes from solution.

According to its position in the Periodic Table of the Elements, magnesium is divalent
and therefore should form organomagnesium compounds with two groups attached to it.
However, because magnesium has only four electrons in its valence shell, this bonding

R
S\ /Br\ P

Mg Mg
VSN
S Br R
FIGURE 2. Proposed structure in the solid state for Grignard reagents before X-ray crystallography
became available, S = Et,O or THF
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situation violates the octet rule. Therefore such a (linear) dicoordinate state, as e.g. found
in simple diorganozinc compounds®, is very rare. Organomagnesium compounds escape
from such bonding situations by the additional coordination of donor molecules and/or
by aggregation via bridging multi-center bonds or agostic interactions, resulting in most
cases in a (distorted) tetrahedral coordination geometry at magnesium, which is the pre-
ferred one.

From a structural point of view, three classes of organomagnesium compounds can be
distinguished, according to the number of carbon atoms directly bound to magnesium.
These classes are: (i) ionic organomagnesium compounds in which the number of carbon
atoms (three or four) bound to magnesium exceeds the valence number of magnesium, the
so-called organomagnesiates, (ii) diorganomagnesium compounds and their coordination
complexes and (iii) heteroleptic RMgX compounds in which X is an electronegative
substituent like a halogen atom (Grignard Reagents) or a monoanionic group bound to
magnesium via an electronegative atom like oxygen or nitrogen. Depending on the nature
of X the latter class of compounds may be further divided into sub-classes. In the following
sections the structures of these classes of compounds will be discussed.

II. ORGANOMAGNESIATES
A. Introduction

Alkali—metal ate compounds are among the first organometallic compounds reported.
Already in 1858 the formation of a crystalline material formulated as ‘Na[Et;Zn]’, obtained
from the reaction of metallic sodium with Et,Zn, was reported by Wanklyn. It then
took almost a century before the first organomagnesiate was reported. In 1951 Wittig and
coworkers realized that organometallic compounds with anionic formulations, for which he
coined the term ‘ate’, could be made?!. In this paper the formation of Li[Ph;Mg] and other
‘ate’-type compounds from its homometallic components was described (equation 4).

Ph,Mg + PhLi —> Li[Ph;Mg] @)

The special and unique reactivities associated with this class of compounds were
rapidly recognized. For example, the reaction of Li[Ph;Mg] with benzalacetophenone
yields mainly the 1,4-addition product while the same reaction with PhLi affords the 1,2-
addition product. Wittig rationalized the chemistry of ‘ate-complexes’ in terms of anionic
activation by which all of the ligands surrounding the metal were activated through an
inductive effect’?. In an early review of ‘structures and reactions of organic ate-complexes’
by Tochtermann this idea was emphasized?>.

When a diorganomagnesium compound and an alkali metal organic compound are
mixed, an enhanced solubility of the resulting species in organic solvents is often observed,
which is an indication of the formation of a mixed metal ate compound. This observa-
tion was reported by Coates and Heslop, who observed that Me,Mg dissolves better in
diethyl ether solutions that contain butyllithium than in the neat diethyl ether solvent. In
this case the formation of a compound having the stoichiometry [Li(OEt,;)][Me,BuMg]
had been suggested®. A special feature of these ‘ate’ species with M[R3;Mg] and also
M;[R4Mg] stoichiometry is that they exist in solution as an equilibrium mixture of var-
ious species with different metal-to-ligand molar ratios. For example, NMR studies of
solutions containing a diorganomagnesium compound and an organolithium compound in
various molar ratios established the presence in solution of at least three distinct different
ate compounds in a rapid exchange equilibrium3-37,
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FIGURE 3. Example of an inverse crown containing a 1,4-phenylene dianion

The elucidation of the structures of organomagnesiates in the solid state started with the
groundbraking X-ray crystallographic studies by Weiss on the structures of organoalka-
limetal compounds including a series of organomagnesiate and organozincate compounds38.

So far only organomagnesiates in which all the organic ligands are identical, i.e. the
homoleptic organomagnesiates, have been considered. It should be noted, however, that
this is not a prerequisite and organomagnesiates also exist having different organic groups.
Another important class of organomagnesiates is that in which one or two of the monoan-
ionic organic ligands are replaced by either a halide anion, or by an amido or alkoxide
anion, the so-called heteroleptic organomagnesiates. During structural investigations of
the latter type of compounds the concept of ‘inverse crown’ was discovered®®*?. These
are aggregated compounds, usually built-up from magnesium amides or alkoxides and
alkali metal amides or alkoxides, that have a very strong affinity to anionic species. Some
of these are even capable of abstracting one or even two protons from an arene in a very
regioselective way, forming heteroleptic organomagnesiates. Figure 3 shows an inverse
crown containing bis-magnesiated benzene.

Examples of the application of organomagnesiates in organic synthesis are: (i) halo-
gen—magnesium exchange reactions of (functionalized) aryl and alkenyl halides*'=%3,
(i) the direct deprotonation of furans* and (iii) in highly selective addition reactions
to ketones®. Another application of organomagnesiates is their use as a catalyst in the
polymerization of butadiene to highly crystalline trans-1,4-polybutadiene®.

B. Tetraorganomagnesiates M>[R4Mg]

Before discussing the structural features of tetraorganomagnesiates in the solid state it
should be noted that structures in which the presence of separated anionic and cationic
moieties can be distinguished are rare. In most cases such units are linked via electron-
deficient bonds, i.e. two-electron three-center bridge-bonded carbon atoms between mag-
nesium and the counter cation.

The first structure, unambiguously established by an X-ray crystal-structure determina-
tion, is MegAl,Mg (3), that has the structural motif of four monoanionic carbon ligands
bound to magnesium in a distorted tetrahedral coordination geometry (Figure 4)*.

The molecular geometry of 3 comprises a central magnesium atom pairwise linked
via four two-electron three-center bonded methyl groups to the two dimethylaluminium
units. The four carbon-to-magnesium bonds (2.20, 2.22, 2.19 and 2.22 A) are slightly
elongated compared to the C—Mg distances observed in linear bis(neopentyl)magnesium
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FIGURE 4. Molecular geometry of MegAl,Mg (3) in the solid state
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(2.13 A) and [2,4,6-(t-Bu);C¢H,],Mg (2.12 A). Such an elongation is not unexpected
for bridging methyl groups. The C(1)-Mg—C(2) and C(3)-Mg—-C(4) bond angles (98.4
and 99.1°, respectively) are smaller than expected for the ideal tetrahedral value, but are
compensated by larger values for the other C—Mg—C bond angles (average 115°). The
acute Mg—C—Al bond angles of approximately 77° are in the range expected for bridging
methyl groups. Arguably, this compound may be described as a true tetraorganomagnesiate
comprising a central Me4;Mg?~ dianion linked to two Me, Al™ cations.

Crystalline [Li(TMEDA);],[MesMg] (4) was obtained from the reaction of Me,Mg,
[MeLi]4(TMEDA), and TMEDA in diethyl ether as a solvent. Its X-ray crystal structure
determination*® revealed a molecular geometry (Figure 5) comprising a central MesMg
unit with average C—Mg distances of 2.260(8) A. All C-Mg—C angles deviate less than
1° from the ideal tetrahedral value of 109.5°, pointing to an almost perfect tetrahedral
coordination geometry around the magnesium atom. The four methyl groups interact pair-
wise with the lithium atoms of two Li(TMEDA) units. The relatively short C—Li distances
range from 2.26(1) to 2.30(1) A, values that are very close to the C—Mg distances, indi-
cating that the methyl groups are symmetrically bridge-bonded between the magnesium
and lithium atoms.

The solid-state structure of [Na(PMDTA)],[PhsMg] (5)*° shows a great similarity with
that of 4. Four aryl groups are bonded to the magnesium atom (C—Mg 2.29 A, average) in
an almost perfect tetrahedral arrangement (Figure 6). Two Na(PMDTA) units are linked
to the central PhyMg unit via bridge-bonding of two phenyl groups to each sodium atom,

FIGURE 5. Molecular geometry of [Li(TMEDA),],[MesMg] (4) in the solid state
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FIGURE 6. Molecular geometry of [Na(PMDTA)],[PhysMg] (5) in the solid state

rendering these sodium atoms penta-coordinate. However, the bridging phenyl groups
are less symmetrically bonded between magnesium and sodium than the bridging methyl
groups between magnesium and lithium in 4. This is shown by the longer Cj,;, —Na bond
lengths, ranging from 2.73 to 2.89 A, compared to the C—Mg bond lengths of 2.29 A.
Furthermore, the Cj,,, —Na vectors are orientated perpendicular to the planes of the aryl
groups, pointing to a m-type interaction between Cj,y, and sodium.

During the attempted preparation of an ethylmagnesiate from Et;Mg and EtLi in a
hexane/toluene solvent mixture it appeared that an unexpected metallation of toluene
had occurred resulting in a compound with the formulation Li;[BnsMg]. According to a
similar procedure, [Li,(TMEDA);][BnsMg] (6) was obtained from the reaction of Et,Mg
with EtLi in the presence of toluene and TMEDA (equation 5)°.

toluene

Eu,Mg + EtLi [Liy(TMEDA);][BnsMg]

(6)

An X-ray crystal-structure determination of 6 revealed a solid-state structure consist-
ing of [Li(TMEDA)][BnsMg] anionic and Li(TMEDA), cationic units. The molecular
geometry of the anion comprises a BnsMg unit linked to the Li(TMEDA) moiety via
two bridging benzyl groups (Figure 7). The C—Mg bond lengths of the bridge-bonding
benzyl groups [C(3)-Mg 2.313(9) and C(4)—Mg 2.322(9) A] are slightly elongated com-
pared to those of the terminally bonded benzyl groups [C(1)-Mg 2.22(1) and C(2)-Mg
2.26(1) A]. The observed C—Li bond lengths [C(3)—Li 2.27(1) and C(4)-Li 2.23(2) A]
point to a slightly asymmetric bridge-bonding of the benzyl groups between magnesium
and lithium. The C(3)-Mg—C(4) bond angle of 104.7(4)° is smaller than the ideal tetra-
hedral value, but is compensated by a value of 111.1(5)° for the C(1)-Mg—C(2) bond
angle. These deviations point to a slightly distorted tetrahedral coordination geometry at
the magnesium atom. Finally, coordination saturation at the lithium atom is reached by a
N,N’-chelate bonded TMEDA molecule.

The reaction of allylmagnesium chloride with methylaluminium dichloride affords,
after workup of the reaction mixture and recrystallization from THF, a rather unexpected
compound (7), which, according to its crystal-structure determination, appears to con-
sist of [(allyl);Mg3Cl3(THF)s]* cations and [(allyl)sMg]?>~ anions in a 2:1 molar ratio
(Figure 8)°!.

(&)



8 Johann T. B. H. Jastrzebski, Jaap Boersma and Gerard van Koten

FIGURE 7. Molecular geometry of the [Li(TMEDA)][BnsMg] anion of 6

FIGURE 8. Cationic (left) and anionic (right) units of compound 7

This compound is one of the few examples of tetraorganomagnesiates that contains
isolated tetraorganomagnesium dianions in the crystal lattice. Due to the location of the
magnesium atom at a special position (inversion center in space group Ibam) the four
allyl groups in the anion are symmetry related. The C—Mg distances of 1.996(8) A are
relatively short. The C—Mg—C bond angles range from 108.4(6) to 110.6(6)°, indicating
an almost perfect tetrahedral geometry around this magnesium atom.

The structure of the cationic part of 7 consists of a [MgzC;] trigonal bipyramidal
arrangement (Figure 8) with the magnesium atoms in the equatorial plane and the carbon
atoms at the apical positions. The two allyl groups are p3-bonded (one above and one
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FIGURE 9. Part of the polymeric network of 8. Disorder components and hydrogen atoms are
omitted for clarity

below the trigonal plane) with their terminal carbon atoms to the three magnesium atoms.
Each of the three chlorine atoms are bridge-bonded between two magnesium atoms in the
equatorial plane.

The only other example of a tetraorganomagnesiate that contains isolated anions in its
solid-state structure is [Na;(DABCO);(toluene)][BuysMg] (8). Each DABCO and toluene
molecule bridges two sodium atoms, forming a polycationic three-dimensional coordina-
tion network, in which isolated BusMg?~ anions are embedded (Figure 9)°2.

Like in 7 the Mg—C distances in the tetrabutylmagnesium dianion in 8 are relatively
short [2.009(6), 2.010(7), 2.042(7) and 2.041(7) A]. All C—-Mg-C bond angles are close
to 109°, indicating tetrahedral coordination geometry at the magnesium atoms.

Although the solid-state structure of [Li(TMEDA)],[Ph¢Mg;] (9) reveals that to each
of the magnesium atoms four carbon atoms are bonded, this compound is best described
as consisting of a central Ph4Mg, dianion in which the magnesium atoms are linked
via two symmetrically bridging phenyl groups [C(2)-Mg(1) 2.329(3) and C(2)-Mg(2)
2.286(3) A] (Figure 10)3. Furthermore, to each of the magnesium atoms two phenyl
groups are bridging between magnesium and lithium in an asymmetric way [C(1)-Mg(1)
2.186(3), C(1)-Li(1) 2.419(9) A]. Coordination saturation at lithium is reached by a
N,N’-chelate bonded TMEDA molecule.

During a study in which the cyclic tripod amine N,N’,N”-trimethyltriazacyclononane
(TAEN) was used as a solvent for Me,Mg, a rather unexpected product was obtained
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FIGURE 10. Molecular geometry of 9 in the solid state

which, according to its X-ray structural analysis, appeared to be [{Me3Mg2(TAEN)2}+]2
[MegMgs]%>~ (10)°*. This product is the result of a disproportionation reaction (equation 6).

7 Me,Mg + 4 TAEN [Me3Mgo(TAEN)s [o[MesMgs]

10)

(6)

An X-ray crystal-structure determination of 10 revealed an asymmetric unit that con-
tains two ‘triple-decker’ dimagnesium cations, a MegMg3 dianion and two benzene mol-
ecules (Figure 11). The two cations differ slightly with respect to bond distances and
bond angles, but are chemically identical. In the cation the three methyl groups are sym-
metrically bridge-bonded (C—Mg average 2.354 A) between the two magnesium atoms.
To each magnesium atom a TAEN molecule is tridentate facially-coordinated with its

FIGURE 11. The asymmetric unit of 10
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FIGURE 12. Molecular geometry of the cationic (left) and anionic (right) parts of 11

three nitrogen atoms, resulting in a slightly distorted octahedral coordination geometry at
each magnesium atom. The [MegMg;] dianion consists of a linear arrangement of three
magnesium atoms with two symmetrically bridging methyl groups between each of the
two magnesium atoms. To each of the two terminal magnesium atoms two further methyl
groups are bonded, resulting in a tetrahedral coordination geometry at each of the mag-
nesium atoms. As might be expected, the C—Mg bond distances of the terminal methyl
groups (C—Mg average 2.161 A) are slightly shorter than those of the bridging methyl
groups (C—Mg average 2.294 A).

Like TAEN also cryptands are capable of initiating a disproportionation reaction in
diorganomagnesium compounds. From the reaction of Et;Mg with 2,1,1-cryptand a crys-
talline product (11) was obtained. According to its X-ray crystal-structure determination
11 consists of isolated [EtMg(2,1,1-cryptand)]t cations and [EtsMg,]?>~ anions in the
crystal lattice (Figure 12)>. The dianion in fact is a dimer formed from two [Et;Mg]~
anions via two bridging ethyl groups between the two magnesium atoms. The two halves
of the dimer are symmetry related via a crystallographic inversion center. The C—Mg
bond distances, 2.336 A for the bridging ethyl group and 2.223 A for the terminal ethyl
groups, are in the range as expected.

The cation contains a [EtMg]™ moiety (C-Mg 2.157(9) A) to which three oxygen
atoms and two nitrogen atoms of the cryptand are coordinated.

It has been suggested that the formation of organomagnesiate anions from equilibria of
dialkylmagnesium compounds with crown ethers, although in concentrations too low to be
detectable by e.g. NMR spectroscopy, are responsible for the specific chemical behavior
of such solutions (equation 7).

3RMg + 15-C-5 — [RMg(15-C-5)][RsMgs] (N

A crystalline product with the formulation [MeMg(15-C-5)][MesMg,] (12) was ob-
tained from a solution of Me,Mg and 15-C-5, making use of special crystallization
techniques. An X-ray crystal-structure determination revealed the presence of isolated
[MeMg(15-C-5)]" cations. The anionic counter part consists of [MesMg,]™ units in which
two methyl groups are bridge-bonded between the magnesium atoms while one of the
other methyl groups forms a bridge bond to a next [MesMg,]™ unit, thus forming a
polymeric chain (Figure 13)*’.
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FIGURE 13. Unit cell contents of 12

C. Triorganomagnesiates M[R;Mg]

In contrast to their zinc congeners®® only a very few compounds are known that contain
a [R3Mg] ™~ structural unit in the solid state. The only compound having isolated anions and
cations in its crystal lattice is [neo-PentMg(2,1,1-cryptand)][neo-Pent;Mg] (13) obtained
from a disproportionation reaction of neo-Pent,Mg in the presence of 2,1,1-cryptand>. An
X-ray crystal-structure determination (Figure 14) of 13 shows that the closest approach
between the magnesium atom in the anion and a heteroatom in the cryptand is 5.71 A,
indicating the presence of isolated cations and anions in the crystal lattice. Although
the C—Mg bond distances in the anionic [rneo-Pent;sMg]~ moiety vary slightly [C—Mg
2.125(12), 2.240(12) and 2.296(16) A], the sum of the C-Mg-C bond angles around
magnesium is 360° within experimental error, indicating a planar trigonal coordination

FIGURE 14. Molecular geometry of the anionic (left) and cationic (right) moieties of 13 in the solid
state
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geometry at the magnesium atom. In the [neo-PentMg(2,1,1-cryptand)]™* cationic part all
heteroatoms of the cryptand are involved in coordination to magnesium, resulting in an
essentially pentagonal bipyramidal geometry at magnesium. Five of the heteroatoms of the
cryptand and the magnesium atom lie approximately in a plane while one of the oxygen
atoms of the cryptand and the bonding carbon atom of the neopentyl group occupy the
apical sites.

A triarylmagnesiate [Li(THF)][{2,4,6-(i-Pr);C¢H,}3Mg] (14) was obtained from the
stoichiometric reaction of the parent organometallic compounds. An X-ray crystal-structure
determination of 14 revealed a molecular geometry in which the triarylmagnesiate and
lithium are associated via bridging aryl groups (Figure 15). Both the magnesium atom
and the lithium atom in 14 are three-coordinate, the magnesium atom as the result of the
bonding of two bridging and one terminal carbon atom, and the lithium atom as the result
of the bonding of two bridging carbon atoms and an oxygen atom of an additional coordi-
nating THF molecule. The sum of the bond angles around both the magnesium atom and
the lithium atom is close to 360°, indicating for both metals a trigonal planar coordination
geometry. As expected, the Mg—C bond distances of the bridging carbon atoms [Mg—C(2)
2.249(4) and Mg—C(3) 2.206(4) A] are somewhat longer than the terminal Mg—C bond
[Mg—C(1) 2.147(4) A]. The C—Li bond distances are relatively short [Li—C(2) 2.195(9)
and Li-C(3) 2.251(9) A] but not unexpected due to the bonding to a three-coordinate
lithium atom. For the same reason also the bond distance of the coordinating oxygen
atom of the THF molecule to magnesium is extremely short [Li—O 1.858(8) Al.

The mixed metal alkyl-amido base [BuNa(TMEDA)][TMP,Mg] (TMP = 2,2,6,6-
tetramethylpiperidine) is capable of deprotonating furan selectively at its 2-position in THF
as a solvent. The product obtained is a complex tris-furylmagnesiate, with the empirical
formula [Na,(THF)3][2-furylsMg,(TMEDA)] (15)°°. An X-ray crystal-structure determi-
nation showed that in the solid state this compound exists as a coordination polymer
of [Nay(THF)3][2-furylsMg,] units linked by bridging TMEDA molecules (Figure 16).

FIGURE 15. Molecular geometry of 14 in the solid state
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.....

FIGURE 16. Part of the polymeric chain of inverse crown ether structure 15

This compound represents an example of an inverse crown ether structure (Lewis acidic
host—Lewis basic guest macrocyclic heterometallic alkoxides or amides)*>*0.

The repeating unit in 15 contains two [(2-furyl)sMg]~ anionic moieties and two sodium
cations assembled in a cyclic structure (Figure 16). Four of the furyl groups are pointing
to the outside of this cycle and are coordinating pairwise to the sodium atoms with their
furyl oxygen atoms. Two furyl groups are located inside the cycle and are coordinating
with their oxygen atoms to the same sodium atom to which also two additional THF
molecules are coordinated. These furyl groups also have a m-interaction with the other
sodium atom to which one additional THF molecule is also coordinated.

Also aggregated magnesiates, containing acetylenic organic groups, [Li;(TMEDA);]
[(PhC=C)sMg>]>° (16), [Nay(TMEDA),][(z-BuC=C)sMg,1* (17) and [Nay(PMDTA),]
[(z-BuC=C)sMg,1* (18), have been structurally characterized.

D. Heteroleptic Organomagnesiates M[R.YMg] and M[RY>Mg]

So far, only organomagnesiates have been considered consisting of an anionic moiety
in which three or four carbon atoms are directly bound to the magnesium atom. However,
also organomagnesiates exist in which the anionic moiety contains only one or two carbon
atoms as well as one or two anions bound to the magnesium atom via a N- or O-
heteroatom.

In particular, studies of the constitution of Grignard reagents in the solid state revealed
that in addition to neutral organomagnesium species, also ionic structures exist that in
fact are heteroleptic organomagnesiates. Three different types of species were observed
in the solid state. The first are ionic [Mg(u-Cl)3;(THF)s][RMgCl,(THF)] ones [R =
t-Bu (19) and R = Ph (20)], which were obtained from THF solutions of z-BuMgCl
and PhMgCl, respectively®®. The second are neutral R,Mg,Cls(THF)s species [R = Me
(21), R = ¢-Bu (22) and R = benzyl (23)], isolated from THF solutions of MeMgCl, ¢-
BuMgCl and BnMgCl, respectively60. The last is ionic [Mg,(u-Cl);(THF)3],[PhyMg, (-
Cl),] (24), obtained from a THF solution of PhMgCI®®. As the ratio of organic group
to magnesium to chloride in these compounds is not 1:1:1, it is obvious that formation
of these particular compounds can never be quantitative and that the remaining solutions
must contain magnesium compounds having other stoichiometries.
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FIGURE 17. Monoanionic part of magnesiate 19 and bis-anionic part of magnesiate 24

The magnesium atoms in the monoanionic moieties of 19 (Figure 17) and 20 have,
as expected, a slightly distorted tetrahedral geometry. In 19 the CI(1)-Mg-Cl(2) and
C-Mg-O bond angles of 109.2(1)° and 110.9(1)°, respectively, are very close to the
ideal tetrahedral value. The bis-anion [PhyMg,Cl,]>~ (Figure 17) in 24 may be regarded
as being formed from the dimerization of two hypothetical [Ph,MgCl]™ moieties via
chloride bridges. The almost equal Mg—Cl bond distances [Mg(1)-CI(1) 2.432(1) and
Mg(2)-CI(1) 2.464(2) A] indicate that the chlorides are symmetrically bridging. These
bond distances are somewhat elongated compared to the terminal Mg—Cl bonds in 19
[both 2.232(2) Al, but this is not unexpected for bridging halogens. The ionic compounds,
19, 20 and 24, have in common that charge compensation is reached by the same cation,
i.e. [Mg,Cl3(THF)g]" in which the three chlorides are bridge-bonded between the two
magnesium atoms while the three THF molecules provide to each of the magnesium atoms
an octahedral coordination geometry.

The actual aggregate that crystallizes from a solution of a Grignard reagent is largely
influenced by the nature of the solvent used. This became evident by the crystals obtained
from a solution of MeMgBr in triglyme having stoichiometry [Mg,Br;(triglyme),]
[Me,MgBr4] (25). The crystal structure determination of 25 revealed that the crystal lattice
contains isolated [(4-Me);Mg,Br4]>~ magnesiate anions and [Mg,(u-Br),(triglyme),]*
cations®!. It is surprising that in the magnesiate anion of 25 the methyl groups rather than
the bromide act as bridges between the two magnesium atoms. Usually, the softer halogen
atoms have a stronger tendency to form bridges than the harder carbon atom.

Solutions of mixtures of alkali alkoxides and diorganomagnesium compounds have been
studied in solution because of their relevance as initiators for styrene polymerization.
From such solutions crystalline [BuyMgNaOBu-#(TMEDA)], (26) and [Bu,MgKOBu-
t(TMEDA)], (27) were isolated and structurally characterized®®. They are aggregated
species and may be regarded as heteroleptic organomagnesiates. Because 26 and 27 are
isostructural, only the overall structural geometry (Figure 18) of 26 is discussed in more
detail.

The central core of 26 is a flat four-membered O—Mg—-O-Mg ring. One of the -Bu
groups is located above, and the other below this plane. To each of the oxygen atoms
a sodium atom is bonded [Na—O 2.533(5) A] while the four butyl groups are bridge-
bonded between the sodium and magnesium atoms in a rather asymmetric way [C—Mg
2.190(6) and C—Na 2.852(7) A]. Penta-coordination at each sodium atom is reached by
the additional N,N’-chelate bonding of a TMEDA molecule.
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FIGURE 18. Molecular geometry of 26 in the solid state
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FIGURE 19. Schematic structure of heteroleptic magnesiate 27

Reaction of 2,2'-ethylidenebis(2,4-di-tert-butylphenol) (EDBP-H;) with butyllithium
and dibutylmagnesium in a 1:1:1 molar ratio in diethyl ether as a solvent affords the
heteroleptic organomagnesiate [BuMgLi(EDBP)(OEt,)], (27) of which the structure is
shown schematically (Figure 19)%.

The butyl groups are slightly asymmetric bridge-bonded between lithium and magne-
sium [C-Li 2.263(7) and C-Mg 2.175(4) A]. The bis-anionic EDBP ligands are O,0’-
chelate bonded, with one of the oxygen atoms bridging between the two magnesium
atoms, giving rise to a central O—Mg—-O-Mg four-membered ring while the other oxy-
gen atom is bridging between a magnesium atom and a lithium atom. To each of the
lithium atoms an additional diethyl ether molecule is coordinated, affording a distorted
trigonal coordination geometry at lithium. It is interesting to note that 27 is an efficient
initiator for methyl methacrylate polymerization.
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FIGURE 20. Molecular geometry of 28 in the solid state

Reaction of in situ prepared Na[BusMg] with 2.4,6-trimethylacetophenone and crys-
tallization of the product from toluene in the presence of TMEDA afforded the heteroleptic
organomagnesiate [BuMgNa{OC(=CH,)Mes},(TMEDA)], (28)%. It appeared that instead
of deprotonation of the 2,4,6-trimethylacetophenone to give an enolate moiety, 1,2-addition
had occurred. The X-ray crystal-structure determination of 28 (Figure 20) showed an
almost linear Na eee Mg eee Mg eee Na arrangement. The two magnesium atoms in this
arrangement are linked by two bridging oxygen atoms of two enolate moieties while each
of the sodium atoms is linked by one bridging carbon atom of the butyl group and one
bridging oxygen atom of an enolate group. Coordination saturation at each of the sodium
atoms is reached by the additional coordination of a TMEDA molecule.

During studies of the synthesis and structural characterization of mixed magnesium—
lithium secondary amide aggregates, a heteroleptic organomagnesiate, [BuMgLi(N(SiMes),
(Py)] (29), crystallized as a by-product from a reaction mixture of n-BuLi, sec-Bu,Mg and
HN(SiMe3); in the presence of pyridine®>. An X-ray crystal-structure determination of 29
revealed a monomolecular structure (Figure 21) in which two (Me3Si),N amido groups
are symmetrically bridge-bonded [N-Li 2.066(5) and N-Mg 2.090(3) A] between mag-
nesium and lithium while the butyl group is n'-bonded to magnesium. An additional
pyridine molecule is coordinated to the lithium atom. The sum of the bond angles around
both lithium and magnesium is 360° within experimental error, indicating a trigonal planar
coordination geometry around these metals. It should be noted that in the crystal lattice of
29 the n'-bonded butyl group is chemically disordered with n-butyl and sec-butyl groups,
indicating that prior to the amide-formation step scrambling of n-butyl and sec-butyl groups
has occurred, most probably via a [(sec-Bu),(n-Bu)Mg]~ magnesiate-type species.

The reaction of 7-BuLi with [(MesSi);N],Mg in a 1:1 molar ratio in hydrocarbon
solvents affords a crystalline product that appears to be the heteroleptic organomagne-
siate [t-BuMgLi{N(SiMes),},] (30). Its X-ray crystal-structure determination revealed a
structure (Figure 22) that shows similarities with that of 29%. In 30 the two amide nitro-
gen atoms are symmetrically bridge-bonded between magnesium and lithium [N-Mg
2.079(1) and N-Li 2.055(2) A] while the -Bu group is o-bonded to magnesium [C—Mg
2.174(1) A]. The coordination unsaturation at lithium is released by an agostic interaction
with the carbon atom [C-Li 2.563(3) A] of a -Bu group of a neighboring molecule,
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FIGURE 21. Molecular geometry of 29 in the solid state. (The minor n-butyl disorder component
is omitted for clarity.)

FIGURE 22. Two units of the polymeric structure of 30 in the solid state

resulting in polymeric chains (Figure 22). Like in 29 both the magnesium atom and the
lithium atom have a trigonal planar coordination geometry.

The sodium analog of 30 was prepared from r-BuMgCl and two equivalents of [(Me;Si),
N];Na in diethyl ether as a solvent. The structure of the resulting heteroleptic organo-
magnesiate [1-BuMgNa{N(SiMes),},(OEt;)] (31) shows great similarities with that of the
repeating unit of 30, but now with a diethyl ether molecule coordinated to the sodium atom
instead of an agostic interaction, thus preventing the formation of polymeric chains.

It has been well-established that deprotonative metallation is one of the most widely
studied and utilized tools in chemical synthesis. Selective di-metallation of arenes has
been observed using mixed metal reagents. Reaction of a mixture of BuNa, Bu,Mg and
TMPH (2,2,6,6-tetramethylpiperidine) in 1:1:3 molar ratio in the presence of toluene or
benzene affords the aggregated compounds [(MeCgH3)MgyNay(TMP)g] (32) and [(Ce¢Hy)
Mg, Nay(TMP)s] (33), respectively, formed in a self-assembly process®’. X-ray crystal-
structure determinations of 32 and 33 (Figure 23) revealed macrocyclic structures with
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FIGURE 23. Molecular geometry of 33 in the solid state

six metal atoms (four sodium and two magnesium) alternating with six bridging amido
nitrogen atoms in a twelve-membered ring, while a [MeCgH3]>~ (in 32) or [CeH,]*~
(in 33) dianion is located inside the ring. Each of the deprotonated carbon atoms has a
relatively short C—Mg interaction [2.200(2) A] and two longer C—Na bonds [2.691(2)
and 2.682(2) A]. Such structures represent examples of inverse crowns (Lewis acidic
host—Lewis basic guest macrocyclic heterometallic amides)*>%®. It is noteworthy that in
32 the deprotonation of toluene is regioselective at its 2- and 5-position.

That small variations can have large influence on the ultimate structures of the aggre-
gates formed during arene deprotonating and aggregation steps became evident when the
same reaction under identical reaction conditions as for 33 was carried out using BuK
instead of BuNa. Instead of the expected potassium analog of 33 an unprecedented twenty-
four-membered [(KNMgN)g]®* ring system was formed, which acts as a polymetallic
host to which six mono-deprotonated arene anions are bonded. The X-ray crystal struc-
tures of [(C¢Hs)MgeKe(TMP),] (34) (Figure 24) containing six mono-deprotonated ben-
zene molecules and of [(MeCcH4)MgeKe(TMP)2] (35) containing six mono-deprotonated
toluene molecules have been elucidated®®. The twenty-four-membered ring is built up of
six sequences of a potassium atom, a bridging amido nitrogen atom, a magnesium atom
and again a bridging amido nitrogen atom. The deprotonated arene carbon atom is o-
bonded to magnesium [C—Mg 2.196(6) A], while the other interatomic distances suggest
that the hapticity of the aryl rings with respect to the potassium atoms is wu-n*: 7?2, i.e.
three carbon atoms (one ipso and two ortho) on one face and two carbon atoms (one ipso
and one ortho) on the opposing face.

When, under the reaction conditions outlined above for the preparation of 33, fer-
rocene was added as the arene to be deprotonated, it appeared that 1,1’-di-deprotonation
occurs resulting in an aggregated species [{(CsHj),Fe}3MgzNay(TMP),(TMPH),] (36)%°.
Unfortunately, its X-ray structure determination showed disordered moieties especially
with respect to the coordinated TMPH molecules. Its lithium analog [{(CsH4),Fe}sMgsLi,
(TMP),(TMPH),] (37) was prepared in a similar way and, after treatment with pyridine (to
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FIGURE 24. Molecular geometry of 34 in the solid state

effect substitution of the coordinated TMPH molecules by pyridine), crystalline [{(CsH4),
Fe}sMg;Lir(TMP),(py).] (38) was obtained suitable for X-ray structural analysis. Its
structure comprises a bent Li-Mg—Mg—-Mg-Li arrangement to which two ferrocenyl
dianions with one deprotonated carbon atom are bridge-bonded between lithium and
magnesium, while the other deprotonated carbon atom is bridge-bonded between two
magnesium atoms (Figure 25). The two deprotonated carbon atoms of the third ferrocenyl
group are both bridge-bonded between two magnesium atoms. The two TMP groups are
each bridge-bonded with their amide nitrogen atom between magnesium and lithium.
Finally, a pyridine molecule is coordinated to each lithium atom, resulting in a trigonal
planar coordination geometry of the lithium atoms.

Surprisingly, changing the secondary amine from TMPH to diisopropylamine results
in the formation of entirely different structures. When three equivalents of diisopropy-
lamine are added to in situ prepared Na[Bu3;Mg] and the resulting reaction mixture is
used for deprotonating the metallocenes Cp,Fe, Cp,Ru or Cp,Os, unprecedented inverse-
crown architectures are obtained. For all three metallocenes isostructural architectures
were obtained, consisting of a sixteen-membered [(NaNMgN),]** host and a tetra de-
protonated metallocene guest’’. For all three compounds [{(CsH3),Fe}Mg4Nay(i-Pr,N)g]
(39), [{(CsH3),Ru}MgsNay (i-ProN)s] (40) and [{(CsH3),0s}MgsNay (i-ProN)s] (41) the
structures were elucidated by X-ray crystallography. That of 40 is shown (Figure 26).
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FIGURE 25. Molecular geometry of 38 in the solid state

FIGURE 26. Molecular geometry of inverse crown architecture 40 in the solid state

The sixteen-membered ring consists of alternating magnesium and sodium atoms (four
of each) with bridging amide nitrogen atoms between magnesium and sodium. The met-
allocene is selectively 1,3-1’,3'-tetra-deprotonated and each of the deprotonated carbon
atoms forms a bridge-bond between magnesium and sodium while the 2- and 2’-carbon
atoms have an additional interaction with a sodium atom (Figure 26).
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In order to gain insight into the mechanism and species involved in the metallation
of the arenes described above, the reaction steps prior to the metallation were studied in
more detail’!. The first step is the formation of Na[BuzMg] from its parent organometal-
lic compounds in a 1:1 molar ratio. The second step is the addition of three equivalents
of the secondary amine, in this particular case three equivalents of TMPH. A detailed
NMR spectroscopic study of this reaction mixture showed the presence of metal-bonded
butyl groups and TMPH. From this observation it was concluded that not the anticipated
Na[TMP;Mg] but instead [BuMgNa(TMP),(TMPH)] had been formed. Most likely this
latter compound is the actual intermediate that is active in the arene metallation step.
Unfortunately, this compound was isolated as an oil and therefore its structural character-
ization by X-ray crystallography was impossible. However, addition of TMEDA afforded
a crystalline compound with the formula [BuMgNa(TMP),(TMEDA)] (42). The X-ray
crystal-structure determination of 42 reveals a structure with a central four-membered
ring formed by a magnesium atom and a sodium atom with a butyl group bridge-
bonded [C-Mg 2.200(2) and C—Na 2.669(2) A] and an amido-nitrogen atom of one of
the TMP groups bridge-bonded [N-Mg 2.079(1) and N—Na 2.452(1) A] between these
atoms (Figure 27). The other TMP group is o-bonded [N-Mg 2.001(1) A] to magnesium
and the TMEDA molecule is chelate-bonded to sodium, giving this atom a tetrahedral
coordination geometry.

Compound 42 is active in the deprotonation/metallation of arenes. When a solution
of 42 is boiled under reflux in benzene, [PhMgNa(TMP),(TMEDA)] (43) is obtained
which, according to its X-ray crystal-structure determination, is isostructural (bridging
butyl group replaced by a bridging phenyl group) with 42. In a similar way, using
toluene, bis(benzene)chromium or bis(toluene)chromium, successful metallations to [3-
(MeCgH4)MgNa(TMP),(TMEDA)] (44)72, [{(CsHg)Cr(CsHs)}MgNa(TMP),(TMEDA)]
(45)" and [{(MeC¢Hs)Cr(4-MeCsH,)}MgNa(TMP),(TMEDA)] (46)’* were achieved. All
three compounds were structurally characterized by X-ray crystal-structure determinations
and are isostructural with 42 and 43. It is noteworthy that toluene is selectively metal-
lated at its 3-position, while the 7%-toluene group in bis(toluene)chromium is selectively
metallated at its 4-position.

FIGURE 27. Molecular geometry of 42 in the solid state
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11l. DIORGANOMAGNESIUM COMPOUNDS
A. Donor-base-free Diorganomagnesium Compounds

As outlined before, diorganomagnesium compounds with two linear o-bonded alkyl or
aryl groups are very rare due to coordination unsaturation at magnesium. Usually, mag-
nesium avoids such bonding situations by binding additional Lewis bases, by aggregating
via three-center two-electron bonding or by forming agostic interactions. So far, the struc-
tures of only three diorganomagnesium compounds are known in which magnesium is
two-coordinate.

Bis(neopentyl)magnesium (47) occurs in benzene solution as a trimer, for which both
a linear structure I and a cyclic structure II (Figure 28) have been proposed”.

Due to the high volatility of 47, its structure in the gas phase could be determined by
gas-phase electron diffraction’®. This study showed that 47 exists as discrete monomers
with a linear C—Mg—C arrangement with Mg—C bond distances of 2.126(6) A in the gas
phase.

The only two diorganomagnesium compounds with di-coordinated magnesium of which
the structure in the solid state has been determined by X-ray crystallography are bis[(tri-
methylsilyl)methylJmagnesium  (48)":7® and  bis[(2,4,6-tri-t-butylphenylJmagnesium
(49)7°. Like observed in the gas phase for 47, the magnesium atom of 48 in the solid state
(Figure 29) has a perfect linear coordination geometry (C—Mg—C 180°). The observed
Mg—C bond distance of 2.116(2) A is also very close to the value observed for this bond
in 47 in the gas phase.

In contrast to the linear structure of 47 and 48, the X-ray crystal structure determination
of 49 shows that in the solid state the di-coordinate magnesium atom has a bent structure
[C-Mg-C 158.4(1)°]. This bending may be a consequence of the steric requirements of
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FIGURE 28. Proposed structures for bis(neopentyl)magnesium 47 in solution

(48) 49)

FIGURE 29. Molecular geometries of diorganomagnesium compounds 48 and 49 in the solid state
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the bulky #-Bu groups, but also secondary (agostic) interactions of hydrogen atoms of the
ortho-tert-butyl groups, two of which are in close proximity (2.28 A) to the magnesium
atom, might play a role. It was observed that 49 does not form donor complexes with Lewis
bases like diethyl ether or THF, which is a striking difference with the 2,4,6-trimethyl-
or 2,4,6-tri-isopropyl analogs of 493,

When the bulky (Me3Si);C groups in compound 48 are replaced by less sterically
demanding (Me3Si),CH groups, the structure of the resulting diorganomagnesium com-
pound [(Me;Si),CH],Mg (50) in the solid state is entirely different. Its structure was
determined both by X-ray and by neutron diffraction data and revealed a polymeric net-
work of [(Me3Si),CH],Mg molecules linked via intermolecular agostic interactions with
methyl groups of neighboring [(Me3Si); CH],Mg molecules (Figure 30)%°. The intramolec-
ular Mg—C distances are 2.117(4) and 2.105(4) A, respectively, while the intermolecular
(agostic) Mg—C interaction is 2.535 A. This latter distance is considerably shorter than the
sum of the Van der Waals radii (3.4 A). Although the individual C—Mg—C bond angles
deviate from 120°, the intramolecular C—Mg—C bond angle being 140.0(2)°, the sum of
these bond angles is 360°, pointing to a distorted trigonal planar coordination geometry
at magnesium.

When the steric congestion in 49 is slightly released, i.e. by replacement of the 7-
Bu groups by Et groups, again an entirely different structure for the corresponding
diorganomagnesium compound in the solid state is observed. The X-ray crystal-structure
determination of bis[2,6-diethylphenyl]magnesium (51) revealed a dimeric structure in
which two of the four aryl groups are bridge-bonded [C—Mg 2.259(7) and 2.263(7) A]
between two magnesium atoms forming a central flat C—-Mg—C—-Mg four-membered ring
(Figure 31)8!. Furthermore, to each of the magnesium atoms an aryl group is terminal-
bonded (C—Mg 2.121 A) resulting in trigonal planar coordination at the magnesium atoms.
The aryl groups are rotated out of the central C—Mg—C—-Mg plane in a propeller-like
fashion by angles in the range of 42.7 to 74.6°.

Bis-tert-butylmagnesium (52) also forms dimeric aggregates in the solid state. Its
molecular geometry comprises two 7-Bu groups each bridging between two magne-
sium atoms [C(1)-Mg(1) 2.3044(9), C(1)-Mg(2) 2.2978(8), C(2)-Mg(1) 2.3057(8) and

FIGURE 30. Part of the polymeric network of 50 in the solid state
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(51) (52)

FIGURE 31. Molecular geometries of the dimeric diorganomagnesium compounds 51 and 52 in the
solid state

C(2)-Mg(2) 2.2987(8) A] as well as two ¢-Bu groups each terminally bonded to one
magnesium atom [C(3)—Mg(2) 2.1483(8) and C(4)-Mg(1) 2.1424(9) Al (Figure 31)%.
The central four-membered C(1)-Mg(1)-C(2)-Mg(2) ring is folded, as is indicated by
a C(1)-Mg(2)-Mg(1)-C(2) torsion angle of 140.45(4)°. Two methyl groups of each of
the bridging 7-Bu groups are rather close to a magnesium atom (Mg—C 2.489—-2.542 A).
This distance is considerably less than the sum of the Van der Waals radii (3.4 A) and
points to agostic interactions with these methyl groups. It has been proposed that these
agostic interactions promote B-hydrogen elimination and thus are responsible for the low
thermal stability of 5282

The simple diorganomagnesium compounds Me,Mg (53) and Et;Mg (54) are non-
volatile solids, in strong contrast to their zinc analogs, which are low boiling liquids?®.
The structures of 53 and 54 in the solid state have been determined from X-ray powder
diffraction data®!-?2. Both compounds form polymeric chains in the solid state (Figure 32)
comprising a chain of magnesium atoms which are mutually connected by two bridging
alkyl groups. As a consequence, each of the magnesium atoms has a tetrahedral coordi-
nation geometry. The observed Mg—C bond distances are 2.24(3) and 2.2(1) A for 53
and 54, respectively.

The structure of Ph,Mg (55) in the solid state has been determined by a single-crystal
X-ray diffraction study®. Like 53 and 54, Ph,Mg exists in the solid state as polymeric
chains (Figure 33) in which two phenyl groups are symmetrically bridge-bonded [C—Mg
2.261(2) A] between two magnesium atoms.

B. Diorganomagnesium Compounds Containing Multi-hapto-bonded Groups

The discovery and structural elucidation of ferrocene in 1951 and the subsequent
development of metal-cyclopentadienyl chemistry started a new era in organometallic
chemistry34-86,

Soon after the first synthesis of bis(cyclopentadienyl)magnesium®”-3® (56), its struc-
ture in the solid state, based on X-ray powder diffraction data, was reported®®. A more
refined structure based on a single-crystal X-ray diffraction study was reported later®.
The structure in the solid state is isostructural with that of ferrocene. The two parallel
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FIGURE 32. Unit cell content of 53 (space group Ibam)

FIGURE 33. Part of the polymeric structure of 55 in the solid state

cyclopentadienyl rings each are 5°-bonded to the magnesium atom (Figure 34) with almost
identical bond distances [average C—Mg 2.304(8) A]. The two cyclopentadienyl rings
adopt a staggered conformation, in contrast to the eclipsed conformation found for the
structure of 56 in the gas phase, obtained from a gas-phase electron diffraction study®'.
Various substituted cyclopentadienylmagnesium compounds, (z-BuCsH,),Mg®? (56),
[1,2,4-(Me3Si)sCsHa,Mg? (57), [1,2,4-(1-Bu)sCsHa Mg (58), (MeyCsH),Mg® (59),
(t-BuMe4Cs),Mg® (60), [(3-butenyl)Me4Cs],Mg” (61) and (MesCs).Mg®7 (62), have
been prepared and were structurally characterized by X-ray crystallography. All com-
pounds have a basic structural motif that is identical to 56, but the conformation of the
cyclopentadienyl rings is such that steric interference is minimal. A slight deviation from
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FIGURE 35. Molecular geometry of 61 in the solid state

the linear structure to a slightly bent structure is observed for 57, 58 and 60, due to the
presence of bulky substituents.

The exo,exo-bis(iso-dicyclopentadienyl)magnesium metallocene (61) has been prepared
by reacting Bu,Mg with iso-dicyclopentadiene. Its structure in the solid state has been
determined by X-ray crystallography (Figure 35)%8. The two cyclopentadienyl rings are
n°-bonded to magnesium with bond distances that range from 2.314(1) to 2.347(1) A and
adopt a staggered conformation.

The substituted cyclopentadienylmagnesium compounds 62a and 62b have been pre-
pared from the corresponding fulvenes (equation 8) and were structurally characterized
in the solid state by X-ray crystallography®. The structures are, as expected, (7°-bonded
cyclopentadienyl groups) for bis(cyclopentadienyl)magnesium compounds.

1
R! R? R
B-hydride H
transfer R2
) + BuyMg ———~ [
—2C,Hg Rl Mg
a4 @
HR2

(62a) R! = Me, R?2 = Ph
(62b) R' =R? = ¢-Pr
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The magnesium atom of compound 62a lies on a crystallographic inversion cen-
ter, and consequently the substituents are in anti-configuration. The structure of 62b
shows an eclipsed conformation and leads to steric repulsion between the dicyclopropy-
Imethyl groups (Figure 36). As a consequence a slight deviation from linear structure is
observed.

Bis(indenyl)magnesium (63) has been prepared by the thermal decomposition of
indenylmagnesium bromide, and its structure in the solid state has been established by
X-ray crystallography!®, Instead of the expected sandwich-type compound, a structure
was found consisting of an infinite polymeric arrangement of which the repeating unit
contains two magnesium atoms and four indenyl anions with two types of bonding modes
(Figure 37). To each of the magnesium atoms an indenyl anion is n’-bonded with its
five-membered ring. The bond distances Mg(1)—C range from 2.31(1) to 2.54(1) A and

FIGURE 36. Molecular geometry of 62b in the solid state

FIGURE 37. Molecular geometry of the repeating unit in polymeric 63



1. Structural organomagnesium chemistry 29

Mg(2)-C range from 2.26(1) to 2.60(1) A. One of the indenyl anions acts as bridge
between the two magnesium atoms and is 7%-bonded to Mg(1) [Mg(1)—C(1) 2.40(1) and
Mg(1)-C(2) 2.44(1) A] and n'-bonded to Mg(2) [Mg(2)-C(3) 2.26(1) Al. In a similar
bridging mode an indenyl anion is linking the repeating units.

Reaction of [Cp(Me)Mg(OEt,)], with phenylacetylene affords tetrameric [CpMgC=
CPh]s (64) (equation 9). Its structure in the solid state has been established by X-ray
crystallography!?! and it is the only example of a heteroleptic diorganomagnesium com-
pound for which the structure in the solid state is known. The structure of 64 has a
heterocubane structure with alternating four magnesium atoms and four terminal carbon
atoms of the acetylenic group at the corners of the cube. To each of the magnesium atoms
a Cp group is 7°-bonded. The structure is shown schematically in equation 9. The bond
distances between the terminal acetylenic carbon atoms and the magnesium atoms vary
in a small range from 2.249(2) to 2.348(2) A, resulting in an almost perfect cube.

hC
N
C / | /Mg
P— /_CPh
Mg7—C /I
—2MeH Cp ‘/ Mg~ ‘ b
C—M
Wy
PhC

2[Cp(Me)Mg(OEty)], + 4 PhC=CH

©

g
\

Cp
(64)

The structure of cyclopentadienyl(neopentyl)magnesium (65) in the gas phase has been
determined by gas-phase electron diffraction'?. The Mg—C bond distances of the 7°-
bonded cyclopentadienyl group are 2.328(7) A while the Mg—C bond distance of the
neopentyl group was found to be 2.12(2) A.

The structures in the solid state of bis(1-methylboratabenzene)magnesium (66a) and
bis[3,5-dimethyl-1-(dimethylamino)boratabenzene]magnesium (66b) were determined by
X-ray crystallography'®®. Both 66a (Figure 38) and 66b are typical sandwich structures
and have common structural features. The magnesium atoms are located at crystallographic
inversion centers, which implies coplanarity of the rings and an antiperiplanar arrange-
ment with respect to the exocyclic substituents. The bond distances of the n®-bonded
boratabenzene ring to magnesium are Mg—C(1) 2.359(2), Mg—C(2) 2.422(2), Mg—-C(3)
2.453(2), Mg—C(4) 2.420(2), Mg—C(5) 2.361(2) and Mg—B 2.436(2) A

FIGURE 38. Molecular geometry of 66a in the solid state
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C. Diorganomagnesium Compounds Containing Intramolecularly Coordinating
Substituents

In the early days of the development of organometallic chemistry it was thought
that in many cases the metal—o-carbon bond would be intrinsically unstable, especially
in transition-metal organic compounds. Thermally induced homolytic cleavage of the
metal—carbon bond and B-hydrogen elimination are the two most important pathways by
which decomposition of organometallic compounds may occur. Several approaches have
been put forward to suppress such decomposition pathways, e.g. the use of organic groups
lacking S-hydrogen atoms, the introduction of bulky (often trimethylsilyl-containing) sub-
stituents and the use of organic groups containing a functionalized substituent capable of
coordinating to the metal. The isolation and structural characterization of (Me3;SiCHj)y4
Cus'% and (2-Me;NCH,CgHy)4Cuy'® are clear examples of these approaches and
represent the first examples of organocopper compounds sufficiently stable to allow
their structural characterization by X-ray crystallography. In (2-Me;NCH,C¢Hy4)4Cuy the
monoanionic, potentially bidentate 2-Me,NCH,CH, ligand stabilizes the organocopper
compound via intramolecular coordination of the nitrogen to copper. This particular lig-
and has been used in the early days to stabilize a variety of organometallic compounds.
When other ligand skeletons and also other heteroatom-functionalized substituents capa-
ble of intramolecular coordination are included, several thousands of these organometallic
derivatives, covering almost the whole periodic system of the elements, have been struc-
turally characterized?:.

It is rather surprising that only a few diorganomagnesium compounds have been
reported in which intramolecular coordination of a heteroatom-containing substituent is
present. The synthesis of (2-Me;NCH,C¢H4)>,Mg (67) was reported. It has been used in
a study on the influence of the presence of potentially intramolecular coordinating sub-
stituents on Schlenk equilibria'®. However, it has never been structurally characterized.

The monoanionic potentially bidentate 2-[(dimethylamino)methyl]ferrocenyl ligand has
coordinating properties similar to that of the 2-[(dimethylamino)methyl]phenyl ligand,
and has also been used to stabilize a variety of organometallic derivatives. Bis{[(2-
dimethylamino)methyl]ferrocenyl}magnesium (68) has been synthesized and was struc-
turally characterized in the solid state by X-ray crystallography.

The molecular structure of 68, crystallized from a solution containing THF and Et,0,
comprises two C,N-chelate bonded 2-[(dimethylamino)methyl]ferrocenyl groups [Mg—C
2.151(2) and 2.160(2) A, and Mg—N 2.421(2) and 2.419(2) A] (Figure 39). In addition,
a THF molecule is coordinated [Mg—0O 2.077(2) A] to the magnesium atom resulting in
five-coordinate magnesium. Based on the bond angles around magnesium the coordination
geometry shows a 63% distortion from a trigonal bipyramid (with the carbon atoms and
the oxygen atom in the equatorial plane) towards a square pyramid along the Berry pseudo-
rotation coordinate!®’. When crystallization was performed in the absence of THF, the
diethyl ether adduct was isolated, having structural features that are very similar to those
of 68.

An aggregate of bis{[(2-dimethylamino)methyl]ferrocenyl}magnesium with two mole-
cules of LiBr (69) has been isolated and structurally characterized (Figure 40)'%%. This
compound is a nice illustration of the capability of diorganomagnesium compounds to
aggregate with other metal salts. In 69, each of the 2-[(dimethylamino)methyl]ferrocenyl
groups is slightly asymmetrically bridge-bonded with its carbon atom between magnesium
and lithium [Mg—C 2.169(4) and 2.167(4) A, and Li-C 2.390(8) and 2.311(8) A]. Also,
the bromine atoms are bridge-bonded between magnesium and lithium [Mg—Br 2.600(1)
and 2.605(1), and Li-Br 2.508(7) and 2.493(7) A] leading to a distorted tetrahedral
coordination geometry at magnesium. The nitrogen atoms of the (dimethylamino)methyl
substituents are each coordinating to a lithium atom [Li—-N 2.074(8) and 2.065(7) A]



1. Structural organomagnesium chemistry 31

FIGURE 40. Molecular geometry of 69 in the solid state

while coordination saturation at each lithium atom is reached by the coordination of an
additional diethyl ether molecule.

The potentially bidentate «-(2-pyridyl)-«,«-bis(trimethylsilyl)methyl monoanionic lig-
and also has been used in a variety of organometallic derivatives. Its magnesium deriva-
tive bis[a-(2-pyridyl)-«,«-bis(trimethylsilyl)methylJmagnesium (70) has been structurally
characterized by X-ray crystallography (Figure 41)1%°.

In 70, the two «-(2-pyridyl)-or,c-bis(trimethylsilyl)methyl ligands are C,N-chelate
bonded to magnesium [Mg—C 2.21(9), Mg—N 2.13(1) A]. As a consequence of the
four-membered chelate rings the coordination geometry at magnesium is distorted from
tetrahedral, as is indicated by the large C—Mg—C and N-Mg—N bond angles of 157.0(7)°
and 117(4)° respectively, and the acute C—Mg—N angle of 67.3(2)°.
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FIGURE 41. Molecular geometry of 70 in the solid state

A o

FIGURE 42. Molecular geometries of 71 and 72 in the solid state

A similar distortion of the tetrahedral coordination geometry at magnesium was ob-
served in [MeOSi(Me),C(SiMe3),C],Mg (71) in which two C,O-chelating ligands are
forming four-membered chelate rings (Figure 42)'°.

An unusual planar coordination geometry at magnesium has been observed in [Me;
SiN = C(z-Bu)CHSiMes[,Mg (72) in which two C,N-chelating ligands are present
(Figure 42)''!. However, the observed bond distances [Mg—C(1) 2.284(4), Mg—C(2)
2.408(4) and Mg—N 2.084(3) A] suggest that the ligand binds rather in an aza-allyl type
of manner than in a C,N-chelate bonding mode.

A heteroleptic diorganomagnesium compound [(Me,N(Me),Si)(Me3Si),C](n-Bu)Mg
(THF) (73) has been synthesized and characterized by X-ray crystallography'!2. Its struc-
ture comprises one C,N-chelate bonded (Me,N(Me),Si)(Me;Si),C group [Mg—C 2.241(2)
and Mg—N 2.203(2) Al, one o-bonded n-butyl group [Mg—C 2.130(3) A] and an addi-
tional coordinating THF molecule [Mg—0 2.069(2) A] to complete a distorted tetrahedral
coordination geometry at magnesium.

An elegant synthetic pathway to bis[(3-(dialkyl)aminobutylJmagnesium and bis[4-
(dialkylamino)butyl]magnesium compounds was developed involving the addition reac-
tion of dialkylallylamines and 1-dialkylamino-3-alkenes to highly reactive MgH,'!® in
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the presence of catalytic amounts (1mol%) of ZrCl,''*. According to this procedure,
compounds 74a—74i and 75a-75g have been prepared (equation 10). 'H and '*C NMR
spectroscopic studies in solutions indicated that in all these compounds the nitrogen atoms
are involved in intramolecular coordination.

NR'R?  THF
MgH, + 2 P (CHy; e [R'R?N(CH,),.121:Mg (10)
(742)n =1,R! =R?=Me (752)n=2,R'=R’=Me
(74b) n=1,R! =R? = Et (75b)n=2,R' =R*=Et
(T4c)n=1,R' =R? = n-Pr (75¢)n=2,R' =R?=n-Pr
(74d)n=1,R' =R?>=i-Pr (75d)n=2,R' =R?=n-Bu
(74e)n=1,R'=R?>=n-Bu (75¢) n=2,R' =Me, R* = Et
(74f)n=1,R' = Me, R? = Et (75f) n=2,R' = Me, R? = n-Bu

(74g) n =1, R! = Me, R* = n-Bu (75g) n =2, R! = Me, R? = c-Hex
(74h) n =1, R! = Me, R? = ¢-Hex
(74i) n=1,R! =Me, R?=Ph

Making use of the same procedure, the ether-functionalized diorganomagnesium com-
pounds 76a—76f were prepared from 3-butenyl ethers and MgH, (equation 11)!'4. It
should be noted that the addition reaction of allyl ethers to MgH, failed because in that
case ether cleavage by MgH, becomes a competing reaction. Also, for these compounds
intramolecular O—Mg coordination in solution was established by NMR spectroscopic
studies.

MgH, +2 27 "S0or — (== [RO(CH,):):Mg (n
(76a) R = Me
(76b) R = Et
(76¢) R = n-Pr
(76d) R = n-Bu
(76e) R = n-Pent
(76f) R = n-Hex

An X-ray crystal-structure determination of 76a confirmed that intramolecular O—Mg
coordination is present in the solid state (Figure 43). Both 4-methoxybutyl ligands are
C,O-chelate bonded to magnesium [Mg—C 2.144(4) and Mg-0O 2.071(3) A]. The bond
angles around magnesium [C—Mg—-C’ 140.2(2)°, O-Mg-O’ 96.4(1)°, C—Mg-O 95.7(1)°
and C-Mg-O’ 110.8(1)°] indicate that the coordination geometry at magnesium is distorted
from the ideal tetrahedral geometry.

The above-mentioned functionalized diorganomagnesium compounds undergo clean
redistribution reactions with Et;Mg to form the heteroleptic diorganomagnesium com-
pounds. For example, reaction of [Me,N(CH,);],Mg (74a) with Et,Mg gives Me,N(CH)3
MgEt (77) in quantitative yield''3. An X-ray crystal-structure determination of 77a showed
this compound to exist as a centrosymmetric dimer in the solid state (Figure 43). The
two dimethylaminopropyl groups are 7%-C bridge-bonded between two magnesium atoms
[Mg—C 2.294(2) and 2.273(2) A] while both nitrogen atoms are coordinated to the mag-
nesium atoms [Mg—N 2.181(2) A]. To each of the magnesium atoms an ethyl group is
o-bonded [Mg-C 2.142(3) A]. Also, the structure of heteroleptic MePhN(CH;);MgEt
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(76a) (77a)
FIGURE 43. Molecular geometries of 76a and 77a in the solid state

(77b) in the solid state was established by X-ray crystallography. Its strucural features
are similar to those of 77a.

A remarkable structure was found for bis(ortho-anisyl)magnesium which crystallizes
from THF as a dimeric bis-THF adduct (78) (Figure 44)''°. This aggregate contains
four ortho-anisyl groups with three different bonding modes. One anisyl group is u2-
bridge-bonded between the two magnesium atoms [C(1)-—Mg(1) 2.327(6) and C(1)-Mg(2)
2.305(6) A] while the oxygen substituent is intramolecularly coordinated to one of these
magnesiums [O—Mg(2) 2.166(4) A]. A second anisyl group is o-bonded to Mg(1) [C(2)-
Mg(1) 2.199(7) A] and the oxygen of the anisyl functionality coordinates to Mg(2)
[O-Mg(2) 2.056(5) A]. The two other ortho-anisyl groups are o-bonded via C;,, to
different magnesium atoms [C—Mg(1) 2.147(7) and C-Mg(2) 2.132(6) A] while the oXy-
gen substituents are not involved in coordination to magnesium. Finally, to each of the
magnesium atoms a THF molecule is coordinated, resulting in one four-coordinate magne-
sium atom [Mg(1)] and one five-coordinate magnesium atom [Mg(2)]. The rather strange
structural motif present in 78 has been explained in terms of an intramolecular ‘ate’-
type of structure in which Mg(2) has a formally partial negative charge and Mg(1) has a
formally partial positive charge.

A pseudo-trigonal-bipyramidal arrangement at magnesium was observed in the crystal
structure of magnesacycle (79) (Figure 45)!%. The two carbon atoms [C(1) and C(2)] of
the o-bonded aryl groups and the oxygen atom [O(2)] of one of the coordinating THF
molecules lie in the equatorial plane. The intramolecular coordinating ether functionality
and the oxygen atom of the other coordinating THF molecule are at the axial positions.
As expected, the C-O distances of the axially bonded oxygen atoms [Mg—0O(1) 2.242(4)
and Mg-0(3) 2.221(4) A] are significantly longer than of the equatorial one [Mg—0(2)
2.095(3) Al.

An X-ray crystal-structure determination of bis[1,3-bis-{(dimethoxy)methyl}phenyl]
magnesium (80) revealed a distorted octahedral coordination geometry at magnesium
because all four methoxy substituents are involved in intramolecular Mg—O coordi-
nation (Figure 45)!%°, The Mg—C bond distances are very short [Mg—C 2.093(4) and
2.105(4) A], but are compensated for by relatively long Mg—O bond distances (average
2315 A). The C—-Mg—C bond angle [173.4(2)°] deviates only slightly from linear.

An unprecedented metallation was observed when 1,3-xylyl crown ethers are reacted
with diarylmagnesium compounds. Reaction of 1,3-xylene-15-crown-4 with diphenyl-
magnesium gives in quantitative yield 2-(phenylmagnesio)-1,3-xylene-15-crown-4 (81),
the structure of which was established by an X-ray crystal-structure determination
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FIGURE 44. Molecular geometry of 78 in the solid state

(79) (80)
FIGURE 45. Molecular geometries of 79 and 80 in the solid state

(Figure 46)'!". The Mg—C distances [Mg—C(1) 2.127(4) and Mg—C(2) 2.154(4) A] are
as expected for aryl groups o-bonded to magnesium. All four oxygen atoms of the crown
are involved in intramolecular coordination with Mg—O bond distances ranging from
2.183(3) to 2.619(3) A, leading to a six-coordinate magnesium atom. Similarly, 2-[(4-
tert-butylphenyl)magnesio]-1,3-xylene-18-crown-5 (82) has been prepared and structurally
characterized in the solid state (Figure 46)''®. Compound 82 has structural features sim-
ilar to those of 81, but only four of the five oxygen atoms of the crown are involved
in intramolecular coordination to magnesium. The formation of compounds 81 and 82
has been explained by a mechanism involving arylmagnesium cations encapsulated in the
crown and tris[arylJmagnesiate anions'!'8,
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FIGURE 46. Molecular geometries of 81 and 82 in the solid state

FIGURE 47. Molecular geometry of 83 in the solid state

Bis[1,3-bis{(dimethylphosphino)methyl}phenyl]magnesium (83) is the only example of
a diorganomagnesium compound in which phosphorus to magnesium coordination in the
solid state is established unambiguously by X-ray crystallography. The molecular geom-
etry of 83 in the solid state comprises a centrosymmetric molecule in which the two aryl
groups are o-bonded to magnesium [Mg—C 2.216(1) A] and all four phosphorus atoms are
involved in intramolecular coordination [Mg—P 2.770(1) and 2.761(1) A] (Figure 47)'1°.
The coordination geometry at magnesium is a distorted octrahedral one, with only a slight
deviation of the C—Mg-C bond angle [178.10(8)°] from linear.

D. Donor-Acceptor Complexes of o -Bonded Diorganomagnesium Compounds

As has been outlined before, the preferred coordination geometry at magnesium in
organomagnesium compounds is tetrahedral, although also organomagnesium compounds
are known with either lower or higher coordination numbers.

The only diorganomagnesium compound with three-coordination at magnesium, for
which the structure was established by X-ray crystallography, is [(Me3Si),CH],Mg(OEt,)
(84) (Figure 48)'?°. Probably, the combination of two sterically demanding (Me3Si),CH
groups and a rather bulky diethyl ether molecule in proximity to the magnesium atom
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(84) (85)
FIGURE 48. Molecular geometry of the diorganomagnesium complexes 84 and 85 in the solid state

prevents the coordination of a second diethyl ether molecule. Although in 84 the C—Mg—-C
bond angle is rather large (148.45°), the sum of the bond angles around magnesium is
within experimental error 360°, indicating a planar trigonal coordination geometry.

The same diorganomagnesium compound is capable of coordinating two 2,6-xylyliso-
cyanide molecules, thus forming [(Me;Si),CH],Mg(CNCgH3Me,-2,6), (85) with a dis-
torted tetrahedral coordination geometry at magnesium (Figure 48)'?!. The C—-Mg—C
bond angle of the bonding carbon atoms [Mg—C 2.148(7) and 2.138(9) A] of the (Me;Si),
CH groups in 85 has narrowed to 128.40(7)° compared to that in 84. However, the
C—-Mg-C bond angle of carbon atoms of the coordinating isocyanide groups [Mg—C
2.306(9) and 2.307(10) A] is extremely acute with 88.79(2)°.

The usual, distorted, tetrahedral coordination geometry at magnesium has been estab-
lished by X-ray crystallographic studies for a series of diorganomagnesium complexes
86-92 containing amine ligands. The relevant structural features of these complexes are
summarized in Table 1. Notable are the acute N-Mg—N angles in the TMEDA complexes
86—91; probably this is a consequence of the small bite angle of the chelating TMEDA
ligand.

Like amines, ethers like THF and diethyl ether are also capable of coordinating to the
magnesium atom of diorganomagnesium compounds to form 1:2 adducts causing a tetra-
hedral coordination geometry at magnesium. The structures in the solid state of a series
of these adducts (93-99) have been unambiguously determined by X-ray crystallogra-
phy. The relevant structural data of these compounds are compiled in Table 2. With the
exception of the THF adduct of bis(p-tolyl)magnesium (94), vide infra, these compounds
are discrete monomeric species. Notable are the relatively large C—Mg—C bond angles,
which are compensated by acute O—Mg-O angles.

The X-ray crystal-structure determination of the THF adduct of bis(p-tolyl)magnesium
showed that the unit cell contains two different molecules, a monomer (4-MeCgHy4),Mg
(THF), (94a) and a dimeric molecule (4-MeC¢H4)sMg,(THF), (94b) (Figure 49)33,

The structure of monomer 94a is straightforward and isostructural with those of 93 and
95-97. In dimer 94b two p-tolyl groups are bridge-bonded with the C;,,, atoms between
two magnesium atoms [Mg—C 2.245(7) and 2.313(7) A]. To each of the magnesium
atoms a p-tolyl group is o-bonded [Mg—C 2.130(7) A] and an additional THF molecule
is coordinate bonded [Mg—0 2.020(5) Al, to give four-coordinate magnesium atoms. The
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TABLE 1. Relevant structural features of diorganomagnesium complexes 86—92

Mg-C Mg-N  C-Mg-C N-Mg-N
Compound A) A) ) ) Reference
Me,Mg(TMEDA) (86) 2.166(6) 2.257(6) 130.0(4) 81.5(3) 122
2.166(6) 2.227(6)
Ph,Mg(TMEDA) (87) 2.167(5) 2.205(5) 119.2(1) 82.5(1) 123
2.167(5) 2.199(5)
Bn,Mg(TMEDA) (88) 2.169(2) 2.192(2) 117.12(7) 83.36(5) 124
2.169(2) 2.207(2)
Et;Mg(TMEDA) (89) 2.163(6) 2.236(5) 127.7(3) 82.7(2) 125
2.137(6) 2.237(7)
s-Bu,Mg(TMEDA) (90) 2.181(3) 2.252(3) 133.6(3) 81.0(2) 126
2.181(3) 2.252(3)
(Ph,PCH;),Mg(TMEDA) (91) 2.171(4) 2.226(4) 130.0(2) 82.3(2) 127
2.171(4) 2.226(4)
Me,Mg(quin), ¢ (92) 2.163(9) 2.231(6) 129.0(3) 108.2(2) 128
2.224(8) 2.247(6)
¢ Quinuclidine (1-azabicyclo[2.2.2]octane).
TABLE 2. Relevant structural features of diorganomagnesium ether complexes 93—-99
Mg-C Mg-0 C-Mg-C O-Mg-0O
Compound A) A) @) @) Reference
Ph,Mg(THF), (93) 2.132(8)  2.050(5) 124.4(3) 96.7(2) 83
2.126(7)  2.031(6)
(4-MeCgH4),Mg(THF), (94a) 2.181(3)  2.252(3) 133.6(3) 81.0(2) 83
2.181(3)  2.252(3)
(2,4,6-Me3;CgH,)>,Mg(THF), (95) 2.182(3)  2.067(3) 118.8(1) 88.4(1) 58
2.165(3)  2.079(3)
(2,4,6-i-Pr;C¢H),Mg(THF), (96) 2.179(3)  2.107(2) 123.1(1) 87.1(1) 58
2.177(3)  2.110(2)
(2-C,H3C¢Hy4),Mg(THF), (97) 2.14(1) 2.044(8) 127.8(5) 91.2(4) 129
2.14(1) 2.027(8)
Ph[(Me;Si);Si]Mg(THF), (98) 2.150(4) 2.051(3) 128.2(1)° 95.4(1) 130
2.650(1)¢  2.059(3)
[Ph(Me)HC],Mg(OEt,), (99) 2.195(1)  2.058(1) 122.2(1) 93.8(1) 131
2.195(1)  2.058(1)

“ Mg—Si bond length.
b C—Mg—Si bond angle.
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FIGURE 49. Unit-cell contents of 94 in space-group P1

acute Mg—C—Mg bond angle of 77.5(2)° is in the range expected for bridging three-center
two-electron bonded aryl groups.

It should be noted that in the solid-state structure of 99 the two chiral centers within an
individual molecule have identical configurations, either both R or both §, although 99
was prepared from racemic starting material'3!. However, as a requirement of the space-
group symmetry (C2/c) both enantiomers are present in 1:1 molar ratio in the crystal
lattice.

Diorganomagnesium compounds also form complexes with bis-donor-atom ligands
that are not capable of forming chelates. When dimethylmagnesium is crystallized from
a THF solution that contains DABCO, a complex (Me,Mg),(DABCO)(THF), (100) is
obtained. An X-ray crystal-structure determination showed that this complex consists of
two Me,Mg(THF) moieties between which a DABCO molecule is N,N’-bridge bonded
[Mg—N (2.208(3) A] (Figure 50)'32. As a result the magnesium atoms have a slightly
distorted tetrahedral coordination geometry.

In many cases diorganomagnesium dioxane complexes, R,Mg(dioxane), have been
obtained as unwanted side-products. Only for two of these, Et,Mg(dioxane)'** (101) and
neo-Pent;Mg(dioxane)'3* (102), were the structures in the solid state determined by X-ray
crystallography. Both compounds exist in the solid state as polymeric chains in which
dioxane molecules are O,0’-bridge bonded between the Et;Mg units in 101 [Mg—-O
2.077(2) and 2.084(2) A], and the neo-Pent;Mg units in 102 [Mg—0 2.132(1) Al resulting
in tetrahedral coordinate magnesium atoms. The structure of 101 is shown in Figure 50.

During studies on bifunctional organomagnesium compounds'3> 139, the structures in
the solid state of several such compounds were determined. Association measurements
of magnesiacyclohexane in THF solution indicated that this compound is in equilibrium
with a dimer. An X-ray crystal-structure determination of the product that crystallizes from
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FIGURE 50. Molecular geometry of 100 in the solid state and part of the polymeric chain of 101
in the solid state

(103) (104)

FIGURE 51. Bifunctional cyclic organomagnesium compounds 103 and 104 in the solid state

such solutions indicated the presence of a cyclic dimer, the 1,7-dimagnesiocyclododecane
tetra THF complex (103) in the solid state (Figure 51)'37-138, To each of the magnesium
atoms in the twelve-membered ring two additional THF molecules are coordinated to
complete a tetrahedral coordination geometry at the magnesium atoms.

The o-xylidenemagnesium bis THF complex (104) exists in the solid state as a cyclic
trimer (Figure 51)'%°. Each of the benzylic carbon atoms of the xylidene moieties is
o-bonded to a magnesium atom, thus forming a nine-membered ring. To each of the
magnesium atoms two THF molecules are coordinated to give a tetrahedral coordination
geometry.

The structures in the solid state of the 1,2-phenylenemagnesium THF complex (105),
the 1,8-naphthalenediylmagnesium THF complex (106) and the cis-diphenylvinylene-
magnesium THF complex (107) were determined by X-ray crystallography'4°. All three
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FIGURE 52. Molecular geometry of the tetrameric aggregate 106

compounds are tetrameric aggregates with similar structural features. The core of these
compounds consists of a tetrahedron of four magnesium atoms, arranged in a similar
fashion as the Lis core of many tetrameric organolithium compounds!#!. Above each face
of the tetrahedron an organic fragment is positioned that is bonded with two carbon atoms
to three magnesium atoms. One of the carbon atoms is o-bonded to one magnesium atom
and the other carbon atom bridges two magnesium atoms via a three-center two-electron
bond. To the top positions of each of the magnesium atoms a THF molecule is coordi-
nated to complete a distorted tetrahedral coordination geometry at each of the magnesium
atoms. As an illustrative example the structure of 106 is shown in Figure 52.

Tridentate nitrogen- or oxygen-containing ligands form complexes with diorganomag-
nesium compounds in which the magnesium atom is five-coordinate. The X-ray crystal-
structure determination of Me,Mg(PMDTA) (108)'2%132 shows that in the solid state
the magnesium atom exhibits a trigonal bipyramidal coordination geometry with the
methyl groups [Mg—C 2.173(4) and 2.191(4) A] and the central nitrogen atom [Mg—N
2.381(3) A] at equatorial positions (Figure 53). The terminal nitrogen atoms occupy the
axial positions. The sum of the bond angles in the equatorial plane is 360° within experi-
mental error, but the N-Mg—N bond angle [138.3(1)°] between the axial nitrogen atoms
deviates considerably from linear as a consequence of the presence of two five-membered
chelate rings.

Bis(4-tert-butylphenyl)magnesium forms a complex with diglyme, complex 109, in
which all three oxygen atoms of the diglyme ligand are involved in coordination to mag-
nesium. Like in 108, in 109 the magnesium atom has a trigonal bipyramidal coordination
geometry with the bonding carbon atoms and the central oxygen atom of the diglyme
ligand in equatorial positions (Figure 53)'%2. Also, in this complex the bond angles in the
equatorial plane add up to 360°. The terminal oxygen atoms of the diglyme ligand are at
the axial sites, but as a consequence of the presence of the two five-membered chelate
rings the O—Mg-O bond angle [141.97(9)°] deviates considerably from linear.
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FIGURE 53. Molecular geometry of five-coordinate organomagnesium complexes 108 and 109 in
the solid state

The structure of bis(4-tert-butylphenyl)magnesium tetraglyme (110) in the solid state
has also been determined by X-ray crystallography'#?. Only the terminal and the next
two oxygen atoms of the tetraglyme ligand are involved in coordination to magnesium.
The asymmetric unit of 110 contains three crystallographically independent molecules in
which the environments around the magnesium atoms are similar to that observed in 109
but differ in the orientation of the uncomplexed tail.

The crown ether 1,3,16,18-dixylylene-30-crown-8 is capable of forming a complex
(111) with two molecules of bis(4-tert-butylphenyl)magnesium of which the structure in
the solid state was determined by X-ray crystallography!*>. To each of the magnesium
atoms three oxygen atoms of the crown ether are coordinated. Also, in this compound the
environment around the magnesium atoms is similar to that observed in 109. It has been
suggested that the formation of complexes like 111 is the initial step in the formation of
diorganomagnesium—rotaxane-type compounds, vide infra.

The structures in the solid state of the bis(thiomethyl)magnesium compounds (MeSCH; ),
Mg(THF); (112) and (PhSCH,),Mg(THF); (113) have been determined by X-ray crystal-
lography'*3. Because these compounds are isostructural, only details of 112 are given here.
The overall structural geometry comprises a trigonal bipyramidal coordination geometry
of the magnesium atom (Figure 54). The two bonding carbon atoms [Mg—-C 2.178(3)
and 2.191(3) A] and an oxygen atom of one of the coordinating THF molecules [Mg—O
2.095(2) A] are at the equatorial positions. The oxygen atoms of the two other coordinating
THF molecules [Mg—0 2.178(2) and 2.185(2) A] are at the axial sites. The sum of the
bond angles in the equatorial plane is 360°, but the O—Mg—O bond angle [163.40(8)°]
between the axial oxygen atoms slightly deviates from linear.

An octahedral coordination geometry at magnesium was observed in the solid-state
structures of the magnesium acetylides (PhC=C),Mg(TMEDA), (114a)'** (Figure 55)
and (t-BuC=C),Mg(TMEDA), (114b)*. In 114a the bonding carbon atoms [Mg—C
2.176(6) and 2.200(6) A] are trans positioned in a perfect linear arrangement (C—Mg—C
180°). Also, the C(1)-Mg—N [89.4(2)°] and C(2)-Mg-N [90.6(2)°] bond angles are in
agreement with an almost perfect octahedral coordination geometry. Only the N-Mg—-N
bond angle [80.4(2)°] of the nitrogen atoms in one TMEDA molecule is less than 90°
as a consequence of the bite angle of the TMEDA ligand, but that is compensated by a
larger N—-Mg—N bond angle between the nitrogen atoms of the two TMEDA molecules.
The structural features of 114b are closely related to those of 114a.
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FIGURE 54. Molecular geometry of 112 in the solid state
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FIGURE 55. Molecular geometry of six-coordinate organomagnesium complexes 114a and 115 in
the solid state

Bis(2-thienyl)magnesium crystallizes from THF as a complex (2-thienyl),Mg(THF),
(115) containing four-coordinated THF molecules. An X-ray crystal-structure determina-
tion showed that the bonded thienyl groups, like the acetylenic groups in 114a, are trans
positioned [C(1)-Mg-C(2) 180°] (Figure 55)'%. Also, the other bond angles around
magnesium deviate less than 0.2° from the ideal octahedral values.

When diphenylmagnesium is crystallized from a solution containing 1,3-xylyl-18-
crown-5, an X-ray crystal-structure determination showed the formation of rotaxane 116
(Figure 56)'%°. Only four of the five oxygen atoms of the crown are involved in coordi-
nation to magnesium, two with a relatively short bond distance [2.204(3) and 2.222(4) A]
and two with a longer bond distance [2.516(4) and 2.520(4) A]. The C(1)-Mg—C(2)
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FIGURE 56. Molecular geometries in the solid state of the rotaxane complexes 116 and 117

angle [163.8(2)°] deviates considerably from linear, pointing to a distorted octahedral
coordination geometry at magnesium. An isostructural rotaxane was obtained from bis(p-
tert-butylphenyl)magnesium and 1,3-xylyl-18-crown-5'42.

Diethylmagnesium and 18-crown-6 form a complex Et,Mg(18-C-6) (117) that, accord-
ing to an X-ray crystal-structure determination, also has a rotaxane structure (Figure 56)'4.
The C(1)-Mg—C(2) arrangement is perfectly linear. At first sight it seems that all six
oxygen atoms are involved in bonding to magnesium, although with extreme long bond
lengths ranging from 2.767(1) to 2.792(2) A. As an extreme, 117 might be regarded as a
clathrate, having a linear Et;Mg encapsulated within a crown ether, but bonded weakly
to its oxygen atoms.

E. Magnesium Anthracene Compounds

Although the formation of magnesium anthracene was discovered in 1965 and men-
tioned in a patent'“®, the chemistry of magnesium anthracene systems began to develop
thirteen years later, triggered by the discovery of a catalyst system for the hydrogenation
of magnesium under mild conditions'!3.

Magnesium anthracene compounds attracted broad interest because of their versatile
applications in synthesis and their ability to catalyze reactions of metallic magnesium.
In the presence of a catalytic amount of anthracene, magnesium can be hydrogenated to
a highly reactive form of magnesium hydride. This magnesium hydride is an excellent
reducing agent for transition-metal salts, and can be used for the preparation of Grignard
compounds that are inaccessible otherwise. Another application involves a MgH;-Mg
system, available via phase-transfer catalysis of magnesium, that can be used for chemical
synthesis and is, moreover, an outstanding medium for hydrogen storage These, and other
topics of the magnesium anthracene system, have been reviewed'4*~1>2,

Magnesium anthracene C14H10Mg(THF)g (118) can be prepared in hlgh yield from the
reaction of metallic magnesium and anthracene in THF (equation 12)!°3. Kinetic mea-
surements showed that a reversible temperature-dependent equilibrium exists between
anthracene, magnesium and 118, the latter being favored at lower temperatures. This equi-
librium opened a way to the preparation of elemental magnesium in a finely dispersed,
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very active form, by raising the temperature of a solution of 118. Another method for the
preparation of highly active magnesium involves heating of solid 118 to 200 °C in high
vacuum to remove the THF and anthracene, leaving the highly active elemental magne-

sium as a black pyrophoric powder with a specific surface area of 60—110 m? g=! 134,

. C4H,0, =30 °C
+ -— @ = (C14H10)2Mg(THF)g
Mg
Mg(THF); 3MeCl, (12)
(118) 20 °C

[MgyCl5(THF)g]" 2 [C4Hol" ™

(119)

The molecular structures in the solid state of 118'% and its 1,4-dimethyl derivative'>®
were determined by X-ray crystallography and appeared to be isostructural. In 118 the
magnesium atom is bound to C(9) and C(10) with rather long bond distances [2.25(1)
and 2.33(1) A] (Figure 57). Due to the loss of aromaticity in the central ring of the
anthracene skeleton, the molecule is folded (26.6°). As the result of three additional
coordinating THF molecules [Mg—0 2.059(7), 2.028(8) and 2.091(8) A, the magnesium
atom is five-coordinate.

At —30°C in THEF, in the presence of anthracene a single-electron transfer from 118 to
anthracene occurs, with the formation of insoluble (C4H,),Mg(THF); (equation 12)'%.
A further reaction with MgCl, affords the radical anion complex [Mg,Cl3(THF)¢]™
[C14H10]°~ (119). An X-ray crystal-structure determination of 119 clearly shows the pres-
ence of anthracene radical anions as distinct species in the crystal lattice (Figure 58)!°.
The bond lengths and the deformation of the electron density of the anthracene radical
anion clearly show that in 119 the LUMO is occupied by one electron'.

Also, the structure in the solid state of 9,10-bis(trimethylsilyl)anthracene magnesium
was determined by X-ray crystallography'>. Tts structural features are similar to those of

FIGURE 57. Molecular geometry of 118 in the solid state



46 Johann T. B. H. Jastrzebski, Jaap Boersma and Gerard van Koten

= g

N\
=

- \
85

X ¥
&) 4§ /

hgs

FIGURE 58. Unit-cell contents of crystalline 119 showing the separated anthracene radical anions
and [MgyCl3(THF)s] " cations

118, but, probably as a result of the sterically demanding Me3Si groups, only two THF
molecules are coordinated to magnesium, giving a tetrahedral coordinated magnesium
atom. When this compound is crystallized from THF in the presence of TMEDA, an X-
ray crystal-structure determination of the crystalline material (120) revealed an asymmetric
unit that contains two molecules, one with two coordinating THF molecules and one with
a chelate-bonded TMEDA molecule (Figure 59)'8.

Reaction of 118 with ethylene under a pressure of 60 bar gives a new magnesia-
cyclic product (121) of which the structure in the solid state was established by X-ray

FIGURE 59. The asymmetric unit of 120
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& C(10)

FIGURE 60. Molecular geometry of 121 in the solid state

crystallography (Figure 60)'*°. In 121, the magnesium atom is bound to an anthracene
carbon atom C(9) [Mg—C(9) 2.204(5) A] and to the terminal carbon atom of the inserted
ethylene molecule [Mg—C(12) 2.110(6) A]. Two THF molecules are coordinated to mag-
nesium, giving it a distorted tetrahedral coordination geometry.

F. Donor-Acceptor Complexes of Diorganomagnesium Compounds with
Multi-hapto-bonded Groups

Bis(cyclopentadienyl)magnesium reacts with a variety of primary and secondary alky-
lamines to give the corresponding 1:1 adducts in high yields'®® ¢!, The structures in the
solid state of three of these, i.e. CpoMg[H,NCH(CHMe,),] (122), CpoMg[H,N(c-CeH )]
(123) and Cp,Mg[HN(i-Pr)(CH,Ph)] (124), were determined by X-ray crystallography.
In 122 (Figure 61), one of the cyclopentadienyl groups is n’-bonded to magnesium with
Mg—C bond distances ranging from 2.407(4) to 2.414(4) A while the other cyclopenta-
dienyl group is n%-bonded [Mg—C 2.380(4) and 2.301(3) A]. The nitrogen—magnesium
bond length [2.112(3) A] is in the range as expected for nitrogen-to-magnesium coordina-
tion bonds. Likewise, adduct 123 contains a 7°-bonded and a n?-bonded cyclopentadienyl
group, but in 124 both cyclopentadienyl groups are 7°-bonded to magnesium. In the latter
compound, a somewhat longer N—Mg distance was found [Mg—N 2.210(4) A]. Molecular

(122) (125)

FIGURE 61. Molecular geometries of amine complexes 122 and 125 in the solid state
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orbital calculations and infrared spectroscopic studies of these compounds suggest that a
NH-hydrogen—(CsHs)™ interaction is involved in the stabilization of these complexes.

In contrast to the other Cp,Mg amine complexes, which were purified by sublimation
(110°C/0.05Torr), the benzylamine complex appeared to be thermally unstable under
these conditions and disproportionates into Cp,Mg and the bis-benzylamine complex
Cp2Mg(H,NCH,Ph), (125). The structure of 125 in the solid state was established by
an X-ray crystal-structure determination (Figure 61). Its molecular geometry comprises
one cyclopentadienyl group n’-bonded and one cyclopentadienyl group n’-bonded to
magnesium as well as two coordinating benzylamine molecules [Mg—N 2.146(3) and
2.156(2) Al.

When Cp, Mg is reacted with t-BuNH, and the product subsequently recrystallized from
THF, complex Cp,Mg(H,NBu-#)(THF) (126) is obtained which contains N-coordinated
t-BuNH; and O-coordinated THF molecules'®?. An X-ray crystal-structure determination
clearly showed the presence of one 1°-bonded- and one 5?-bonded cyclopentadienyl group,
a coordinating 7-BuNH; molecule [Mg—N 2.140(2) Aland a coordinating THF molecule
[Mg-0 2.067(2) A].

When Cp,Mg is crystallized from neat THF, its bis-THF adduct Cp,Mg(THF), (127)
is obtained!®?. Its X-ray crystal-structure determination shows, apart from the two coor-
dinated THF molecules [Mg—0 2.088(2) and 2.098(2) A], one cyclopentadienyl group
which is n°-bonded to magnesium. The distances between magnesium and the carbon
atoms of the other cyclopentadienyl group, one being 2.282(2) A and the next closest one
2.736(2) A, suggest that this cyclopentadienyl group is n'-bonded to magnesium.

Bis(indenyl)magnesium has a polymeric structure in the solid state, the details of which
have been discussed in a previous section. When it is recrystallized from THF, a discrete
monomeric bis-THF adduct, indenyl,Mg(THF), (128), is obtained!®*. An X-ray crystal-
structure determination shows that the magnesium atom has one relatively short bond
[2.256(3) A] with C(1) of each of the indenyl groups, but also interactions with the two
adjacent carbon atoms at a much longer distance [Mg—C 2.723(3) and 2.738(3)]. This
bonding mode was described as intermediate between n' and 5>.

Several ansa-magnesocene complexes have been prepared and structurally character-
ized by X-ray diffraction'6’.

The tetramethylethanediyl-bridged, 7-butyl-substituted bis-cyclopentadienyl complex
Me,C,(3-t-BuCsH3),Mg(THF) (129) is present in the solid state as a meso-diastere-
oisomer. It has a structure in which both cyclopentadienyl groups are 1°-bonded to
magnesium while only one THF molecule is coordinated to magnesium (Figure 62)'%3.

For the Me, Si-bridged analog Me,Si(3--BuCsHj3),Mg(THF), (130) a different bonding
situation is observed at magnesium (Figure 62). One of the cyclopentadienyl groups is
n°-bonded to magnesium with three relatively short Mg—C bond distances (2.34—2.41 A)
and two longer ones (2.64—2.68 A). The other cyclopentadienyl group is n'-bonded to
magnesium (Mg—C 2.36 A). The different bonding modes of the cyclopentadienyl rings
result in a large dihedral angle of 77° between the planes of both cyclopentadienyl rings.
As a result of the widened coordination gap two THF molecules are coordinated to the
magnesium atom.

In the ansa-C,H,-bridged bis-indenyl complex C,H,(indenyl),Mg(THF), (131)!6
(Figure 63), the bonding of the five-membered rings to magnesium is similar to that
observed in (indenyl);Mg(THF), (128), vide supra. Based on the observed bond dis-
tances to magnesium of the carbon atoms in the five-membered rings, the bonding mode
is regarded to be intermediate between n' and »>. Like in (indenyl),Mg(THF),, two THF
molecules are coordinated to magnesium.

Because no crystals suitable for an X-ray crystal-structure determination could be
obtained for the Me,Si-bridged analog of 131, the structure of its alkyl-substituted
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(129) (130)

FIGURE 62. Structures of ansa-magnesocene complexes 129 and 130 in the solid state

(131) (132)

FIGURE 63. Structures of ansa-magnesocene complexes 131 and 132 in the solid state

derivative Me,Si(2-Me-6,7,8,9-tetrahydro-benz[e]indenyl),Mg(THF), (132)'% (Figure
63) was investigated. The indenyl-magnesium binding in the latter differs substantially
from that observed in 131. In 132 both indenyl groups are bound in an exocyclic n’-
geometry to magnesium. The magnesium atom is closest to a C3-fragment comprising the
bridgehead and the adjacent angular position as well as the neighboring carbon atom in
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(133) (135)

FIGURE 64. Molecular geometries of the heteroleptic organomagnesium TMEDA complexes 133
and 135 in the solid state

the aromatic six-membered ring. Coordination saturation at magnesium is reached by the
additional coordination of two THF molecules.

A straightforward protonolysis reaction of Me,Mg(TMEDA) with the carbon-acids
cyclopentadiene, indene and fluorene affords the corresponding heteroleptic organomag-
nesium TMEDA complexes Me(Cp)Mg(TMEDA) (133), Me(indenyl)Mg(TMEDA) (134)
and Me(fluoreny)Mg(TMEDA) (135), respectively, in quantitative yield. The structures
in the solid state of these complexes have been determined by X-ray crystallography'%. In
133 the cyclopentadienyl group is n3-bonded to magnesium [Mg—C 2.351(3), 2.488(3) and
2.488(3) A] while the methyl group is o-bonded to magnesium (Figure 64). The TMEDA
molecule is N,N’-chelate bonded to magnesium [Mg—N 2.256(2) and 2.290(2) Al

The structure in the solid state of 134 is closely related to that of 133. Likewise, in
134 the indenyl group is n3-bonded to magnesium.

In the fluorenyl derivative 135 the methyl group is o-bonded and the TMEDA molecule
N,N'-chelate bonded to magnesium (Figure 64). The fluorenyl group, however, is n'-
bonded to magnesium [Mg—C 2.273(2) Al resulting in a distorted tetrahedral coordination
geometry at the magnesium atom.

Heteroleptic (isodicyclopentadienyl)(butyl)magnesium TMEDA complex (136) was
prepared via a quantitative redistribution reaction from its parent magnesocene, exo,exo-
bis(isodicyclopentadienyl)magnesium (61) (vide supra) and Bu,Mg in the presence of
TMEDA®. An X-ray crystal-structure determination of 136 showed that the magnesium
atom is positioned on the exo face and interacts in a n°-manner with the cyclopentadienyl
ring with Mg—C bond distances ranging from 2.439(4) to 2.545(4) A (Figure 65). The
butyl group is o-bonded to magnesium [Mg—C 2.145(4) A] and the two nitrogen atoms
of the chelate-bonded TMEDA molecule complete the coordination sphere of magnesium.

Tetrameric [CpMgC=CPh]s (64) (vide supra) has a heterocubane structure and deag-
gregates in THF solution to a dimeric THF complex [Cp(PhC=C)Mg(THF)], (137)'°!.
The overall structural geometry of 137 comprises two magnesium atoms between which
two terminal acetylenic carbon atoms are bridge-bonded in a slightly asymmetric man-
ner [Mg—C 2.185(3) and 2.266(3) Al (Figure 65). To each of the magnesium atoms a
cyclopentadienyl ring is 1°-bonded and coordination saturation at magnesium is reached
by the coordination of a THF molecule.
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FIGURE 65. Molecular geometries of the heteroleptic organomagnesium complexes 136 and 137

So far, only multi-hapto-bonded groups have been considered that contain a cyclic
unsaturated functionality. It appeared that linear conjugated unsaturated functionalities
are also capable of being involved in such multi-hapto interactions.

The 1,4-bis(phenyl)-2-butene-1,4-diylmagnesium tris-THF complex (138) has been pre-
pared from activated magnesium and 1,4-diphenyl-1,3-butadiene, and its structure in the
solid state was determined by X-ray crystallography'6’. Its molecular geometry com-
prises a Mg(THF)3 unit (average Mg—O 2.12 A) that has a n*-interaction with the butene
skeleton. The butene skeleton adopts a s-cis geometry in which the four central carbon
atoms lie in one plane, with the magnesium atom positioned 1.71 A above this plane
(Figure 66). The bond distances between magnesium and the C(1) and C(4) atoms of the
butene moiety, 2.32 and 2.26 A, respectively, are shorter than the Mg—C(2) and Mg—C(3)
interactions of 2.56 and 2.52 A.

The structure in the solid state of the 1,4-bis(trimethylsilyl)-2-butene-1,4-diylmagnesium
TMEDA complex (139) shows similarities with that of 138 (Figure 66)!8. Also, in 139 the
butene skeleton has a *-interaction with magnesium with shorter Mg—C(1) and Mg—C(4)
bonds [2.200(9) and 2.191(9) A, respectively] and longer Mg—C(2) and Mg—C(3) bonds
[2.381(8) and 2.399(8) A, respectively]. Instead of the three coordinating THF molecules
in 138, in 139 a N,N’-chelate bonded TMEDA molecule is present.

Another type of ligand, capable of forming multi-hapto interactions with metals, are
boron and boron—carbon cage compounds of which in particular the carboranes have been
used extensively in organometallic chemistry!®. The structures in the solid state of a few
magnesacarboranes have been determined by X-ray crystallographic studies.

An X-ray crystal-structure determination of the magnesocarborane, closo-1-Mg(THF);-
2,4-(Me3Si),-2,4-C,B4Hy4 (140), showed that this compound exists in the solid state as a
discrete monomer!”®. The molecular geometry of 140 comprises a Mg(THF); moiety, of
which the magnesium atom is located at an apical position above an open pentagonal face
of the C,B4 cage (Figure 67). The observed Mg—C and Mg—B bond distances [Mg—C
2.390(3) and 2.429(3) A, Mg—B 2.452(3), 2.404(3) and 2.381(4) A] are indicative for
n°-bonding to magnesium.

The molecular geometry of the magnesacarborane closo-1-Mg(TMEDA)-2,3-(Me3Si),-
2,3-C,B4Hy (141) in the solid state shows some similarities with that of 140. In this
case, a Mg(TMEDA) moiety is n°-bonded to the open pentagonal face of the C,By
cage (Figure 67)'71:172 However, in contrast to 140, here the molecule is dimeric via
an interaction of the magnesium atoms with the unique boron atoms of the neighboring
C,;B4H4 cage involving two Mg—H-B bridges.
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(138) (139)
FIGURE 66. Molecular geometries of the 2-butene-1,4-diylmagnesium complexes 138 and 139

(140) (141)

FIGURE 67. Molecular geometry of the magnesium C,B4H, carboranes 140 and 141

Also, magnesacarboranes with a C4,BgHg cage have been prepared and were struc-
turally characterized in the solid state by X-ray diffraction studies. The magnesacarbo-
rane (THF),Mg(Me;Si)sCsBgHg (142) has been prepared from nido-2,4,6,12-(MesSi)-
2,4,6,12-C4BgHg and metallic magnesium in THF. Its molecular geometry in the solid state
comprises a Mg(THF), unit that is #*-bonded to four adjacent atoms, two carbon [Mg—C
2.315(10) and 2.326(9) A] and two boron atoms [Mg—B 2.393(12) and 2.402(11)], of a
seven-membered open face of the carborane cage (Figure 68)'73.



1. Structural organomagnesium chemistry 53

FIGURE 68. Molecular geometry of magnesacarborane 142

The boron-substituted analogs (THF),Mg(MesSi)4(z-BuB)C4B7;H; (143) and (THF),
Mg(Me;Si)4(MeB)C4B7H; (144) have also been prepared and structurally characterized
in the solid state!”. Their structures are essentially the same as that of 142, except that
one of the borons in 143 and 144 is alkylated.

So far, only diorganomagnesium complexes have been considered in which the het-
eroatom involved in coordination to magnesium is either nitrogen or oxygen. The only
other functional group forming a coordination bond to magnesium in organomagnesium
compounds that have been structurally characterized are carbenes.

Bis(pentamethylcyclopentadienyl)magnesium reacts smoothly with 1,3.4,5-tetrameth-
ylimidazol-2-ylidene to form carbene complex 145'7>. An X-ray crystal-structure deter-
mination unambiguously showed that the ligand is bound to magnesium via its carbene
carbon atom [Mg-C 2.194(2) A] (Figure 69). Compared to (MesCs),Mg itself, in which
both cyclopentadienyl groups are 7°-bonded to magnesium, the bonding mode of the
cyclopentadienyl groups in 145 has changed. One of these is still 7°-bonded to magne-
sium with average Mg—C distances of 2.46(8) A, but the other one exhibits a ‘slipped’

FIGURE 69. Molecular geometry of carbene complex 145
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geometry with three carbon atoms closest to magnesium at distances of 2.309(3), 2.465(2)
and 2.605(2) A. Together with the observed C—C bond distances in this ring, these values
suggest a bonding mode of this cyclopentadienyl ring with magnesium that is intermediate
between 1 and 5! (o-bonded).

A similar carbene complex was obtained from the reaction of (MesCsH),Mg with
1,3-di-isopropyl-4,5-dimethylimidazol-2-ylidene, with a structure in the solid state that is
closely related to that of 145%.

IV. HETEROLEPTIC RMgY COMPOUNDS
A. Introduction

In heteroleptic monoorganomagnesium compounds RMgY an organic group is o-
bonded or, in some particular cases, multi-hapto bonded to magnesium via several carbon
atoms. The other group, Y, is bound to magnesium via a heteroatom. Examples of the latter
groups are: halogen atoms, oxygen-containing groups like alkoxides, nitrogen-containing
groups like primary and secondary amides, and other groups functionalized with het-
eroatoms like sulfur and phosphorus.

For the synthesis of heteroleptic monoorganomagnesium compounds, three major path-
ways are available (Scheme 1).

R,Mg + HY =~ ———= RMgY + RH

RoMg + MgY, =~ 2RMgY

RX + Mg ——— RMgX

X=Cl Br,1
Y = heteroatom-functionalized organic group

SCHEME 1. The pathways for the synthesis of heteroleptic organomagnesium compounds

The first route involves the protonolysis of one of the alkyl or aryl groups of dialkyl- or
diarylmagnesium compounds by an organic molecule containing an acidic proton bound to
a heteroatom. Examples of such acidic compounds are alcohols and primary and secondary
amines. A nice illustration of this first route is the formation of organomagnesium amides
from the reaction of enantiomerically pure N-(2-methylamino-2-phenylethyl)piperidine
with BuyMg or i-Pr,Mg (equation 13). The n-butylmagnesium derivative (146) has been
successfully applied in the enantioselective addition of butyl groups to aldehydes!’®, and
the iso-propylmagnesium compound (147) has been used for the enantioselective reduction
of ketones!””.

Ph
Ph O R Me
i Mg N
2Me . N +2RMg — +2RH
171/\/

g (13)

H MeR

(146) R = n- Bu
(147)R = i-Pr
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The second route (Scheme 1) is a redistribution reaction, in fact the Schlenk equi-
librium. This route may be used in the reverse direction for the preparation of pure
diorganomagnesium compounds from organomagnesium halides. Addition of a ligand,
usually dioxane, that forms an insoluble complex with magnesium dihalide, shifts the
Schlenk equilibrium completely to the left side and allows isolation of pure diorganomag-
nesium compounds from the remaining solution!”8,

The third pathway (Scheme 1) for the preparation of heteroleptic monoorganomagne-
sium compounds, especially monoorganomagnesium halides, involves the reaction of an
organic halide with metallic magnesium, the classical Grignard reaction (equation 14).

solvent
RMgX + by-products (14

RX + Mg

The reaction of the organic halide with magnesium is carried out in a non-protic
polar solvent, usually diethyl ether or THF. Typical by-products are RR, RH and R(-H)
(alkene), resulting from coupling and disproportionation reactions of the organic moiety.
Also, by-products resulting from solvent attack are sometimes formed, but usually to a
lesser extent.

Although the formation of Grignard reagents at first looks simple (equation 14), the
mechanisms involved are still speculative despite about a hundred years of work and have
been the subject of several reviews'’°~!32, The mechanisms of the formation of Grignard
reagents can be divided into two parts, an organic and an inorganic one. The organic
mechanism traces the organic fragment R from RX to RMgX and by-products containing
residues from R and occasionally the solvent. The inorganic part of the mechanism traces
the Mg from metallic magnesium to RMgX and deals with surface films, inhibition,
initiation and activation. It should be noted that the organic part of the mechanism has
received far more attention than the inorganic part. Nowadays, there is overwhelming
evidence that radicals play a major role in the formation of Grignard reagents. In the
initial step, in which [RX*~] may be an intermediate or transition structure, both electron
transfer and halogen-atom transfer may play a role (Scheme 2). For further details of
these mechanistic studies, the reader is urged to consult the references cited.

—

RX [RX"]

Mg, Mg,*

R" + X~

electron transfer
Mg, Mg, X (or ‘MgX)

RX R’

halogen-atom transfer

SCHEME 2. The initial step in the formation of Grignard reagents

Due to the presence of an electronegative group directly bound to magnesium, the
Lewis acidity of magnesium is enhanced and therefore heteroleptic monoorganomagne-
sium compounds readily form complexes with donor molecules. Moreover, these directly
bound heteroatoms can act as multi-electron pair donors which facilitates aggregate for-
mation in which these heteroatoms form four-electron three-center bridge-bonds between
two or more magnesium atoms. The presence of the unavoidable Schlenk equilibrium
in solutions of heteroleptic monoorganomagnesium compounds should also be taken into
account. When crystalline material is harvested from such solutions for structural studies,
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the structures found in the solid state do not necessarily represent structures that actually
are present (in a majority) in solution. Which particular compound, aggregated or not,
crystallizes from solution is determined by several factors like thermodynamic stability,
solubility and packing effects in the crystal lattice.

Based on the nature of the heteroatom directly bound to magnesium, the structures of
heteroleptic monoorganomagnesium compounds can be divided into several sub-classes
that will be discussed separately below. These sub-classes are: (i) monoorganomagne-
sium cations (i.e. compounds consisting of ion pairs), (ii) monoorganomagnesium halides,
the Grignard reagents, (iii) monoorganomagnesium compounds with an oxygen atom o -
bonded to magnesium, (iv) monoorganomagnesium compounds with a nitrogen atom
o-bonded to magnesium and (v) monoorganomagnesium compounds containing anions
o-bonded to magnesium via other heteroatoms.

B. Monoorganomagnesium Cations

As has been outlined in the section on organomagnesiates (vide supra), in the presence
of a 2,1,1-cryptand diorganomagnesium compounds undergo a disproportionation reaction,
forming an organomagnesiate anion and a monoorganomagnesiate cation encapsulated in
the 2,1,1-cryptand®. Likewise, a crystalline material containing [MeMg(15-C-5)]* cations
and a linear polymeric chain in which the [MesMg,]™ anion is the repeating unit has been
isolated from a solution of Me,Mg and 15-crown-5"".

When a solution of heteroleptic MeMgCp is crystallized in the presence of the aza-
crown 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (14-N-4) a crystalline mate-
rial is obtained (148a) that, according to its X-ray crystal-structure determination, consists
of isolated MeMg(14-N-4) cations and cyclopentadienyl anions in the crystal lattice
(Figure 70)'83. In the cationic MeMg(14-N-4)* fragment [Mg—C 2.136(7) A] all four
nitrogen atoms are involved in coordination to magnesium [Mg—N ranging from 2.208(6)
to 2.252(5) A] resulting in a penta-coordinate magnesium atom.

Similarly, crystallization of a solution containing Me;Mg, Me,Cd and 14-N-4 affords
a crystalline product [MeMg(14-N-4)]+ [Me;Cd]~ (148b)'3*. The cationic [MeMg(14-N-
4)]* fragment is chemically identical with that of 148a and shows only small differences
in bond distances and angles.

When MeMgl is prepared in THF/DME as a solvent, a crystalline material [MeMg
(DME),(THF)]* I~ (149) was isolated in high yield. An X-ray crystal-structure deter-

FIGURE 70. Molecular geometry of the MeMg(14-N-4) cation and the cyclopentadienyl anion 148a
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mination showed that in the solid state 149 consists of isolated [MeMg(DME),(THF)]™
cations and iodide anions. In the cation two DME molecules are O,O-chelate bonded
to magnesium and an additional coordinating THF molecule makes the magnesium atom
octahedral coordinate (Figure 71)!8. It should be noted that such octahedral arrangements
are chiral. In fact, 149 crystallizes at —20°C as conglomerates in space group P2,2;2,
i.e. the crystals are chiral. When crystallization is performed at much lower temperature
(—60°C) a racemic phase crystallizes in space group Pbca in which as a requirement of
space group symmetry both enantiomers, A-cis and A-cis, are present.

The only organomagnesium cation, containing a multi-hapto-bonded organic group, for
which the structure in the solid state has been elucidated by X-ray crystallography, is
[CpMg(PMDTA]" [Cp,TI]~ (150). This compound was obtained from the reaction of
Cp,Mg with CpTl in the presence of PMDTA. Its solid-state structure comprises isolated
[CpMg(PMDTA)]" cations and [Cp,TI]~ anions in the crystal lattice!®.

In the cation of 150 (Figure 72) the cyclopentadienyl group is 7°-bonded to magnesium
with Mg—C distances of 2.40(3), 2.38(2), 2.44(3), 2.41(2) and 2.40(2) A. The PMDTA
molecule is chelate-bonded with its three nitrogen atoms to magnesium [Mg—N 2.21(2),
2.16(2) and 2.25(2) A].

A-cis-149 A-cis-149
FIGURE 71. The two enantiomers of the chiral cation cis-[MeMg(DME),(THF)]*

FIGURE 72. Molecular geometry of the [CpMg(PMDTA]™ cation of 150 in the solid state
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C. Monoorganomagnesium Compounds RMgY with Y = halogen (Grignard
Reagents)

One of the most fascinating and fundamental problems in organic chemistry con-
cerns the constitution of Grignard reagents in ethereal solution. A closely related prob-
lem involves the mechanism of formation of Grignard reagents and the mechanism
or mechanisms involved in the reaction of Grignard reagents with organic functional
groups® 311 13. 14187 Syryctures in the solid state, obtained by X-ray crystallography from
crystals grown from Grignard solutions, have helped to partly solve these problems. How-
ever, as mentioned before, the obtained structures are not necessarily representative for
the bulk of the solution but only give an indication of what types of structures might
be present in solution. Various structural motifs for Grignard reagents in the solid state
have been observed: monomers, dimers and higher aggregates, with coordination num-
bers at magnesium varying from four to six. A particular type of Grignard reagents
are those containing a heteroatom-functionalized group, which is capable of coordinating
intramolecularly to magnesium. Those compounds can be regarded as containing a built-in
coordinating solvent molecule.

The first Grignard compound that was structurally characterized in the solid state by
X-ray crystallography was PhMgBr(OEt,), (151)" %8, It was unambiguously established
that 151 exists in the solid state as a monomer with the phenyl group o-bonded to magne-
sium. Furthermore, the bromine atom [Mg—Br 2.44(2) A] and two oxygen atoms [Mg—O
2.01(4) and 2.06(4) A] of two coordinating diethyl ether molecules are bonded to mag-
nesium, giving it a distorted tetrahedral coordination geometry. Due to poor reflection
data the location of the phenyl-carbon atoms could not be obtained exactly. Similarly,
PhMgBr(THF), (152) exists in the solid state as a discrete monomer, but also in this
case reflection data were poor'®®. For EtMgBr(OEt,), (153) a more reliable data set was
obtained, allowing a more detailed discussion of its structure in the solid state?® '°°. Com-
pound 153 exists in the solid state as a monomer with four-coordinate magnesium as
a result of bonding of the ethyl group [Mg—C 2.15(2) A], the bromine atom [Mg—Br
2.48(1) A] and two oxygen atoms [Mg—0 2.03(2) and 2.05(2) A] of two coordinating
diethyl ether molecules (Figure 73). With the exception of the C-Mg—Br bond angle
[125.0(5)°] the bond angles around the magnesium atom are close to the ideal tetra-
hedral value, indicating an only slightly distorted tetrahedral coordination geometry at
magnesium.

So far, the two other Grignard compounds known as having a monomeric struc-
ture in the solid state with four-coordinate magnesium are (Ph;C)MgBr(OEt,), (154)'5

FIGURE 73. Molecular geometry of 153 in the solid state
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and 2,6-Tip,CsH3MgBr(THF), (155)"°! (Tip = 2,4,6-i-Pr;C¢H,). The overall structural
geometries of 154 and 155 with respect to the magnesium environment are closely related
to that of 153.

The structures of three monomeric organomagnesium bromides in which the magnesium
center is penta-coordinate have been established in the solid state. These compounds are:
MeMgBr(THF)(TMEDA) (156)!32, 9-bromo-9-[(bromomagnesium)methylene]fluorene
tris-THF complex (157)'°> and MeMgBr(THF); (158)!°3.

The structure of 156 comprises a magnesium atom to which the methyl group and
the bromine atom are o-bonded [Mg—C 2.25(1) A, Mg—Br 2.485(1) A], the TMEDA
ligand is N,N’-chelate bonded [Mg—N 2.246(2) and 2.334(3) A] and an additional coor-
dinating THF molecule [Mg—O 2.204(9) A] completes five-coordination at magnesium
(Figure 74). The magnesium atom has a trigonal bipyramidal coordination geometry with
the carbon atom, the bromine atom and one of the nitrogen atoms of the TMEDA molecule
at the equatorial sites. The other nitrogen atom and the oxygen atom of the coordinating
THF molecule reside at the apical positions. The sum of the bond angles in the equatorial
plane is 360°. The bond angle between magnesium and the apical bonded nitrogen and
oxygen atom [N-Mg—0 166.5(5)°] deviates considerably from linear, but most probably
is a consequence of the small bite angle of the TMEDA ligand.

In 157, which represents a magnesium carbenoid compound, the magnesium atom has
a trigonal bipyramidal coordination geometry with the carbon atom bound to magne-
sium [Mg—-C 2.19(1) A, the bromine atom [Mg-Br 2.517(3) A] and an oxygen atom
[Mg—0 2.045(7) A] of one of the coordinating THF molecules at the equatorial positions
(Figure 74).

Also, the magnesium atom in 158 has a trigonal bipyramidal geometry. However, due
to disorder in the structure, details cannot be given.

A series of Grignard reagents has been recrystallized from neat dimethoxyethane (DME)
resulting in compounds in which, according to X-ray crystal-structure determinations,
the magnesium atoms have an octahedral coordination environment, due to the O,0’-
chelate bonding of both DME molecules. The following compounds have been isolated
and structurally characterized: n-PrMgBr(DME), (159)%', (ally)MgBr(DME), (160)%', i-
PrMgBr(DME), (161)°', (vinyl)MgBr(DME), (162)'#, (2-thienyl)MgBr(DME), (163)'%

(156) 157)
FIGURE 74. Molecular geometries of 156 and 157 in the solid state
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/
L O
/ Br Br

A-enantiomer A-enantiomer

FIGURE 75. The A- and A-enantiomers of cis-octahedral Grignard compounds

and p-TolMgBr(DME), (164)'%. In all compounds the organic group and the bromine
atom are in cis-position. It should be noted that in such cis-octahedral arrangements the
magnesium atom is chiral and thus a A- and A-enantiomer of the Grignard compound
exists (Figure 75).

Upon crystallization of such chiral compounds two things might happen: (i) the mate-
rial crystallizes as a racemate, i.e. the crystal contains both the A- and A-enantiomer, and
(i), the material crystallizes as a conglomerate, i.e. the crystals are chiral, one particu-
lar crystal contains only one of the enantiomers. X-ray crystal-structure determinations
of 159-163 revealed centrosymmetric space groups, and thus these solid-state mate-
rials are by definition racemic. Surprisingly, crystallization of 164 at —20°C yielded
crystals which, according to an X-ray crystal-structure determination, have the a-centric
spacegroup P2,2,2;, and moreover, the asymmetric unit contains one molecule. This
observation is a proof that 164 crystallizes as a conglomerate. Making use of special
seeding techniques, both enantiomers of crystalline 164 could be isolated enantiomer-
ically pure. Reaction of this enantiopure Grignard reagent, at —70°C in DME as the
solvent, with butyraldehyde afforded the corresponding alcohol with e.e. values of up
to 22%.

Another approach to induce enantioselectivity during reactions with Grignard reagents
is the use of chiral additives, usually chiral compounds that form a complex with the
Grignard reagent. The structures in the solid state of the following complexes containing
a chiral ligand have been determined: t-BuMgCI[(—)-sparteine] (165)'%*, EtMgBr[(—)-
sparteine] (166)'%, EtMgBr[(—)-a-isosparteine (167)'° and EtMgBr[(+4)-6-benzylsparte-
ine] (168)'°7. These four compounds are discrete monomers with the organic group and the
halogen atom o-bonded to magnesium and the sparteine ligand N,N’-chelate bonded to
magnesium resulting in a tetrahedral coordination geometry at magnesium. As an example

FIGURE 76. Molecular geometry of 166 in the solid state
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the structure of 166 is shown (Figure 76). Complex 165 has been successfully applied as
a catalyst for the selective asymmetric polymerization of racemic methacrylates'®’.

1,1-Di-Grignard reagents are valuable synthons in both organic and organometallic
chemistry'*®. The only 1,1-di-Grignard reagent for which the structure in the solid state
was unambiguously established by X-ray crystallography is (MesSi),C[MgBr(THF),],
(169)'%3. Its structure comprises two almost identical MgBr(THF), units o-bonded [Mg—C
2.10(4) and 2.14(4) A] to the central carbon atom (Figure 77). Each of the magnesium
atoms has a slightly distorted tetrahedral coordination geometry. Its relative unreactivity
was explained in terms of an effective shielding of the central carbon atom from attack
by electrophiles by the two bulky MesSi groups and two bulky MgBr(THF), units.

In the solid state, the Grignard complexes 170-177 (Table 3) all have a dimeric struc-
tural motif, via two bridging halogen atoms between the two magnesium atoms, as shown
schematically in Figure 78.

The basic structure of these compounds consists of a central flat, four-membered
Mg—-X-Mg-Xring in which the halogen atoms are symmetrically bridge-bonded between
the magnesium atoms. To each of the magnesium atoms is o-bonded one organic group
and a donor molecule which is coordinated via its heteroatom, resulting in a tetrahedral
coordination geometry at the magnesium atoms. In principle two geometrically differ-
ent isomers are possible, one with the organic groups approaching the four-membered
ring from opposite sides, and one approaching the four-membered ring from the same
side. So far only structures are known in which the organic groups, and consequently the
coordinating donor molecules, are at opposite sides.

Mg Mg
R X \L

FIGURE 78. Schematic structural motif of the Grignard complexes 170-177 in the solid state
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TABLE 3. Dimeric Grignard complexes 170-177

Compound R X L Reference
170 Et Br i-Pr,O 199
171 Et Br Et;N 200
172 (Me;Si),CH Br Et,O 120
173 (MesSi);C I Et,O 112
174 (PhMe; Si)(Me;Si),C I Et,O 112
175 (PhMe;, Si)(Me;Si)CH Br Et,O 201
176 2,6-Mes,CcHj3 Br THF 202
177 9-Anthryl Br n-Bu,O 203

When allylmagnesium chloride is crystallized from THF in the presence of TMEDA,
a dimeric complex [(ally))MgCI(TMEDA)], (178) is obtained. Its X-ray crystal-structure
determination showed that in this complex two chlorine atoms are bridging between two
magnesium atoms in a rather asymmetric way [Mg—Cl 2.400(1) and 2.694(1) A]**. To
each of the magnesium atoms one allyl group is n'-bonded via its terminal carbon atom
[Mg—-C 2.179(3) A] and one TMEDA molecule N,N’-chelate bonded [Mg—-N 2.211(2)
and 2.285(2) A], resulting in penta-coordinate magnesium atoms.

Crystallization of a series of monoorganomagnesium chlorides afforded crystalline
materials with the formulation R,Mg4Clg(THF)s; R = Et (179)°%, R = Me (180)%°, R =
t-Bu (181)%° and R = benzyl (182)%0. X-ray structure determinations of these compounds
show that they exist as complex aggregates shown schematically in Figure 79. The four
magnesium atoms are linked via chloride bridges, four of which are bridge-bonded
between two magnesium atoms and two are bridging between three magnesium atoms
(Figure 79). The central two magnesium atoms have an octahedral coordination geom-
etry, due to interaction with four chlorine atoms and two coordinating THF molecules
in cis-position. The other two magnesium atoms have trigonal bipyramidal coordination
geometry with the organic group and two chlorine atoms at equatorial positions and one
chlorine atom and one coordinating THF molecule at the apical sites.

It should be noted that the ratio of organic group to magnesium to halide is not 1:1:1
as in the general formulation of Grignard reagents RMgX. In fact these aggregates con-
tain an additional MgCl, molecule, which is always present in solutions of Grignard
reagents due to the Schlenk equilibrium. This implies that if such a type of structures is
present in solution, also other (aggregated) species having different stoichiometries must
be present.

r THF
NI
Mg —Cl
Cl/ J ‘ /1 (179) R = Et
‘ I Me—THE (130 _ Me
THF — Mg —Ci | (181) R = -Bu
/ Cl (182) R = benzyl
e’ ||,
Cl—Mg
N
| "R
THF

FIGURE 79. Schematical representation of the structure in the solid state of the aggregated Grignard
complexes 179-182
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FIGURE 80. Molecular geometry of 183 in the solid state

According to an X-ray crystal-structure determination the crystalline material obtained
from a solution of [(Me3Si);C]MgBr in THF appeared to be [(Me3;Si);C]Mg,Br;(THF)3
(183)%%, Tts molecular geometry comprises two magnesium atoms between which three
bromine atoms are bridge-bonded. To one of the magnesium atoms the (Me;Si);C group
is o-bonded [Mg—C 2.16(3) A] while to the other magnesium atom three additional
THF molecules are coordinated [Mg—0 2.09(2), 2.06(2) and 2.04(2) Al Consequently,
one of the magnesium atoms is four-coordinate whereas the other one is six-coordinate
(Figure 80). It is notable that the Br—Mg distances to the four-coordinate magnesium atom
[average Mg(1)-Br 2.571(9) A] are considerably shorter that those to the six-coordinate
magnesium atom [Mg(2)—Br 2.741(9) A]. It has been suggested, based on cold-spray
ionization mass spectroscopy, that species having a structure similar to that of 183 are
the predominant ones in THF solutions of Grignard reagents®.

Grignard reagents are also capable of aggregating with other metal salts like LiBr.
The structure of [(PhMe,Si)(MesSi),C]MgBr,Li(THF)(TMEDA) (184) was elucidated
by X-ray crystallography'!?. In the structure of 184 two bromine atoms are symmet-
rically bridge-bonded between magnesium and lithium [Mg—Br 2.530(3) A and Li-Br
2.507(13) A] (Figure 81). The (PhMe,Si)(Me;Si),C group is o-bonded [Mg-C
2.186(8) A] to magnesium and a THF molecule is coordinating to magnesium [Mg—O
2.056(5) A]. To attain a tetrahedral coordination geometry at lithium a TMEDA molecule
is N,N’-chelated bonded to this lithium atom. A similar structure has been found in the
solid state for [(Me3;Si);C]MgBr,Li(THF); (185). In 185, instead of the chelate-bonded
TMEDA molecule two THF molecules are coordinate to the lithium atom?"’.

A few organomagnesium halides containing a monoanionic, C,N-chelating ligand have
been structurally characterized by X-ray crystallographic studies. A discrete monomeric
structure was found for (2-PySiMe,)(Me;Si),CMgBr(THF) (186)*% (Figure 82). The
(2-PySiMe;)(MesSi),C monoanionic ligand forms a five-membered chelate ring with mag-
nesium via a o-carbon—magnesium bond [Mg—C 2.189(9) A] and a coordinate bond of
the pyridyl nitrogen atom with magnesium [Mg—N 2.097(9) A]. A tetrahedral coordina-
tion geometry at magnesium is reached by a Mg—Br bond and an additional coordinating
THF molecule.

The dimeric organomagnesium halide complexes 187-189 (Figure 82) were obtained
from the reaction of (2-Py)(SiMe;),C-Sb=C(SiMe;)(2-Py) with Et;Mg in THF in the



64 Johann T. B. H. Jastrzebski, Jaap Boersma and Gerard van Koten

FIGURE 81. Molecular geometry of 184 in the solid state
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FIGURE 82. Schematic structures of organomagnesium halides containing monoanionic C,N-
chelating ligands

presence of Br~, Cl~ and EtO~, respectively?”. These three complexes have closely
related structures consisting of two (2-Py)(Me;Si),CMg(THF) moieties linked via two
bridging halogen atoms in 187 and 188, or a chloride and an ethoxy bridge in 189.
The (2-Py)(Me;Si),C monoanionic, C,N-chelating ligand forms a four-membered chelate
ring with magnesium. Dimerization occurs via two symmetrically bridge-bonded halogen
atoms in 187 and 188 and one bridge-bonded chlorine atom and one bridging ethoxy group
in 189. As a consequence the magnesium atoms are penta-coordinate, in 187 and 188 close
to square pyramidal and in 188 distorted trigonal bipyramidal with the o-bonded carbon
atom, the oxygen atom of the ethoxy group and the oxygen atom of the coordinating THF
molecule at the equatorial positions.

In the solid state the Grignard reagent Me,N(CH,)3;MgCl aggregates with MgCl, to
a complex structure [Me;N(CH,)3Mg,Cl3(THF),], (190) (Figure 82)*'0. A similar over-
all structural motif has been found for monoorganomagnesium halides 179-182, vide
supra. In 190 the monoanionic, C,N-chelating Me,N(CH,)3 group forms a five-membered
chelate ring with magnesium via a o-bonded carbon atom [Mg—-C 2.146(9) A] and a
coordination bond with nitrogen [Mg—N 2.23(1) A].
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The Grignard reagent 2-pyridylmagnesium bromide crystallizes from THF as a dimeric
complex (2-Py),Mg,Bry(THF); (191). Its structure in the solid state comprises two mag-
nesium atoms between which two 2-pyridyl groups are bridge-bonded via a o-carbon—
magnesium bond [Mg—C 2.149(3) A] and a nitrogen—magnesium coordination bond
[2.129(3) A] (Figure 83)2'!. To each of the magnesium atoms one bromine atom is bonded
[Mg—Br 2.4887(9) A] and one THF molecule is coordinated. Finally, one additional THF
molecule is bridge-bonded via its oxygen atom [Mg—O both 2.374(2) A] between the two
magnesium atoms. It here probably acts as a four-electron donor.

The structures of some Grignard reagents containing monoanionic, C,O-chelating lig-
ands have been established in the solid state by X-ray crystallography. The 1-bromo-
magnesio-tris-THF derivative (192) of N-pivaloyl-tetrahydroisoquinoline crystallizes as
a discrete monomer (Figure 84)%'2. Coordination of the carbonyl oxygen atom to mag-
nesium [Mg—0O 2.049(8) A] results in the formation of a five-membered chelate ring.
Three additional THF molecules are coordinate-bonded to the magnesium, resulting in
an octahedral coordination geometry. Due to the geometry of the C,O-chelating ligand

FIGURE 83. Molecular geometry of 191 in the solid state
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FIGURE 84. Schematic representation of the molecular structures of 192 and 193 in the solid state
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the magnesium-bonded carbon atom and the coordinating carbonyl—oxygen atom are in
cis-position while the bromine atom is in frans-position with respect to this oxygen atom.

A systematic study of the structures in the solid state of 2-CH,(OCH,CH,),OMe-
substituted phenylmagnesium bromides (n = 0—3) has been carried out?!3. For the most
simple compound (n = 0), i.e. 2-(methoxymethyl)phenylmagnesium bromide (193), a
dimeric structure via two bridge-bonded bromine atoms in the solid state was found
(Figure 84). The coordination geometry at the magnesium atoms is trigonal bipyrami-
dal, with the magnesium-bonded carbon atom of the C,O-chelating ligand, a bromine
atom and an additional coordinating THF molecule at the equatorial positions and the
intramolecular coordinating oxygen atom and the other bromine atom at the axial sites.
The bridge-bonding of the bromine atoms is such that an equatorial-bonded bromine
atom in one half of the dimer occupies an axial site of the magnesium in the other
half of the dimer, and vice versa. As might be expected the Mg—Br bond distance of
equatorially-bonded bromine [Mg—Br 2.509(3) A] is considerably shorter than that of an
axially bonded one [Mg—Br 2.705(3) Al

The 2-CH,(OCH,CH,), OMe-substituted phenylmagnesium bromides with n = 1 (194),
n =2 (195) and n = 3 (196) are all discrete monomers in the solid state (Figure 85). In
all three compounds the magnesium atom has an octahedral coordination geometry with
the magnesium-bonded carbon atom and the coordinating benzylic oxygen atom in cis-
position with respect to each other and the bromine atom in trans-position with respect
to the coordinating benzylic oxygen atom. In 194-196 all the oxygen atoms of the sub-
stituents are involved in intramolecular coordination, but to complete six-coordination at
magnesium in 194 two additional coordinating THF molecules are present, while in 195
only one additional THF molecule is required for that purpose.

In continuation of this study, the same authors investigated the structures in the solid
state of crown-ether Grignard reagents. The structures of 2-(bromomagnesio)-1,3-xylyl-
15-crown-4 (197)2'4, 2-(bromomagnesio)-1,3-phenylene-16-crown-5 (198)*!> and 2-
(bromomagnesio)-1,3-xylyl-18-crown-5 (199)>'® were determined by X-ray crystallog-
raphy (Figure 86). In 197 all oxygen atoms of the crown are involved in coordination
to magnesium, two with a relatively short Mg—O bond distance [Mg—O 2.12(1) and
2.13(1) A] and two with a longer bond distance [Mg—O 2.33(1) and 2.49(1) A]. The
coordination sphere of magnesium may be considered as pentagonal-bipyramidal, with
the bromine atom at the apex?!“.

In 198 (Figure 86) the two phenolic oxygen atoms are not involved in coordination
to magnesium, most probably because this would require the formation of two highly
unfavorable four-membered chelate rings. Instead, an additional THF molecule is coor-
dinating to the magnesium atom, giving it a distorted octahedral coordination geometry
with the bromine atom cis-positioned with respect to the o-bonded carbon atom and the
coordinating THF molecule in a trans-position to the bromine atom.

[THF ‘ ;é ‘ 0
Mg—O Mg—0
/ /
THF
Me Me
(194) (195) (196)

FIGURE 85. Schematic representation of the molecular structures of 194—196 in the solid state
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(199)

FIGURE 86. Molecular geometries of the crown-ether Grignard compounds 197-199 in the solid
state

In the 18-crown-5 derivative 199 four of the five oxygen atoms of the crown-ether are
involved in coordination to magnesium (Figure 86). Together with the o-bonded carbon
atom and the bromine atom this leads to a distorted octahedral coordination geometry at
magnesium. Like in 198 the bromine atom is cis-positioned with respect to the o-bonded
carbon atom.

The structures in the solid state of a few cyclopentadienylmagnesium halide complexes
have been determined by X-ray crystallography. The structures of CpMgBr(tetraethylethyl-
enediamine) (200)>'7 and 1,2,4-(Me3Si);CsH,MgBr(TMEDA) (201)°? show large similar-
ities. The structure of 201 is shown (Figure 87). Both compounds are discrete monomers
in which the cyclopentadienyl group is 7°-bonded to magnesium and the diamine ligand
is N,N’-chelate bonded.

In the solid state cyclopentadienylmagnesium chloride exists as a dimer [CpMgCl
(OEt)], (202)?'® (Figure 87). The dimeric structure is caused by two symmetrically



68 Johann T. B. H. Jastrzebski, Jaap Boersma and Gerard van Koten

(201) (202)
FIGURE 87. Molecular geometries of 201 and 202 in the solid state

bridge-bonded chlorine atoms between the two magnesium atoms [Mg—Cl 2.419(2) and
2.432(2) A). To each of the magnesium atoms one cyclopentadienyl group is 7°-bonded
and one coordinating diethyl ether molecule completes the coordination sphere of magne-
sium. Also, the structures of [Cp*MgCI(OEt,)], (203)2!8, [Cp*MgCI(THF)], (204)>'° and
[Cp*MgBr(THF)], (205)**° in the solid state were determined by X-ray crystallography.
They have a similar dimeric structural motif as observed for 202.

A cyclopentadienylmagnesium bromide containing a heteroatom-functionalized sub-
stituent at the cyclopentadienyl group has also been structurally characterized. When 1-[2-
(dimethylamino)ethyl]-2,3,4,5-tetramethylcyclopentadienylmagnesium bromide is recrys-
tallized from dichloromethane, dimeric [(Me,N(CH;),)Me,CsMgBr], (206) (Figure 88) is
obtained??!. Tts X-ray crystal-structure determination reveals a structure in the solid state

(206) (207)
FIGURE 88. Molecular geometries of 206 and 207 in the solid state
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that is closely related to the dimeric structure observed for 202. However, instead of the
coordinating diethyl ether molecule in 202, in 206 the nitrogen atom of the Me,NCH,CH,
substituent is coordinating intramolecularly to the magnesium atom.

When 206 is recrystallized from THF the dimeric structure is broken down to a
discrete monomeric one (Me;N(CH,),)MesCsMgBr(THF) (207), as was shown by an
X-ray crystal-structure determination. In 207, the substituted cyclopentadienyl group is 7°-
bonded to magnesium while the nitrogen atom of the functional substituent is intramolec-
ularly coordinated to magnesium. The bromine atom and an additional coordinating THF
molecule complete the coordination at magnesium.

D. Monoorganomagnesium Compounds RMgY with Y = OR

The number of heteroleptic organomagnesium compounds RMgOR for which the struc-
ture in the solid state was established unambiguously by X-ray crystallography is rather
limited, in contrast to the large number of structures known for the corresponding het-
eroleptic RZnOR congeners?.

The structures of only two monomeric RMgOR complexes are known. The reaction of
Et,Mg with one equivalent of 2,6-di-tert-butylphenol in the presence of TMEDA affords
a crystalline product with composition EtMgOCgsH;3Bu-¢-2,6(TMEDA) (208)'%. TIts X-
ray crystal-structure determination reveals a monomeric molecule with the ethyl group
o-bonded to magnesium [Mg—C 2.147(10) A] and the phenoxy group also o-bonded
with a very short bond distance [Mg—0O 1.888(5) Al (Figure 89). A N,N’-chelate-bonded
TMEDA molecule completes a tetrahedral coordination geometry at magnesium.

A similar reaction of i-Bu, Mg with 2,6-di-tert-butylphenol in the presence of 18-crown-
6 affords i-BuMgOCsH;Bu--2,6(18-crown-6) (209) as a crystalline solid'®*. An X-ray
crystal-structure determination showed that this compound in the solid state also exists as
a monomer with a o-bonded i-butyl group and a o-bonded phenoxy oxygen atom. Three
adjacent oxygen atoms of the crown-ether are involved in coordination to magnesium,
resulting in penta-coordination.

A dimeric structural motif, formed by bridge-bonding of two oxygen atoms between two
magnesium atoms, has been observed in the solid-state structures of [s-BuMgOC¢H3(Bu-
1)2-2,6]; (210)*?2 and [n-HexMgOC¢H,(Bu-t),-2,6-Me-4], (211)*23 (Figure 90). In both
compounds two phenoxy groups are symmetrically bridge-bonded between two magne-
sium atoms, while the organic group is o-bonded to magnesium. As a result the magnesium
atoms in 210 and 211 have a trigonal planar coordination geometry.

FIGURE 89. Molecular geometry of 208 in the solid state
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FIGURE 90. Schematic representation of the structures of 210-214 in the solid state

Also, t-BuMgOBu-t exists in the solid state as a dimeric complex [t-BuMgOBu-
t(THF)], (212)***. Two t-BuO groups are symmetrically bridge-bonded between two
magnesium atoms forming a flat four-membered Mg—O—-Mg—-O ring (Figure 90). To each
of the magnesium atoms a #-Bu group is o-bonded while a coordinating THF molecule
completes a tetrahedral coordination geometry at magnesium.

Crystalline [n-BuMgOB(Mes),(THF)], (213) was obtained from the reaction of n-
Bu,Mg with dimesityl boronic acid in THF. The corresponding methyl derivative
[MeMgOB(Mes),(THF)], (214) was prepared via a transmetallation reaction of the lithium
salt of dimesityl boronic acid with MeMgCl in THF. For both compounds the structure
in the solid state was determined by X-ray crystallography??>. The basic structural motif
of these compounds is identical to that of 212; both are dimers, via bridge-bonding of the
oxygen atoms of two dimesityl boronic acid anions between two magnesium atoms. An
additional coordinating THF molecule completes a tetrahedral geometry at magnesium
(Figure 90).

Methylmagnesium tert-butoxide exists in the solid state as a tetrameric aggregate
[MeMgOBu-t]4 (215). Its X-ray crystal-structure determination reveals a heterocubane
structure with alternating magnesium and oxygen atoms at the corners of the cube (Figure
91)?%. To each of the magnesium atoms one methyl group is o-bonded.

R? Rl
| R2
R /‘ /| (215)R' =Me, R? = 1-Bu
i (216) R = Cp, R = Et
R/ Mg ‘ R
Ong
R2 \Rl

FIGURE 91. Schematic representation of the structures of 215 and 216 in the solid state
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Like 215, cyclopentadienylmagnesium ethoxide exists in the solid state as tetrameric
[CpMgOEt], (216) with a heterocubane structure (Figure 91)*?7. In 216 the cyclopenta-
dienyl groups are 5°-bonded to the magnesium atoms.

E. Monoorganomagnesium Compounds RMgY with Y = NR»

Despite the capability of anionic amide groups to form aggregates with metals via bridg-
ing nitrogen atoms, most of the monoorganomagnesium amides that have been structurally
characterized in the solid state have a discrete monomeric structure.

The monoorganomagnesium amides 217728, 218228, 21922°, 220%>* and 221>*° (Figure
92), derived from substituted anilines, have comparable structures in the solid state. They
are all monomers with a tetrahedrally coordinated magnesium center formed by one
o-bonded organic group, one o-bonded amido nitrogen atom and two coordinating het-
eroatoms. In 217-219 these are two THF molecules and in 220 a N,N’-chelate-bonded
TMEDA molecule. In 217-220 the sum of the bond angles around the nitrogen atoms is
360° within experimental error, indicating that these nitrogen atoms are sp’-hybridized.
In 221 the carbazole skeleton is essentially flat, but the carbazole carbon C—N—-Mg bond
angles [both 108.2(2)°] indicate that the magnesium atom is bonded to a sp>-hybridized
nitrogen atom. In the latter compound the Mg—N bond distance [Mg—N 2.087(3) A] is
slightly longer than the Mg—N bond distances in 217-220 [2.040(3), 2.037(3), 2.027(4)
and 2.004(2) A, respectively].

Reaction of dialkylmagnesium compounds with 2,6-bis(imino)pyridines results in quan-
titative N-alkylation of the pyridine skeleton (equation 15).

The structures in the solid state of three of the initially formed organomagnesium
amides, 222, 223 and 224, were determined by X-ray crystallography?3!. All three com-
pounds are discrete monomers and have comparable structures of which that of 222 is
shown (Figure 93). In 222 the ethyl group is o-bonded to magnesium and interacts with
the three nitrogen atoms of the N-alkylated 2,6-bis(imino)pyridine in a ‘pincer-type’?*?

THF Ph
\\ / n-Bu
Mg — N THF
— Mg—N
R \ \Ph Mg N g \
THF nBu” |\ MeNT [ Y
e SiMes K/ NMe,
217) R =Et (219) (220)
(218) R = i-Pr
Bu-1
+-Bu O
THF
\M N
o-
B \
THF
t-Bu
Bu-1
(221)

FIGURE 92. Schematic representation of the structures of 217-221 in the solid state
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FIGURE 93. Molecular geometry of 222 in the solid state

fashion. Due to the rigidity of the monoanionic, tridentate ligand system the geometry
around magnesium is severely distorted from tetrahedral.

Me R!
N

QN + RpMg ——
N (15)
\

Me R!

(222) R = Et; R! = 2,6-Me,CgHj
(223) R = i-Pr; R! = 2,6-Me,CgHj
(224) R = i-Pr; R! = 2,6-Et,C¢H;

Reaction of Cp(Me)Mg(OEt,) with 2,5-bis[(dimethylamino)methyl]pyrrole in diethyl
ether results in selective protonolysis of the magnesium-bonded methyl group and results
in the formation of the corresponding CpMg amide (225) (equation 16). An X-ray crystal-
structure determination showed that 225, of which the structure is shown schematically
(equation 16), exists in the solid state as a monomer?**. The cyclopentadienyl group is
n°-bonded to magnesium, while the pyrrole amido-nitrogen atom is o-bonded to mag-
nesium [Mg—N 2.043(1) Al Only one of the (dimethylamino)methyl substituents forms
an intramolecular coordination bond to magnesium [Mg—N 2.225(2) A). An additional
diethyl ether molecule coordinates to magnesium to complete the coordination saturation.

In a similar way Cp(Me)Mg(OEt,) is capable of deprotonating N,N’-bis(2,4,6-tri-
methylphenyl)(tert-butyl)amidine to form the corresponding cyclopentadienylmagnesium
amidinate complex (226) (equation 17). An X-ray crystal-structure determination of 226,
of which the structure is shown schematically (equation 17), showed that this compound
also exists as a monomer in the solid state?**. Like in 225 the cyclopentadienyl group is
1n°-bonded to magnesium while the amidinate anion is N,N’-chelate bonded with almost
equal Mg—N bond distances [Mg—N 2.090(2) and 2.097(2) A]. Furthermore, an additional
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THF molecule is coordinate-bonded to magnesium. Due to the small bite angle of the
amidinate anion the N-Mg—N bond angle is very acute [N—Mg—-N 63.3(1)°].

THF

MezN
NMCZ
= = 7N
CpMgMe(OEt —Mg~
- NH +  CpMgMe(OE) v  NTMe (16)
/ OEt,
NMe, NMe,
(225)
R
( ,
N-R No )%
. 4 Cp(Me)Mg(OEt THE ] Y
+-Bu—( +  Cp(MeMg(OEty) —He-  rBu— e
NH N
|

|
R R

R =2,4,6-Me;CgH, (226)

Various tris(pyrazolyl)borato alkylmagnesium derivatives have been prepared and were
structurally characterized in the solid state. X-ray crystal-structure determinations of
methylmagnesium tris(3-fert-butylpyrazolyl)hydroborate (227)>3> 23, isopropylmagnesium
tris(3-tert-butylpyrazolyl)hydroborate (228)?%%237 and trimethylsilylmethylmagnesium tris
(3,5-dimethylpyrazolyl)hydroborate (229)%36-23 show that they have comparable structures
in the solid state (Figure 94). In these compounds the tris(pyrazolyl)hydroborate moiety
acts as a monoanionic, tridentate ligand which is bonded with almost equal Mg—N bond
distances to the alkylmagnesium moiety. Due to the small bite angle of the tripodal ligand,
all N-Mg—N bond angles are close to 90°, and differ significantly from the ideal tetra-
hedral value. As a consequence the coordination geometry at magnesium is considerably
distorted from tetrahedral.

The structures of methylmagnesium tris(3-tert-butylpyrazolyl)phenylborate (230) and
ethylmagnesium tris(3-tert-butylpyrazolyl)phenylborate (231) have been determined by
X-ray crystallography and are shown schematically (Figure 94)?%°. Their structures show
large similarities with that of 227 and 228 and only differ in the presence of a boron-
bonded phenyl group in 230 and 231.

The X-ray crystal-structure determination of ethylmagnesium tris(3-phenylpyrazolyl)
hydroborate (232)>*° (Figure 94) shows that the magnesium atom is penta-coordinate as
the result of one o-bonded ethyl group, three magnesium—nitrogen bonds with the tris(3-
phenylpyrazolyl)hydroborate moiety and one additional, coordinating THF molecule.

Reaction of B-diketimines with dialkylmagnesium compounds in a 1:1 molar ratio
affords the corresponding monoorganomagnesium S-diketiminates in high yield (Scheme
3). An alternative synthetic route involves deprotonation of the 8-diketimine with n-BuLi
and subsequent transmetallation of the initially formed lithium A-diketiminate with a
suitable Grignard reagent. Extensive X-ray diffraction studies of the compounds obtained
from these reactions have showed that, depending on the nature of the organic group bound
to magnesium and the nature of the solvent used for the synthesis, three basic structural
motifs, A, B and C (Scheme 3), are observed in the solid state for monoorganomagnesium
B-diketiminates. These motifs are: (i), monomers in which the B-diketiminate anion is
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FIGURE 94. Schematic structures of the alkylmagnesium tris(pyrazolyl)borates 227-232

N,N’-chelate bonded to the alkylmagnesium moiety, with trigonal planar coordination
geometry at magnesium, (ii) monomers in which the 8-diketiminate anion is N,N'-chelate
bonded to the alkylmagnesium moiety and an additional ligand is coordinating to the
magnesium atom, giving it a tetrahedral coordination geometry, and (iii) dimers formed via
bridging of two two-electron three-center bonded alkyl groups between two magnesium
atoms, while a 8-diketiminate anion is N,N’-chelate bonded to each magnesium atom.

The structures of the monoorganomagnesium p-diketiminates 233?41, 234?42, 235242
and 236%** are comparable. The N,N’-chelate bonding of the S-diketiminate anion with
almost equal Mg—N bond distances to magnesium results in a six-membered MgN,C3 ring
with all atoms located in one plane. The Mg—C bond of the o-bonded alkyl group also
lies in this plane. As a representative example the structure of 233 is shown (Figure 95).

The structures of the monoorganomagnesium B-diketiminates 237741, 238244, 239243,
24024 241246 242247 243%*2 and 244**? show similar structural features. A distorted
tetrahedral coordination geometry at magnesium is reached by a N,N’-chelate bonded
B-ketiminate anion, a o-bonded organic group and an additional coordinating solvent
molecule, either THF or diethyl ether. In contrast to the flat six-membered MgN,Cj3 ring
in 233-236, this ring in 237-244 deviates considerably from planar and can best be
described as having a distorted boat conformation with the magnesium atom at the front
and the opposing carbon atom at the back. As an example the structure of 238 is shown
(Figure 95).

The structures of the dimers 245°* (Figure 95) and 246>*® show large similarities. The
two halves of the dimers are linked via two symmetrically bridging two-electron three-
center bonded alkyl groups. A B-diketiminate anion is N,N’-chelate bonded to each of
the magnesium atoms giving them distorted tetrahedral coordination geometries. Also, in
245 and 246 the MgN,C;3 ring deviates considerably from planar.
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(245)

FIGURE 95. Molecular geometries of the monoorganomagnesium S-diketiminates 233, 238 and 245
in the solid state

In some of the monoorganomagnesium p-diketiminates having structural motif B,
i.e. complexes 237-244, the coordinating solvent molecule is relatively weakly bound
and can be removed at reduced pressure. For example, when 243 is dried for a few
hours in high vacuum and the residue is recrystallized from a non-coordinating sol-
vent like toluene, crystalline 235 is obtained>*?>. However, when the allylmagnesium
B-diketiminate THF complex 242 is dried in vacuo it looses its coordinated THF molecule.
An X-ray crystal-structure determination of the resulting product shows that instead of the
anticipated monomeric structural motif A, this THF-free allylmagnesium S-diketiminate
is a cyclic hexameric aggregate (247) in the solid state (Figure 96)>*. In the twenty-four-
membered ring structure the magnesium atoms are linked by bridging allyl groups in a
very rare trans-ji-n' : n' bonding mode. A B-diketiminate anion is N,N’-chelate bonded
to each of the magnesium atoms to complete its coordination sphere.
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FIGURE 96. Molecular geometry of 247 in the solid state. The 2,6-i-Pr,CgHj3 substituents at the
nitrogen atoms of the B-diketiminate anions are omitted for clarity

The reaction of isopropylmagnesium S-diketiminate 234 with 2’,4',6'-trimethylaceto-
phenone in an apolar solvent like toluene results in deprotonation of the ketone with the
formation of an enolate (equation 18).

R2
e
Mg — Pr-i R? C//O \
g—Pri + —C -
~ Me i-PrH \
O‘ﬁ_yc
(234) R! = 2,6-i-PryCgHj R? (18)

2
R = 2,4,6-M63C6H2 (248)

An X-ray crystal-structure determination showed that this enolate exists in the solid
state as a dimer (248) in which two enolate moieties are C,O-bridge-bonded [Mg—-O
1.908(2) A and Mg-C 2.318(3) A] between two magnesium S-diketiminate units, result-
ing in distorted tetrahedral coordination geometries at the magnesium atoms>°. The
structure of 248 is shown schematically (equation 18). Such a C,O-bridge bonding mode
for enolates is rather rare, but has also been observed in the Reformatski reagent [¢-
BuO,CCH,ZnBr(THF)],%!.
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The cyclopentadienyl B-diketiminate 249 and its 4-tert-butylpyridine adduct 250 have
been prepared and structurally characterized (equation 19)?2. An X-ray crystal-structure
determination of 249 showed that the cyclopentadienyl group is 7°-bonded to magnesium.
On the basis of the observed bonding parameters of magnesium with the S-diketiminate
skeleton [Mg—N 2.006(2) and 2.021(2) A, Mg-C, 2.729(3) and 2.826(3) A and Mg—Cy
2.689(3) A] this bonding is described in terms of a m-interaction. However, in 250 the
B-diketiminate is N,N’-chelate bonded to magnesium.

+ CpMgMe(OEt,) T\?F

19)

(250) L = 4-+-Bu-pyridine

The hybrid boroamidinate/amidinate ligand as present in the methylmagnesium complex
251 (Figure 97) is isoelectronic with the S-diketiminate skeleton®>. The X-ray crystal-
structure determination of 251 shows that the boroamidinate/amidinate anion adopts a
similar N,N’-chelate bonding as observed in organomagnesium S-diketiminates. The
structure of 251 is shown schematically (Figure 97).

However, in the donor-ligand-free fert-butylmagnesium derivative (252), the same
boroamidinate/amidinate ligand system adopts an entirely different bonding mode. An
X-ray crystal-structure determination of 252 showed that all three nitrogen atoms of

n-Bu /Bu—t .

e N\ e ¢

t-Bu— N1 /Mg\

'

B—N OEt
Ph/ Pr-i

i-Pr
(251)

FIGURE 97. Schematic representation of the structure of 251 in the solid state
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FIGURE 98. Molecular geometry of 252 in the solid state

the boroamidinate/amidinate anion are involved in bonding to magnesium [Mg—N(1)
2.004(2) A, Mg—N(2) 2.390(2) A and Mg—N(3) 2.080(2) A]. Together with the o-bonded
tert-butyl group this leads to a distorted tetrahedral coordination geometry at magnesium
(Figure 98).

From the reaction of the radical anion of 1,2-bis[(2,6-diisopropylphenyl)imino]acen-
aphthene (dpp-bian) with i-PrMgCl, the persistent radical complex isopropylmagnesium
dpp-bian (253) was isolated in yields up to 60% (equation 20)>*. An X-ray crystal-
structure determination of 253 showed that the magnesium atom has distorted tetrahedral
coordination geometry as the result of the o-bonded isopropyl group, one coordinate-
bonded diethyl ether molecule and N,N’-chelate bonding of the dpp-bian radical anion.
The radical anionic character of the dpp-bian moiety is indicated by the relatively long
Mg—N bond distances [Mg—N 2.120(2) and 2.103(2) Al

‘?
Pr-i
@. 4 OEty) PrMeCl \ .
te Na( ) + i-PrMg —_— Mg
| OEt,
R

R =2,6-i- Pl‘2C6H3
(253)

The first step in the reaction of Me,Mg with bulky «-diimine ligands is the formation of
a complex in which the a-diimine is N,N’-chelate bonded to Me,Mg (Scheme 4)255,256,
The second step is a single electron transfer (SET) resulting in radical-pair formation. From
this point two pathways are possible. The first pathway involves escape of a methyl radical
from the solvent cage resulting in a methylmagnesium diimine radical that subsequently
dimerizes to 254a. The second pathway involves transfer of a methyl radical to the diimine
skeleton resulting in an imino-amide ligand bonded to magnesium which subsequently
dimerizes to 254b. At low temperature the methyl radical-transfer reaction predominates
while at room temperature the dimerized radical is the major product. It should be noted
that similar radical processes have been observed in the reaction of dialkylzinc compounds
with o-diimines?’- 2%,
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FIGURE 99. Molecular geometry of 254a in the solid state

The structures of 254a and 254b in the solid state were established by X-ray crystal-
structure determinations®>2%, The structure of 254a (Figure 99) comprises a symmetric
dimer in which two methyl groups are two-electron three-center bonded between two mag-
nesium atoms [Mg—C 2.263(5) A] and a reduced dpp-bian ligand N,N’-chelate bonded
to each magnesium atom [Mg—N 2.066(5) and 2.065(4) A]. As a result both magnesium
atoms have a tetrahedral coordination geometry. An X-ray crystal-structure determination
of 254b clearly shows its dimeric structure via two bridging two-electron three-center
bonded methyl groups between the magnesium atoms. However, the methyl groups at the
diimine skeleton are crystallographically disordered.

The structures of a series of organomagnesium amides, derived from secondary amines,
have been determined. These compounds, [#-BuMg(TMP)], (255)>°, [t-BuMg(TMP)],
(256)*%*, [t-BuMgN(Bn),], (257)*%*, [t-BuMgN(Pr-i),], (258)%%*, [t-BuMgN(c-Hex),1,
(259)%%4, [+-BuMgN(SiMe3),], (260)*** and [s-BuMgN(SiMes),], (261)*%°, have in com-
mon that they exist as dimers in the solid state. The amido nitrogen atoms are bridging
in a symmetric way between the two magnesium atoms, forming a flat four-membered
N-Mg—-N-Mg ring. An organic group is o-bonded to each of the magnesium atoms
giving them a trigonal planar coordination geometry. The structures of these compounds
are shown schematically (Figure 100).

The acetylenic organomagnesium amides [Me3SiC=CMgN(Pr-i ),(THF)], (262)*?® and
[PhC=CMgN(Pr-i),(THF)], (263)*?® (Figure 100) exist in the solid state as dimers. Their
structures comprise a central flat N-Mg—N-Mg four-membered ring as the result of
two bridging amide nitrogen atoms between the two magnesium atoms. To each of the
magnesium atoms an acetylenic group is o-bonded and an additional THF molecule
is coordinate-bonded, giving the magnesium atoms a tetrahedral coordination geometry.
The magnesium-bonded acetylenic groups and the oxygen atoms of the coordinating THF
molecules are pairwise located in anti-position with respect to the N—Mg—N—-Mg plane.

The structures of the organomagnesium amides [t-BuMgNHBu-t(THF)], (264)'%> and
[MeMgNHSi(Pr-i);(THF)], (265)?%!, derived from primary amines, were determined by
X-ray crystallography. The structure of 264 is closely related to those of 262 and 263. The
two amide nitrogen atoms are symmetrically bridge-bonded between the two magnesium
atoms, resulting in a central flat, four-membered N-Mg—N-Mg ring (Figure 101). Like
in 263 and 264, the magnesium-bonded tert-butyl groups and the oxygen atoms of the
coordinating THF molecules are pairwise located in anti-position with respect to the
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FIGURE 100. Schematic representation of the structures of organomagnesium amides 255-263
derived from secondary amines

(264) (265)
FIGURE 101. Molecular geometries of 264 and 265 in the solid state

N-Mg—-N-Mg plane. A similar pairwise anti-position is observed for the nitrogen-bonded
tert-butyl groups and the amide-hydrogen atoms.

The structure of 265 also comprises a central four-membered N-Mg—N-Mg ring as
the result of bridging amide nitrogen atoms between the magnesium atoms. However,
this ring is slightly folded (14.8°). The magnesium-bonded methyl groups and the oxygen
atoms of the coordinating THF molecules show a pairwise syn-arrangement, as is also
observed for the triethylsilyl substituent and the amide hydrogen atoms (Figure 101).

A remarkable structure in the solid state was found for the ethylmagnesium amide
derived from the primary amine 2,6-diisopropylaniline. An X-ray crystal-structure deter-
mination showed that this compound exists as a cyclic dodecamer [EtMgN(H)CgH3(Pr-i),-
2,6]12 (266) in the solid state!®2. The cycle consists of twelve magnesium atoms between
each of which one amide nitrogen atom is bridge-bonded and one ethyl group is two-
electron three-center bridge-bonded resulting in a local N-Mg—N—-Mg four-membered
ring (Figure 102). The average Mg—C distance is 2.21(2) A, and the average Mg—N dis-
tance is 2.086(10) A. The ethyl groups are all disposed toward the interior of the cycle
and the bulkier 2,6-i-Pr,CgH3 substituents are all pointing outward.
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FIGURE 102. Molecular geometry of dodecameric 266 in the solid state

The solid-state structures of four cyclopentadienylmagnesium amides, [CpMgNPh; ],
(267), [CpMgN(H)CH(i-Pr);]» (268), [CpMgN(H)CsH;3(Pr-i);-2,6] (269) and
[CpMgNBn(i-Pr)]; (270), have been determined®’. The structures of these compounds
are closely related and consist of a central flat four-membered N—Mg—N—-Mg ring as the
result of two bridging amide-nitrogen atoms between two magnesium atoms. In all com-
pounds the cyclopentadienyl group is bonded in a n’-fashion to magnesium. In 268 and
269 the nitrogen substituents and the amide-hydrogen atoms adopt an anti-configuration
with respect to the N-Mg—N-Mg plane, like the benzyl-nitrogen and isopropyl-nitrogen
substituents in 270. As an example the structure of 268 is shown (Figure 103).

The monoorganomagnesium amides [MeMgN(Me)CH,CH,NMe,], (271)%2, [n-
BuMgN(Bn)CH,CH,NMe,],  (272)*  and  [n-BuMgN(Me)CH,CH(Ph)N(CH,)s1,
(273)'76 derived from N,N’,N’-trisubstituted ethylenediamines have closely related struc-
tures in the solid state, of which the structures are shown schematically (Figure 104).
These structures comprise a flat four-membered N—Mg—N-Mg ring formed via two bridg-
ing amide-nitrogen atoms between two magnesium atoms. The tertiary nitrogen atoms
are intramolecularly coordinate-bonded to the magnesium atoms, one lying above the
N-Mg—-N-Mg plane and the other one below that plane. Consequently, the magnesium-
bonded organic groups are in anti-position with respect to this plane. The chiral derivative

273 has been successfully applied in the enantioselective alkylation of aldehydes!’°.

F. Monoorganomagnesium Compounds RMgY with Y = SR or PR;

The structures of only a very few heteroleptic monoorganomagnesium compounds with
a magnesium—heteroatom bond with heteroatoms other than halogen, oxygen or nitrogen
have been determined.
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FIGURE 104. Schematic representation of the structures of 271-273 in the solid state

Cyclopentadienylmagnesium tert-butylthiolate exists as a tetrameric aggregate
[CpMgSBu-7]4 (274) in the solid state. An X-ray crystal-structure determination revealed
a heterocubane structure with magnesium and sulfur atoms at the corners (Figure 105)%%4.
The Mg—S bond distances within the cube vary in a narrow range of 2.584(2) to 2.602(2)
A, indicating that the shape of the cube is close to perfect. To each of the magnesium
atoms a cyclopentadienyl group is bonded in a 5’-fashion.

THF effectively breaks down tetrameric 274 to a dimeric THF complex [CpMgSBu-
t(THF)], (275). An X-ray crystal-structure determination of 275 showed a central four-
membered S—-Mg—-S—Mg ring as the result of two symmetrically bridging sulfur atoms
[Mg-S 2.503(1) and 2.504(1) A] between two magnesium atoms (Figure 105)?%*. This
four-membered ring is slightly folded, as indicated by the sum of the bond angles within
this ring (243.93°). The cyclopentadienyl groups are 7°-bonded to magnesium and an
additional THF molecule is coordinate-bonded to each magnesium atom.

The reaction of the secondary phosphine 2-MeOC¢H4PHCH(SiMe3), with s-Bu,Mg
gives heteroleptic [s-BuMgP(C¢H4OMe-2)(CH(SiMes),)]» (276). An X-ray crystal-
structure determination revealed a dimeric complex with a flat four-membered P-Mg—-P—
Mg ring as the result of two slightly asymmetric bridging phosphido groups between
the magnesium atoms [Mg—P 2.5760(8) and 2.5978(8) Al (Figure 106)%%. To each of
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(274 (275)
FIGURE 105. Molecular geometries of 274 and 275 in the solid state

FIGURE 106. Molecular geometry of 276 in the solid state

the magnesium atoms a s-butyl group is o-bonded. The magnesium atoms are four-
coordinate as the result of intramolecular coordination of the oxygen atoms of methoxy
substituents, one approaching a magnesium atom from above the P-Mg—P—Mg plane and
the other approaching the other magnesium atom from below that plane. The resulting
five-membered chelate rings are almost planar.

V. MIXED ORGANOMAGNESIUM TRANSITION-METAL COMPOUNDS

In this section, structures of compounds are described that contain both an organomagne-
sium moiety and a transition-metal-containing part. These moieties are linked via either
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FIGURE 107. Molecular geometry of 277 in the solid state

a direct magnesium to transition-metal bond or via bridge-bonded atoms, like hydrogen,
carbon and halogen, between magnesium and the transition metal.

The reaction of tris(ethylene)nickel(0) with R,Mg in the presence of donor molecules
like Et,O, THF, dioxane and TMEDA, at —10 °C, gives crystalline materials with the
formulation Ry;MgL,Ni(C,H,),2%%-267. The structure of one of these complexes, Me,Mg
(TMEDA)Ni(C,Hy), (277), was determined by X-ray crystallography (Figure 107)2%. In
277 one methyl group is two-electron three-center bridge-bonded between magnesium and
nickel [Mg—C 2.294(3) A and Ni—C 2.031(3) A]. The other methyl group is o-bonded
to magnesium [Mg—C 2.150(3) A]. A N,N’-chelate bonded TMEDA molecule [Mg—-N
2.252(2) and 2.264(2) A] completes the coordination sphere of magnesium. Two ethylene
molecules are -bonded to nickel. The Mg—Ni bond distance of 2.615(1) A indicates that
a bonding interaction exists between these metals.

An X-ray crystal-structure determination of the copper—magnesium cluster compound
PhgCusMg(OEt,) (278) shows that it comprises a central core of five metal atoms in
a trigonal bipyramidal arrangement, with the magnesium atom at the axial position
(Figure 108)%%%. The six phenyl groups bridge across the equatorial—axial edges of the trig-
onal bipyramid via two-electron three-center bonds. Coordination saturation at magnesium
is reached by the additional coordination of a diethyl ether molecule.

Instead of the anticipated metalla-cyclobutane, reaction of the 1,1-di-Grignard reagent
Me;SiCH(MgBr), with Cp,ZrCl, gives an unexpected product. An X-ray structure deter-
mination showed the formation of a Tebbe-type spiro-organomagnesium compound
[Cp2(Me3SiCH)ZrBr],Mg (279)°%. Its structure (Figure 109) comprises two Cp,Zr moi-
eties, each linked to a central magnesium atom via a bridging Me;SiCH group [Mg—C
2.188(8) A and Mg—Zr 2.147(7) Al and a bridging bromine atom [Mg—Br 2.672(3) A
and Zr—Br 2.723(1) A]. The coordination geometry at magnesium is distorted tetrahe-
dral with the smallest angle being C—Mg—Br [92.2(2)°], which is a consequence of the
four-membered C—Mg—Br—Zr ring.

Reduction of (Me3Si(Me)4Cs),ZrCl, with metallic magnesium in THF affords as the
major product a mixed zirconium—magnesium hydride [(Me;Si(Me)4Cs)(CH,Me,Si(Me)s
Cs(CH;))ZrH,Mg], (280) in which one of the substituted cyclopentadienyl groups at zir-
conium became doubly activated by abstraction of one hydrogen atom from the trimethylsi-
lyl group and one hydrogen atom from the adjacent methyl group?’®. An X-ray crystal-
structure determination showed that 280 is a centrosymmetric dimer as the result of
two-electron three-center bridge-bonding of two methylene groups, generated from the
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FIGURE 108. Molecular geometry of 278 in the solid state

FIGURE 109. Molecular geometry of 279 in the solid state

trimethylsilyl substituents, between two magnesium atoms [Mg—C 2.218(9) and 2.255(9)
A] (Figure 110). Between each of the magnesium atoms and its adjacent zirconium atom
two hydrogen atoms are bridge-bonded [Mg—H 1.81(5) and 1.86(4) A and Zr-H 1.89(6)
and 1.92(4) A] resulting in a tetrahedral coordination geometry at magnesium. EPR stud-
ies showed that 280 is contaminated with a product having a structure that is closely
related to that of 280, but lacks the activation of the methyl group adjacent to the acti-
vated trimethylsilyl substituent. Consequently, in this complex the zirconium atoms have
a trivalent oxidation state. In fact, the only isolable product from the reaction with the
titanium analog is such a dimeric complex with trivalent titanium?’!.

When (PhMe4Cs),TiCl, is reduced with magnesium in THF three main products are
formed. They are the diamagnetic doubly ‘tucked-in’ titanocene complex (PhMe4Cs)
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FIGURE 110. Molecular geometry of 280 in the solid state

(281) (282)

FIGURE 111. Molecular geometries of 281 and 282 in the solid state

(PhMe,(CH,),CsTi, the paramagnetic trinuclear Ti—-Mg-Ti hydride-bridged complex
[(PhMe4Cs), Ti(u-H);]oMg and the paramagnetic binuclear titanocene hydride—magne-
sium hydride complex (PhMe4Cs)[(2-C¢H4)Me4PhCs]Ti(u-H),Mg(THF), (281). Of the
latter complex the structure was determined by X-ray crystallography (Figure 111)%7%273,
Its structure comprises a (PhMe4Cs),Ti moiety in which both cyclopentadienyl groups
are n°-bonded to titanium. The magnesium atom is linked to titanium via two bridge-
bonded hydrogen atoms [Ti—-H 1.72(3) and 1.78(3) A, Mg-H 1.97(3) and 1.99(3) Al
It appears that one of the phenyl groups was metallated in its 2-position by forming a
o-bond with magnesium [Mg—C 2.144(2) A], resulting in an additional bridge between
titanium and magnesium. The coordination sphere at magnesium is completed by two
additional coordinating THF molecules, resulting in penta-coordinate magnesium.

When the same reaction was performed using an excess of n-Bu;Mg as the reduc-
ing agent, essentially the same products are formed as from the reduction with metallic
magnesium, vide supra. However, from this reaction mixture a by-product (PhMe,Cs),Ti
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(u-H),Mg(2-buten-2-yl) (282) was isolated in low yield. Its X-ray crystal-structure deter-
mination showed a similar titanocene-type structure as observed for 281 with two bridge-
bonded hydrogen atoms between titanium and magnesium [Ti—H 1.87(3) and 1.77(3) A,
Mg—H 1.85(3) and 1.85(3) A] (Figure 111)*”>. One of the phenyl groups has a m-type
interaction with magnesium, as is indicated by the distances between its C;,, and the adja-
cent carbon atom and the magnesium atom of 2.657(4) and 2.644(4) A, respectively. The
presence of a o-bonded 2-buten-2-yl group at magnesium [Mg—C 2.123(4) A] implies a
hydrogen transfer from the butyl group into the titanium-—magnesium bond.

When Cp,TiCl, or its methyl-substituted derivative (MeH4Cs),TiCl, are reduced with
magnesium in THF, in the presence of bis(trimethylsilyl)acetylene, a mixture of products
is obtained. Two of these appeared to be the mixed titanium—magnesium complexes
CpTiMgCp(Me3SiCCSiMes), (283)?7* and its methyl-substituted derivative (284). X-ray
crystal-structure determinations of 283 and 284 showed that they have similar structures,
of which that of 284 is shown (Figure 112)>’427, In 284 two Me3SiCCSiMe; moieties
are bridge-bonded in a p-n>-n* fashion between magnesium and titanium, while to both
titanium and magnesium a methylcyclopentadienyl group is 7°-bonded. The C—C bond
lengths of 1.31(1) A in the Me3SiCCSiMe; moiety and C—C—Si bond angles of average
140° indicate a change of the hybridization from sp to sp? of these carbon atoms. The
observed Mg—Ti distance of 2.776(2) A indicates the presence of a bonding interaction
between these metals.

Another product isolated from the above-mentioned reaction mixture is (MeH4Cs)
TiMgCl,Mg(CsH4Me)(Me3;SiCCSiMes), (285)>7. An X-ray crystal-structure determina-
tion showed an almost perfect linear Ti—-Mg—Mg arrangement with two Me3;SiCCSiMes
moieties bridge-bonded in a u-n?-n? fashion between magnesium and titanium while a
methylcyclopentadienyl group is 7°-bonded to titanium (Figure 112). Between the two
magnesium atoms two chlorides are bridge-bonded in a slightly asymmetric way. The
Mg—Cl bond distances to the terminal magnesium atom [Mg—Cl 2.440(5) and 2.439(5) Al

(284) (285)
FIGURE 112. Molecular geometries of 284 and 285 in the solid state
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are slightly longer than those to the central magnesium atom [Mg—Cl 2.340(4) and
2.352(4) A]. To the terminal magnesium atom a methylcyclopentadienyl group is 7°-
bonded and coordination saturation is completed by an additional coordinating THF
molecule. Also, in this compound the observed Mg—Ti distance of 2.763(4) A indicates
a bonding interaction between these two metals.

It has been shown that one of the w3-bridging hydrogen atoms in the Cp*3;RuzHs
cluster can be easily replaced by a main group organometallic fragment like MeGa, EtAl i-
PrMg or EtZn?’®. The X-ray crystal-structure determination of the product Cp*3;RusMg(i-
Pr)Hy (286) obtained from the reaction of Cp*3RuzHs with i-Pr,Mg shows that the main

(286) (287)
FIGURE 113. Molecular geometries of 286 and 287 in the solid state

FIGURE 114. Molecular geometry of 288 in the solid state
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structural features of the originating Cp*3RusHs cluster are retained, but one of the u°-
bridging hydrogen atoms is replaced by a u3-bridging i-PrMg group (Figure 113), with
almost equal Mg—Ru distances of 2.7487(13), 2.8007(12) and 2.7715(13) A.

The reaction of Cp*IrH,(PMe;) with Ph,Mg gives a product formulated as Cp*IrH
(PMe;)MgPh. An X-ray crystal-structure determination showed this compound to be a
dimer [Cp*IrH(PMe3;)MgPh], (287) in which two Cp*IrH(PMes) moieties are connected
by the two PhMg groups, on one side to the phosphorus atom and on the other side to
the hydride (Figure 113)?’7. The geometry at the magnesium atoms is trigonal planar, and
the distances to iridium are slightly different [Mg—Ir 2.669(2) and 2.748(2) Al

Instead of the anticipated transmetallation product, the reaction of Cp*(CsHg)ThCI with
t-BuCH,;MgCl in THF gives a complex Cp*(CgHg)ThCl,Mg(CH,Bu-¢)(THF) (288). An
X-ray crystal-structure determination showed that 288 contains a Cp*(CsHg)Th moiety
with a n%-bonded cyclooctatetraenyl group and a 1°-bonded pentamethylcyclopentadienyl
group (Figure 114)?’8. Two chlorides are bridge-bonded between thorium and magnesium
while a neopentyl group is o-bonded to magnesium and an additional THF molecule
completes the coordination sphere at magnesium.

VI. CONCLUSIONS

In this chapter it has become clear that knowledge about the structures of organomag-
nesium compounds both in the solid state and in solution is often a pre-requisite for a
better understanding of the reaction pathways involved in reactions of organomagnesium
compounds. For the design of new synthetic pathways for the synthesis of new organic
products this knowledge is of particular importance.

In contrast to their zinc analogs, simple dialkyl- and diaryl-magnesium compounds are,
with a very few exceptions, not simple monomeric molecules. Due to the strong tendency
of magnesium to extend its coordination number to usually four or even higher, these
compounds form aggregates via multi-center, usually two-electron three-center, bonded
organic groups. The only exceptions are a few diorganomagnesium compounds bearing
very bulky substituents that prevent multi-center bonding for steric reasons. An example
is [(Me3Si)3C],Mg that has a linear monomeric structure in the solid state.

In the presence of Lewis bases, diorganomagnesium compounds form complexes with
one or two donor molecules. The usually observed coordination number for magnesium
is four in complexes where magnesium has a tetrahedral coordination geometry. When a
diorganomagnesium compound and/or ligand contains sterically demanding groups, com-
plexes with one donor molecule are formed in which the magnesium is trigonal planar
coordinate. However, higher coordination numbers are also observed, especially in com-
plexes with multidentate donor ligands.

Various structural motifs are observed in the solid-state structures of heteroleptic organo-
magnesium compounds RMgY. In these compounds Y is either a halide or a heteroatom-
containing group. In a few exceptional cases this group is o-bonded to magnesium,
resulting in monomeric heteroleptic organomagnesium compounds. Usually, such groups
form multi-center bonds in which the group Y is either ?- or u3-bridge-bonded between
two and three magnesium centers, respectively. Consequently, such bridge-bonding gives
rise to the formation of aggregated structures.

In solutions containing RMgY species, the possible existence of a Schlenk equilibrium
between RMgY and both R,Mg and MgY, should always be considered. Moreover,
equilibria between various aggregated species cannot be excluded. It should be noted that
the formation of crystalline material, e.g. for structural studies in the solid state, may well
be influenced by factors such as differences in solubilities of the various aggregates in
solution and packing effects in the crystal lattice. As a consequence, care should be taken
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in drawing conclusions about structures in solution from data obtained from solid-state
structural investigations (e.g. X-ray crystallography). It is perhaps prudent to regard these
solid-state structures as resting states and to realize that they may represent only one of
many structural forms present in solution.

W=
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I. INTRODUCTION: SCOPE AND DEFINITIONS
A. Thermochemistry

The current chapter is primarily devoted to the thermochemical properties of molar
standard enthalpies of formation and of reaction, A¢Hy," and A;H,,°, often called the
‘heat of formation’, AH; and ‘heat of reaction’, AH,. We will only briefly discuss bond
dissociation energies, Gibbs energy and complexation energies. This chapter foregoes
discussion of other thermochemical properties such as entropy, heat capacity or excess
enthalpy. Temperature and pressure are assumed to be 25 °C (‘298 K’) and 1 atmosphere or
the nearly equal 1 bar (101,325 or 100,000 Pa) respectively. The energy units are kJ mol~!
where 4.184 kJ is defined to equal 1 kcal. Although our thermochemical preference is for
the gas phase, we find that for many of the species discussed here, only solution phase
data are available. We interpret the ‘organomagnesium’ in the title of this work to mean
that the minimum requirement for a species to be included is that it have at least one
magnesium atom and one carbon atom. And so there is a section on compounds consisting
solely of magnesium and carbon. The remaining sections consider the traditional CHONS
atom combinations in several manifestations as they are bonded to magnesium.

B. Sources of Data

Unreferenced enthalpies of formation for any organic species in the current chapter
are taken from the now ‘classic’ thermochemical archives by Pedley and his coauthors'.
Likewise, unreferenced enthalpies of formation for inorganic compounds come from the
compilation of Wagman and his coworkers?. These thermochemical numbers are usually
for comparatively simple and well-understood species where we benefit from the data
evaluation performed by these authors rather than using the raw, but much more complete,
set of data found in the recent, evolving, on-line NIST WebBook database’. All other
thermochemical quantities come from sources explicitly cited in the chapter.

C. Magnesium: A Metal Among Metals

That magnesium is by far the most useful metal for preparing organometallic reagents
to be used in syntheses is due to several factors. Although a highly electropositive metal, it
is easily handled and stable in the atmosphere since it is protected by an invisible coating
of oxide-hydroxide. It is non-toxic and presents no problems for the environment. Of the
Group II metals, Ba, Sr, Ca, Mg, Be, Zn, Cd and Hg, the most electropositive Ba, Sr
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and Ca have been little studied and the free metals and their alkyl compounds are rather
inaccessible. Their reactions are similar to those of sodium but they are less reactive.
Magnesium forms rather polar bonds to carbon which consequently possesses significant
carbanionic character. Grignard reagents combine the virtues of being at the same time
very reactive and very easy to prepare from metallic magnesium, which is unique among
electropositive metals in being readily available and requiring little or no cleaning before
use. Beryllium and its compounds are exceptionally toxic, and so discussion as useful
reagents logically ends there.

Among hydrocarbylmetals formed from alkali metals, only hydrocarbyllithium com-
pounds match the Grignard reagents in utility and reactivity. A choice will often exist
between magnesium and lithium compounds for a given reaction, but magnesium is much
easier and safer to handle and organomagnesium compounds furthermore have the advan-
tage of being stable in ether solution while organic alkali compounds all attack ether and
are handled in hydrocarbon solvents.

Metals more electronegative than magnesium, like beryllium, zinc, cadmium and mer-
cury, form useful reagents for specific purposes, but the metals themselves are not
sufficiently active to form organic derivatives under normal laboratory conditions and
are unwanted in the environment since they are toxic. Aluminum compounds are useful
for industrial purposes, but their use in the laboratory is insignificant in comparison with
Grignard reagents.

Lest one forget and be complacent, organomagnesium species are high energy com-
pounds as expressed in terms of the considerable exothermicity of many of their spon-
taneous reactions—those with water and/or air are perhaps best known. Almost all
laboratory investigations of the chemistry of organomagnesium compounds have been
with the homoleptic species R,Mg, or with the classical Grignard reagents RMgX with
one hydrocarbyl (alkyl or aryl) R group and either chlorine, bromine or iodine attached
as an X to the metal. Organomagnesium fluorides have been relatively ignored as they
are more difficult to prepare than the related compounds with the other halogens*. These
are plausible species in mixed metal fluorocarbon ‘pyrolants’, chemical sources of high
temperatures (multi-thousand K) resulting from solid phase reactions of magnesium and
fluorinated organic polymers.’ That is, mechanically combined Mg and polymer are
induced to chemically react presumably via the following schematic reactions (equations 1
and 2), shown here for polytetrafluoroethylene.

Mg(s) + —CF,—CF;—(s) —— —CF,—CF(MgF)—(s)
——> MgF,(s) + —CF=CF—(s) (€))
Mg(s) + —CF=CF—(s) —— —CF=C(MgF)—(s) —— MgF,(s) +2C(s) (2)

While the C—F bond is recognized as strong, the Mg—F bond is stronger. From enthalpy
of formation data? per monomeric unit of C,F4, this reaction is exothermic by over
1400 kJmol~".

Numerous other reactions are occasionally problematic because of unexpected heat evo-
lution and temperature increase. Although not widely publicized, trifluoromethylphenyl
chlorides and bromides are prone to explode during preparation of the Grignard reagent®. It
was hypothesized that phenylethylene intermediates can polymerize in a runaway exother-
mic reaction’, while loss of solvent contact and an excess of highly activated magnesium
were shown to favor violent reactivity.® Fluorine-containing aryl Grignards are not the only
culprits.” As such, there has been active industrial interest in safety hazards surrounding

Grignard formation during scale-up, initiation and reagent addition'®.
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D. Calorimetry of Organomagnesium Compounds

As with so many other classes of compounds, calorimetric measurements and derived
thermochemical concepts were important in the early era of the study of organomagne-
sium compounds—and then largely ignored once the field gained maturity. For example,
100 years ago the interaction of amines with propylmagnesium iodide was discussed in
terms of measured solvation energies, and the energies compared with those from the inter-
action of ethers with the same organometallic'!. That ethers are less basic than amines
and that oxonium ions and related salts are less stable than their ammonium counterparts,
was used to suggest the solvation of Grignard reagents in terms of [Solvent—Mg—R]*
I~ ion pairs. These suggested structures presaged our modern understanding of solvent-
stabilized molecular, rather than ionic complexes, in solution. Our current knowledge is
that the C—Mg bond energy is very much the same for all primary alkyl groups attached
to the magnesium—from observations on an extensive variety of other alkyl derivatives,
we may now ask first how could it be otherwise, and then ask how could this entirely
plausible result be experimentally demonstrated. Century-old experiments are relevant
here as well. Direct calorimetric measurements'? of the enthalpy of hydrolysis were made
on three sets of isomeric pairs of R,OsR’ Mgl and RR'O«RMgl species in which the
groups now recognized to be on oxygen and magnesium were interchanged. The reaction
exothermicities were found to be nearly the same for the cases where R = Et, R’ = Pr;
R =Et, R" = Bu and R = Et, R’ = Pen.

Calorimetry is a discipline demanding exquisite experimental care, and is an art as
well as a science: compared to many other areas of the chemical sciences, there are
comparatively few new apprentices of this study. To aid future researchers interested in
performing new experiments on the energetics of organomagnesium compounds, as well
as historians of our science, we describe in considerable detail the earlier experiments
performed by one of the authors (T.H.) but not included in the original publication.

Because of the high reactivity of Grignard reagents, calorimetric measurements require
total exclusion of air and moisture and vacuum tight equipment must be used. The fol-
lowing three reactions (equations 3—5) have usually been studied: formation, protonation
and reaction with bromine.

RBr + Mg —— RMgBr 3)
RMgBr + HBr —— RH + MgBr, “)
RMgBr + Br, —— RBr + MgBr, )

Protonation reagents such as water and alcohol have been used, but HBr is the preferred
reagent because the reaction leads to well defined, ether-soluble products.

The use of a normal adiabatic calorimeter is not ideal when the reaction studied has
an induction period as in reaction 3 or when a reaction has to be initiated by breaking
an ampoule as in reaction 4 or 5. Much more convenient and reliable is the use of a
steady-state heat flow calorimeter. The method used in References 13 and 14 is described
here.

The calorimeter consisted of a 500-mL flask with an air-filled jacket, a magnetic stirrer
and a manganin heating coil (Figure 1) . The calorimeter was closed with a B 29 standard
taper rubber sealed adapter which fitted a Beckman thermometer (8), the leads (9) for
the heating coil (4) and a glass capillary inlet (x) for the liquid or gaseous reactant.
Internally, the inlet capillary had a 1.5-mm polyethylene tube leading to the bottom of the
flask. Externally, this capillary was connected by a glass capillary either to a hydrogen
bromide supply or to a Metrohm piston burette driven by a synchronous motor which
delivered 20 mL/180 min.
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FIGURE 1. The steady-state heat flow calorimeter

For measurement of reaction 3 the calorimeter was filled with 15 g magnesium turnings
and 400 mL of ether distilled from LiAlH4. The calorimeter was mounted in a precision
water thermostat (1) and the magnetic stirrer (2) was started. Pure alkyl bromide was
pumped from the motorburette at the constant rate of 1.8517 wLs~!. After the start of
the reaction the addition was continued for 30—60 min. By adjusting the thermostat a
steady state was obtained with a temperature in the calorimeter about 10 °C higher than
in the thermostat, so that the reading of the Beckman thermometer was constant within
+0.002 °C. The addition of RBr was then stopped and the temperature was kept constant
by leading an electric current through the heating coil using a precision constant current
generator, ‘Fluke 382 A’ (not shown). The enthalpy of reaction is equal to the substituted
electrical effect and, knowing the molarity of the pure alkyl bromide, the molar reaction
enthalpy could be calculated.

Methyl bromide was kept in an ampoule at 0 °C and was displaced by the introduction of
1.8517 . s~! of mercury from the motorburette. The methyl bromide was passed through
a 2-m stainless steel capillary heating coil which was placed in the thermostat water.
In order to derive the enthalpy of reaction of liquid methyl bromide, the enthalpy of
vaporization (23.0 kImol~!) was subtracted from the value obtained for gaseous methyl
bromide.
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Measurement of the enthalpy of reaction 4 required a constant stream of HBr. This
was obtained by placing an HBr cylinder in an ice bath and connecting the outlet to a
glass capillary which allowed a stream of 18—20 pwmol~!. The exact value was found by
leading the HBr stream into water for 100 s and titrating with sodium hydroxide. This
determination was made before and after each experiment.

For addition of liquid bromine, a 5-mL piston burette was used delivering 0.4629 pwL
s~!. In the calorimeter was placed 400 mL of a 0.4 M alkylmagnesium bromide in diethyl
ether. The measuring procedure followed the same principles as used for HBr addition.

It was found that in the study of reaction 4, the most important source of error when
using this calorimetry procedure was the change of vapor pressure in the calorimeter
caused by the formation of gases. This resulted in a significant change in the heat transfer
coefficient for the heat transfer for the calorimeter due to a change in the rate of reflux
of the ether solvent from the uncovered walls. The error was almost eliminated by filling
the calorimeter with ether leaving only 10% empty space. Errors were introduced also
by assuming that gaseous alkanes dissolve in ether with evolution of the full enthalpy of
vaporization. By measurements this was found to be true within experimental uncertainty
for Cs alkanes and higher, but incorrect for the lower alkanes. Corrections were made
for C;—Cy alkanes. The results were usually reproducible to within 1 kJmol~' when
using liquid alkanes, and 2.2 kJ mol~! when using gaseous alkanes. The purity and the
density of the alkyl bromides were the data given by the manufacturer and are estimated
to be within £0.5%.

Il. COMPOUNDS COMPOSED SOLELY OF MAGNESIUM AND CARBON

In principle, there are many binary species that are composed solely of divalent Mg and C.
Admittedly, such species characterized by carbon bonded to only magnesium or another
carbon appear quite strange. Two such species would thus be the magnesium-containing
‘too small’ cyclopropyne, MgC, (1), and the cumulene, Mg,C3 (2), which is a bimetallic
carbon suboxide mimic.

Mg

/\ —Cc=C=C=
c=c Mg=C=C=C=Mg
€)) (2

However, these compounds, or, more properly, those species with the same Mg:C
ratios and resulting stoichiometries are not fanciful. They are two of the best known
magnesium carbides and more often written in an ionic dialect, as Mg?* (C,)*>~ and
(Mg?*) (C3)*~, i.e. they are the magnesium salts of totally deprotonated acetylene and
propyne (or alternatively allene), respectively. It is clear that these species are not the
covalent metallocycle and metallo-olefin drawn above. It is clear also that the totally
ionic carbides also are inadequate representations since the isolated anions lie far above
the corresponding neutrals and free electrons in energy'>.

These representations—essentially covalent molecule and totally ionized salt—presage
the conflicting descriptions of the alternatives that can be drawn for the more conven-
tional organomagnesium compounds that fill this chapter and the current volume. Indeed,
the relative stability of the cycloalkyne ring description compared to the less-bonded
(hypovalent) chain cumulene Mg=C=C recurs in the question of the general C,X species
with X chosen among other third row elements. For X = Na — Si, the ring is seemingly
preferred over the chain and the opposite is found for X = P — CI'. (For X = CH, the
chain is seemingly the more stable, but not by so much that CH,CC facilely automer-
izes into CCCH, by way of the parent cyclopropyne'’.) Additionally, crystalline MgC,
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has been described as having ‘MgCCMgCCMg. .. chains ... [with] a weak interaction
[2.510(1) A] between Mg and the triple bond of the crossing chains above and below’'s.
Indeed, a crystallographic investigation of Mg,Cs described this species in terms of ‘bridg-
ing of the C—C bonds by Mg ... reminiscent of polycenter, electron-deficient bonds’'®
and corresponding low ionicity.

However exotic are these species and however quixotic appear the attempts at a unique
simple description, MgC, and Mg,C; are well-known solids (see References 18 and 19
and citations therein) for which the enthalpies of formation of 84 and 71 kJmol~! are
well-chronicled®. As no sublimation data are available from experiment or estimate, we
are seemingly thwarted in any attempt to derive Mg—C bond energies from these data®’.
We remain optimistic in our understanding because, besides organic and organometal-
lic chemists, materials scientists'®?! and astrochemists?®> have joined the hunt for new
magnesium—carbon species and their understanding.

lll. THE SCHLENK EQUILIBRIUM

In 1900, Victor Grignard?® presented the reaction product from an alkyl halide, RX, and
magnesium in ether as simply RMgX. He and contemporary workers were aware that
ethyl ether was somehow built into the molecule and for a time an oxonium structure was
suggested** that had no bond between carbon and magnesium. The modern concept of
bonding between an anionic alkyl and a cationic magnesium was presented in 1905 by
Abegg?® and at the same time the possibility of alkyl—halogen exchange was suggested.
In a footnote this author was the first to suggest an equilibrium as shown in equation 6.

2RMgX =—— R,Mg + MgX, (6)

The equilibrium was 25 years later named after Schlenk and Schlenk®®, who found that
magnesium halide precipitates from an ethereal Grignard reagent solution by addition of
dioxane. They thought that by filtering and weighing the crystalline dioxanate precipitate
it would be possible to determine the position of the equilibrium. This was not possible,
however, because removal of magnesium halide led to an immediate readjustment of the
equilibrium so that after addition of a sufficient amount of dioxane (>3 moles), all halide
was removed leaving a solution of pure dialkylmagnesium.

For many years the equilibrium was formulated as in equation 7 and the monomer
RMgBr was thought not to exist?’.

R,Mg—MgX, = R,Mg + MgX, @)

Clarification of the problem was delayed several years after it was concluded by the use
of isotopically labelled magnesium that magnesium—halogen exchange did not take place
in the solution®®. That this was incorrect was reported in 1963 when it was shown by
the use of osmometric measurements that the monomeric EtMgBr is present in dilute
solutions (<0.1 M) in THF?® and diethyl ether®, respectively. The osmometric measure-
ments showed that at higher concentrations various loose aggregates form®'. Aggregates
are more apt to form in less polar solvents like diethyl ether than in more polar solvents
like THF. Only alkylmagnesium fluorides are dimeric in THF*2. The R group of the Grig-
nard reagent likewise influences the degree of association. Organomagnesium molecules
associate by halogen or/and alkyl bridges between magnesium atoms. Chlorine and flu-
orine are a better bridging ligands than either bromine and iodine, so alkyl magnesium
chlorides and fluorides are dimeric over a wide concentration range.

Thermochemically, the association is not a major factor since the enthalpies of dilution
of Grignard reagents are very small in diethyl ether as well as in THF*>34, An explanation
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may be that bonding between molecules by means of halogen or alkyl bridging replace
the coordinating ether molecules and that the enthalpies of coordination of the two types
of bonding are nearly equivalent. Likewise, the association of Grignard reagents does
not seem to have much influence on the position of the Schlenk equilibrium*. This is
in accord with an equilibrium with the same number of entities on the two sides as in
equation 6. Equation 7 represents an equilibrium that will be shifted to the right with
higher dilution. The fact that the Schlenk equilibrium is almost independent of dilution
must mean that equation 6 is a better description than equation 7 and that the tendency
for association with solvent is, on an average, the same on both sides of equation 6.

Just as the association equilibria have little effect on the position of the Schlenk equi-
librium, there has been no clear demonstration of a correlation between the association
equilibria and the reactivity of the reagents. Plots of reaction rates versus concentration
of Grignard reagents for various substrates often deviate from a straight line so that the
reaction order is below 1 and even may approach zero®. This phenomenon has been
shown not to correlate with an association of the reagent itself but rather with a com-
plexation of the Grignard reagent with the substrate which occurs if the substrate has a
Lewis basicity greater than that of the ether solvent®®. With substrates of low basicity like
methyl trifluoroacetate or benzonitrile the reaction order with respect to Grignard reagent
is close to 1%7.

Although the position of equation 6 could not be determined by dioxane precipitation
of magnesium halide, it was found that the position could be determined by thermometric
titration®>-343%-38 " Adding R,Mg to a solution of MgBr; in ether led to an increase in
temperature. The plot of added R,Mg versus temperature gave both the enthalpy for
complete reaction as well as the composition of the mixture and the equilibrium constant
for equation 6. The At was positive in ether but was shown3*36 to be negative in THF.
Thermometric titration of dialkylmagnesium—magnesium bromide has been published for
alkyl = methyl, ethyl, butyl and phenyl in both ether and THF as shown in Table 1.

The position of the Schlenk equilibrium has alternatively, and less accurately, been
estimated by means of IR* and NMR spectra*>4!. The latter method has confirmed the
extreme rate of alkyl—halide exchange for alkyl = methyl and ethyl. Separate signals for
dialkylmagnesium and alkylmagnesium halide were not discernable at room temperature,
but for methyl separate signals appeared at —80 °C when the alkyl-halide exchange pro-
cess was slowed down. For dimethylmagnesium, which is associated by bridging methyl

TABLE 1. Equilibrium constants (Kscnenk) and enthalpies of reaction for the Schlenk reaction
R,Mg + MgBr, = 2RMgBr

RMgBr Solvent K schienk AH,, (kITmol™!) Method” Reference
MeMgBr THF 35 IR 39
4.0 NMR 40
Et,O 320 T 43
455 C 32
EtMgBr THF 5.09 25.5 C 34
Et,O 480, 484 —155 T 33
BuMgBr THF ca 9 14.2 T 36
Et,O ca 1000 —13.4 T 36
ca 1400 K 31
PhMgBr THF 38 11.8 C 34
4.0 13.4 NMR 41
Et,O 55, 62 —-8.5 C 33

T = thermometric titration; C = calorimetry; K = kinetics.
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TABLE 2. Enthalpy of solvation of compo-
nents of the Schlenk equilibrium in Et,O and
THF (kJ mol~1)*

Solvent Et,Mg EtMgBr MgBr,

Et,O —24 =31 —-32
THF —36.6 —68.3 —109

groups, separate signals for terminal and for bridging methyl groups could be observed.
Because crystallization took place, the signals were not useful for quantitative measure-
ments. It was found that the alkyl exchange rate depended on both the solvent and on the
alkyl group. The signals for di-z-butylmagnesium and #-butylmagnesium bromide in THF
could be discerned at room temperature because of a slow alkyl exchange.

An estimate of the equilibrium may also be obtained by kinetic measurements since
dialkylmagnesium is often 50—100 times more reactive than alkylmagnesium bromide*.
Addition of MgBr, to a Grignard reagent converts R,Mg to RMgBr. When comparing
the reactivity of this manipulated Grignard reagent with the reactivity of both R,Mg
and ‘normal’ RMgBr, the content of R,Mg and K5M" may be found. The non-basic
methyl trifluoroacetate has a negligible reactivity toward BuMgBr and has been used
for this type of estimation of the position of the Schlenk equilibrium?’. The content of
dibutylmagnesium in nominally 0.5 M butylmagnesium X was found to be 5%. This
corresponds to an equilibrium constant of 1400 (not 400 as given in Reference 37). The
reaction between methylmagnesium bromide and benzophenone has likewise been used
to determine Kschienk and the value found was in reasonable agreement with the value
obtained by thermometric titration*3.

Of the three components of the Schlenk equilibrium, the electrophilicity decreases in
the order MgBr, > RMgBr > R,Mg. In diethyl ether the total bonding in 2 mol RMgBr
is stronger than the total bonding in 1 mol each of R,Mg and MgBr,. For this reason,
equilibrium 6 lies to the left in diethyl ether. The stronger solvation of especially MgBr,
favors the right side of equilibrium 6 in a more solvating donor solvent like THF. The
endothermic reaction between RyMg and MgBr, in THF is the result of an entropy-driven
reaction leading to an almost statistical distribution of the three components. Approximate
values of the enthalpy of solvation of the components of the Schlenk equilibrium are given
in Table 2.

IV. ORGANOMAGNESIUM HALIDES

Holm determined the enthalpies of formation of a collection of hydrocarbylmagnesium
bromides by reaction calorimetry with HBr in diethyl ether'®>'4. He also determined
the enthalpies of formation in ethereal solution of the magnesium bromide salts of 20
Bronsted acids, HB, by measuring the enthalpies of reaction of the acid with pentylmag-
nesium bromide®. For those species that were reported in both studies (hydrocarbyl =
phenylethynyl, phenyl, methyl, cyclopropyl, cyclopentyl, cyclohexyl), the enthalpies of
formation were identical. The values are listed in Tables 3 and 4.

There is one other report in the literature of a measurement of the enthalpy of formation
of an organomagnesium halide. The enthalpy of reaction of magnesium with methyl iodide
in ether was calorimetrically determined as —273.6 & 0.8 kJmol~' 4. Using a recent
enthalpy of formation for liquid methyl iodide of —13.6 & 0.5 kJmol~'%, the enthalpy
of formation of methylmagnesium iodide is —287.2 kI mol~'. The exchange (equation 8)
is thus 11.2 kJmol~! endothermic.

Mel + MeMgBr —— MeBr + MeMgl ®)
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TABLE 3. Enthalpies of reaction and enthalpies of formation of hydrocarbylmag-
nesium bromides (RMgBr) in ether solution (kJ mol~')

R AH, RMgBr (soln) ** AH; RMgBr(soln)®
Methyl —274.5 —331.8
Vinyl —294.1°¢ —264.4¢
Ethyl —299.2 —323.0
Allyl —259.4 —265.7
n-Propyl —360.7
i-Propyl —-305.9 —339.7
n-Butyl —292.5 —378.2
i-Butyl —289.1 —391.6
sec-Butyl —305.9 —368.2
tert-Butyl —306.7 —370.7
n-Pentyl —406.7
1-Ethylpropyl —306.3 —389.9
Neopentyl —286.6 —430.1
n-Hexyl —427.6
n-Heptyl —452.3
n-Octyl —478.6
Cyclopropyl —282.8 —211.3
Cyclobutyl —289.1 —229.7
Cyclopentyl —-291.6 —336.8
Cyclohexyl —298.7 —380.3
Cycloheptyl —299.6 —-379.5
Cyclooctyl —295.0 —395.4
Phenyl —263.2 —208.4
Benzyl —256.5 —252.3
4-Methylphenyl —262.3 —244.8
4-Chlorophenyl —260.2 —251.5
Phenylethynyl —169.9 —69.5
Triphenylmethyl —231.0 —120.5

¢ Enthalpies of reaction were determined for RMgBr(soln) + HBr(g) — RH(soln) + MgBr,(soln).
b All values are from References 13 and 14. The experimental uncertainties are £2.2 kJ mol~".
¢In THF. It is expected that less heat would be evolved in ether solution.

There is one additional study on the enthalpy of hydrolysis of solid butylmagnesium
chloride*®. Additional calculations® result in a solid phase enthalpy of formation of
—455.7 4+ 2.0 kJmol 1.

A. Isomers and Homologous Series

We briefly discussed in an earlier volume the behavior of the isomeric and homologous
organomagnesium bromides compared to the organolithium compounds as a means of
furthering our understanding of the thermochemistry of the latter species®”. Here, we
will discuss only the magnesium compounds. Discussion of the cycloalkylmagnesium
bromides is deferred to a later section in this chapter.

The linear correlation of enthalpies of formation with the number of carbon atoms is
a useful and well-known feature of homologous series of functionalized organic com-
pounds. The slope of the regression line for the gaseous n-alkanes (CH3—(CH;),—H),
—20.6 kJmol~!, and the similar values of the slopes for other CH;—(CH,),—Z series is
often called the ‘universal methylene increment’°. In the liquid phase, the increment for
the n-alkanes is —25.6 0.1 kJ mol~!. The most accurate determination of the increment
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TABLE 4. Enthalpies of reaction and enthalpies of formation of
organomagnesium bromides in ether solution (kJ mol~")

HB AH, BMgBr®? AH; BMgBr°¢
Methane —15.1 -331.0
Cyclopropane —6.7 —204.7
Cyclopentane 2.1 —336.2
Cyclohexane 9.2 —380.4
1,3-Cyclopentadiene —148.5 —275.8
CeHs —26.4 —210.6
PhCH; —33.1 —253.9
PhC=CH —125.9 —75.6
CH,(CN), —203.3 —59.7°
CH;NH, —130.5 —411.0
¢-C¢H; 1 NH; —133.1 —514.0
PhNH, —153.1 —355.0
(C;Hs),NH —111.3 —448.2
¢-C¢H 1 NHCH; —122.6 —501.2
¢-(CHy)sNH —116.7 —436.4
Ph,NH —118.8 —-192.0
C,;H,3;CONHCH; —186.2

CH;0H —219.7 —692.0
C,HsOH —199.6 —721.0
(CH3),CHOH —193.3 —744.6
(CH3);COH —177.8 —770.2
CF;CH,OH —199.6 —1365.2
PhOH —202.5 —589.3
CeFsOH —233.9 —1474.8
C,H5;COH —251.0 —994.9
C;1Hx;CO2H —243.1 —1214.2
CF;CO,H —273.6 —1576.7
Cy,HysSH —183.3 —744.6
PhSH —178.2 —347.7

¢ Enthalpies of reaction are for CsH;;MgBr + B—H — CsH,, + B-MgBr.
b Values are from Reference 45. The experimental uncertainties are ca 2—3%.
¢ Values calculated in this work unless otherwise noted. See text.

is from a dataset consisting of homologs of four or more carbons. The methyl derivative
in most series deviates from the otherwise linear relationship.

There are seven n-alkylmagnesium bromides for which there are solution phase enthalpy
of formation data, C,—Cg. The methylene increment is —25.0 £ 0.8 kJ mol~!, which is
nearly identical to both the n-alkane series and the n-alkyl bromide series (—25.3 +
0.4 kJmol~!). The methylmagnesium bromide enthalpy of formation is ca 9 kJmol~!
more negative than that for ethylmagnesium bromide, even though MeMgBr has the
smaller molecular weight. This is typical of a methyl group bonded to more electroposi-
tive atoms such as lithium, boron and aluminum. The enthalpies of formation of methyl
derivatives bonded to atoms more electronegative than carbon also deviate from the cor-
relation but in the opposite direction: they are typically less negative than for the ethyl
derivatives. The magnitude of the gaseous methyl deviations can be correlated to the elec-
tronegativity of Z>!. For the three sec-alkylmagnesium bromides, the methylene increment
is —25.1 2.0 kJmol~!. There are only two sec-alkyl bromides to compare, isopropyl
and sec-butyl, and the difference between their enthalpies of formation, and thus the
methylene increment, is —24.3 kJ mol~!.
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In isomeric alkanes substituted with an electronegative atom, alkyl group branching
at the carbon bonded to the substituent atom increases the thermodynamic stability in
both the liquid and gaseous phases. For example, the stability order of the butyl bromides
is 1-Bu > sec-Bu > n-Bu. The increasing stability parallels the alkyl group carbocation
stability. For alkyl groups bonded to metals, the alkyl group is more electronegative, and
it might be expected that the stability order would be the opposite and thus parallel the
alkyl group carbanion stability. Indeed, the enthalpy of formation of n-propylmagnesium
bromide shows it to be more stable than the isomeric isopropylmagnesium bromide by ca
21 kI mol~!. Non-calorimetric corroboration of the relative stabilities is provided by the
observation that in the presence of small amounts of TiCly, isopropylmagnesium bromide
rearranges to n-propylmagnesium bromide®>. Organomagnesia enthalpies of formation
cannot track those of the parent hydrocarbon—after all, isopropyl hydride and n-propyl
hydride must have the same enthalpy of formation since they are both propane, n- and
sec-butyl hydrides must have the same enthalpy of formation since they are both n-butane,
and isobutyl and tert-butyl hydride must have the same enthalpy of formation as they are
both isobutane.

In the isomeric butyl series, the secondary butyl derivative is less stable than either of
the primary butylmagnesium bromides. The carbon-branched isobutylmagnesium bromide
is more stable than the n-butyl isomer in keeping with the usual observation that alkyl
branching remote from the carbon bonded to the heteroatom increases the thermodynamic
stability. Within the experimental uncertainties, sec-butyl- and 7-butylmagnesium bromide
have the same enthalpies of formation, which is the same as that observed for the corre-
sponding alkyl lithiums. The explanation may be that there is a fortuitous cancellation of
the stabilizing effects of carbon-branching in the tertiary group and of secondary-carbon
bonded to metal.

A useful comparison is between the alkylmagnesium bromide and its corresponding
hydrocarbon, as for the formal protonation reaction (equation 9). The average enthalpy
of formation difference, 8§ A Hy, for primary R is 233.5 £ 5.1 kI mol~! and for secondary
R it is 214.7 & 3.3 kImol~'. For the lone example of the tertiary butyl group, SAH
is 217.2 kJmol~!, which is similar to that for secondary R, as expected. The larger
endothermicity of the formal reaction is associated with the group of relatively more
stable Grignard reagents.

RMgBr(soln) —— RH (lq) ()]

B. Unsaturated Compounds
1. Formal protonation reactions

Just as there is a nearly constant § A Hy value for the enthalpy of the formal protonation
reaction (equation 9) for Grignard reagents of similar structural type (primary vs. sec-
ondary, tertiary), we expect there to be a nearly constant (but different) 6§ A H also for the
various groups of unsaturated species. The enthalpies of formal reaction for the three aro-
matic Grignards are quite consistent, 259.0 £ 3.0 kJ mol~'. The enthalpy of protonation
of vinylmagnesium bromide is 304 kJ mol~!. Considering that phenyl and vinyl species
often exhibit similar thermochemistry, this latter value seems much too high. However,
the reaction for vinylmagnesium bromide in THF is expected to be more exothermic
than the same reaction in ether. The allyl- and benzylmagnesium bromides have nearly
identical enthalpies of protonation: 267.4 and 264.7 kJ mol~!, respectively. Using a liquid
phase enthalpy of formation for triphenylmethane of 192.2 kImol~!33, the AH; is ca
314 kImol~!. The enthalpy of reaction of the lone example of triple bond unsaturation,
phenylethynylmagnesium bromide, is 353.0 kJ mol~!. Again, the stable phenylethynyl and
triphenylmethide carbanions have the most endothermic reaction enthalpies.
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2. Enthalpies of hydrogenation

There are enthalpies of formation for several unsaturated organomagnesium bromides
as well as for species that are their saturated counterparts. How do the enthalpies of the
formal hydrogenation reaction (equation 10) of the organomagnesium bromides compare
with those for the corresponding hydrocarbons?

>C=C< + H, —— >CH-CH< (10)

The unsaturated Grignard reagents are phenyl-, allyl- and vinylmagnesium bromide and
their hydrogenated products are cyclohexyl-, n-propyl- and ethylmagnesium bromide. The
calculated formal hydrogenation reaction enthalpies are —171.9, —95.0 and —58.6 kJ
mol~!, respectively. However, the last value for hydrogenation of vinylmagnesium bro-
mide in THF rather than ether solution, must be corrected to ca —90 kJ mol~! to account
for the extremely high enthalpy of solution of MgBr, in THF. For the hydrocarbon coun-
terparts, benzene/cyclohexane, propene/propane and ethene/ethane, the reaction enthalpies
are —205.4, —123.4 and —136.2 kI mol~!, respectively. All of the Grignard reagents’
reactions are less exothermic than those of the corresponding hydrocarbons. The lower
exothermicity of hydrogenation of the phenyl and vinyl Grignard reagents indicates that
there is a stabilizing interaction between the double bond electrons and the magnesium
bonded to carbon. In the allyl case, stabilization takes place by resonance. In the phenyl
and vinyl cases the carbon bonded to magnesium changes hybridization from sp? to sp>.
By this change, we go from a rather stable to a rather unstable Grignard reagent.

C. Organomagnesium Bromides Containing Heteroatoms

Enthalpies of formation of the magnesium bromide salts of the Bronsted acids are
calculated from the measured enthalpies of the reaction of the Bronsted acid, HB, with
pentylmagnesium bromide and the known enthalpies of formation of pentylmagnesium
bromide and pentane according to equation 11. Because some of the HB enthalpies of
formation have been revised and others newly measured since the original publication,
the BMgBr enthalpies of formation have been recalculated and appear in Table 44,

HB + CH3(CH;)sMgBr —— BMgBr + CH3(CH,);CHj3 (11)

There remain three Bronsted acids that have no liquid phase enthalpy of formation data
that we know of: dodecanethiol, cyclohexyl methyl amine and N-methyl dodecanamide.
Although the enthalpy of formation of 1-dodecanethiol has not been measured, there are
experimental values available for other members of its homologous series, C,—C7, Cjp.
From a weighted least-squares analysis of the data from which a slope, —25.4, and an inter-
cept, —23.3, are derived, the enthalpy of formation of dodecanethiol is —328.1 kI mol~!%.
The enthalpy of formation of dodecanethiolate magnesium bromide is thus estimated as
—744.6 kI mol~!. We can estimate the enthalpy of formation of cyclohexyl methyl amine
by assuming equation 12 is thermoneutral.

c-HexNH; + Me;NH —— (c-Hex)MeNH + MeNH, (12)

From the archival enthalpies of formation of the other species, the enthalpy of formation
of cyclohexyl methyl amine is —145.4 kI mol~'. From equation 11, the enthalpy of for-
mation of the corresponding salt is —501.2 kI mol~!. Attempts to estimate an enthalpy
of formation for N-methyldodecanamide reveals a paucity of data to work with, pri-
marily for unsubstituted and N-methylamides®. There is much enthalpy of formation
data for n-alkyl carboxylic acids, including dodecanoic acid. The methylene increment
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is —25.4 kJmol~', typical of liquid phase enthalpies of formation. There are only two
liquid enthalpies of formation for n-alkyl amides, butanamide and hexanamide, and the
difference between them is —25.5 kI mol~! per —CH,—group. A fairly accurate enthalpy
of formation for dodecanamide of —550.9 kJmol~! could be derived from these data.
However, for the only two enthalpies of formation for N-methyl-n-alkylamides in the lig-
uid phase, N-methylacetamide and N-methylpropanamide, the difference is 6.9 kJ mol~!
which is extremely atypical for a methylene increment. However, the acetamide is the
methyl derivative and so is expected to deviate from the other N-methylalkylamides. Fur-
thermore, there is no liquid enthalpy of formation for either acetamide or propanamide
upon which to base an estimate for N-methylation of any amide.

Earlier it was stated that within the set of hydrocarbylmagnesium bromides the enthalpy
of formation difference, § A Hg, for the magnesium compound and its corresponding hydro-
carbon was slightly larger for the primary alkyl groups compared to the secondary and
tertiary groups. This differentiation by § A Hy with respect to structure and stability would
likewise be expected for sets of compounds with C—Mg, N—Mg, O—Mg and S—Mg
bonds. Figure 2 shows a plot of the enthalpies of formation of the organomagnesium
bromide species in Tables 3 and 4 vs. the enthalpies of formation of the corresponding
protonated species. The data points for each bond type fall on separate straight lines, the
slopes of which are close to 1 (C—Mg, 0.78; N—Mg, 0.98; O—Mg, 1.1; S—Mg, 1.0).
Even though there are differences in structure within each set, the correlations (r2) are
quite good: C—MgBr, 0.98; N—MgBr, 0.98; O—MgBr, 0.99. There are only two data
points for S—MgBr.

Within each bond-type group, further distinctions can be made, as mentioned earlier
for the alkylmagnesium bromides. In Figure 2, the points corresponding to mono- and
polyunsaturated hydrocarbyl groups all appear to the right of the points belonging to the
saturated groups. Said differently, the § A Hy values are substantially larger for the species
with unsaturated substituents, 257-359 kI mol~! vs. 211-248 kI mol~!. This difference
indicates an extra stabilization for the Grignard reagent which is absent in the hydrocarbon.
The negative charge can be better accommodated in such compounds by sp?-inductive
and/or resonance effects.

Within the O—MgBr group are at least three subcategories: the alkoxy and phenoxy,
the carboxy and the fluorinated species. Within the alkoxy subgroup, the endothermic
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FIGURE 2. Enthalpies of formation of BMgBr vs. those of BH (kJ mol~!)
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8 A Hy from equation 9 is in the order -BuO < i-PrO < EtO < MeO, which is the order
of increasing stability of the alkoxides in solution. The two carboxy species are more
endothermic than the alkoxy, and the trifluoroacetoxy is the most endothermic. While
pentafluorophenoxy is more endothermic than phenoxy, trifluoroethoxy and ethoxy have
identical endothermicities.

The N—MgBr group does not show much variation in § A Hy except for PANHMgBr,
which is comparatively endothermic. By comparison, Ph,NMgBr is about the same as the
saturated amine species.

The vertical distance between the lines may crudely be taken as the difference in bond
energy between the B—H/B—MgBr bond types, at least for B atoms in the same row of the
periodic table. From the plot, the bond strength increases in the order C—MgBr, N—MgBr,
S—MgBr and O—MgBr, which is also expected from electronegativity differences. The
bond strength to hydrogen increases in the order S—H, C—H, N—H and O—H. It has been
suggested® that the very strong bond between oxygen and magnesium is due to back-
donation of lone pairs on oxygen into empty orbitals on magnesium. This may be the case
also with sulfur and less obviously with nitrogen. This is consistent from a consideration
of the atomization energies of solid MgO, MgS and Mgs;N,. From the enthalpies of
formation of solid MgO, MgS and Mg3;N, and those of the gaseous atoms Mg, O, S and
N, one can derive the enthalpies of atomization of the binary magnesium ‘salts’ to be
852, 773 and 1378 kI mol~!. Dividing these numbers by 2, 2 and 6, respectively (the
number of ‘bonds’ per formula unit), results in 426, 382 and 230 kJ mol~! for effective
Mg—0O, Mg—S and Mg—N bond strengths. Unfortunately, the enthalpy of formation of
solid Mg,C is not available from the literature—indeed, this seemingly simple binary
species is still unknown—and so the remaining Mg—C bond strength cannot be derived
for the final comparison.

One of the original goals in the determination of the enthalpy of reaction of Bronsted
acids with pentylmagnesium bromide was to explain the relationship between the enthalpy
and the pK, of the acid'® %% For a set of hydrocarbons having disparate structures, the
correlation coefficient, 72, is 0.98. For the nitrogen-containing acids, again a group with
disparate structures, there is an excellent correlation (#> = >0.99) if the aromatic aniline
(phenylamine) and diphenylamine data are ignored. The oxygen-containing acid data show
much scatter. For acids of the same acidity, the oxygen and nitrogen acid reactions are
more exothermic than those for the carbon acids and the author assumes the cause is
back-donation of lone pairs on the heteroatoms to empty orbitals on magnesium®.

The only data omitted in this analysis are those for vinyl- (determined in THF) and
cyclopentadienylmagnesium bromide. Including the data point for cyclopentadienyl in the
analysis worsens the correlation. This may be caused by a difference in carbon bonding to
the magnesium for cyclopentadienide compared to the other carbon—magnesium bonds.
This bonding will be mentioned in a later section on magnesium sandwich compounds.

There is a report of calorimetrically-determined enthalpies of reaction of methyl- and
ethylmagnesium bromides with some ketones in ether solution at 15°C>’. The reaction
shown in equation 13, which results in an exotherm of —202.3 kJmol~!, produces an
alkoxymagnesium bromide that also appears as a product of a different reaction in Table 4.
Using the enthalpy of formation of MeMgBr'> ! and the liquid phase enthalpy of forma-
tion of acetone, the enthalpy of formation of the 7-butoxymagnesium bromide is calculated
as —783.5 kI mol~!. This is within 10 kI mol~! of the value reported in Table 4.

MeMgBr + Me,C=0 —— ¢-BuOMgBr (13)
All the experimental enthalpies of the Grignard reaction appear in Table 5 along with

the enthalpies of formation calculated using the same method as illustrated above. Unfor-
tunately there are no liquid enthalpy of formation data for the halogenated ketones, nor are
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TABLE 5. Enthalpies of reaction between ketones and Grignard reagents and
calculated enthalpies of formation of alkoxymagnesium bromides (kJ mol~!)

Ketone RMgBr AH,, ¢ AH{(R'OMgBr)®
Me,CO MeMgBr —202.3 —782.2
MeCOEt MeMgBr —188.1 —793.2
Me;CCOMe MeMgBr —162.1 —822.5
CICH,COMe MeMgBr —226.6

BrCH,COMe MeMgBr —233.7

MeCOPh MeMgBr —184.9 —659.2
Me,CO EtMgBr —222.6 —802.5
MeCOEt EtMgBr —209.2 —814.3
Me;CCOMe EtMgBr —161.7 —822.1
CICH,COMe EtMgBr —240.2

BrCH,COMe EtMgBr —262.7

MeCOPh EtMgBr —210.5 —684.8

¢ Enthalpies of reaction are from Reference 57.

b Enthalpies of formation of the alkoxymagnesium bromides are calculated from enthalpies
of formation of the ketones from References 1 and 3 and of methyl and ethylmagnesium
bromide from References 13 and 14. See text for discussion.

they easily estimated. The error in experimental measurements and assumptions can be
understood by inspecting the two entries that both give the same alkoxymagnesium bro-
mide product, although their calculated enthalpies of formation differ by ca 10 kJ mol~!:
Me,CO + EtMgBr and MeEtCO + MeMgBr.

V. DIORGANOMAGNESIUM COMPOUNDS

The only dialkylmagnesium compound whose enthalpy of formation has been measured
is dineopentyl magnesium®®: (s) —236.8 & 7.2 kJmol~! and (g) —74.3 7.6 kImol~!.
Unfortunately there are no enthalpies of formation for any of its isomers or homologs.
We cannot even calculate the enthalpy of the Schlenk equilibrium because, although the
enthalpy of formation of neopentylmagnesium bromide is for the ether solution, that for
dineopentylmagnesium is not, and there is no experimental value for the enthalpy of
solution.

Organomagnesium compounds undergo fast intermolecular carbon—magnesium bond
exchange in solution. One such process in THF solution, (equation 14) was studied by
NMR line-shape analysis®:

(neo-Pen);Mg + PhyMg —— 2(neo-Pen)MgPh (14)

The thermodynamic quantities for the reaction were found to be AH = 10.0 kJ mol™!,
AS =57.7 euand AG = —7.24 kI mol ™" at 298 K.

With knowledge of the enthalpies of formation of magnesium bromide and an alkyl-
magnesium bromide, and by using the data for the Schlenk reaction from Table 1, the
enthalpy of formation of a dialkylmagnesium compound in ether solution may be cal-
culated. In diethyl ether, the equilibrium equation 6 may be considered to be shifted
to the side of the unsymmetrically substituted magnesium compound. Subtraction of
the enthalpy of solution* gives the enthalpy of formation of the solvent-free com-
ponents of the Schlenk equilibrium. The enthalpy of formation of MgBr; in diethyl
ether is —559 4 kJmol~! 314, Only for ethyl- and butylmagnesium bromide in ether
are all the enthalpy values available. The enthalpies of formation of diethylmagnesium
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and dibutylmagnesium in diethyl ether are accordingly calculated to be —71.4 kJmol~!
and —184.4 kImol™!, respectively. Using the enthalpy of solvation for diethylmagne-
sium (the only solvation enthalpy available), its solid-phase enthalpy of formation is
—47.4 kJmol~'. Is this a reasonable value? If we assume the methylene increment for
the solid n-R,Mg homologous series is at least —25 kJmol~!, then the enthalpy of
formation of di-n-pentylmagnesium derived from the aforementioned value for diethyl-
magnesium is ca —197 kJmol~'. The stabilizing isomerization of n-pentylmagnesium
bromide to neopentylmagnesium bromide is —23.4 kImol~! and should be about the
same as for isomerization of dipentylmagnesium. Twice that value yields an estimate of
ca —244 kImol™', less than 10 kImol~! different from the experimental measurement
of the enthalpy of formation of dineopentylmagnesium.

Vi. ORGANOMAGNESIA AND RINGS

Magnesium can be incorporated in cyclic compounds in two ways. The first is as an exo-
cyclic divalent substituent, i.e. part of a species of the type RMgZ where R is a carbocyclic
ring and Z is some univalent substituent. As discussed for acyclic organomagnesia, Z can
be halide or hydrocarbyl (either cyclic or acyclic), and so again we consider Grignard
reagents and diorganomagnesium compounds.

Alternatively, magnesium may be an endocyclic component of a ring, as found in a
magnesacycle (or magnesiacycle). Recall that dicoordinate, divalent oxygen forms diverse,
indeed nearly ubiquitous, heterocycles ranging from simple ethers such as the reactive
oxiranes and the Grignard-‘friendly’ solvent THF, to biologically relevant sugars and
nucleosides/tides. Dicoordinate oxygen with an unstrained bond angle of ca 105° is
a natural ring component in that it mimics the tetracoordinate carbon that necessarily
dominates the chemistry of organic rings. From simple models of molecular structure, di-
coordinate, divalent magnesium is expected to be linear and so rings with —Mg— might
appear to mimic the generally highly strained cycloalkynes and cycloallenes with their
linear multiple bond components rather than the saturated and considerably less strained
cycloalkanes.

Perhaps, surprisingly, there are other structural types found for magnesium-containing
rings. These, too, will be discussed. So, we now ask—what is found from the experimental
literature, especially that which is of thermochemical consequence and direct interest in
this chapter.

A. Cycloalkylmagnesium Halides

The enthalpies of formation of the cycloalkylmagnesium bromides that have been
determined by reaction calorimetry are listed in Table 3'4. As with other functionalized
cycloalkanes and the cycloalkanes themselves, there is no regularity to these values with
respect to carbon number as there are for their acyclic analogs because of the influence of
ring strain on the enthalpies. Unfortunately, there are no enthalpies of formation for the
bromocycloalkanes with which to compare these values; there are, however, enthalpies of
formation for liquid phase cycloalkanes. Figure 3 is a plot of the enthalpies of formation
for the cycloalkyl-MgBr vs. those for cycloalkyl-H. There is a linear relationship with
r? < 0.99. Indeed, the enthalpies of formation of the cycloalkylmagnesium bromides were
calculated from the enthalpies of formation of the cycloalkanes themselves by way of the
protonation reaction (equation 15).

RMgBr(soln) 4+ HBr(g) —— RH(soln) + MgBr, (soln) (15)
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FIGURE 3. Enthalpies of formation of cycloalkylmagnesium bromides vs. those of cycloalkanes
(kJ mol~")

The linear relationship thus demonstrates the near-constancy of the enthalpies of the proto-
nation reaction of the secondary cycloalkylmagnesium bromides (—292.8 & 6.3 kJ mol™").

Not surprisingly, the enthalpy of reaction for cyclopropylmagnesium bromide, —282.8
kJmol~!, is somewhat of an outlier, given the numerous anomalies associated with this
small ring®. For example, cyclopropane is the most olefinic and most acidic of the
cycloalkanes—which correctly suggests that cyclopropyl forms the most polar C—Mg
bond and, accordingly, is the thermodynamically most stable cycloalkylmagnesium
species.

Despite our earlier enunciated electronegativity and bond polarity logic, we must forego
nearly all comparison with the free (uncomplexed) carbanions R™. Unlike the rather stable
cyclopropyl anion, the cyclobutyl and cyclopentyl ions®! are unbound with regard to loss
of their ‘extra’ electron. That is, the gas phase ionization process to form the radical from
the carbanion, R:~ — R°® 4 e, is energetically favorable.

Nonetheless, it is telling that while allyIMgBr is some 60 kJ mol~' more stable than
its isomer cyclopropylMgBr (value from Table 3), at least in diethyl ether solution, the
difference between liquid phase formation of the corresponding hydrocarbons, propene
and cyclopropane, is only some 30 kJ mol~!, favoring the former. This is consistent with
allyl anion being more stable than cyclopropyl anion, a phenomenon generally ascribed
to the significant resonance stabilization in the former. Presumably, at least some of that
anionic resonance stabilization is still present—indeed, some 30 kJ mol~!' —in the derived
organometallic, i.e. in the formally carbanionic part of the Grignard. However, despite
their thermochemical proclivity, cyclopropyl Grignards seemingly do not rearrange, at
least on the time scale of calorimetric investigations.

As shown by their reaction chemistry, cyclobutyl Grignards likewise do not rearrange
to either their 3-butenyl or cyclopropylmethyl isomers; reaction of cyclobutylmagnesium
chloride with benzoic acid results in almost quantitative yield of cyclobutane accompa-
nied by only 1% 1-butene. In contrast, the cyclopropylmethylmagnesium chloride is ca
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17 kI mol~! less stable than the 3-butenyl species at equilibrium (in refluxing ether) in
terms of their free energies (and presumably, at least roughly in terms of enthalpies),
while the corresponding bromides favor the acyclic species by ca 29 kImol~'. There
was no cyclobutane found with the isomeric butene and methylcyclopropane in the prod-
uct mixture®?. The average of these two differences is 23 kI mol~'. Applying an entropy
correction of 16 eu at 298 K based on cyclopropane/propene, the enthalpy differences
for the chloride and bromide are ca 1 and 13 kImol~', respectively. The enthalpy of
formation difference between the corresponding liquid phase hydrocarbons, 1-butene and
methylcyclopropane, is 22 kJ mol~'.

An estimate of the enthalpies of formation of the magnesium species above is made as
follows. The §A H; introduced in an earlier section for the enthalpy of formation differ-
ence for equation 9 for the set of primary alkyl magnesium bromides in Table 3 (except
allyl and benzyl) is 233.5 & 5.1 kI mol~!. From the enthalpy of formation of liquid 1-
butene (—20.5 kJ mol~!), the enthalpy of formation of 3-butenylmagnesium bromide is
thus —254 kI mol~!. The formal enthalpy of hydrogenation of 3-butenylmagnesium bro-
mide to n-butylmagnesium bromide (equation 10) is then calculated as —124 kJ mol™!,
virtually identical to that for its butene/butane hydrocarbon counterpart, —126.1 kJ mol~!.
Since the double bond is remote from the C—Mg bond and there is no special stabiliza-
tion of the Grignard, the hydrogenation enthalpies should be about the same. From the
approximate difference between the equilibrium enthalpies for the cyclopropylmethyl-
/3-butenylmagnesium bromide, 13 kImol~!, the enthalpy of formation of cyclopropyl-
methylmagnesium bromide is —241 kJ mol~'.

The enthalpies of formation of liquid methylcyclopropane and cyclobutane are quite
close, —1.7 £ 0.6 and 3.7 £ 0.5 kI mol~'. How do the enthalpies of formation of their
corresponding Grignards compare? The enthalpy of formation from Table 3 for cyclobutyl
MgBris —230 kJ mol~'. The enthalpy difference between the cyclic C;H;MgBr isomers is
thus ca 11 kJ mol~!, which is not too different from that for the hydrocarbon counterparts,
especially considering the uncertainties of the estimates used in this derivation.

Reaction chemistry and associated product analysis shows the free-energy difference
between cyclobutylmethyl magnesium chloride and its more stable 4-pentenyl isomer to be
ca 27 kI mol~! 83, Using an unspecified entropic correction, the authors determined the dif-
ference in enthalpies of the isomers to be ca 9 kJ mol~'. Again using the § A H;, above, the
enthalpy of formation of 4-pentenylmagnesium bromide is —280.4 kJ mol~!. The enthalpy
of formation of cyclobutylmethylmagnesium bromide is accordingly -271.4 kI mol~!. The
enthalpy difference between their hydrocarbon counterparts is 2.4 kJ mol~!.

The experimental enthalpies of protonation'* and the formal enthalpies of protonation,
RMgBr — RH, are fairly constant for structurally similar species (R = cycloalkyl, pri-
mary alkyl) and would be expected to be constant also for the primary cycloalkylmethyl-
magnesium bromides. For the two examples just discussed, the formal enthalpies of pro-
tonation that are calculated using the derived enthalpies of formation for the cyclopropyl-
and cyclobutylmethylmagnesium bromides are 262 and 235 kJ mol~', respectively. The
mean value is thus 248 kI'mol~!, which is very close to that expected for the formal
protonation of other primary R groups.

Cyclopentylmethyl- and norbornylmethyl organometallic compounds are reportedly
stable to ring cleavage®. Evidently, the ring strain associated with the small 3- and
4-membered rings is required for the reaction. However, endo- and exo-norbornenyl-5-
methylmagnesium chlorides thermally interconvert with each other and with that of the
ring-opened 4-allylcyclopentenylmagnesium chloride which is stabilized by allylic anion
resonance®. These species apparently have comparable Gibbs energies. Now, how does
this compare with the enthalpies of formation of corresponding hydrocarbons? The lig-
uid phase enthalpy of formation of (endo)-5-methylnorborn-2-ene is 15.8 + 1.1 kI mol~!.



120 Joel F. Liebman, Torkil Holm and Suzanne W. Slayden

The enthalpy of formation of allylcyclopentene is unknown, but accepting the value for
allylcyclopentane (—66.1 4 1.0 kImol~!, from Reference 65) and assuming the same
dehydrogenation enthalpy as for the parent carbocycles, cyclopentane/cyclopentene, of
109.5 4 1.0 kI mol~!, we derive an enthalpy of formation of either allylcyclopentene iso-
mer of ca 43 kJmol~!. This is a difference of 27 kImol~! favoring the norbornene.
However, correcting by ca 30 kJmol~! for the earlier enunciated resonance stabiliza-
tion of an allyl anion results in the allylcyclopentene and norbornenyl Grignards having
very nearly the same enthalpy of formation. This is consistent with the above putative
thermoneutrality suggested for the two Grignards from their experimentally observed
interconversion, although it must be acknowledged we have completely ignored entropic
considerations in our analysis.

B. Magnesacycloalkanes and Their Dimers (Dimagnesacycloalkanes)

The magnesacycloalkanes, (CH;),Mg where n = 4-6, 9, have a strong tendency to
dimerize in THF solution, as shown in equation 16%-¢7. It would seem that relief of angle
strain caused by the large C—Mg—C bond angle incorporated into the ring is the driving
force for the dimerization of the smaller rings. However, magnesacyclodecane, which
dimerizes to a 20-membered ring, should not be unduly strained®®.

(CHy), a Mg ~
< > (CHy), (CHy), (16)
N

Magnesacyclopentane, —heptane and -decane all completely dimerize, while magnesacy-
clohexane exists to a small extent as the monomer. The authors assert that the magnesacy-
clohexane monomer is only observable because of the highly dilute solution that shifts the
equilibrium toward the monomer®’. The enthalpy and entropy of the dimerization reaction
for n = 5 were determined to be —48.0 =3 kJmol~' and 106.0 & 10.0 Jmol~' deg™!,
respectively. The dimerization enthalpies for reactions when n = 6, 9 are more exothermic
than 65 kJmol~!. This thermodynamic (and kinetic) proclivity to dimerization obviously
is not shared by the corresponding carbocycles.

While no thermochemical data exist for any magnesacycloalkenes, there are some
relevant data for their benzo analogs. It is interesting that 2,3-benzomagnesacyclohexene
exists almost totally as a dimer, 3 (similar to its non-benzo analog, magnesacyclohexane),
and 4,5-benzomagnesacycloheptene exists totally as monomer (shown as the dimer, 4).
While there is a mix of sp? and sp? carbon bonding to magnesium in the former, there
can be only sp® bonding in the latter, and so this species would be expected to behave
similarly to the other magnesacycles that also are sp*-bonded and thus dimerize.

CH2CH2CH2Mg CHQCHQMgCHch

The reaction enthalpies67 for the acetolysis reaction given in equation 17 are discussed
as a measure of ring strain as compared to the strainless and monomeric diethylmagnesium.

[(CH,),_1Mgl, + 4HOAc —— 2[H(CH,),_H] + 2 Mg(OAc), (17)
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The dimers of magnesacycloheptane and -decane are shown to be strain-free. Unlike the
original authors (also, see Reference 69) we will not try to estimate strain energies for
the various magnesacycles nor to interpret them. Besides the normal complications of
medium-sized rings such as transannular repulsions of hydrogens, there are also electro-
static effects arising from the positively charged magnesium atoms and adjoining negative
carbons. This may be compared to the enthalpy of formation of cyclic ethers, with
negative oxygens and adjoining positive carbons, for which the dimerization and trimer-
ization of dioxane to form 12-crown-4 (1,4,8,11-tetraoxacyclododecane) and 18-crown-6
(1,4,8,11,14-hexaoxacyclooctadecane) are essentially thermoneutral’®.

Having just mentioned negative oxygen and positive magnesium invites the question
of rings containing both of these elements. We may expect strong dative, coordinate
bonding between them. Indeed, this is found’!: both 1-oxa-5-magnesacyclooctane and
1-oxa-6-magnesacyclodecane are found as monomers and have acetolysis enthalpies of
—210.8 3.8 and —212.6 & 2.0 kI mol~!. The difference between these values and those
for the rings with only magnesium is not that large—then it is to be remembered that
these species also have interactions with the solvent THF which are weakened, if not
replaced, upon intramolecular complexation.

C. Other Magnesacycles

Atomic magnesium has been shown to react with carbon dioxide and with ethylene to
form small ring-containing products’?. With CO, alone, a metastable 1:1 four-membered
ring product MgCO, is found with magnesium bonded to both oxygens. With ethy-
lene only, the monomeric (and unsolvated) 1:2 product, magnesacyclopentane is found.
With the addition of both gaseous organics, a magnesalactone is formed suggesting that
equation 18 is exothermic.

c-[(CHy)4Mg] + CO, —— ¢-[CH,CH,COOMg] + C,Hy4 (18)
We note, however, that this is not the case for the corresponding carbocyclic reaction 19.
¢-(CHy)s + CO; —— ¢-[(CH,)3COO0] + C,Hy (19)

Indeed, it is endothermic by over 130 kJmol~!! This documents that the polar/ionic bond
between magnesium and oxygen is exceptionally strong, a fact we already surmised by
the vigor of the reaction of Grignard reagents with air and water.

Within the general description of ligand exchange’?, the relative stability of a vari-
ety of magnesium—olefin complexes/magnesacycles has been studied. For example, 1,4-
diphenylbutadiene replaces the parent butadiene in equation 20 to form the penta-
coordinated magnesium compound’*.

{M§ b PN, T Ph—@—Ph+/\/
g
/

J N
THE  THF THF TI‘{F THF (20)

A variety of other olefins were studied: 1,6-diphenylhexatriene, anthracene and cyclooc-
tatetraene also displace butadiene from its polymeric magnesium complex. Now should
these olefin—magnesium species be viewed as magnesacycles? Or as contact ion pairs with
olefin dianions? In any case, no enthalpies of hydrolysis are available, nor quantitation of
stabilities by even equilibrium constants. We welcome this information.
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Vil. MAGNESIUM SANDWICH SPECIES

By the description “magnesium sandwich species” are meant compounds with the general
structural formula [(CH),],Mg, (and their substituted and/or ionized derivatives) where
m > 3,n > 2 and p > 1. In addition, it is tacitly assumed that the (CH),, rings are attached
to the metal by at least three carbons, i.e., that they are nk species with k > 3.

A. Magnesocene (Bis(cyclopentadienyl) magnesium)

The classic (if not classical) metal sandwich species bis(cyclopentadienyl)iron has the
formula [(CH)s],Fe (Cp,Fe) and the semisystematic name ferrocene, and so the related
magnesium-containing species [(CH)s],Mg (Cp,Mg) is often accompanied by the name
magnesocene. We commence our discussion with this species.

There are two independent determinations of the solid-phase enthalpy of formation of
magnesocene. The first measurement” of 66.9 & 3.3 kImol~! results from analysis of
the hydrolytic reaction of magnesocene with aqueous H,SO,4 (equation 21).

Cp,Mg(s) + H2S04(aq) — 2CsHs(1q) + Mg* (aq) + SO4* (aq) @21)

From the solid-phase enthalpy of formation and the enthalpy of sublimation from the same
source, the gas-phase enthalpy of formation is 135.1 4 3.8 kJmol~!. By contrast, static
bomb calorimetry’® resulted in a value of 77 &= 3 kI'mol~! for the enthalpy of formation
value of the solid. The discrepancy of ca 10 kImol™' may be ascribed to differences
in the enthalpy of formation of the inorganic ancillary reference state species in the
hydrolysis reaction (1N H,SO4 and 1:200 MgSO,), the enthalpy of formation of the CsHg
product and ‘foibles’ of static as opposed to rotating bomb calorimetry. Let us accept a
consensus value of ca 72 £+ 5 kI mol~!. We note that the value of the sublimation enthalpy
(uncontested from Reference 75) for magnesocene, 68.2 + 1.3 kImol~!, is very similar
to that of other ‘ocenes’. This is despite the considerable difference in their behavior
otherwise, e.g. the ease of hydrolysis of magnesocene derivatives relative to the difficulty
for those of ferrocene corroborates rather ionic ring—metal interactions in the former, and
considerable covalency for the latter. Unfortunately, there are no data for the enthalpies
of formation of correspondingly substituted magnesocenes and ferrocenes’’ with which
one can further compare these at least formally related sandwich species.

Magnesocene does not appear to form a stable carbonyl complex. By contrast, there
are seemingly stable 1:1 and 1:2 NH; complexes of magnesocene’® with Mg—N bond
energies of ca 25 kJmol™!, and indeed stable complexes of magnesocene with aliphatic
(primary and secondary) amines have been crystallographically characterized’”. There
seems to be bonding between the N and the Mg and between the hydrogen of the ammo-
nia or amines and the ring. There is also loss of hapticity of one of the cyclopentadienyl
rings, i.e. one of the rings is coordinated by only two carbons as opposed to five for
the other ring and in the uncomplexed magnesocene. Magnesocene is also complexed by
a variety of other N and O (and P)—centered bases: NMR studies®® suggest the order
of increasing strength of complexation of di-isopropyl ether ~ anisole ~ triethylamine <
diethyl ether < trimethylphosphine < 1,4-dioxane < 1,2-dimethoxyethane < THF < N,
N,N’,N'-tetramethylethylenediamine. It is quite clear that the cyclopentadienyl rings are
rather weakly attached to the magnesium core. For example, magnesocene reacts with
DMSO and THF to form the totally dissociated salt Mg(DMSO)>* (Cp~), while THF
forms the mixed 1°n' complex dicoordinated by this ether®!.

There are few studies that address relative isomer stability of substituted magne-
socenes. For example, the acid-catalyzed transalkylation (alkyl scrambling) studies of
disubstituted benzenes®? would destroy the organometallic of interest. One suggestive
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investigation—although it may reflect kinetic as opposed to thermodynamic effects—is
the reaction of isodicyclopentadiene (4,5,6,7-tetrahydro-4,7-methano-2 H -indene) with di-
n-butylmagnesium to form the bis isodicyclopentadienyl complex in which both ligands
are ‘exo’, i.e. it is the CHj, and not the CH,CH, bridge, that faces the Mg83.

B. Neutral Magnesium Half-Sandwiches

By the description ‘half-sandwich’ we mean species of the type [(CH),,],Mg, where n
now equals 1. While there are no thermochemical data available for neutral cyclopentadi-
enyl magnesium, CpMg, the lowest excited electronic state is known to be ca 242 kJ mol~!
above the ground state®*, which tells us that the Cp—Mg bond energy must be at least
242 kJmol~!. This value is within 1 kImol~! (ca 100 cm™') for the excitation energy,
and thus lower bound to the bond energies in the corresponding substituted methyl-
cyclopentadienylmagnesium and nitrogen-containing pyrrolylmagnesium species. In that
bond strength is often taken to relate to bond stretching frequencies and not bond ener-
gies, we note that the ring-Mg force constants are nearly the same as well: 112.6, 112.4
and 115.3 Nm~!. By contrast, that of magnesocene itself is 173 Nm~!, suggestive of
stronger Cp—Mg bonding in the sandwich than half-sandwich compound. No spectro-
scopic or excitation data are available for the bisaza species, bis(pyrrolyl)magnesium for
comparison, nor are there any enthalpy of formation or reaction measurements.

Affixing an R group to the Mg of our half-sandwiches results in the second class of
species, e.g. CpMgR. It is quite clear that the reaction in equation 22

Cp,Mg + R,Mg —— 2CpMgR (22)

readily proceeds as written, e.g. for R = allyl®® and neopentyl®. No relevant reaction or
formation enthalpies are available, however, except for the solution phase difference of
the ' and »>-allyl (actually methallyl) derivative favoring the former by 54.4 kJ mol~' %,
Other CpMg derivatives are known but the associated thermochemistry is not available.

The species (CH)gsMg, or we should say its THF 2.5-solvate’337:88 is readily formed
from cyclooctatetraene and Mg®®. The NMR spectrum shows eight equivalent ring atoms®’
and so suggests either the cyclooctatetraene dianion and Mg?* salt® or a putative (and
highly fluxional) solvated ‘magnesacyclopentene’ (or more properly magnesabicyclonon-
atriene). However, there is no structural data for the n® open sandwich species and the
enthalpy of formation of this simple and sensible half-sandwich, or tight ion pair, cannot
even be estimated.

We note that both of the reactions (equations 23 and 24) (without additional solvating
ligands explicitly being shown) proceed facilely’3%.

—CH,CH=CHCH,—Mg— + (CH)s§ —— CH,=CHCH=CH, + (CH)sMg (23)
Ci4sHjoMg) + (CH)s —— C14Hyo + (CH)sMg 24
However, lacking thermochemical data on the other two butadiene and anthracene-related

organomagnesia does not even allow us to deduce a bound for the enthalpy of formation
of (CH)gMg™.

C. Triple Decker (Club) Sandwiches

We know of no example wherein any (Cp);Mg, derivative or related species is known.
Indeed, as documented crystallographically, magnesocene reacts with CpTl (thallocene)
to form the (Cp,Tl)~ ion accompanied by a solvent-complexed CpMg™ cation rather than
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a CpTICpMgCp complex. (By contrast, CpLi produces a complexed 4-layer CpTICpLi
i a9l
species” .)

D. Cationic Sandwiches and Half-Sandwiches

We have already mentioned the formation of solvated CpMg™ in the context of the
solution phase reaction of magnesocene and thallocene. In this section are discussed
aspects of the experimental gas-phase ion energetics of CpMg*, Cp,Mg™ and related
species.

The two ring-Mg bond energies in Cp,Mg and CpMg have been determined from
electron impact measurements’? for reactions 25-27.

Cp,Mg —— Cp,Mg* +e (25)
Cp,Mg — CpMg" +Cp +e¢ (26)
Cp,Mg —— Mg" +2Cp +¢ 27

The energy thresholds (enthalpy of reactions) are roughly 8.0, 11.0 and 13.9 eV (772, 1061
and 1341 kJ mol™!), respectively. From these values®®, the CpMg*—Cp and Cp—Mg™
bond dissociation energy values are very nearly the same, 289 and 280 kJmol~'. By
contrast, there is the observation that the bond energy for CpMg"™—RH is meaningfully
larger than that of Mg™—RH and is consistent with the formal description of CpMg™" as
Cp Mg+ %,

Although Cp,Mg™ does not undergo further ligation or reaction with RH, it does
undergo a ligand exchange with HCN (equation 28)%.

Cp,Mg* +HCN —— (CpMg—NCH)" + Cp (28)

The half-sandwich ion is also formed by direct clustering (with a third body M required)
as in equation 29.

CpMg" + HCN + M —— (CpMg—NCH)* + M (29)

With additional HCN molecules, additional clustering of CpMg™ with this ligand is
observed as opposed to proton transfer according to equations 30 and 31.

(CpMg—NCH)* + HCN —— CpMg(NCH),* (30)
(CpMg—NCH)* + HCN —— CpMgNC + HCNH* (31)

Analogous processes (some proceeding, some not) to the above ion—molecule reactions
have been discussed for other ligands®.

The Mg*—C¢Hs dissociation energy at 0 K was determined to be 134 + 4 kJ mol™!
(1.39 £ 0.10 eV) using collision induced dissociation®” and 112 kJ mol~' by laser photo-
dissociation®®. Using the radiative association kinetics approach to ion cyclotron resonance
spectrometry, the value was shown® to be the comparable 1.61 eV (155 kI mol™!). It was
also shown that the binding of the second benzene to Mg™, i.e. the Mg™ (C¢Hg)—CsHg
bond energy, is less than 1.4 eV (135 kI mol™1).

The binding energy of MgCI* to a benzene was shown® to be >2.5 eV (ca 240 kJ
mol~!) and to a second benzene by less than 1.4 eV (ca 135 kJ mol~'). Mesitylene might
be expected to bind more strongly than benzene because of the electron donation from the
three methyl groups; we are told* that the first and second bond energies to magnesium
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are greater than 2 eV (ca 190 kJ mol~!). Based on these results and related ones for other
alkaline earth species, the following rule was enunciated®®: ‘The qualitative picture is
presented that MX™ behaves as a metal ion center with the charge of a monovalent ion
but the electronic character of a divalent alkaline earth cation.’

We close by noting that Mg™ combines with multiple molecules of cyanoacetylene
sequentially to form complexes of the generic formula Mg(HCCCN),* %, Of particular
relevance to our discussion is the anomalous stability of the n = 4 species, suggested by
the original authors to possibly be the Mg" complex of 1,3,5,7-tetracyanocyclooctatetra-
ene. If so, this is the sole complex of the type (CH),Mg* with n > 6 or, more precisely,
a tetracyano derivative thereof. We know of no experimental evidence for any n =7
species with or without any additional ligands or any charge. Tropylium salts are reduced
by Mg powder to form the radical dimer (C7H7),'%. The sole species with the small n = 3
is C3H3Mg™, seen experimentally as a product of the fragmentation of (CH)sMg™ and

quantum chemically suggested to be CH;C=CMg* and not a cyclopropenyl derivative'?!.

Viil. MAGNESIUM COMPLEXES WITH CARBON MONOXIDE

Iron, as found in the porphyrin derivative hemoglobin, complexes CO to form a stable
metal carbonyl. Iron also forms a variety of metal carbon monoxide derivatives such as the
homoleptic Fe(CO)s, Fe,(CO)y and Fes3(CO);,, the anionic [Fe(CO)4]*>~ and its covalent
derivative Fe(CO)4Br,, [CpFe(CO),]~ and its alkylated covalent derivatives CpFe(CO),-
R with its readily distinguished 7 (and 7°) and o (and 5') iron carbon bonds. By contrast,
Mg in its chlorin derivative chlorophyll, which very much resembles porphyrin, forms no
such bonds with CO nor is there a rich magnesium carbonyl chemistry (if indeed, there
is any at all).

This is not surprising—there are many textbook discussions of the difference between
transition and main group elements. Consonant with this is the finding that (Cp*),Mg
(the sandwich species alternatively called bis(pentamethylcyclopentadienyl)magnesium
and decamethylmagnesocene) does not react with CO, unlike the corresponding species
with Ca and some other metals and metalloids'%2. Indeed, in (Cp*),Mg, there is little
room for another ligand around the central metal and Mg seems electronically satisfied.

Let us return to simple compounds and simple reactions involving Mg and CO. To
begin with, consider the reaction 32.

Mg+ CO —— MgO +C (32)

For solid Mg, MgO and C (and gaseous CO), this reaction is significantly exothermic: the
reaction enthalpy is ca —491 kJ mol~!. This is not surprising—Mg is more electropositive
than C and so oxygen combines with the more metallic element. Indeed, combustion
results from the aforementioned reaction (e.g. Reference 103). By contrast, this reaction
is endothermic by an even more spectacular 697 kJ mol~! when all of the species are in
their gaseous phase'®. The Mg—O bond in MgO, in any phase, is strong; the C—O bond
in gaseous CO is stronger than any other bond in a gaseous molecule.

We know of no evidence for any discrete molecular species of the type Mg,(CO),
that parallels mostly transition metal carbonyls. However, the related cations MgCO™
and Mg(CO),* have been studied experimentally and quantum-chemically by gas phase
ion chemists for which binding energies of ca 0.43 & 0.06'%1% and 0.40 £ 0.03 eV'®
(41.5 £ 5.8 and 38.6 & 2.9 kI mol~") were found. By contrast, Mg(CO)>* has a calculated
binding energy'?” of ca 200 kI mol~" as befits the considerably stronger Lewis acidity of
Mg+ over that of Mg™ !%. Although there is an absence of neutral Mg, (CO), species,
it is only for the ‘ground state species’ in that the excited state (involving the s'z!' Mg
instead of s?) of neutral Mg(CO), has been calculated to be bound!'®.
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I. INTRODUCTION

Since their discovery, the exact solution composition of Grignard compounds has been
the subject of considerable debate, and given the power of NMR in elucidating chemical
structure it is unsurprising that it was applied to the study of Grignard and other organo-
magnesium compounds from its earliest days. However, the complex nature of the solution
behaviour of such compounds and the low magnetic field strengths then available often
frustrated proper analysis of the data, and the first reported NMR studies were generally
inconclusive!. Worse, the interpretation of early NMR spectra was often based on pre-
conceived (and as it is now realized incorrect) notions as to the nature of the compounds
in solution, so caution must be exercised when considering much of the pre-1970’s data.

Although the advent of higher field NMR instruments and our increasing understanding
of the solution behaviour of organomagnesium reagents have greatly improved the veracity
of NMR studies, detailed NMR reports on such compounds remain relatively sparse. The
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bulk of the literature that has been published was done so prior to the 1980’s. The reasons
for the paucity of reported NMR studies are probably three-fold: (i) organomagnesium
reagents are generally highly sensitive, making the isolation of sufficiently pure samples
problematic; (ii) different preparations can apparently give quite different NMR spectra;
(iii) the exact solution behaviour depends on a number of factors, making it difficult to
draw any general conclusions.

The weight of evidence, accumulated over many years of detailed studies using a
combination of physicochemical techniques, including NMR, reveals that the solution
composition of Grignard reagents is best represented by extended Schlenk equilibria
(Scheme 1)!:2. However, because of the complexity of the solution behaviour, the vast
majority of their NMR spectra are analysed on the basis of the basic equilibrium first
proposed by Schlenk and Schlenk® (Scheme 2).

RMg" + X~
(1)
/X\ H /X\
R-Mg Mg-R —— RMgX —— R-Mg Mg-X —~ RoMg+MgX,
N\ / N
X (V) R I
I H
\ R\ /X\
Pol
oyme Polymer —— Mg Mg
Ve N4
R X
V)

SCHEME 1. Extended Schlenk equilibria. Co-ordinated solvent molecules are omitted for clarity

2RMgX =—= R;Mg+MgX,
@ amn

SCHEME 2. Basic Schlenk equilibrium

In Et,O, the fluorides and chlorides, RMgF and RMgCl, exist predominately as the
halide-bridged symmetrical dimers RMgX,MgR (IV) (Scheme 1), whereas the Br and I
analogues are best described as the monomeric RMgX species (I) at low concentrations
(<0.1 moldm™3) and as linear, singly halide-bridged polymers at higher concentration.

In THF, monomeric RMgX (I) and R,Mg (II) co-exist over a wide concentration range
for the chlorides, bromides and iodides. The fluorides are present as the F-bridged dimers
across the whole concentration range. Similarly, the alkoxide and aryloxide compounds,
RMgOR/, are present as the R,Mg(u-OR’),Mg species in THF.

The predominate solution-state species in Et,O and THF are summarized in Scheme 3.

Il. CONCENTRATION OF REAGENT SOLUTIONS

The concentrations of organomagnesium reagent solutions have traditionally been deter-
mined by acid titration, but this method suffers from the disadvantage that it only provides
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Solvent X Composition
Et,0O F,Cl R_ /X\ _OEt,
Mg Mg

Eb0” 'X° R

Br, I R /OEtz
Mg
7 N
Et,0O X

<0.1 mol dm™>

R
|
Pl
| n
OEt,

>0.1 mol dm™

THF F, OR R X THF
N /N /
M M
Ve g\ / g\
THF X R
Cl, Br, I 2RMgX —== MgX,+RMg

SCHEME 3. Composition of Grignard compounds in solution

an estimation of the total basic content, which is also likely to include non-metal species.
NMR, on the other hand, can provide a quick and convenient method for the direct deter-
mination of the concentration of organomagnesium species present, without the need to
eliminate non-magnesium-containing bases. The NMR methodology relies on comparing
the integrals of the reagent resonances with those of a suitable reference compound, of
precisely known concentration. The accuracy of the method is limited only by the accu-
racy of the integration process, ca £ 5%. It is interesting to note that in the comparison
of the two methods reported, the molarities determined by NMR were generally slightly
higher than those estimated volumetrically*. Rather than NMR giving an overestimation,
it seems more likely that the volumetric method slightly underestimates the concentration
due to unavoidable decomposition of the reagents during the analysis.

lll. ALKYL AND ARYL COMPOUNDS
A. Alkyl Compounds

At ambient temperature, most alkylmagnesium compounds display a single set of sig-
nals in their NMR spectra indicating that, if there is more than one solution-state species
present, the organic groups are equivalent on the NMR time-scale. Although the positions
of the NMR signals were shown to be both concentration and temperature dependent,
early NMR studies failed to provide any direct evidence for the presence of more than a
single species. However, with the development of higher field instruments, it has become
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possible to distinguish between R,Mg and RMgX species, and even between terminal and
bridging groups in some associated species.

'H and *C NMR chemical shift data for alkylmagnesium compounds are collected
in Table 1°~!7, together with those for other selected organomagnesium compounds. The
data presented in Table 1 should be interpreted with some caution. The chemical shifts
are generally solvent, concentration and temperature dependent and different authors often
quote different data for the same compounds because of the irreproducibility of the condi-
tions. Unless otherwise noted in Table 1, the data are quoted at ambient temperature, under
which conditions the compounds are generally undergoing rapid structural rearrangements:
such data are therefore a weighted time-average of the various species present.

Despite the inherent limitations of the data, examination of Table 1 reveals several key
features. The resonances of the a-hydrogen and «-carbon atoms are shifted significantly
to lower frequency than those of the corresponding hydrocarbons®. The magnitude of
the low frequency shift is generally greater in THF than in diethyl ether, in line with
the relative strengths of the Mg—O(THF) and Mg—O(Et,0) bonds (see below). Similar,
though less marked trends are observed for the 8-environments.

The first simultaneous observation by NMR of both RMgX and R;Mg species in solu-
tions of Grignard reagents was made by Ashby and coworkers in 1969'%. They showed
that on cooling a diethyl ether solution of methylmagnesium bromide to ca —100°C,
the 'H NMR spectrum displayed signals due to both Me,Mg and MeMgBr. The relative
intensity of the signal due to Me,Mg increased significantly on standing at low temper-
ature, concomitant with the precipitation of MgBr,, consistent with a gradual shift in
the position of the Schlenk equilibrium. This first preliminary report was followed by
a detailed NMR study of methylmagnesium compounds in both THF and diethyl ether
solutions’.

In diethyl ether at ca —100°C, Me,Mg displays three signals in the '"H NMR spec-
trum. The signal at —1.32 was assigned to bridging methyl groups of associated species
(Scheme 1), while those at —1.74 and —1.70 were assigned to terminal methyl groups
of the same associated species and to the methyl groups of solvated monomers, respec-
tively. At the same temperature, the 'H NMR spectrum of MeMgBr displays signals
at —1.55 ppm, which gradually disappears on standing, and at —1.70 ppm, assigned to
MeMgBr and Me, Mg, respectively. Since the RMgX species are known to be associated
in diethyl ether solution, even at quite low concentrations, the observation of just a single
‘RMgX’ species in the 'H NMR spectrum indicates that the associated species are either
indistinguishable from each other and/or that there is rapid exchange between them, even
at low temperatures. Rapid halide exchange might certainly be expected and, although
caution should be exercised when attempting to draw any inferences on the general nature
of organomagnesium compounds, it is noteworthy in this context that NMR studies on
aryl Grignard compounds (see below) indicate that halide exchange is significantly more
rapid than aryl group exchange.

In THF solvent at —76 °C, Me,Mg displays two signals of widely different intensities
at —1.83 (major) and —1.70 (minor) ppm, assignable to monomeric Me,Mg(thf), and
to the terminal methyl groups of associated species, respectively. In the corresponding
solution of the Grignard compound, MeMgBr, only signals due to Me,Mg are observed,
indicating that the Schlenk equilibrium is shifted much further towards Me,Mg in THF
than in diethyl ether.

On warming the solutions of both Me,Mg and MeMgBr, the signals broaden and then
coalesce giving a single, time-averaged signal at ambient temperature. In both cases the
dynamic process involves alkyl group exchange. In Me,Mg, exchange occurs between
terminal and bridging methyl groups as a consequence of the reversible disassociation of
associated species, while in the Grignard compound, the dynamic process also involves
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TABLE 1. 'H and *C NMR chemical shift data® for selected organomagnesium compounds
Compound Solvent 8'H shc Reference
Me,Mg Et,O —1.46 5
—1.74b¢
THF -1.76 —-16.9 5
—-1.814 6
MeMgCl THF —-1.72 5
—1.83¢ 5
MeMgBr Et,O —1.55¢ 5
THF -1.70 —16.3 5
—1.85¢ 6
MeMgl Et,O —1.53 —145 7,8
MeMgH THF —1.80 (—CH3;) 9
Et,Mg THF ca —1.80 (—CH,—)
ca 1.15 (—CH3)
EtMgBr Et,O —2.9 (-CHy—-) 8
12.2 (—CHaj)
EtMgH THF —-1.79 (-CH,—) 9
1.15 (—CH;)
n-PrMgBr Et,O 11.3 MgCH;—-) 8
22.1 (—CH,CH3)
22.1 (—CHz3)
i-Pr,Mg THF -0.75 (-CH-) 9.6 (—CH-) 10, 11
1.13 (—CH;) 26.3 (—CHsj)
i-PrMgCl THF —0.44 (-CH-) 9.6 (—CH-) 11
1.20 (—CHs;) 26.3 (—CHz3)
i-PrMgBr 8.9 (—CH-) 8
229 (—CHsj)
n-BuMgBr Et,O 5.9 MgCH,—-) 8
31.6 MgCH,CH,—)
30.6 (—CH,CHz)
13.2 (—CHs3)
(t-BuCH;),Mg benzene 0.4 (—CHs;) 12
1.3 (-CH,—)
n-BuCH(Cl)MgPr-i THF* 68.8 (—CHCl-) 10
[n-BuCH(CI)],Mg THF¢ 69.4, 69.6 (—CHCl-) 10
EtCH(Me)CH,MgBr  Et,0 0.17 Mg—CH,—) 13
[EtCH(Me)CH,,Mg  Et,0 0.23 Mg—CH,—-) 13
THF 0.17 Mg—CH,—)
(PhCH;),Mg Et,O 219 (-CHy-) 8

115.9 (para—C)
123.2 (ortho—C)

(continued overleaf)
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TABLE 1. (continued)
Compound Solvent s'H s13C Reference
127.4 (meta—C)
155.2 (ipso—C)
PhCH,MgCl Et,O 222 (—CHy—) 8
116.1 (para—C)
123.4 (ortho—C)
127.3 (meta—C)
155.1 (ipso—C)
PhCH,CH(Br)MgPr-i THF*¢ 63.7 (—CHBr—) 10
145.6 (ipso—C)
[PhCH,CH(Br)],Mg THF* 66.7, 67.0 (—CHBr—) 10
145.8, 146.2 (ipso—C)
PhCH,CH(I) MgPr-i THF¢ 9.0 (—CHMe,) 10
26.5, 26.6 (—CHzj)
414 (—CHI-)
48.3 (PhCH,—)
146.3 (ipso—C)
[PhCH,CH()],Mg THF* 44.1, 46.7 (—CHI-) 10
46.9, 47.3 (PhCH,—)
145.8, 146.2 (ipso—C)
Cp.Mg toluene ca 5.75 103.8 14, 15
107.7
CpMgMe THF 2.11 (CH3) 7
5.09 (Cp—H)
CpMgCl THF ca 6.02 14
(1-MeCsH4)MgCl THF 11.1 (—CHzs) 14
101.6 (Cp—C)
104.1 (Cp—C)
116.1 (Cp—C)
(1,3-Me,CsH3;)MgCl ~ THF 11.2 (—=CHz3) 14
101.4 (Cp—C)
105.2 (Cp—C)
114.4 (Cp—C)
CpMgBr THF 105.7 15
(MeSCH,),Mg THF 0.66 (—CH,—) 12.9 (—CH,-) 16
(PhSCH,),Mg THF 0.86 (—CH,—) 4.9 (—CH,-) 16
LMg!3CH;/ benzene  —0.05 17
("Jey = 108Hz)
LMgC=CPh/ benzene  7.78 (ortho) 113.6 Mg—CC)¢ 17
7.15 (meta) 121.8 (Mg—CC)¢#
7.03 (para) 126.2 (para—C)

128.3 (ortho—C)
128.6 (ipso—C)
131.9 (meta—C)
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TABLE 1. (continued)

Compound Solvent §'H s13¢C Reference

LMgC=CSi(Me);/ benzene 0.40 (Si—CHs3) 1.35 (Si—CH3) 17
120.0 (Mg—CC)¢
146.7 Mg—CC)¢

¢ Data quoted in ppm relative to TMS. Spectra recorded at ambient temperature unless otherwise stated.
> Monomer (see text).

¢ Spectrum acquired at —100 °C.

4 Spectrum acquired at —60 °C.

¢ Spectrum acquired at —78 °C.

/ Ligand abbreviation: L = 53-tris(3-tert-butylpyrazolyl)borate.

8 Assignment may be reversed.

exchange between MeMgBr and Me,Mg, i.e. the Schlenk equilibrium (Scheme 2). The
rate of alkyl group exchange depends primarily on the nature of the organic group and
the solvent.

Dynamic NMR studies have been used to probe organic group exchange in
diorganomagnesium compounds’. Generally, rates of exchange are enhanced when the
organic group is a good bridging ligand and reduced when bulky groups are present.
The effect of the size of the alkyl group is particularly evident in PhCH,CH(I)MgPr-
i, which shows no tendency to disproportionate into (PhCH,CHI);Mg and (i-Pr),Mg
even in THF'?. The exchange of the organic groups that takes place on mixing bis(3,3-
dimethylbutyl)magnesium with bis(cyclopentadienyl)magnesium occurs with retention of
configuration at the a-carbon atoms of bis(3,3-dimethylbutyl)magnesium: the rate of
exchange is greater than the rate of inversion by a factor of 10*—10°7. Such observations
are consistent with a concerted exchange mechanism, with an alkyl-bridged intermediate
(Figure 1). This mechanism is supported by the fact that rates of exchange are retarded in
the presence of strongly co-ordinating solvents or chelating ligands, such as N,N,N',N’-
tetramethylethylenediamine: binding of the donor groups inhibits association of the
magnesium species.

In Grignard compounds, the halide exerts a secondary effect on the rate of alkyl group
transfer. The rates are in the order RMgCl > RMgBr > RMgl, in accord with the rela-
tive ease of formation of halide bridges!'®, suggesting that a mixed alkyl/halide bridged
intermediate is involved in the exchange process.

Exchange between Mg-alkyl groups and the alkyl group of alkyl halides has also
been long-suspected. The first direct evidence of such an exchange was demonstrated
by "H NMR spectroscopy using '3C-labelled methyl iodide. Han and Parkin'? observed
the appearance of a doublet at —0.05 ppm (' Jcy = 108 Hz) due to the Mg—'3CH;
group of {n>-HB(3-t-Bupz);}Mg'3CHj; (3-t-Bupz = 3-tert-butylpyrazolyl) on mixing {n*-
HB(3-t-Bupz);}MgCHj3 and '3CH;1. Alkyl group exchange was also observed on mixing
{*-HB(3-1-Bupz);}MgCH,CH; with methyl iodide. Although no alkyl exchange was
observed directly on mixing n-BuMgBr and 7-BuBr, the NMR spectra of the reaction

R
VAR
R—Mg Mg—R
N4
R/

FIGURE 1. Proposed intermediate in alkyl group exchange. Co-ordinated solvent molecules are
omitted for clarity
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2
R\\ /H\ 7 R
Mg Mg 2Li*
7 N 70>

R H R

FIGURE 2. Proposed ate structure of the LiMgR,H compounds

mixture showed radical enhancement of signals assignable to isobutylene®®, formed from
the disproportionation of tert-butyl radicals. The fert-butyl radicals are presumably formed
as the result of a one-electron transfer from Mg, suggesting alkyl group exchange does
indeed occur.

Reaction of R,Mg (R = Me, Et, i-Pr, Bu) with activated MgH, yields the corresponding
alkylmagnesium hydrides, RMgH, which display 'H NMR spectra very similar to those
of the dialkylmagnesium starting materials. Although no Mg—H signals are observed in
the NMR, Mg—H stretching bands are observed in the IR spectra, clearly indicating the
formation of the hydrides®2!. Compounds of empirical formula LiMgR,H are obtained on
addition of RLi to the alkylmagnesium hydrides, but their ambient-temperature 'H NMR
spectra in THF solution are indistinguishable from those of the alkylmagnesium hydrides
from which they are derived and, importantly, their spectra are temperature independent.
Taken together with molecular weight measurements, which suggest them to be strictly
dimeric over a wide concentration range, the NMR data have been interpreted in terms
of the hydrogen-bridged afe species shown in Figure 2°.

The configurational stability of the metal-bonded carbon atom in organomagnesium
compounds is of significant interest in terms of both our understanding of the structure
and reactivity of such compounds, and more generally in gaining insights on the nature of
the bonding of organic moieties to metals. If the S-carbon atom of the organic moiety is
asymmetric or possesses a bulky substituent, the equivalence (chemical or magnetic) of the
«a-hydrogen atoms is broken and the NMR spectra become sensitive to the configuration
at the a-carbon atom'3:22-23,

Both the «-hydrogen atoms of 3,3-dimethylbutylmagnesium chloride and bis(3,3-
dimethylbutyl)magnesium, for example®?, give rise to an AA’ sub-spectrum of an AA’BB’
spin system at ca —55°C in diethyl ether solution. On warming, the signals collapse to
an A, sub-spectrum of an A;B, spin system. In these particular compounds the rate
of inversion is much higher in the Grignard species, which reaches the fast exchange
limit just above ambient temperature, than in the diorganomagnesium compound, which
reaches the fast exchange regime only above 100 °C. This large difference in rate is not
consistently observed, and in other organomagnesium compounds the rates of inversion
are similar in the RMgX and R,;Mg species'3. Rates of inversion also appear to vary for
the same species, depending on the method of preparation, the solvent and concentration.
This variation presumably reflects changes in the exact composition of the solution under
investigation, and frustrates attempts to draw any general conclusions, for example on the
mechanism of inversion, from the data.

B. Aryl Compounds

As with the alkyl Grignard compounds, most aryl Grignards display only a single set of
NMR resonances due to the organic group at ambient temperature but, on cooling, signals
assignable to RMgX and R,Mg become apparent as aryl group exchange becomes slow
on the NMR time-scale. Appreciable chemical shift differences are observed between the
ortho-group 'H NMR signals of the aryl Grignards and their corresponding diarylmagne-
sium compounds, enabling them to be distinguished unambiguously'®. At —65°C in THF
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TABLE 2. 'F chemical shift data® for the p-F in fluoroaryl-
magnesium compounds

Compound SF
(CeFs),Mg 97.8
95.50
CFsMgBr 97.97¢, 98.12¢
95.64¢¢,96.313 4
CoFsMgl 95.30¢¢, 95.95¢¢
CFsMgCl 96.33¢f, 96.97¢/
(p-FCsHy),Mg 56.424¢
p-FC6H4MgBI‘ 57.78
55.77¢4
p-FCsH Mgl 55.62¢f

¢ Chemical shifts reported relative to benzotrifluoride in THF solvent at
ambient temperature, unless otherwise stated. Data from Reference 26.
b In E,0.

¢ Shifts are concentration dependent. Data quoted at a concentration of
ca 1.0 moldm—3.

4 Shifts are concentration dependent. Data quoted at a concentration of

ca 0.8 moldm™3.

¢ Shifts are concentration dependent. Data quoted at a concentration of
ca 0.7 moldm~3.
/In toluene.

[3,5-2H,]-phenylmagnesium bromide, for example, displays two sets of ortho-hydrogen
doublets of unequal intensity due to ArMgBr and Ar,Mg. The chemical shift difference
between the signals of the two species is ca 0.13 ppm, which compares with shift dif-
ferences of <0.05 ppm between the alkyl signals in the corresponding alkylmagnesium
compounds (Table 1).

The '°F NMR spectra of fluoroarylmagnesium compounds have been studied in some
detail?®. The wider chemical shift range of '°F, compared to that of 'H, allows the various
possible solution-state species to be distinguished readily. The para-fluorine resonances
were found to be most sensitive to the chemical structure: p-F '°F NMR data for selected
fluoroarylmagnesium compounds are given in Table 2.

The presence of fluorine atoms on the phenyl ring reduces the rate of aryl group
exchange and two sets of signals, due to ArMgX and Ar,Mg species, are observed at
ambient temperature in these compounds. However, these signals do undergo reversible
broadening and coalesce at higher temperature giving a single, time-averaged signal. The
same factors that govern the alkyl group exchange in alkylmagnesium compounds simi-
larly govern rates of aryl group exchange, and an analogous (aryl-bridged) intermediate
to that depicted in Figure 1 is presumed to be involved.

Despite the much greater range of chemical shifts and the slower rates of aryl group
exchange (see below) only one set of signals assignable to ‘ArMgX’ species is observed in
the 'F NMR spectra of the Grignard compounds in diethyl ether, indicating a rapid equi-
librium between associated species. The '°F NMR spectrum of a mixture of C¢FsMgBr
and C¢FsMgl at ambient temperature gives a single set of fluorine resonances at inter-
mediate positions between those of the individual species. Since aryl group exchange
is clearly slow at ambient temperature in these compounds, the observation of a single
species is clearly indicative of rapid halide exchange.

In contrast to LiMgMes, which appears to dissociate to a mixture of MeLi and Me,Mg
in solution, NMR evidence suggests LiMgPh; remains intact’. The chemical shift differ-
ence between the centres of the ortho and meta/para multiplets (the latter being unresolved
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from each other) is 0.99 and 0.68 ppm for PhLi and Ph,Mg, respectively, but is found
to be 0.73 ppm in LiMgPhs. That the chemical shift difference in LiMgPh; is not the
weighted average of that found in PhLi and Ph,Mg discounts the possibility that LiMgPhs
xeists as a dynamic equilibrium mixture of PhLi and Ph,Mg, and rather points towards a
discrete species.

C. The Schlenk Equilibrium

Determining the position of the Schlenk equilibrium is clearly of key importance in
understanding the reactivity of Grignard compounds and, provided the exchange rate
can be slowed sufficiently, NMR can be used to determine populations of the various
species present and the rates of exchange between them. Most data on the Schlenk equi-
librium have been obtained in diethyl ether or THF, as Grignard reactions are generally
performed in these solvents. Although the degree of aggregation of species is concentra-
tion dependent, particularly in diethyl ether, NMR spectra are usually analysed assuming
only a basic Schlenk equilibrium (Scheme 2). The approximate equilibrium constants for
selected Grignard compounds, determined by integration of their static NMR signals, are
given in Table 3.

Since diorganomagnesium species are stronger Lewis acids than the corresponding
Grignards, the Schlenk equilibrium generally lies further towards R,Mg in stronger basic
media. Thus diorganomagnesium species are generally more favoured in THF solution

TABLE 3. Schlenk equilibrium constants (K) for selected Grignard compounds
Compound ¢ Solvent Temperature (°C) K" Reference
MeMgBr THF -85 1.1 19
MeMgBr(thf) THF —80 ca 0.1-0.2 6
MeMgBr(diglyme) THF —80 ca 0.1-0.2 6
MeMgBr(NEt3) THF —80 ca 0.1-0.2 6
MeMgBr(tmeda) THF —80 ca 4 6
EtMgBr THF —60 ca 0.5 19
[3,5-’H,]C¢H;MgBr  THF —80 0.3 19
t-BuMgCl THF (0.6 mol dm~3) 33 1.12 5
2-MeCgHsMgBr THF —50 2.3 19
(t-Bu-allyl)MgCl THF ca 50 27
(1,3-Me,-ally)MgCl ~ THF ca 50 27
2-EtC¢H4MgBr THF —40 4.0 19
2,6-Me,CsH3;MgBr THF —60 7.8 19
Et,0 (0.3 moldm~3) —60 >400 19
2,6-Me,CsH3sMgCl THF -30 30.3 19
2,4,6-Me;CcH,MgBr  THF —40 12.3 19
2-CF;CeHsMgBr THF —60 15.2 19
Et,O —50 324 19
CeFsMgCl Et,0 (0.7 mol dm~3) 22 16.0 19
Ce¢FsMgBr THF 22 2.0 19
Et,0 (0.1-1.0 moldm™3) —55 4.0 19
CeFsMgl Et,0 (0.85 moldm™3) 22 7.8 19
4-FC¢H4MgBr Et,O =75 >1600 19
4-FC¢H4Mgl Et,O =175 >1600 19
CpMgCl THF (0.09 moldm—3) —75 54 14
CpMgBr THF (0.20 mol dm—3) —75 74 14

¢ Ligand abbreviations: diglyme = bis(2-methoxyethyl)ether; tmeda = tetramethylethylenediamine.
b The equilibrium constants given are for the formation of the Grignard species, i.e. R;Mg + MgX, = 2RMgX.
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than in Et,0, irrespective of the nature of the R group or the halogen. Bulky organic
groups, however, can restrict solvent co-ordination more in R,Mg than in RMgX, thereby
favouring RMgX.

Given the effect of the relative solvent basicity on the position of the Schlenk equi-
librium, the affinity of particular solvents towards Mg is of importance, and has been
investigated by NMR?®. The chemical shifts of the organic moiety, particularly those on
the a-carbon, have been shown to correlate with the co-ordinating ability of the solvent.
Thus in more strongly basic solvents the NMR signals are generally shifted to lower
frequency, consistent with a greater degree of charge separation between the Mg and
a-carbon as a result of stronger Mg—solvent interactions. Based on 'H NMR studies of
EtMgBr and Et,Mg, the preference for solvent co-ordination is in the order DME > THF
> Et;O > n-Bu,0 > EtsN > i-Pr;O. This trend is governed by both steric and electronic
factors.

The number of co-ordinated solvent molecules is also of considerable interest. The
magnesium atom has been shown typically to display co-ordination numbers of four or
five in the solid state (see below) in organomagnesium compounds, depending on the
nature of the magnesium moiety (i.e. organic group and/or halide atoms) and the donor
groups. Although the situation is less clear in solution, the magnesium atom is probably
co-ordinated by at least two or three solvent molecules. In many instances, the co-ordinated
solvent molecules will be in rapid exchange with those in the bulk solution.

IV. ALLYLIC AND VINYLIC COMPOUNDS

The question of the solution structure of allylmagnesium compounds is an intriguing
one and such compounds have been studied in more detail by NMR than any other
organomagnesium species. 'H and 3C NMR data for selected allylmagnesium compounds
are given in Tables 4 and 5, respectively.

Asymmetrically substituted allyl magnesium compounds often react to yield products
derived from both the parent allyl halide and the corresponding allylic isomer, in vary-
ing relative yields**34. Depending on the arrangement of the substituents, cis and trans

TABLE 4. 'H NMR data for allylmagnesium Grignards in Et,O at ambient temperature

R3
RN v
R° R!

X R' R? R R* R* R! R? R? R* R’ Reference
Cl H H H H H 250 250 638 250 250 27
Cl H H H H Me ca08 ca08 cad59 cads5 calls 27
Cl H H H H E 079 079 594 456 209 (-CH,-) 27

0.97 (—CHs)
Cl H H H H iPr 078 078 591 457 226(-CH-) 27

0.96 (—CHs)
Cl H H H H Bu 071 071 595 473 098 27
Cl H H H Me Me 057 057 558 155 155 27
Cl Me H H H Me 176 28 620 28 176 27
Br H H H H H 269 269 654 269  2.69 29
Br H H Me H H 241 241 176 241 241 29

“ Chemical shifts reported in ppm relative to TMS.
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TABLE 5. '3C NMR chemical shift data® for allylmagnesium compounds

R2
R__AC H
s MgX

c ¢!

R* R!
Ref-
X R' R R R (! C? c R! R? R3 R* erence
Cl H H H H 578 149.8 57.8 29
Cl H Me H H 267° 15687 57.8°% 30
Cl Me H Me H 628 147.6 62.8 18.15 18.15 29
Br H H H H 575 149.5 57.5 31
Br H H H H 580 149.5 56.5 31
57.3 137.3 57.3 32
Br H H Me H ¢ 141 102 15 31
17.6° 141.5* 97.2° 12.5° 30
Br H Me H H 3595 156.9 59.5 272 29
Br H H Me Me ca?22 150 ca 92 ¢ ¢ 31
25404 131.804 108424 16.704¢ 16.404¢ 30
allyl H H H H 572 149.4 57.2 29
5794 14874 57.9¢ 29

@ Chemical shifts reported in ppm relative to TMS. Spectra acquired at ambient temperature in THF except? and“.
b Spectra recorded at —78°C.

¢ Not observed because of dynamic line broadening.

¢In E, 0.

¢ Assignment of R and R* is arbitrary.

| - R H R CH; |
R_ _C _WMe - + e + R C. _H
~c” CCcH, ww £ C\ L=< ~""Sc
[ [ H CH; H H '
H X H

SCHEME 4. Possible stereochemistries of products from reactions proceeding via substituted allyl
Grignard intermediates

isomers may also be observed (Scheme 4). Thus, besides the question of the position of
the Schlenk equilibrium and the degree of aggregation, it is necessary to account for the
observed patterns in reactivity.

The '"H NMR spectra of allylmagnesium compounds display simple AX, patterns at
temperatures as low as —80 to —120°C3>3¢, Such simple spectra can be interpreted in
terms of either rapidly interconverting o-bonded allylmagnesium species or an essentially
ionic species, with rapid rotation about the C—C partial double bonds.

It is possible to distinguish indirectly between rapidly interconverting o -bonded allylic
and ionic species using the isotopic perturbation technique®!. If allylmagnesium com-
pounds exist as a pair of allylic isomers then, in the corresponding [1->H]allylmagnesium
species (Figure 3), the concentration of a will be greater than that of b, irrespective of
any exchange, because of the lower zero-point energy. Thus in the fast exchange regime,
the average shift of C(1) will be moved towards that of the static shift of C(1) in isomer
a, i.e. the exchange-averaged signal of C(1) will be shifted to higher frequency in the
deuterium labelled analogue. Although the signal due to C(1) would also be expected to
be shifted if the compounds existed as ionic species, any shift would be quite small. The
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FIGURE 3. The two allylic isomers of [1-?H]allylmagnesium compounds. a is favoured because of
the lower zero-point energy

TABLE 6. Eyring activation parameters“ for allylic exchange in allyl Grignards

Compound AH* (kcal mol™")  AS* (cal mol™! K™!1)  AG* (298K) (kcal mol™!)
C3HsMgCl 55 (03) —6.0 (1.3) 7.29
C3HsMgBr 5.88 (0.11) —7.3 (0.5) 8.06
2-MeC3;HsMgBr 9.7 (0.6) 7.0 (2.3) 7.61
1,3-Me,C3H3;MgCl? 6.6 (0.4) —4.7 (1.3) 8.00

“ Data from Reference 29. Obtained by '*C NMR in Et,O except for the last entry. Standard deviations are given
in parentheses.
b In THF solvent.

actual change in the shift of C(1) in allylmagnesium bromide observed on deuteriation
is ca 1.4-1.9 ppm in both diethyl ether and tetrahydrofuran solution, consistent with a
dynamic equilibrium between the allylic isomers.

The advent of higher field NMR instruments, together with the larger chemical shift
range of '*C, has subsequently enabled the direct observation of o-bonded allylic iso-
mers?32, allowing an estimation of the activation barrier to allylic exchange to be
obtained® in allyl Grignards: activation parameters are given in Table 6. In contrast to the
Grignard compounds, the '3C spectra of bis(allyl)magnesium remain essentially temper-
ature independent down to at least —95 °C, indicating that either (i) the barrier is signifi-
cantly lower or (ii) a more ionic-type structure is preferred. Conversely, the barrier to the
allyl rearrangement is significantly higher in (cyclopentadienyl)(2-methylallyl)magnesium
and, at moderately low temperatures, their NMR spectra clearly show the allyl ligand to
be o-bonded?’. Mg NMR data (see below) are also in accord with o-bonded species.

The dynamic equilibrium between allylic isomers accounts for the observation of cis
and trans product isomers in reactions of substituted allylmagnesium compounds. Rapid
rotation about the C—C single bonds in each allylic isomer gives rise to both cis and
trans magnesium species (Scheme 5) that can go on to yield cis and/or trans products.
This rapid rotation is clearly evidenced in the '"H NMR spectra by the equivalence of
the methylene hydrogens, i.e. both isomer interconversion and rapid C—C is necessary
to account for the observation of an AX, spin pattern in the fast exchange regime. The
exact constitution of the product mixture resulting from reaction of allylmagnesium com-
pounds thus depends on the equilibrium populations of the various species and the relative
kinetics for the reaction of each isomer. It is therefore difficult to make any generaliza-
tions regarding the likely composition of products. However, it is noteworthy that, in
the absence of steric hindrance, allylmagnesium reagents have been shown to favour the
cis configuration, while in the presence of bulky substituents this gives way to a trans
preference®’.

The 3Jyy spin coupling constants (Table 7) also provide valuable insight into the
structure of allylmagnesium compounds?’. Assuming the Karplus relationship holds, the
magnitude of the coupling between the unique hydrogen, H?, and the two equivalent
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SCHEME 5. Dynamic equilibria in allylmagnesium compounds

TABLE 7. "Jun coupling constants“ for allylmagnesium chlorides

2

H2
RZW/\( H'  MgCl
R3 RI

R! R? R? Jumne ® Jare) ¢ JHQRQ) JHQRE3) JRORG)
H H Me 9.6 1.2 11.7 1.5 6.4

H H Et 9.5 1.5 12.4 1.25 6.5

H H i-Pr 9.4 1.3 13.6 1.1 7.3(CH)
H H t-Bu 9.1 1.3 15.1

Me H Me 11.0 11.0 ca 0.8 7.0

¢ Data from Reference 29. Recorded at 32 °C in Et,O solvent.
b Where R] = H, JR(I)H(Z) = JH(])H(Z)-
¢ Where R! = H, Jrajrey = JH0R®)-

allylic (—CH,—) hydrogens suggests the presence of two rapidly exchanging, energeti-
cally equivalent conformers with dihedral angles of approximately 30° (Figure 4). Thus the
3 Jun couplings are consistent with the magnesium being o-bonded to an sp3-hybridized
carbon atom.

Although the interconversion of the allylic isomers remains rapid at temperatures as low
as —80 °C, the Schlenk equilibrium is slowed sufficiently to enable signals due to both the
allyl Grignard and bis(allyl)magnesium compounds to be observed at such temperatures in
their '"H NMR spectra. The NMR parameters for the bis(allyl)magnesium compounds are
not very different from those of the Grignards, suggesting that they possess essentially
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FIGURE 4. The magnitudes of " Juyy coupling constants found in allylmagnesium compounds are
consistent with the presence of two rapidly interconverting, equivalent conformers with dihedral
angles of ca 30°

the same structural features. Substantial overlap of the signals due to the RMgX and
R,Mg species frustrates the evaluation of a good quantitative estimate of the Schlenk
equilibrium constant, but a value of ca 50 (Table 3) has been estimated for both tert-
butylallylmagnesium chloride and 1,3-dimethylallylmagnesium chloride?®’.

Few NMR studies have been carried out on vinylmagnesium compounds. However,
NMR has been used to probe the stereospecificity of vinyl Grignard formation, as this has
important consequences on product stereochemistry®®3°. Reaction of cis-B-bromostyrene
with Mg in THF, followed by the addition of D,O gave a 10:1 cis:trans ratio of B-
[1-2H]-styrene, indicating the reaction proceeds, essentially, with overall retention of
configuration®. A similar result is obtained when the Grignard reagent is formed by
the magnesium—halogen exchange reaction of cis-B-bromostyrene with butylmagnesium
bromide®®. Retention of stereochemistry is also generally observed when starting from
trans-fB-bromostyrene, although to a significantly lesser extent. The degree of retention
is solvent dependent: retention is greater in THF than in Et,O. The solvent effect has
been shown clearly to exert itself in the formation of the Grignard, rather than in the
subsequent reaction with D,O.

V. ALKOXIDE AND PEROXIDE COMPOUNDS

The solution compositions of a number of methylmagnesium alkoxides have been studied
in some detail by Ashby and coworkers using a variety of physicochemical methods,
including 'H NMR spectroscopy*’. The NMR spectra displayed broad signals due to the
Mg—CHj groups in the region —1 to —2 ppm (Table 8), which are strongly solvent,
concentration and time dependent.

The solvent and concentration dependence of the spectra arises from changes in the
degree of molecular association. Time-dependent NMR studies have shown that, in more
strongly co-ordinating solvents such as THF, p?-alkoxide bridged dimers are favoured,
but in weakly co-ordinating solvents such as diethyl ether, linear oligomers or u>-alkoxide
bridged cubane-like tetramers (Figure 5) gradually form on standing. The nature of the
alkoxide also affects the degree of association: bulky groups hinder association.

Variable temperature NMR studies on 1:1 mixtures of the alkoxides, RMgOR’, and
Me,Mg reveals methyl group exchange between the magnesium atoms. Exchange is
rapid in the dimeric species, but slow in the tetrameric species, suggesting that there
is no convenient mechanism in the latter case. Mixed alkyl/alkoxide bridged dimeric
species are thus assumed to be intermediate in the exchange process: in the tetrameric
species formation of such dimers first requires dissociation of the cube. Although there
is no evidence of alkoxide group exchange in these compounds, the 3C NMR spec-
trum of [n-BuMg(u-OAr)]x{Ar = 2,6-(¢-Bu),C¢H3} in THF solution displays two distinct
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TABLE 8. Selected 'H and '*C NMR data® for magnesium alkoxide and aryloxide compounds
Ref-
Compound ” Structure ¢ Solvent 8 ("H) (ppm) 8 (3C) (ppm) erence
MeMgOBu-¢ cubane C¢Dg 1.47 [C(CH3)s] 40
—0.66[MgCHs]
Et,0 1.55 [C(CH3)3]
—1.11[MgCHs]
THF 1.55 [C(CH3)s]
—1.12[MgCHi)
oligomer Et,O 1.2 [C(CH3)3]
—1.20[MgCHs]
—1.45[MgCHs]
dimer THF 1.20 [C(CH3)s]
—1.60[MgCHs]
MeMgOPr-i cubane C¢Dg 1.30 [CH(CH3),] 40
—0.76[MgCH|
cubane/ Et,O 1.44 [CH(CH3)1]
oligomer —1.30[MgCH;3]
dimer THF 1.12 [CH(CH3),]
—1.66[MgCHs]
MeMgOPr-n oligomer ¢ CsDg —0.82[MgCHs] 40
cubane/ Et,O —1.33[MgCH;]
oligomer
dimer THF —1.70[MgCHs]
BuMgOAr! dimer C¢D5CD3 —0.10[MgCH,—] 7.06 [MgCH,—] 41
1.37 [OAIC(CH;)3]  32.80 [OArC(CH;)s]
35.14 [OArC(CH3)3]
THF —1.70[MgCH»—] 8.67 [MgCH,—]
1.53 [OArC(CH3)3] 31.12 [OArC(CH3)s]
35.64 [OArC(CHs);]
Mg(OAr])z(thf)z monomer C¢DsCD3 1.25 [-CH,(thf)] 24.86 [—CH;(thf)] 41
1.55 [OArC(CHj3)3] 31.88 [OArC(CH3)s3]
3.64 [—OCH,(thf)] 35.53 [OArC(CH3)s]
70.75 [~OCH,(thf)]
THF 1.37 [OArC(CHs3)3] 26.59 [—CH;(thf)]
1.77 [—CHy(thf)] 32.24 [OArC(CHs);]
3.62 [-OCH,(thf)] 36.01 [OArC(CH3)3]
68.44 [—OCH,(thf)]
Mg(OAr!), dimer C¢DsCD; 1.20 [OAIC(CHs);]  31.92 [OArC(CH;)s] 41
1.58 [OArC(CHs;)3] 34.13 [OArC(CH3)3]
35.07 [OArC(CH3)3]
36.06 [OArC(CHz)s]
THF 137 [OAIC(CH3);]  32.17 [OArC(CH;)s]
140 [OAIC(CHs);]  32.22 [OArC(CH;)s]
1.41 [OArC(CHj3)3] 32.37 [OArC(CH3)3]
35.94 [OArC(CH3)3]
36.00 [OArC(CHz)s]
HMgOAr? dimer THF 1.19 [i-Pr—CHs] 42
6.79 [meta-H )
6.92 [para-H ]
HMgOAr dimer THF 1.39 [t-Bu—CH;] 4
2.12 [Ph—CHs]
HMgOCH,CH,Ph  dimer THF 1.26 [—~CH,Ph] 42

6.92-7.36 [Ph—H]
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TABLE 8. (continued)

Ref-
Compound” Structure ¢ Solvent 8 (‘H) (ppm) 8 (3C) (ppm) erence
HMgOCPh; dimer THF 7.19-7.36 [Ph—H] 42
L'MgOEt monomer C¢Dg 1.72 [-OCH,CH;3] 35.7 [-OCH,CH3;] 17
4.93 [~OCH,CHs] 64.2 [~OCH,CH;]
L‘MgOPr-i monomer C¢Dg 1.65 [-OCH(CH3)] 30.2 [-OCH(CH3),] 17
4.84 [-OCH (CHs);] 64.2 [-OCH(CH3),]
L'MgOBu- monomer CsDs 1.75 [-OC(CHj3)3] 35.7 [-OC(CH3)3] 17
68.1 [~OC(CH; )3]
LlMgOPh monomer Ce¢Dg 6.96 [para-H ] 114.5 [para-C] 17
7.28 [ortho-H ] 120.2 [meta-C]
7.52 [meta-H ] 129.0 [ortho-C]

163.3 [ipso-C]

¢ Data acquired at ambient temperature.

b Ligand abbreviations: OAr' = 2,6-di-fert-butylphenoxy; OAr? = 2,6-diisopropylbenzyl; OAr® = 2,6-di-tert-butyl-4-methylbenzyl;
L! = p3-tris(3-tert-butylpyrazolyl)borate.

¢ See text.

4 Unsolvated.

FIGURE 5. Cubane structure of the tetrameric compounds RMgOR’. The tetramers are thermody-
namically favoured when the alkyl groups are small and the solvent is only weakly co-ordinating

(CH3)3C—resonances of widely different intensities at 31.1 (major) and 32.24 (minor)
ppm, respectively*!. The latter signal coincides with the (CH3)3;C—resonance of Mg(ji-
OAr),, indicating at least some disproportionation of [n-BuMg(u-OAr}], and implying
slow alkoxide group exchange on the NMR chemical shift time-scale.

Dimeric alkoxy- and aryloxy-magnesium hydrides, HMgOR, are prepared by the reac-
tion of activated MgH, with the appropriate Mg(OR), compounds in THF*?>. Their NMR
spectra display a single set of signals due to the alkoxide/aryloxide group (Table 8) but, as
with the alkylmagnesium hydrides, no Mg—H resonance is observed. An Mg—H stretch-
ing band is, however, observed in the IR spectra. The complexes are dimeric and presumed
to possess bridging hydrides, rather than bridging alkoxide groups, on steric grounds.

The oxidation of Grignard reagents with dioxygen, yielding alcohols, has long been
known. The reaction is presumed to proceed via an alkylperoxide intermediate, ROOMgX.
The first magnesium alkylperoxides reported, {n*-HB(3-t-Bupz);}MgOOR (R=Me, Et,
i-Pr, t-Bu), were prepared by the insertion of dioxygen into the Mg—C bond in {n3-
HB(3-t-Bupz);)MgR and characterized by 'H and 7O NMR spectra!’. The 70 NMR
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TABLE 9. 70 NMR data“ for magnesium per-
oxide complexes

Compound ? 85(MgOOR) 8(MgOOR)
LMgOOMe 427 102
LMgOOEt 407 130
LMgOOPr-i 373 159
LMgOOBu-t 323 183

“ Data from Reference 17. Chemical shifts reported rela-
tive to H,O.
b1 = p3-tris(3-tert-butylpyrazolyl)borate.

spectra display two well-separated signals in the regions 102—183 and 323—427 ppm
(Table 9), assigned to the 8- and «-oxygen atoms, respectively. Interestingly, the oxygen
chemical shifts vary almost linearly with increasing steric bulk of the alkyl group. More
recently, Bailey and coworkers reported the structure of the benzylperoxide complex
HC{C(CH3)NAr},MgOOCH,Ph {Ar=2,6-(i-Pr),C¢Hs3}, in which the peroxybenzyl moi-
ety binds in an unusual u-n?: n'—0,0 fashion in the solid state*’. No 7O NMR data
were reported for the complex, so it is not possible to compare data with those for {5°-
HB(3-7-Bupz);}MgOOR complexes, in which the bonding mode of the alkylperoxide was
not established.

VI. CO-ORDINATION COMPLEXES

The co-ordination complexes of organomagnesium reagents have been studied quite exten-
sively, primarily with the aim of obtaining sufficiently stable adducts to permit their
structural characterization. X-ray studies have revealed a range of co-ordination numbers
from two to eleven for the magnesium atom in the solid state: unsurprisingly, the most
commonly occurring co-ordination number is four**. The higher co-ordination numbers
are found in n’-cyclopentadienyl complexes, in which each carbon is considered to occupy
a separate co-ordination site.

It is difficult to ascertain if the same co-ordination numbers are retained in solution.
Solution NMR studies indicate small co-ordination shifts for the ligand resonances, sug-
gesting relatively weak, and hence labile, metal—ligand bonds®*’. The lability of the
ligands, particularly monodentate ones, is further illustrated by the fact that adducts of
different ligands often give identical NMR spectra (Table 10): the ligands are presumably
substituted by solvent molecules, yielding identical solution species. The degree of sol-
vation is clearly a matter of conjecture in most instances, but it is not unreasonable to
expect co-ordination numbers of four or five to predominate in solution as they do in the
solid state.

Despite the greater Lewis acidity of R,Mg species, the co-ordination induced ligand
shifts are smaller in the diorganomagnesium compounds than in the analogous Grignards,
indicating that they have a lower affinity for complex formation. A particularly interesting
exception to the low propensity of R,Mg compounds for complex formation is that when
sparteine, which is used to treat arrhythmic heart disorders, is the ligand in question.
Sparteine forms a stable 1:1 adduct with bis(2-methylbutyl)magnesium in which the ligand
has been shown by '"H NMR to adopt a cisoid configuration (Figure 6), even at elevated

temperatures*®.
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S'H sB3c
Complex Solvent Mg—R ligand Mg—R ligand Reference
MeMgBr(OEt,) THF —1.71 1.10 —16.4 15.7 6
3.38 66.3
MeMgBr(thf) THF —1.70 —16.3 6
MeMgBr(diglyme) THF —1.73 333 —16.0 59.1 6
352 71.0
3.61 72.5
MeMgBr(NEt;) THF —-1.72 0.96 —16.5 12.6 6
2.43 473
MeMgBr(tmeda) THF —1.67 2.32 —15.5 47.0 6
2.48 57.7
MeMgBr(pmdta) THF —1.68 2.31 —13.2 44.2 6
2.43 45.8
2.54 574
2.70 57.6
Me,Mg(pmdta) THF —1.80 2.25 —14.1 42.6 6
2.46 46.7
2.57 57.6
EtMgBr(teed) benzene 0.76 45
ca 2.05
2.12
EtMgNPh;(thf), benzene 0.51 1.11 1.39 25.59 46
1.82 3.34 14.32 69.39
6.76— 117.7
7.19 121.68
130.6
157.02
i-PrMgNPh, (thf), benzene 0.26 1.17 9.63 26.39 46
1.81 3.38 26.39 69.53
6.77- 116.99
7.27 117.66
121.27
121.61
129.99
130.10
156.99
157.45
s-Bu,Mg(tmeda) benzene 0.05 1.53 47
1.44 2.36
1.75
p-FCsHsMgBr(teed) benzene 0.82 45
ca 2.26
2.33
(PhCH, ), Mg(thf), benzene 1.9 1.28 22.8 25.8 43
6.83 3.34 115.4 67.7
7.18 123.2
7.25 127.7
157.2

(continued overleaf)
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TABLE 10. (continued)

S'H s13c
Complex Solvent Mg—R ligand Mg—R ligand Reference
(PhCH;),Mg(tmeda) benzene 1.33 2.15 21.0 439 43
6.30 2.33 113.6 56.0
6.67 121.6
6.75 125.9
155.2
Mg(t-BuCH;),(OEt,), benzene 0.30 0.97 12
1.45 3.46
Mg(t-BuCH,);(tmeda) benzene 0.07 1.74 12
1.59 1.97
Mg(PhCMe,CH;),(tmeda) benzene —0.08 1.06 12
1.08 1.32
73
6.8
CpMgBr(teed) benzene 0.81 45
ca 2.20
2.26
Mg(OAr),(thf), toluene 1.55 1.25 31.88 24.64 41
6.73 3.64 35.53 70.75
7.33 114.22
125.25
137.57
163.17
Mg(OAr),(tmeda) toluene 1.55 1.55 32.53 32.53 41
6.71 2.05 35.83 57.18
7.33 114.28
125.57
137.48
163.05

¢ Data acquired at ambient temperature. Ligand abbreviations: diglyme = bis(2-methoxyethyl) ether; tmeda =
tetramethylethylenediamine; pmdta = pentamethyldiethylenetriamine; teed = tetraethylethylenediamine; OAr =
2,6-di-tert-butylphenoxy.

FIGURE 6. Dialkylmagnesium compounds form unusually strong adducts with sparteine. NMR data
indicate that sparteine adopts cisoid configuration on co-ordination
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VII. Mg NMR STUDIES

Magnesium possesses a single NMR active nuclide, Mg, which is only of limited utility
owing to its low natural abundance and high quadrupole moment (Table 11)*. The large
quadruople moment (and small magnetic moment) also gives rise to efficient quadrupolar
relaxation effects in solution resulting in broad spectral lines which, coupled with the
relatively narrow chemical shift range, further limit the utility of Mg NMR studies on
organomagnesium complexes.

Despite the obvious difficulties associated with the acquisition of good quality spectra,
25Mg NMR has been usefully applied to the study of organomagnesium compounds'>>%31,
The Mg NMR parameters reported for organomagnesium complexes are listed in Table
12. Examination of Table 12 shows that the total solution chemical shift range is relatively
narrow: —85 to +110 ppm. The 7°-cyclopentadienyl complexes resonate at significantly
lower frequency than the o-bonded alkyl and aryl compounds, the latter occurring between
56—110 ppm. Comparison of the chemical shift data for these compounds can provide use-
ful additional information on the bonding between the organic moiety and the metal centre.
The relatively high Mg chemical shift (ca 70 ppm) observed for bis(allyl)magnesium,
for example, is similar to that found in alkylmagnesium compounds, suggesting that the
allyl moiety is indeed o-bonding to magnesium, in agreement with more recent 'H and
13C variable-temperature NMR measurements.

Unsurprisingly, the 2>Mg chemical shifts of Grignard compounds are solvent, tem-
perature and concentration dependent, in keeping with the effect of these variables on
the position of the Schlenk equilibrium. Although the chemical shifts of MgCl, and
MgBr; (Table 12) lie within the range found for organomagnesium compounds, they
are sufficiently separated from those of the RMgX and R,Mg (R=alkyl) compounds
to allow the simultaneous observation of all three species. The Mg NMR spectrum
of EtMgBr (0.36 mol dm~3; THF solution), for example, reveals the presence of three
non-exchanging species, namely Et,MgBr, Et;Mg and MgBr,. On warming, the spectra
broaden and coalesce, and at 340 K a single exchange averaged signal is observed at ca
54 ppm?.

Although often a hindrance to the acquisition of good quality spectra, the half-height
line widths of the Mg resonances are of diagnostic use. The degree of covalency in
(cyclopentadienyl)magnesium compounds has been the subject of considerable conjec-
ture, but the very narrow half-height line width (105 Hz) of the Mg NMR signal of
Cp2Mg in non-polar solvents clearly suggests significant covalent character™, despite the

TABLE 11. Magnesium-25 NMR parameters

Spin 52

Natural abundance (%) 10.13
Magnetogyric ratio (107 rad T~! s!) —1.6370
Frequency ¢ (MHz) 6.120
Quadrupole moment (10728 m~2) 0.22
Relative sensitivity 2.71 x 107*
Standard reference Mgt
Chemical shift range © ca 180 ppm

“ Relative to 'H = 100 MHz.
b Relative to 'H.
¢ Total range reported for organomagnesium complexes.
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TABLE 12. Magnesium-25 NMR data“ for organomagnesium

compounds

Compound §>Mg W12 (Hz)
MeMgBr 67.8 1900
EtMgBr 56.2 1100
allylMgBr 29.7 1000
CpMgBr —26.8 60
RCpMgBr(tmeda) ? —15.0 300
Et,Mg 99.2 3200
n-ProMg(tmeda) 110.0 1700
{CH,CH(Me)CH,},Mg 70.4 2000
Ph,Mg-dioxane ¢ 108 2800
Cp,Mg? —85.4 105
CpoMg(thf), —33.8 90
Cp*,Mg —78.3 350
RCp,Mg —82.0 550
RCp,Mg(thf), —36.7 250
CpMgEt —4.0 1500
CpMg{CH,CH(Me)CH,} —14.7 710
Cp*MgEt —10.0 1300
(indenyl)MgEt¢ 26.6 900
RCpMgMe(tmeda) 15.0 1100
CpMg-OEt, —34.1 160
MgCl, 16.4 350
MgBr, 14.1 36

¢ Data from Reference 50. Data acquired in THF solvent at ambient tem-
perature, unless otherwise stated. Ligand abbreviations: RCp = 1,2, 4-
tris(trimethylsilyl)cyclopentadienyl; tmeda = tetramethylethylenediamine.
Data for MgCl, and MgBr, are given for comparison.

b In toluene solvent.

¢ At 353 K.

¢ At 340 K.

relatively long C—Mg distances observed in the solid state’?. The narrow line widths dis-
played by (cyclopentadienyl)magnesium compounds has also permitted their co-ordination
chemistry with a variety of N, O and P Lewis bases to be explored by Mg NMR. Cp,Mg
forms tetrahedral co-ordination complexes of the type Cp,MgB, which, in some cases,
have been isolated from toluene solution. The Mg chemical shifts of these adducts
(Table 12) correlate closely with the '3C chemical shifts of the cyclopentadienyl ring
carbons (Figure 7). Although, as expected, the 2 Mg signals are the more sensitive, both
the Mg and '3C chemical shifts move to higher frequency as the stability of the adduct
increases’!. The comparatively high 2 Mg shift of the THF adduct, [Cp,Mg -(thf),], is pre-
sumed to arise from the formation of a penta-coordinate species, rather than an unusually
stable adduct.

The acquisition of solid-state NMR spectra of half-integer quadrupolar nuclei, such as
2Mg, is particularly challenging and the first >Mg SSNMR study of an organomagnesium
compound, Cp,Mg, has only been reported within the last few years®>. The Mg MAS
QCPMG NMR spectrum of Cp,Mg displays a single second-order quadrupolar pattern
with an isotropic shift of —91 ppm. The chemical shielding anisotropy is estimated to be
less than 60 ppm. The spectrum is consistent with Cp,Mg possessing local C; symmetry,
with the two cyclopentadienyl rings undergoing rapid rotation about the Cp(centroid)—Mg
axis at ambient temperature.
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FIGURE 7. Correlation of the Mg and '3C NMR chemical shifts in bis(cyclopentadienyl)
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. INTRODUCTION

Unlike other stable organoelement compounds (e.g. organosilicon' and organophospho-
rus?), which have been widely studied by mass-spectrometry-based techniques, only a
handful of studies have examined organomagnesium species using mass spectrometry>~9.
This may be due to the challenges of introducing these water- and oxygen-sensitive com-
pounds into traditional EI sources of mass spectrometers. Recent studies using coldspray
ionization®” and matrix assisted laser desorption ionization (MALDI)’ show promise for
the analysis of organomagnesium compounds. Thus, unlike previous chapters in ‘The
Chemistry of Functional Groups’ series that were solely devoted to mass spectrometry of
organoelement species!'?, a wider net is cast in this review to include studies relevant to
the formation, chemistry, structure and mass spectrometry of organomagnesium species
in the gas phase and related solvent-free environments (e.g. matrix conditions). These
studies highlight the broad scientific interest in the interaction of magnesium species
with organic molecules, which span the range from traditional organic and organometallic
chemistry through to the role of magnesium in planetary atmospheres®~!! and interstel-
lar science'>~'*. Although the heavier congeners of magnesium are not reviewed here,
some comparison of their reactivity is made where appropriate. Theoretical studies are not
reviewed here, unless they are directly related to experimental work. Finally, experimental
techniques are not reviewed in this chapter.

Il. FORMATION OF ORGANOMAGNESIUM SPECIES IN SOLVENT-FREE
ENVIRONMENTS

The formation of organomagnesium species such as Grignard reagents typically involves
activating C—X bonds by magnesium metal. Since it is difficult to theoretically model
in detail the interactions of an organic substrate with bulk magnesium metal, there is
considerable interest in C—X bond activation in solvent-free environments using simpler
magnesium species (e.g. magnesium atoms and ions; magnesium clusters or well-defined
magnesium surfaces). In fact it has been argued that ‘the active sites of a Mg surface are
constituted by sets of clusters of highly variable reactivity rather than by a unique entity
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called metallic Mg’'>. Key experimental and theoretical work on these ‘idealized’ systems

are described in the next sections. Note that reactivity of a wide range of organic substrates
is considered, including those that do not ultimately yield organomagnesium species.

A. Reactions of Magnesium Atoms with Organic Substrates

Magnesium atoms are readily formed via vaporization of magnesium metal using either
thermal techniques or laser ablation. The reactions of magnesium atoms with a range of
compounds have been the subject of several studies in both the gas phase'® and using
matrix isolation techniques'’. Since both areas have been nicely reviewed'®!7, here the
focus is on key aspects of reactivity of Mg with organic substrates. Magnesium atoms in
the 'S ground state are generally unreactive towards organic substrates such as CHy due
to repulsive interactions with bonding orbitals. In order to activate a bond in the organic
substrate, photoactivation of one of the valence 3s electrons of Mg is required to generate
the 3P, or ! P, excited-state. The outcome of reactions of excited-state Mg atoms with
organic substrates is dependent on the medium. For example, gas-phase reactions with
alkanes, RH, tend to produce R* + MgH* 16 while the insertion product, RMgH, can be
observed in matrix environments'’. In the next sections, the reactions of Mg atoms are
described with alkanes, alkyl halides and other substrates.

1. Reactions of Mg with alkanes

Excited-state Mg atoms react with methane and other alkanes via H atom abstraction
in the gas phase (equation 1). By studying the vibrational states of the MgH® product,
information on the mechanism has been inferred'®. It has been found that regardless of the
alkane, RH (and thus the C—H bond strength), the vibrational state distributions are essen-
tially identical. This suggests that long-lived vibrationally excited [RMgH]* complexes
are not intermediates for equation 1 in the gas phase. The situation is quite different for
excited-state Mg atoms reacting with methane under matrix conditions, where the inser-
tion product (equation 2) is sufficiently stable for analysis via infrared spectroscopy'®-2°.

Calcium atoms have been shown to insert into the C—H bonds of cycloalkanes?!.

Mg* + RH —> MgH' +R° (1)
Mg* + CH; — CH3;MgH )

2. Reactions of Mg with alkyl halides

Skell and Girard appear to have been the first to report on the formation of solvent-free
Grignard reagents via the codeposition of alkyl halides and magnesium atoms under matrix
conditions over 30 years ago?’. They noted that these solvent-free Grignards reacted dif-
ferently compared to solution-phase Grignard reagents. For example, the solvent-free
Grignard formed from n-propyl iodide reacted with acetone via enolization rather than
addition. For some time the precise nature and mechanism of formation of these solvent-
free Grignards formed under matrix conditions was obscure. Although Skell and Girard
claimed they were observing ground-state reactivity of Mg atoms and Ault later con-
firmed that Mg atoms could react with methyl halides under matrix conditions to form
monomeric reagents, CH;MgX?3, subsequent work by Klabunde and coworkers suggested
that the reactivity was due to the presence of Mg clusters®* 2%, Thus Imizu and Klabunde
found that Mg atoms were ‘totally inert’ towards CH3Br?*. This is consistent with early
theoretical calculations, which predicted a substantial activation barrier to form CH;MgX
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from reaction of Mg with CH3X (31.3 kcalmol~! for X = F; and 39.4 kcal mol~! for
X = CI)*. In 1997, Solov’ev and coworkers revisited the formation of CH;MgX (X = Cl
and Br) using matrix isolation of reactions between evaporated Mg atoms and the methyl
halide?’. They concluded that the products were monomeric reagents. A year later Bare
and Andrews examined the reactivity of laser-ablated Mg atoms with CH3X (X = F, Cl,
Br and I)®. Using a combination of IR spectroscopy, C, H and Mg isotopic labeling and
DFT calculations, they identified the isolated monomeric CH3;MgX species as the primary
product together with the following other products: MgX®, MgX,, MgH*, MgH,, CHy4,
C,Hg, CH,X*, CH3MgCH3, XMgCH,"*, MgCH,, CH3MgH and HMgCH,X. A key differ-
ence in their experiments is that laser ablation produces a portion of excited-triplet-state
Mg atoms. They suggested that these excited-state atoms react with the methyl halide
to form two different excited-state monomeric species, which arise from the expected
C—X bond activation pathway (equation 3) as well as an unusual C—H bond activation
pathway (equation 4). These may either relax to form the monomeric Grignard CH3MgX
(equation 5a) and C—H insertion product HMgCH, X (equation 6a), or can decompose via
a range of pathways (equations Sb—e and 6b—c). The most recent theoretical calculations
confirm the role of triplet states in the insertion reaction of Mg with CH;C1?%-3°, Finally,
the magnesium carbene product, MgCH,, has been examined in more detail’!.

Mg* + CH;X —> CH;MgX* 3)
— > HMgCH,X* (4)

CH3MgX* —— CH3;MgX (5a)
—— CH;" + MgX* (5b)

—— MgCH, + HX (5¢)

— CH;Mg" + X° (5d)

——— CH,MgX* +H* (5e)

HMgCH,X* —— HMgCH,X (6a)
—— MgH" + CH,X" (6b)

— MgCH, + HX (6¢)

3. Reactions of Mg with unsaturated organic substrates

The reactions of Mg atoms and clusters with CO,, ethylene and their mixtures have been
examined using a combination of matrix isolation and theoretical calculations®2. Products
were characterized by IR and UV-visible techniques. One of the most interesting findings
is that Mg appears to promote the formation of bonds between two ligands, thereby
forming the five-membered rings 1 (between two ethylene ligands) and 2 (between one
ethylene ligand and one CO,; ligand).

Mg Mg

O &

(6]
1 2
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The only identified reaction product of laser-ablated Mg atoms and acetylene under
matrix isolation conditions is MgC=CH" 3*. It was suggested that this reaction involves the
insertion of excited-state Mg into the H—C bond to form an excited complex (equation 7),
which then decomposes via H atom loss (equation 8).

Mg* + C;H, —— HMgC=CH* @)
HMgC=CH* —— MgC=CH’ +H’ (8)

Mg atoms formed via laser ablation react with H=CN to form MgN=C"® rather
than MgC=N"3*. This suggests coordination at N to form an excited-state intermediate
(equation 9) which decomposes via H atom loss (equation 10) rather than via a C—H
insertion reaction (cf equations 7 and 8). Finally, the monomethyl magnesium radical,
MgCHj3°, has been formed via reaction of laser-ablated magnesium metal reacting with
either CH31 or acetone®. Although the emphasis of this study was on an examination of
the radical via ESR spectroscopy, a possible mechanism may involve C—X bond insertion
via excited-state magnesium atoms to form an excited organomagnesium intermediate (cf
equation 3) which then decomposes (cf equation 5d).

Mg* + HC=N —— MgN=CH* 9)
MgN=CH* —— MgN=C" + H* (10)

4. Reactions of Mg with other organic substrates

Much less is known about the reactions of Mg atoms with other organic substrates. In
fact it appears that there is only one gas-phase study in which the reactions of neutral
organic substrates other than alkanes were studied. Thus as part of a systematic study
of C—H bond activation by excited-state Mg atoms, Breckenridge and Umemoto studied
a range of organic substrates including CH;OH, (CH3),0, (CH3CH,),0, CH3NH, and
(CH3)4Si'8. All reacted via H atom abstraction (equation 1). In contrast, reaction of Mg
atoms with CH3OH under matrix conditions yields a Mg(CH30H) complex, which under-
goes C—O bond activation to yield CH;:MgOH under conditions of UV-Vis irradiation
(cf equation 5a)%. Interestingly, CH;MgOH undergoes further reaction with Mg to yield
CH3;MgOMgH arising from O—H bond activation.

Finally, two studies have reported on the reactions of carbocations with Mg atoms
using mass spectrometry®’-38. The types of products formed depend on the nature of the
carbocation. The labeled methanium ion, CH4D™, reacts via proton transfer (equation 11),
deuteron transfer (equation 12) and charge transfer (equation 13)*”. The ethyl cation reacts
via charge transfer (equation 14)3® while the fert-butyl cation reacts via proton transfer
(equation 15)*’. In all cases there was no evidence for formation of an organomagnesium
species.

CH4D* + Mg —— MgH" + CH;D (11)
— > MgD" +CH, (12)
——— Mg™* + products (13)
CyHst + Mg ——— Mg™* + products (14)

(CH3);C™ + Mg —— MgH™ 4 (CH;),C=CH, (15)
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B. Reactions of Magnesium Cations with Organic Substrates

The bond activation reactions of monoatomic main group and transition metal cations
have been widely studied for decades and have been the subject of several reviews3°~#*,
Gas-phase monoatomic magnesium cations can readily be formed via a range of processes
including electron impact on magnesium vapors*> and magnesium organometallics*® and
laser ablation on magnesium metal*’. The reactivity of Mg** is first described, followed by
a discussion on the reactions of ligated magnesium ions and finally on the photoactivation
of magnesium adduct ions.

1. Adduct-forming reactions of Mg** with alkanes, alkenes and other unsaturated
species

Using the selected ion flow tube technique (SIFT), Bohme and coworkers have shown
that thermalized Mg** reacts with alkanes (L) via simple adduct formation without bond
activation (equation 16)*®. Only single ligation was observed, and the efficiency of this
reaction depends on the size of the alkane (L). Methane and ethane are unreactive. Larger
alkanes become more reactive, with n-heptane reacting at the collision rate. DFT calcula-
tions reveal that while the binding energies can be strong (around 12—16 kcal mol~! for
n-pentane), interconversion of different MgL™ isomers should be facile.

Mg™* + L —— MgL™* (16)

Several studies have examined the reactions of Mg™* with unsaturated molecules. Under
the lower pressure conditions of FT-ICR mass spectrometry, Mg**® reacts with the poly-
cyclic aromatic hydrocarbon, coronene, via a combination of radiative associative adduct
formation (equation 16) and electron transfer (equation 17)*8. The latter reaction is 8 times
faster, consistent with it being exothermic. Adduct formation (equation 16) also readily
occurs in reactions with Cgp*~3!. Theoretical calculations suggest that related radiative
associative adduct formation of Mg** with cyanopolyenes and polyenes should be highly
efficient®> 3.

Mg™ +L —— Mg +L*" 17

The reactions of Mg** with cyanoacetylene are remarkable in that while Mg** is unre-
active towards HCN, multiple ligation occurs for cyanoacetylene®*. Furthermore, there is
evidence from collision induced dissociation (CID) studies that ligand—ligand interactions
occur. In fact, the Mg(NC3H),** is especially stable, being resistant to CID. DFT cal-
culations suggest that the semibulvalene-type structure, 4, is around 12 kcal mol~! more
stable than the tetrahedral structure, 3. These are reminiscent of the reactions of Mg atoms
with ethylene to form 132,

2. Reactions of Mg™* with alkyl halides

Mg ™ reacts with alkyl halides in the gas phase via a range of substrate-dependent
pathways*>*7. Not all halides are reactive—examples of unreactive substrates include
methyl chloride, vinyl chloride, trichloro and tetrachloro ethylene. Reaction with ethyl
chloride proceeds via an elimination reaction (equation 18) followed by a displacement
reaction (equation 19). For larger alkyl halides, such as isopropyl chloride, chloride
abstraction also occurs (equation 20). For multiply halogenated substrates such as carbon
tetrachloride, oxidative reactions occur (equations 21 and 22), although organometallic
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H

3 @

species are not found. Finally, the related calcium cation reacts with methyl fluoride via
oxidation (equation 23)3.

Mg** + CH3CH,Cl —— Mg(CH,=CH,)"* 4+ HCl (18)
Mg(CH,=CH,)"* + CH3CH,Cl —— Mg(CH3CH,Cl)*™ + CH,=CH,  (19)
Mg** + (CH;3),CHCl —— (CH3),CH" + MgCI° (20)

Mg** 4+ CCly —— CCl,** + MgCl, 1)

—— MgCIt 4 CCl,* (22)

Ca™ 4 CH3F —— CaF' + CH3" (23)

3. Reactions of Mg** with alcohols

Mg ™ reacts with alcohols via either condensation or via elimination. The outcome is
substrate dependent. Thus while n-BuOH reacts via condensation (equation 24),
t-BuOH reacts via elimination (equation 25). No oxidative reactions (cf equations 21-23)
are observed. Armentrout and coworkers>® have examined the CID reactions of methanol
adducts of Mg** using Xe as the collision gas and found competition between ligand loss
(equation 26), ligand switching (equation 27) and C—O bond activation (equations 28 and
29).

Mg** + CH;CH,CH,CH,0H —— Mg(CH;CH,CH,CH,0H)** (24)
Mg™ + (CH3)3;COH —— Mg(H,0) "™ + (CH3),C=CH, (25)
Mg(CH;0H)** 4+ Xe —— Mg 4+ CH;0H + Xe (26)

—— Mg(Xe)** + CH;0H 27)
—— MgOH" + CH;" + Xe (28)

— > CH;" + MgOH® + Xe (29)
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4. Reactions of MgX™ (X = Cl, O, OH)

MgCI* ions undergo anion abstraction reactions with organic halides (equation 30
and nitric acid (equation 31).

)12 44

MgCIt 4+ CXCl; — XCCl," +MgCl, X =H, Cl (30)
MgClt + HNO; — NO,* 4+ HOMgCl (1)

The MgO™ ion has significant radical character and reacts via electron transfer (equa-
tion 32)%7. It is also a potent H atom acceptor, readily reacting with water via H atom
abstraction (equation 33, X = HO)>*. A recent combined experimental and theoretical
study reveals that the MgO™* ion readily activates the C—H bond of methane to yield
MgOH™ as the major product ion (equation 33, X = CHj3) as well as Mg*® as a minor

product ion via O atom insertion into the C—H bond (equation 34)°%.
MgO™* 4+ Me;N —— Me;N*™* + MgO (32)
MgO** + HX —— MgOH" + HX® (33)
MgO** + CHy —— Mg*® + CH;0H (34)

The MgOH™ ion is a weak acid, failing to react via proton transfer (equation 35) with
even a strong base such as N,N,N',N ’—tetramethyl—1,8—naphthalenediamin653. Although
its reactions with organic reagents are largely unexplored, MgOH™ reacts with nitric acid
via HO™ abstraction (cf equation 31)*2.

MgOH* + B —— BH' + MgO (35)

5. Photoactivation reactions of complexes Mg(L)*®, where L = an alkane

Intracomplex reactions in Mg(L)™ complexes (where L = an organic molecule) have
been studied for a wide range of organic molecules using gas-phase photodissociation
spectroscopy experiments. These experiments offer a number of advantages since: (a) they
start from a well-defined complex; (b) chemical reactivity is triggered by exciting Mg**
electronically (the Mg*® 3P < 3S transition) via absorption of a photon in the UV-
Vis region; (c) the presence of a positive charge means that ionic products can readily
be detected via mass spectrometry; (d) the systems are often sufficiently small so that
they are amenable to high-level theoretical calculations. While this area was reviewed
in 1998%°, progress has been rapid and so in the next sections the C—X bond activation
observed in these studies is described by class of organic molecule.

Cheng and coworkers have examined the photodissociation spectroscopy of MgCH,**
in detail®. The photofragmentation action spectrum has a broad featureless continuum
ranging from 310 to 342 nm, with a maximum at 325 nm. In this region the channels
observed are nonreactive (equation 36, ca 60%), H abstraction (equation 37, ca 7%) and
CH3 abstraction (equation 38, ca 33%). Recent theoretical calculations on the C—H bond
activation in MgCH, ™ reveal that the formation of the insertion intermediate, CH;MgH™*,
proceeds via a three-centered transition state®!.

MgCH, ™ + hv — Mg"™* + CH, (36)
—— MgH" 4+ CH;* (37)
—— MgCH," +H* (38)
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The photodissociation spectroscopy of CaCH4™* contrasts that of MgCH,**, with
complex rovibrational structure in the spectrum, but with no evidence for C—H bond
activation®®. Although not relevant to C—H bond activation, the photodissociation spec-
troscopy of the prototypical alkene complex, MgC,H,™*, exhibits a rich photochemistry
arising from metal-centered transitions, ligand-centered transitions, and from charge trans-
fer processes (which give rise to electron transfer to yield Mg and CoHy+*)%.

6. Photoactivation reactions of complexes Mg(L)**, where L = an organohalogen

The photoactivation of Mg(L)™ complexes of organohalogens has been widely
studied®-74. The photodissociation spectra of the methyl halide complexes, Mg(XCH;)*+*
(where X = F, Cl, Br and I), have been studied in great detail by Furuya and coworkers in
two publications®-%7. Each of the four halides exhibits spectra with three absorption bands
at the red and blue sides of the free Mg*® 2P <« 228 transition. These three absorption
bands were assigned to the splitting of the Mg™ 3p orbitals as a result of interaction
with the methyl halide molecules. Six different fragment ions were produced including
intermolecular bond breaking (evaporation) without (equation 39) and with charge trans-
fer (equation 40), anion abstraction (equations 41 and 42) and oxidation (equations 43
and 44). Equations 39, 41 and 43 were observed for all four halides, equation 40 was
observed for X = Cl, Br and I, equation 42 was only observed for the iodide, while
equation 44 was observed when X = Cl and Br. The yields of each product channel
depend on which of the three absorption bands was excited. Detailed theoretical calcu-
lations were carried out to explain the experimental data. Of interest is that the complex
with connectivity MgXCH;3™* is predicted to be more stable than the organomagnesium
ion, CH3MgX™*, in all cases (for X = F, by 12.4 kcal mol~'; X =Cl, by 4.8 kcal mol~!;
X = Br, by 3.7 kcalmol™!; X =1, by 3.9 kcalmol~!). The photodissociation spectra of
Mg(FCH3)™ complexes ‘solvated’ by up to three other methyl fluoride molecules are

dominated by the formation of bare and solvated MgF* (cf equation 43)%3.
Mg(XCH3)** + hv —— Mg™ + XCH; (39)
—— XCH;™ + Mg (40)
— CH;" +MgX* 41)
—— X" + MgCH;* (42)
—— MgX" + CH;* (43)
—— MgCH," +X° (44)

The photodissociation spectra of benzene and halobenzene complexes, Mg(CsHsX)™*
(where X = H, F, Cl and Br), are dominated by the formation of Mg™* (cf equation 39),
although charge transfer (cf equation 40) is observed for all cases®. Fluorobenzene gives
MgF" as a unique product (cf equation 43). New fragmentation channels open up in the
photodissociation spectra of polyfluorinated benzenes, C¢Hy_,F,,, 5-97%7173 Apart
from formation of Mg™* (cf equation 39) and MgF* (cf equation 43), benzyne radical
cations, C¢Hy_,F,,™*, are formed (equation 45). These benzyne radical cations undergo
further fragmentation reactions, the nature of which depends on the number of fluorines
present. The C¢H,_,F,, ™ ions of 5 and 7 fragment via loss of C,H, and C,HF respectively,
while 6 fragments via competitive loss of C,H, and C,HF. Instead of fragmenting via
C,HX loss (where X = H or F), 8 yields CF", CsH" and CsHF"™* fragment ions, while
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9 yields CF", CsF", CsF,™ and CsF3™.

Mg(CeHy_Farn) ™ + hv —— CoHy,F, ™ + MgF, 45)
F F
@/ F F\C[ F ch[ F F F F F
/\/
F F F F F F F F
F
(5a) ortho (6) 7 (8) 9
(5b) meta
(Sc¢) para F
SEESUD S
>z >z >z
N F F N F F N F
(10) (11) (12)

The same group has studied the photodissociation spectra of Mg™® complexes of 2-
fluoropyridine 10% and the polyfluorinated pyridines 11 and 1254, The photodissociation
chemistry of the Mg™ complexes of 10 is rich. Aside from Mg** formation (equation 39),
anion abstraction (equation 41) and oxidation (equation 43), HF extrusion (equation 46)
and reactions which result in the destruction of the aromatic ring are also observed. The
latter include FMgNC** (equation 47) and FMgNC (equation 48) formation and extrusion
of HCN (equation 49). Further substitution of fluorine onto the pyridine ring results in
changes in the photodissociation chemistry. Thus the polyfluorinated pyridines 11 and
12 react via Mg™ formation (equation 39), oxidation (equation 43) and dehydropyridine
radical cation formation (cf equation 45)%*. In the case of 11, the resultant dehydropyridine
radical cation undergoes further fragmentation via loss of HCN to give C4H, ™. Although
the structures of some of these product ions and neutrals are not known from experiment,
DFT calculations were preformed to suggest possible mechanisms. For example, all the
fragments for the complex of 11 were rationalized as potentially arising from the initial
N bound adduct 13 reacting via the processes shown in Scheme 1. Note that the radical
cation structures, CsH3N™'®, can include the dehydropyridines 14¢, 15¢ and 16¢ as well
as open-chain isomers. Structures 14¢, 15¢ and 16¢ can arise from H atom migrations
either within the initial Mg complex (e.g. processes 14a — 15a — 16a in Scheme 1),
or from subsequent H atom migrations within the CsH3;N™* product ion (e.g. processes
14¢ — 15¢ — 16¢ in Scheme 1). The DFT calculations suggest that the experiments are
likely to produce a mixture of CsH3;N™* isomers, but that extrusion of HCN is energetically
preferred from 16c.

Mg(CsH4sFN)** + hy —— Mg(CsH;N) ™ 4+ HF (46)
— FMgNC** + C4H, 47)
—— C4H4™ + FMgNC (48)

—— Mg(C4H3F)*™* + HCN (49)
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7. Photoactivation reactions of complexes Mg(L)"*, where L = an alcohol or ether

The photodissociation spectra of Mg(CH30H),,** complexes has been studied as a func-
tion of cluster size, n’>. For n = 1, the main reaction channels involve formation of Mg**
(cf equation 39) and MgOH™ (cf equation 43). Small amounts of CH; " (cf equation 41)
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and MgO™* are also observed. Although the neutral product(s) and mechanism associated
with the formation of the latter ion are unknown, they may represent the reverse of the
reaction involving C—H bond activation of methane by MgO™ (equation 34). Larger
clusters (2 < n < 6) undergo efficient dissociation at 350 nm to yield products arising
from two competing pathways: (i) elimination of solvent, and (ii) an excited-state pho-
toinduced reaction to yield MgOH(CH30H),,* (the solvated equivalent of equation 43,
where m < n). When n > 6, photodissociation is no longer efficient, suggesting the loss
of the Mg™ chromophore. Similar results were observed in the photodissociation spec-
tra of Mg(CH30D),** complexes, although a unique loss of CH3D was observed when
n =27,

The photoproducts of the Mg(CF;CH,OH)™* complex have been examined using a
combination of experiment and theory’’. Apart from non-reactive formation of Mg** (cf
equation 39), ionic products arise from the scission of the C—F bond (to yield MgF™),
as well as from the simultaneous rupture of two bonds. The latter include MgOH,™**,
CHF,CO™ and CF,CH,™"*. The observed products are consistent with those arising from
structure 17, which was predicted to be the minimum energy structure based on ab initio
calculations.

a7

A similar formation of five-membered rings involving bidentate coordination to Mg™*
appears to be at the heart of the photofragmentation of the Mg*® complexes of 2-
methoxyethanol and 1,2-dimethoxyethane’®. Aside from Mg™* formation (cf equation 39),
a range of photoproducts were identified. Interestingly, a significant number of the pho-
toproducts are complexes of Mg™ with neutral molecules such as H,O, CH,O and
CH3OH. Based on ab initio calculations, a key hydrogen shift mechanism is proposed
to form intermediate 18 (Scheme 2, where X = H or CHj3). This carbon-centered radical
intermediate then undergoes a range of competing fragmentation reactions. Two decom-
position pathways of 18 which are common to the complexes of 2-methoxyethanol and
1,2-dimethoxyethane are shown in Scheme 2. The first involves H attack onto a carbon
atom to yield 19, which can then fragment via either loss of CH,O or CH3CH,0X. The
second involves H attack onto an oxygen atom to yield 20, which can then fragment via
loss of the cyclic ether.

The photoinduced reactions of the Mg(CF;0CgHs)™* complex have been examined
using a combination of experiments and theory’®. Four ionic products are observed: Mg**
(cf equation 39), MgF* (cf equation 43), C¢Hs™ (cf equation 41) and CF;0CgHs™* (cf
equation 40). Other Mg™ complexes of ethers that have been examined using photodis-
sociation spectroscopy are those of 2-methoxyethanol and 1,2-dimethoxyethane described
above (Scheme 2) and those of 1,3- (21) and 1,4- (22) dioxane®®. The main ionic pho-
toproduct of the complexes of 21 and 22 is Mg™* (cf equation 39). While the complex
of 21 gives only one other product, Mg(O=CH,)™*, the complex of 22 gives a much
richer range of ionic fragments including MgOH™", Mg(O=CH,)"*, Mg(OCH=CH,)**,
Mg(OCH,CH3)**, C,Hs™* and C3HgO™*. Based on theoretical calculations, the insertion
complex 23 is the first key intermediate in the formation of Mg(O=CH,)** from the
complex of 21. In a similar fashion, the insertion complex 24 is a key intermediate for
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the formation of many of the products of the complex of 22. Photoionization of neutral
Mg(O(CH3),), clusters results in the formation of Mg(O(CHj3),),™* clusters as well as
Mg(OCH3)(O(CH3),), " ions arising from C—O bond activation®!.

8. Photoactivation reactions of complexes Mg(L)"®, where L = an amine
Photoactivation of Mg(amine)** complexes has been the subject of several studies®?~%.
The photofragmentation pathways are dependent on the structure of the amine. For
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methylamine, four processes are observed: Mg™*® formation (cf equation 39), electron
transfer to form CH;NH,™* (cf equation 40), C—N bond activation to yield MgNH,*
(cf equation 43) and C—H bond activation to form the immonium ion CH,=NH,*
(equation 50 where R = H)"2. Theoretical calculations suggest that this pathway involves
hydrogen transfer from C to Mg via a four-centered transition state’*. For dimethy-
lamine, only Mg™* (cf equation 39) and the immonium ion CH,=NHCH;3" (equation 50
where R = CH3) are observed’”. For amines with larger alkyl groups, new reaction
channels open up. Apart from forming Mg™* (cf equation 39) and the immonium ion
CH;3;CH=NHCH,CH;™" (cf equation 50), the Mg(HN(CH,CHj3),)** complex fragments
to eliminate a C3H; radical (equation 51 where R = H)’3. The Mg™* complex of triethy-
lamine fragments via Mg™* formation (cf equation 39), electron transfer (cf equation 40)
and elimination of a C3H; radical (equation 51 where R = CH3CH,)”>. The exact struc-
ture of the ionic product is uncertain. When R = H, DFT calculations suggest that the
Mg(HNCH;)* isomer is only about 1 kcalmol~! more stable than the Mg(H,NCH,)*
isomer. In a follow-up paper, DFT calculations were carried out to suggest a mechanism
for reaction 51 (R = H). Scheme 3 highlights that this intriguing reaction involves multi-
ple bond breaking and bond making. Thus, insertion of the Mg into the C—N bond yields
the organometallic ion 25, which then forms 26 via H transfer. CHj transfer occurs via
the six-centered transition state 27. Ultimately, the organometallic ion 28 is formed. The
Mg** complexes of propylamine, isopropylamine, dipropylamine and diisopropylamine
exhibit a rich photochemistry”. One of the most interesting sets of products occurs for
the secondary amines and involves C—C bond coupling, which may occur via processes
related to those shown in Scheme 3.

Mg(CH3;NHR)** + hv ——> CH,=NHR* + MgH" (50)
Mg(RN(CH,CH3),)** + hv —> Mg(R,N,C,H3)* + C3H;° (51)
+
+ Me
Mg . /A
| H™ |
S H
H (28)

{ —CH,CH,CH;

N N H H e
SN H AT [ i ]
| | \H ‘. _NT-H
H H Mg H
25) (26) 27)
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Photodissociation of the Mg™ complex of pyridine yields two products: Mg** as the
major product (cf equation 39) and CsHsN™* via electron transfer (cf equation 40) as the
minor channel®. The photodissociation spectra of Mg(NCCH3),** complexes has been
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studied as a function of cluster size, n¥’. For n = 1, there are two products: Mg** as the
major product (cf equation 39) and MgNC™ as the minor product (cf equation 43). Solvent
evaporation is the sole reaction channel observed for all the other clusters, n = 2-4
(equation 52).

Mg(NCCH3),, ™ + hv —— Mg(NCCH3),_;** + CH;CN (52)

9. Photoactivation reactions of complexes Mg(L)*®, where L contains a C=X bond
X=0orS)

The photodissociation spectra of the Mg(L)** complexes containing substrates with a
C=0 moiety have been studied for formaldehyde®® 8, acetaldehyde®®°!, acetic acid®> and
N,N-dimethylformamide®. Apart from Mg** formation (cf equation 39), these complexes
share some common reactive channels (equations 53—56). Formaldehyde undergoes a sig-
nificant amount of H abstraction (equation 53, X = Y = H) for the magnesium complex’®,
which contrasts with the calcium complex”. For the acetaldehyde complex, the Mg attacks
both the C—H bond (equations 53, where X = H and Y = CHj3) as well as the C—C
bond (equations 54 and 56, where X = H and Y = CH3)3"%!. Deuterium labeling con-
firms that the C—H bond attacked is the aldehydic C—H bond rather than the methyl
C—H bond. The adduct of acetic acid fragments via formation of the following ions:
Mg™* (cf equation 39), MgCH;™ (equation 53 where X = CH3 and Y = OH), MgOH*
(equation 53) and CH;CO™ (equation 55). In addition, dehydration of acetic acid to form
ketene and MgOH;” is observed. When CH3CO,D is used, a minor yield of MgOH™ is
observed, suggesting activation of the C—H bond. When L = N, N-dimethylformamide
the following photoproducts are observed: Mg*® (cf equation 39), MgH™ [equation 53
where X = H and Y = (CH3),N] and (CH3),NCO™ (equation 55). Once again, deuterium
labeling was used to confirm that the C—H bond attacked is the formyl C—H bond rather
than the methyl C—H bond. The dimer complex, Mg(HCON(CH3),),™*, simply undergoes

solvent evaporation (cf equation 52)3.
Mg(0O=CXY)"™* + hv —— MgX" + YCO* (53)
—— MgY" +XCO* (54)
—— YCO" + MgX* (55)
—— MgCXO*t +Y* (56)
94,95

The photodissociation spectra of the Mg(L)™ complexes of ethyl isocyanate and
ethyl isothiocyanate®® show some common photofragments. Aside from the ubiquitous
formation of Mg™ (cf equation 39), both ethyl isocyanate and ethyl isothiocyanate yield
products from attack of the N—C single bond (equations 57 and 58). The ethyl isoth-
iocyanate complex also yields MgS via equation 59. The photodissociation spectrum
of the ethyl thiocyanate isomer was also examined and gave the products shown in
equations 60—62. Thus each isomer gives a unique ionic product [MgS™* for ethyl isoth-
iocyanate (equation 59) vs MgNC™ for ethyl thiocyanate (equation 62)] which allows
their distinction. Finally, the Mg(ethyl isocyanate),** complexes simply undergo solvent
evaporation for n = 2 and 3 (cf equation 52).

Mg(X=C=NCH,CH3)™* + hv —— Mg(NCX)" + CH;CH," (57)
—— CH;CH, " + Mg(NCX)* (58)
—— MgX"™* + CH;CH,NC (59)
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Mg(NCSCH,CH;)** + hv —— Mg(NCS)" + CH;CH," (60)
—— CH3CH,* 4+ Mg(NCS)* (61)
——> MgNC* + CH;CH,S* (62)

The Mg™* complexes of cytosine, thymine and uracil are the most complex system
studied via photodissociation spectroscopy to date®’-%. A complication for these systems
is that these nucleobases can exist in various tautomeric forms and that complexation
of a metal can change the stability order of the tautomers. DFT calculations located
four tautomeric Mg(cytosine)™ complexes, and three of these (29, 30, and 31) were
suggested to be responsible for the four reactive photofragment ions 32—35 observed at a
wavelength of 360 nm (Scheme 4)”7. Related photofragmentation reactions were observed
for the Mg(thymine)** and Mg(uracil)** complexes®®

H H
. )N N
H-N= Mg >
N
H \
H
32
(32) 34)
—CO, -HCN
~MgNCO
* * NH,
SN
I _H
0
N
N/
(29) (30) (31

—-HNCO
—CH,CHNCO
4
i t
/ NH2
[ Mg—N=—nH, If Mg—N=

(33) H
(35)
SCHEME 4



4. Solvent-free organomagnesiums 171

C. Reactions of Magnesium Clusters with Organic Substrates

Klabunde and coworkers compared the reactivity of metal atoms with metal clusters
(metal = magnesium and calcium) with CH3X (X = F, Cl, Br and I) under conditions of
matrix isolation (Ar matrix)>* 2%, UV-Vis spectroscopy was used to monitor the reactivity
of the metal clusters to form organometallic cluster reagents (equation 63). The general
metal reactivity trends were: Ca, (x > 2) ~ Cay > Mg, (x > 4) ~ Mg, > Mg; ~ Mg, >
Ca > Mg. The substrates reacted in the order: CH3I > CH3F > CH3;Br > CH3Cl. The
enhanced reactivity of the clusters is consistent with the early theoretical calculations,
which predicted a greater stability of CH3;Mg,X relative to the formation of CH;MgX
and an isolated Mg atom®.

Metal,, + CH3X —— CHj3Metal, X (63)

Although cluster Grignard reagents are the proposed products of equation 63 (where
Metal = Mg), the first spectroscopic evidence for the formation of the PhMgsX clus-
ter Grignard reagents (X = F, Cl and Br) involved the assignment of their molecular
weights via the formation of their protonated ions under conditions of MALDI MS°.
These assignments were consistent with the stoichiometries of the hydrolysis reaction
(equation 64). The cluster Grignard reagents undergo a number of interesting reactions
including transmetallation (equation 65)'%%19! and catalysis of the isomerization of allyl-
benzene to B-methylstyrene'%Z.

CeHsMg,F + 7H,0 — CgHe + MgF(OH) + 3Mg(OH), + 3H, (64)
C¢HsMg,X + RY ——> RMg,Y + CeHsX (65)

Two studies have examined the formation of CH3;Mg, Cl cluster Grignard reagents via
the use of theoretical methods'%* 1%, Two different competing pathways were located for
the reaction of the tetrahedral Mg, cluster with CH3Cl (Scheme 5). The first involves
formation of the transition state 36, which yields the cluster 37, in which the tetrahedral
Mg, framework is maintained. The second involves the formation of the transition state
38, which yields the cluster 39, in which the Mg, framework is rhombic instead. Inter-
estingly, while the activation energy for the first pathway is lower (18.4 kcalmol~! for
36 versus 24.8 kcalmol~! for 38) the most stable product is that for the second pathway
(—48.2 kcalmol~! for 37 versus —51.5 kcalmol~! for 39)°2. Jasien and Abbondondola
found that the activation energy for transition states related to 38 decrease as the size of
the magnesium cluster increases, with the lowest activation energy being 9.8 kcal mol~!
for the Mgy, cluster!3,

The sole gas-phase study on a cationic magnesium cluster examined the photodis-
sociation spectrum of the Mgy(CHy)*™* complex'®. Mg,** is only a minor product
(equation 66) while Mg™** is the main ionic fragment and may arise via either of the pro-
cesses shown in equations 67 and 68. The latter reaction is predicted to only be slightly
more endothermic.

Mg,CH,** + hv —— Mg, ™ + CH,4 (66)
—— Mg** + MgCH, (67)
—— Mg"* + Mg+ CH,4 (68)
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D. Reactions of Magnesium Surfaces and Films with Organic Substrates

The formation of Grignard reagents is a complex heterogeneous process that involves
surface chemistry, interfacial chemistry and solution-phase chemistry. Since this topic has
been comprehensively reviewed!%: 17 here the chemistry of well-defined, clean Mg sur-
faces and Mg thin films is briefly discussed. Using X-ray photoelectron spectroscopy,
Abreu and coworkers have examined the nature of the surface film formed when a
clean Mg metal surface is subjected to pretreatments that simulate exposure to ambi-
ent environments'%®, They noted that as-received Mg metal contains a surface covered by
a film mainly composed of magnesium hydroxide with smaller quantities of magnesium
bicarbonate. These surface films slow down Grignard formation since the alkyl halide
must bypass the surface hydroxide and bicarbonate sites to interact with Mg metal site(s).
Nuzzo and Dubois used a Mg(0001) single-crystal surface to examine the chemisorption
and subsequent decomposition of MeBr!®. They found evidence for the formation of a
surface bromide and gas-phase ethane. Although stable surface methyls were not observed
even at —150°C, they suggested the mechanistic picture in Scheme 6, in which cleavage
of the C—Br bond yields 40. Rather than form the Grignard, 41, the surface bromide
42 is formed. The role of surface modification was also examined. For example, while
co-adsorbed dimethyl ether does not perturb the reactivity pattern, formation of either a
thin surface bromide or a surface oxide passivates the surface to further reaction under
the ultra-high-vacuum conditions of the experiments.

Gault and coworkers have used a specially constructed chamber interfaced to a mass
spectrometer to examine the reactions of organic substrates with magnesium films!!0-114,
In contrast to the chemistry of the pristine Mg(0001) surface, Gault found that alkyl
halides were adsorbed irreversibly on Mg films to ultimately yield solid dull films of
the organomagnesium ‘RMgX’ (R = Et, Me,CH, n-Pr, n-Bu; X = Br, Cl)”o. These
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films were soluble in diethyl ether and underwent all the reactions of solvated Grignard
reagents. For example, the ‘EtMgBr’ film liberated C,Hg on treatment with water or
alcohols and underwent the Grignard reaction with adsorbed carbonyl compounds. In
separate experiments, Gault''? and Lefrancois and Gault!'! examined the decomposition
of the organomagnesium films at high temperature. For example, ‘EtMgBr’ decomposed
at 180 °C with liberation of a mixture of saturated and unsaturated hydrocarbons. Ethylene
was the main constituent of the unsaturated fraction along with butenes and hexenes. All
hydrocarbons were formed initially, thus ruling out a chain reaction mechanism involv-
ing CH,=CH,. Decomposition of the ‘EtMgBr’ film in the presence of propene gave
appreciable amounts of pentenes and some heptenes as immediate products, suggesting
reactions between olefins and ‘RMgX’ or radicals produced during decomposition.

In a series of three papers, Gault'!>!13 and Choplin and Gault''* used the same appa-
ratus to examine the self-hydrogenation of alkynes and dienes of Mg films. In the first
report, Gault noted that when either 1-alkynes, 2-alkynes or 1,2-dienes are allowed to
interact with a magnesium film in the absence of co-adsorbed hydrogen, the gaseous
reaction products consisted of alkenes as well as isomers of the starting material'!>. In
follow-up studies, the species which remained adsorbed on the Mg during the reaction
were desorbed by quenching reactions with DO and characterized as the deuteriated
hydrocarbons. The structures of these hydrocarbons and the variation in their D distribu-
tion with temperature and reaction time are consistent with a mechanism consisting of
two parallel processes:

(i) The dehydrogenation to the metallated species 43 which is stable at 373 K but is fur-
ther dehydrogenated to the carbide, 44, at 423 K. Indirect evidence for these intermediates
was gained via reaction with D,0, which yielded d; and d4 propyne (Scheme 7).

(i1) The two-step hydrogenation of the reactant to propene. A possible mechanism to
rationalize the experimental data is shown in Scheme 8. Reaction with a portion of the
film containing magnesium hydride moieties, 45 (formed via processes related to Scheme
7), yields intermediate 46. The desorption of propene can occur via either heating of 46
(which presumably involves a reductive elimination) or via reaction of 46 with D,0. By
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using microwave spectroscopy, Choplin and Gault were able to show that, regardless of
the precursor (allene on propyne), the main product of the latter reaction is the (E)-1-
deuteriopropene, 47''*. This suggests a four-centered transition state for the initial reaction
to form 46.
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E. Gas-phase Fragmentation of Ligated Magnesium lons to Yield
Organomagnesium lons

With the advent of electrospray ionization (ESI), it is now possible to study the gas-
phase chemistry of Mg(II) species. These can be in three different charge states, depending
on the type(s) of ligand(s), L, coordinated to the Mg center. For complexes containing
only neutral ligand(s), the net charge on the complex is +2. If one ligand is monoanionic,
the charge becomes +1. Mg complexes containing ligands with a total of three negative
charges can be observed in the negative ion mode. The chemistry of each of these types
of complexes is now described.
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1. Fragmentation reactions of Mg(L),%* complexes

Kebarle and coworkers carried out some of the pioneering studies in this area by sub-
jecting metal salts to ESI conditions using various solvents/ligands, L'!>. In addition,
Stace and coworkers have developed an alternative technique whereby solvated/ligated
Mg atoms are subject to electron impact''®=122, Both these techniques provide fundamen-
tal information on the inherent kinetic stability of Mg(L),>* complexes with respect to
fragmentation. In addition, Kebarle and coworkers have determined the sequential binding
energies of water, acetone and N-methylacetamide to Mg+ '3, Table 1 lists the stability
of a range of Mg(L),>* complexes as a function of the ionization energy of the ligand.
The criterion for stability is a kinetic one and relates to the smallest cluster number () for
which a stable doubly charged cluster, Mg(L),>*, is observed (defined as np;,). Since the
second ionization energy of Mg is 15.03 eV, it is not surprising that n;, > 1 for most
ligands.

Several studies have not only examined nn,, but have also identified the key frag-
mentation channels of Mg(L),2* complexes as a function of both the ligand structure
as well as the number of ligands, n. The fragmentation channels can be divided into
5 main classes of reactions: loss of a neutral ligand (equation 69); metal charge reduc-
tion via electron transfer which yields the two complementary ions Mg(L),_;** and L**
(equation 70); charge reduction via interligand proton transfer which yields the two com-
plementary ions Mg(L),_»(L — H)™ and [L + H]" (equation 71); ligand fragmentation via
neutral loss (equation 72); and ligand fragmentation via loss of a cation (equation 73).
Which fragmentation channel dominates depends upon both the type of ligand and its
properties (such as ionization energy, which influences reaction 70) as well as the number
of ligands'?!. A key difference in the stability and fragmentation reactions of the related
Ca(L),>* complexes is that the lower second ionization energy of Ca allows ions with

TABLE 1. Stability of Mg(L),>* complexes in the gas phase as a function of
ligand ionization energy (IE)

Ligand, L = IE (eV)*? Numin Reference
CO, 13.78 2 122
H,O 12.62 2 122
CH;CN 12.20 1 122
Methanol 10.84 2 122
Ethanol 10.48 3 122
n-Propanol 10.22 3 122
Ammonia 10.07 2 122
Acetone 9.70 3 122
Acetamide 9.69 2 129
2-Butanone 9.52 2 122
Diethyl ether 9.51 2 122
Tetrahydrofuran 9.40 2 122
2-Pentanone 9.38 2 122
Pyridine 9.26 2 122
Dimethyl sulfoxide 9.10 1 126
n-Butylamine 8.73 2 122
Pyrrole 8.21 2 122
Pentan-2,4-dione 8.85 1 122
4-Hydroxy-4-methylpentan-2-one unknown 1 128
Ethylene diamine 8.6 — 122

%1E is defined as: M — M*™® +¢~; AH =IE.
b All TEs are taken from http://webbook.nist.gov.
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low n to become more kinetically stable with respect to electron transfer (equation 70).

Mg(L),*" —— Mg(L),—*" +L (69)
—— Mg(L),_;** +L* (70)
—— Mg(L),»(L—H)" +[L+H]" (71)
—— MgL),—1 (L — X)*" +X (72)
— Mg, L - +Y* (73)

Under conditions of CID, Mg(L),>*, where L = methanol, fragment via several differ-
ent pathways'?. For larger clusters (e.g. n = 10), methanol loss dominates (equation 69).
At n = 4, charge transfer products appear (equation 70) together with products from other
fragment channels. The n = 3 cluster fragments via reactions that reduce the overall charge
state to +1: charge transfer (equation 70), proton transfer (equation 71) and two ligand
fragmentation channels [equation 71, where (L—Y) = OH and H]. Mg(L),>* clusters
from larger alcohols such as n-propanol are less stable and undergo charge transfer more
readily'?!. Recent theoretical calculations on Mg(CH3;OH)?>* suggest that while there are
three exothermic reaction channels (charge transfer, equation 70, and ligand fragmenta-
tion, equation 73, to form MgOH™ and MgH"), this cluster ion should be kinetically
stable due to significant barriers to all three reaction channels!?*.

When L is the commonly used solvent THF, a particularly stable Mg(THF),>* ion
is formed in the gas phase. Mg(THF);>* undergoes ligand fragmentation via neutral
loss (equation 72, X = C3Hg) to yield Mg(THF),(CH,0)** "9 There are interesting
differences in the fragmentation of the CH3;—X bonds in the Mg(L),>" complexes of
acetonitrile and dimethyl sulfoxide. Thus while the acetonitrile clusters tend to fragment
via heterolytic cleavage to yield MgCN(L),_; ™ and CH3 " (equation 73)'%, the dimethyl
sulfoxide fragment via CH; and CHy loss (equation 72)'?°. Destruction of the aromatic
ring is observed for the Mg(L),>* complexes of pyridine'?’. For example, MgCN(L),_; "
and C4Hs* formation is observed (equation 73). The Mg(L),>* complexes of 4-hydroxy-
4-methylpentan-2-one undergo a range of ligand fragmentation including C—C bond
cleavage via a retro-aldol reaction!?8,

One of the few studies to have combined experiment and theory has provided detailed
mechanistic insights into the fragmentation reactions of the Mg(L),?* complexes of
acetamide'?®. The Mg(L)3;>* complex fragments via neutral ligand loss (equation 69) in
competition with interligand deprotonation (equation 71). The chemistry of the latter prod-
uct, Mg(L—H)(L)*, is described further below. The Mg(L),>* complex fragments solely
via heterolytic amide bond cleavage (equation 71) to yield Mg(NH,)(L)™ and CH3CO™.
DFT calculations on the Mg(L),>* complex reveal that neutral ligand loss (equation 69)
is much more endothermic than interligand deprotonation (equation 71).

2. Fragmentation reactions of XMg(L),* complexes (where X = an anionic ligand)

Surprisingly few studies have thoroughly investigated the gas-phase chemistry of
XMg(L),* complexes. An exception is the combined experimental and theoretical study
on the fragmentation reactions of the XMg(L)" (where X = L—H and NH,) and Mg(L—
H)* complexes of acetamide (L = CH;CONH,)'?. The H,NMg(L)* complex fragments
via ligand loss (equation 74) and NHj loss (equation 75). The Mg(L—H)(L)" com-
plex fragments via ligand loss (equation 76), water (equation 77) and acetonitrile loss



4. Solvent-free organomagnesiums 177

(equation 78). Finally, the Mg(L—H)* complex fragments via losses of HNCO (equation
79), MgO (equation 80) and acetonitrile loss (equation 81).

H,NMg(L)* —— H,NMg" + L (74)
— Mg(L — H)" + NH; (75)

Mg(L — H)(L)" —— Mg(L —H)" +L (76)
—— Mg(L — H)(CH;CN) " + H,0 (77)

—— Mg(L — H)(H,0)" + CH;CN (78)

Mg(CH;CONH)" —— MgCH, " + HNCO (79)
— CH3CNH' + MgO (80)

—— MgOH" + CH3;CN (81)

DFT calculations on the Mg(L—H)(L)" complex reveal how water and acetonitrile can
be lost (Scheme 9). Thus intramolecular proton transfer tautomerizes the neutral acetamide
ligand in 48 into the hydroxyimine form in 49, which can then dissociate via another
intramolecular proton transfer to yield the four-coordinate adduct 50, which now contains
both water and acetonitrile ligands. It is this complex that is the direct precursor to water
and acetonitrile loss. Note that the reaction shown in Scheme 9 is a retro-Ritter reaction
and involves fragmentation of the neutral rather than the anionic acetamide ligand, which
is a bidentate spectator ligand.

+ +
H,N HN
\ \\
(0] ~ (6] Co
DA 4 P /
CH;—C< ~Mg—o0 CHs CH;—C< ~Mg—0  CHs
/ N S H
N N
H H
(48) (49)
N
/,O\ y OH,
CH;—Cx¢ Mg
\\N R
i N=C—CH;
(50)
SCHEME 9

DFT calculations on the Mg(L—H)* complex also reveal how HNCO might be lost
(Scheme 10). Thus the bidentate interaction of the acetamide ligand with Mg in 51 must be
disrupted to yield either of the monodentate structures 52 or 54. These intermediates can
insert into the CH3;—C bond via four-centered transition states to yield the organometallic
ions 53 or 55, which can then lose HNCO to form MgCH;3*. The DFT calculations reveal
that path (A) of Scheme 10 is kinetically favored.



178 Richard A. J. O’Hair
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(54) (55)
SCHEME 10

Wu and Brodbelt have studied the gas-phase fragmentation reactions of HOMg(L)"
complexes of crown ethers and glymes'*®. A common loss involves units of C,H,;O,
which can either directly occur from the precursor ion, or can be triggered by an initial
interligand reaction between HO™ and L. This latter reaction is illustrated in Scheme 11
for the complex of 12-Crown-4. Thus loss of H,O from the initial adduct 56 yields the
ring-opened complex 57, which contains a coordinated alkoxide moiety, which can then
lose an epoxide to form the related complex 58.

(I e [N o [0 T

o/NIIg\o o/l\’tg\o o/l\Tg
\
OH
&/ O \) o) \/ O \/
(56) 57 (58)
SCHEME 11

3. Fragmentation reactions of Mg(X);~ complexes

The final class of Mg(II) ions which can readily be formed via ESI MS involves mag-
nesate anions, which are formed by coordinating an anion to a Mg(II) salt. The gas-phase
fragmentation reactions of CH3;CO,MgX,~ (where X = Cl and CH3CO,) have been stud-
ied using a combination of CID experiments in a quadrupole ion trap in conjunction with
DFT calculations'!. Decarboxylation (equation 82) is the main reaction channel, with
some acetate loss (equation 83) also being observed. DFT calculations reveal that the
former reaction is less endothermic. The decarboxylation reactions yield the organomag-
nesates, CH;MgX, ™, and are reminiscent of the HNCO loss described above (equation 79
and Scheme 10). The DFT calculations also provide insights into the coordination modes
of reactants and products for the decarboxylation reactions (Scheme 12). Generally, the
carboxylate ligands bind in a bidentate fashion, while the chloride ions are monodentate.
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When X = CH3CO,, the ground-state reactant structure is six-coordinate, 59. The ‘reac-
tive’ geometry for decarboxylation, 60, requires cleavage of one of the Mg—O bonds. The
product, 61, is five-coordinate. In contrast, when X = CI, the three-coordinate product,
63, is directly formed via decarboxylation of the four-coordinate reactant 62.

CH3C02MgX27 —_— CH3MgX27 + CO,
_— CH3C02_ =+ MgX2

(82)
(83)

CH CH
; 3 ¥ 3
0—C, 0—C,
0 | o) (0] | 0
SN d U e
Hy— Hy— Mg ?
CH3 C\ 0 CH; C\ oMes
0 | / o /
\ A
CH; o)
(59) (60)
-CO,
CH;
¢} | 0
P ~
— CH
CH; C\ /,Mg\\ >’ 3
0 0
(61)
0 cl al
CH;— C< \ Mg< —CO, CH;— Mg<
o’ cl cl
(62) (63)
SCHEME 12

Related decarboxylation reactions have been used to synthesize magnesium hydride
anions from formate anions'3? and organocalcium, organobarium and organostrontium
metallates'3?.

lll. BIMOLECULAR REACTIONS OF ORGANOMAGNESIUM IONS
IN THE GAS PHASE

Relatively few studies have examined the bimolecular reactivity of organomagnesium
species in the gas phase. In terms of organomagnesium ions, this has largely been due
to the fact that it has been difficult to generate organomagnesium cations via traditional
electron ionization (EI). Not surprisingly, the bimolecular chemistry of organomagnesium
cations has focused on the chemistry of (c-CsHs)Mg™' and (c-CsHs),Mg™*, which are



180 Richard A. J. O’Hair

readily formed via EI on magnesocene. Bohme and coworkers have compared the reac-
tivity of Mg™, (c-CsHs)Mg™ and (c-CsHs),Mg™** towards alkanes*® and a range of small
inorganic ligands (H,, NH3, H,0, N,, CO, NO, O,, CO,, N,0 and NO,)"3* 13> As noted
in Section II.B.1, Mg**® reacts with alkanes via ligand addition (equation 16). Single liga-
tion of Mg™ with (c-CsHs)® substantially enhances the efficiency of subsequent ligation.
Thus ligation is rapid with all the hydrocarbons investigated. In contrast, no reaction was
observed between the alkanes and the full-sandwich magnesocene cation, (c-CsHs),Mg™*.
Mg™* was unreactive towards all the inorganic ligands except with ammonia, which was
found to sequentially add up to 5 ligands (equation 84). The structures of the Mg(NH3),**
ions (n = 1-4) were probed via DFT calculations. In all cases, structures in which the
NHj; ligands are directly coordinated to the Mgt® were more stable than other structures
(such as those in which one NHj ligand is hydrogen bonded to a coordinated NH; ligand).
Once again, the singly ligated (c-CsHs)Mg* complex substantially enhances the efficiency
of ligation by inorganic ligands (equation 85). Thus initial ligation is rapid with all ligands
except Hy, N, and O,. The ‘full-sandwich’ magnesocene radical cation, (c-CsHs),Mg™*,
does not undergo ligation. Instead, fast bimolecular ligand-switching reactions occur with
NH; and H,O, suggesting that these two ligands bind more strongly to (c-CsHs)Mg™
than does ¢-CsHs"® itself (equation 86).

Mg(L),"* + L —— MgL)u41"" (84)
(c-CsHs)Mg(L),* + L —— (c-CsHs)Mg(L),41 " (85)
(c-CsHs):Mg™* + L —— (¢-CsHs)Mg(L)* + ¢-CsHs® (86)

As noted in a previous review!3, one of the benefits of the quadrupole ion trap mass

spectrometer is that ions are stored in the quadrupole ion trap and can be manipu-
lated to undergo multiple stages of mass spectrometry associated with different types
of reactions. Thus CID can be used to ‘synthesize’ organometallic ions via CID and
their gas-phase reactivity can then be examined via subsequent ion—molecule reactions.
We have used the decarboxylation reaction (equation 82) to synthesize organoalkaline
earths, [CH3MetalX,]~, and have studied their acid—base reactions with neutral acids,
AH (equation 87), to establish how reactivity is controlled by the auxiliary ligand'3!, the
nature of the metal'3® and the substrate, AH!3!. In our first study on the organomag-
nesates CH3MgX, (X = CI and O,CCH3) we examined the influence of the auxiliary
ligand and the substrate on reactivity'3!. We found that these CH;MgX,~ ions exhibit
some of the reactivity of Grignard reagents, reacting with acids, AH, via addition with
concomitant elimination of methane to form AMgX,~ ions (equation 87, Metal = Mg),
in direct analogy to the acid—base reactions of Grignard reagents. Kinetic measurements,
combined with DFT calculations, provided clear evidence for an influence of the auxiliary
ligand on reactivity of the organomagnesates [CH3;MgX,]~. Thus when X = O,CCHjs,
reduced reactivity towards water was observed. The DFT calculations suggest that this
may arise from the bidentate binding mode of acetate, which induces overcrowding of
the Mg coordination sphere in the transition state relative to the chloride organomagne-
sate (compare 64 and 65 of Scheme 13). Interestingly, there is a report in the literature
on the enhanced selectivity (i.e. reduced reactivity) of solution-phase Grignard reagents
processing carboxylate ligands instead of the traditional halides'?’.

CH;MetalX,™ + AH —— AMetalX,™ + CHy 87)

The substrate also plays a key role in the reactivity of the [CH3;MgX,]™ ions. This is
illustrated dramatically for the reaction of aldehydes containing enolisable protons, which
reacted via enolisation (equation 87), rather than via the Grignard reaction (equation 88).



4. Solvent-free organomagnesiums 181
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SCHEME 13

This is consistent with DFT calculations on [CH3MgCl,]~, which reveal that the six-
centered transition state for the enolisation reaction 66 is entropically favored over the
four-centered transition state for the Grignard reaction 67 (Scheme 14).

CH3MgX,~ + RCHO —— RCH(CH3)OMgX,~ (88)
CH; o

\C—O CH /O* Cl h

/ e >c” Mg
CHQ Mg CH3 N AN

N 7 CH; Cl

H---CH;

(66) (67)
SCHEME 14

Interestingly, when acetic acid is the substrate, the CH3;MgX, ™ ions (where X = Cl or
CH3CO,;) complete a catalytic cycle for the decarboxylation of acetic acid (equation 89,
Scheme 15)13'. The first step is a metathesis reaction, in which a CHj; ligand is
switched for a carboxylato ligand (equation 87, Scheme 15). The second step is the rate-
determining step (equation 82, Scheme 15) as it requires activation (under CID conditions)
to induce decarboxylation of the magnesium acetate anion CH3CO,MgX, ™, to reform
the organometallic catalyst CH3MgX,~. A similar catalytic cycle has been observed for
decarboxylation of formic acid'32.

CH3C02H E— CH4 + C02 (89)
o, CH3;MgX,~
CH;CO,H
CID
CH,
CH}COzMgX27
SCHEME 15

Each of the organoalkaline earths [CH3;Metal(O,CCHj3),]~ reacts with water via addi-
tion with concomitant elimination of methane to form the metal hydroxide [HOMetal(O,



182 Richard A. J. O’Hair

CCHj3),]™ ions (equation 87), with a relative reactivity order of: [CH3Ba(O,CCHj3),]™ =
[CH3Sr(0,CCH3),]~ > [CH3Ca(0,CCH3),]~ > [CH3Mg(0O,CCH3),]~ 3. DFT calcula-
tions on the reaction exothermicities for these reactions generally supported the reaction
trends observed experimentally, with [CH3Mg(O,CCHj3),]~ being the least reactive.

IV. UNIMOLECULAR REACTIONS OF ORGANOMAGNESIUM
IONS IN THE GAS PHASE

As noted in the introduction, few studies have examined the mass spectra of organomag-
nesium compounds. Of these, there are only three that have examined the unimolecular
fragmentation reactions of organomagnesium ions. Under conditions of electron ioniza-
tion, magnesocene yields the following ions in the positive ionization mode: the parent
radical cation (equation 90), the monoligated (‘half-sandwich’) cation (equation 91) and
the bare magnesium ion (equation 92)*. Note that Bohme and coworkers have studied
the bimolecular reactivity of all these ions as described in Sections II and III above. The
gas-phase fragmentation reactions of (c-CsHs)Mg™ have been studied using a combina-
tion of metastable and CID experiments as well as DFT calculations'?. Under metastable
conditions, (c-CsHs)Mg" fragments via loss of a H atom (equation 93) and ¢-CsHs*
(equation 94). Collisional activation induces further fragmentation, resulting in the forma-
tion of (C3H3)Mg™ and (C3H,)Mg™*. Electron ionization of magnesocene in the negative
ionization mode yields the monoligated (‘half-sandwich’) anion (equation 95) and the
cyclopentadienyl anion (equation 96)*.

(c-CsHs)oMg + e~ —— (c-CsHs),Mgt® + 2¢~ (90)
—— (c-CsHs)Mg"t + c-CsHs® + 2e 91)

s Mg™ 4+ 20-CsHs" 4 26~ 92)

(c-CsHs)Mg" —— (CsHy)Mg™® + H° 93)
—— Mg"™* + ¢-CsHs* (94)

(¢-CsHs);Mg + e~ —— (¢-CsHs)Mg™ + ¢-CsHs® 95)
— ¢-CsHs™ + (¢-CsHs)Mg® (96)

The only study to have examined the composition and fragmentation reactions of a
Grignard reagent via MS is that of Sakamoto and coworkers, who used a combina-
tion of coldspray ionization in conjunction with tandem mass spectrometry to evaluate
the types of ions formed from a THF solution of ‘CH3;MgCI’S. They noted the for-
mation of [CH;Mg,Cl3(THF),-H]" (where n = 4—6) under coldspray ionization. When
[CH3;Mg,Cl3(THF)6-H] ' was subjected to CID, an envelope of [CH3Mg,Cl3(THF),-H]*
product ions was observed arising from sequential losses of up to 4 THF solvent molecules.
Based on these results in conjunction with considerations of X-ray crystal structures of a
range of organomagnesiums, structure 68 was suggested to be the core of the ‘CH3;MgCIl’
Grignard in THF solution.

Cl
/ N\
CH;—Mg . _M
3 g al g

Cl

(68)
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V. STRUCTURES OF ORGANOMAGNESIUMS AND MAGNESIUM
HALIDES IN THE GAS PHASE

Gas-phase electron diffraction (GED) has been used to gain insights into the gas-phase
structures of a range of inorganic and organometallic compounds. Since the area has been
reviewed on several occasions'3?~ 43 here the structures of key organomagnesiums'46-149
and magnesium halides'>°~! are briefly described. Scheme 16 shows the structures of
all organomagnesium and magnesium halides studied via gas-phase electron diffraction
to date, and includes key bond lengths. A key feature is that all monomers (71, 73-76)
are linear. The GED data require modeling of the structure to determine the best fit.
For magnesocene, the best fit is for the eclipsed structure 69a rather than the staggered
structure, 69b'*®. Permethylation of magnesocene results in a slight elongation of the
Mg—C and ring C—C bonds (compare 69 and 70) while replacement of a Cp ring with
a neopentyl group decreases the Mg—Cp bond (compare 69 and 72). The GED of the
halides 73—76 were first studied 50 years ago'>>'>*, and their structures have been refined
over the years by further experimental and theoretical work. The most recent studies of
Hargittai and coworkers on MgCl, (74)'>° and MgBr, (75)'3! were carried out on a GED
instrument interfaced with a mass spectrometer, which allowed the vapor constitution to

CH,
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SCHEME 16
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be analyzed via MS. It was found that the vapor consisted of over 10% of the dimers,
77 and 78. By carefully modeling the GED data, the structures of both the monomers
and dimers were determined. The latter are interesting structures, directly relevant to the
Schlenk equilibrium. Note that in both cases, the terminal Mg—X bond lengths (Mg—X;)
are shorter than the bridging Mg—X bond lengths (Mg—Xy,). If the GED data do not take
into account the presence of dimers, the Mg—X bond is overestimated. Thus the bond
lengths for MgF, (73)!%3 and Mgl, (76)'3? shown in Scheme 16, which are derived from
early data that were not modeled using dimer contributions, may be overestimates.

VIi. CONCLUDING REMARKS

An attempt has been made to bring together a seemingly disparate set of studies on the
formation, reactions and structures of organomagnesium species in solvent-free environ-
ments. Although the spectroscopy of such species has not been discussed, there have been
several studies on the ESR, IR, UV-Vis and laser-induced fluorescence of organomagne-
sium species in the gas-phase, in matrices and in helium nanodroplets. Interested readers
are referred to a number of recent reviews and articles' =192, Finally, given the advances
in mass spectrometry, further studies on the gas-phase reactivity of organomagnesium
ions are eagerly anticipated.

Vil. ACKNOWLEDGMENTS

R.A.J.O thanks the Australian Research Council for financial support for studies on metal-
mediated chemistry (Grant# DP0558430) and via the ARC Centres of Excellence program
(ARC Centre of Excellence in Free Radical Chemistry and Biotechnology).

VIIl. REFERENCES

1. N. Goldberg and H. Schwarz, in The Chemistry of Organic Silicon Compounds, Vol. 2, Part 2,
(Eds. Z. Rappoport and Y. Apeloig), Wiley, Chichester, 1998, pp. 1105-1142.
2. R. A.J. O’Hair, in The Chemistry of Organophosphorus Compounds, Vol. 4, (Ed. F. R.
Hartley), Wiley, Chichester, 1996, pp. 731-765.
3. H. O. House, R. A. Latham and G. M. Whitesides, J. Org. Chem., 32, 2481 (1967).
4. G. M. Bejun and R. N. Compton, J. Chem. Phys., 58, 2271 (1973).
5. L. A. Tjurina, V. V. Smirnov, G. B. Barkovskii, E. N. Nikolaev, S. E. Esipov and I P.
Beletskaya, Organometallics, 20, 2449 (2001).
6. S. Sakamoto, T. Imamoto and K. Yamaguchi, Org. Lett., 3, 1793 (2001).
7. K. Yamaguchi, J. Mass Spectrom., 38, 473 (2003).
8. E. E. Ferguson, B. R. Rowe, D. W. Fahey and F. C. Fehsenfeld, Planet. Space. Sci., 29, 479
(1981).
9. S. Petrie, Icarus, 171, 199 (2004).
10. S. Petrie, Environ. Chem., 2, 25 (2005).
11.  S. Petrie and R. C. Dunbar, AIP Conf. Proc., 855, 272 (2006).
12. S. Petrie, Aust. J. Chem., 56, 259 (2003).
13. S. Petrie and D. K. Bohme, Top. Curr. Chem., 225, 37 (2003).
14. R. C. Dunbar and S. Petrie, AIP Conf. Proc., 855, 281 (2006).
15. E. Peralez, J.-C. Negrel, A. Goursot and M. Chanon, Main Group Met. Chem., 21, 69 (1998).
16.  W. H. Breckenridge, J. Phys. Chem., 100, 14840 (1996).
17. H.-J. Himmel, A. J. Downs and T. M. Greene, Chem. Rev., 102, 4191 (2002).
18.  'W. H. Breckenridge and H. Umemoto, J. Chem. Phys., 81, 3852 (1984).
19. J. G. McCaffrey, J. M. Parnis, G. A. Ozin and W. H. Breckenridge, J. Phys. Chem., 89, 4945
(1985).
20. T. M. Greene, D. V. Lanzisera, L. Andrews and A. J. Downs, J. Am. Chem. Soc., 120, 6097
(1998).



4. Solvent-free organomagnesiums 185

. Mochida, K. Kojima and Y. Yoshida, Bull. Chem. Soc. Jpn, 60, 2255 (1987).

. S. Skell and J. E. Girard, J. Am. Chem. Soc., 94, 5518 (1972).

. S. Ault, J. Am. Chem. Soc., 102, 3480 (1980).

. Imizu and K. J. Klabunde, Inorg. Chem., 23, 3602 (1984).

. J. Klabunde and A. Whetten, J. Am. Chem. Soc., 108, 6529 (1986).

. R. Davis, J. Am. Chem. Soc., 113, 4145 (1991).

. N. Solov’ev, G. B. Sergeev, A. V. Nemukhin, S. K. Burt and I. A. Topol, J. Phys. Chem.

, 101, 8625 (1997).

. D. Bare and L. Andrews, J. Am. Chem. Soc., 120, 7293 (1998).

. A. Tulub, Russ. J. Gen. Chem., 72, 886 (2002).

. V. Tulub, V. V. Porsev and A. A. Tulub, Dokl. Phys. Chem., 398, 241 (2004).

. D. Bare, A. Citra, C. Trindle and L. Andrews, Inorg. Chem., 39, 1204 (2000).

N Solov’ev, E. V. Polikarpov, A. V. Nemukhin and G. B. Sergeev, J. Phys. Chem. A, 103,
1 (1999).

A Thompson and L. Andrews, J. Am. Chem. Soc., 118, 10242 (1996).

. V. Lanzisera and L. Andrews, J. Phys. Chem. A, 101, 9666 (1997).

. J. McKinley and E. Karakyriakos, J. Phys. Chem. A, 104, 8872 (2000).

. Huang, M. Chen, Q. Liu and M. Zhou, J. Phys. Chem. A, 107, 11380 (2003).

. L. Po and R. F. Porter, J. Am. Chem. Soc., 99, 4922 (1977).

. L. Gellene, N. S. Kleinrock and R. F. Porter, J. Chem. Phys., 78, 1795 (1983).

. B. Armentrout, Top. Organomet. Chem., 4, 1 (1999).

. Eller and H. Schwarz, Chem. Rev., 91, 1121 (1991).

. Eller, Coord. Chem. Rev., 126, 93 (1993).

B. S. Freiser, Acc. Chem. Res., 27, 353 (1994).

B. S. Freiser, J. Mass Spectrom., 31, 703 (1996).

L. Operti and R. Rabezzana, Mass Spectrom. Rev., 25, 483 (2006).

B. R. Rowe, D. W. Fahey, E. E. Ferguson and F. C. Fehsenfeld, J. Chem. Phys., 75, 3325

(1981).

R. K. Milburn, M. V. Frash, A. C. Hopkinson and D. K. Bohme, J. Phys. Chem. A, 104, 3926

(2000).

J. S. Uppal and R. H. Staley, J. Am. Chem. Soc., 104, 1229 (1982).

B. P. Pozniak and R. C. Dunbar, J. Am. Chem. Soc., 119, 10439 (1997).

M. Welling, R. I. Thompson and H. Walther, Chem. Phys. Lett., 253, 37 (1996).

M. Welling, H. A. Schuessler, R. I. Thompson and H. Walther, Int. J. Mass Spectrom. Ion

Proc., 172, 95 (1998).

R. I. Thompson, M. Welling, H. A. Schuessler and H. Walther, J. Chem. Phys., 116, 10201

(2002).

S. Petrie and R. C. Dunbar, J. Phys. Chem. A, 104, 4480 (2000).

R. C. Dunbar and S. Petrie, Astrophys. J., 564, 792 (2002).

R. K. Milburn, A. C. Hopkinson and D. K. Bohme, J. Am. Chem. Soc., 127, 13070 (2005).

X. Zhao, G. K. Koyanagi and D. K. Bohme, J. Phys. Chem. A, 110, 10607 (2006).

A. Andersen, F. Muntean, D. Walter, C. Rue and P. B. Armentrout, J. Phys. Chem. A, 104,

692 (2000).

L. Operti, E. C. Tews, T. J. MacMahon and B. S. Freiser, J. Am. Chem. Soc., 111, 9152

(1989).

D. Schroeder and J. Roithova, Angew. Chem., Int. Ed., 45, 5705 (2006).

P. D. Kleiber and J. Chen, Int. Rev. Phys. Chem., 17, 1 (1998).

Y. C. Cheng, J. Chen, L. N. Ding, T. H. Wong, P. D. Kleiber and D.-K. Liu, J. Chem. Phys.,

104, 6452 (1996).

W. Guo, T. Yuan, X. Chen, L. Zhao, X. Lu and S. Wu, J. Mol. Struct. (THEOCHEM), 764,

177 (2006).

J. Chen, Y. C. Cheng and P. D. Kleiber, J. Chem. Phys., 106, 3884 (1997).

J. Chen, T. H. Wong and P. D. Kleiber, Chem. Phys. Lett., 279, 185 (1997).

X. Yang, Y. Hu and S. Yang, J. Phys. Chem. A, 104, 8496 (2000).

X. Yang, Y. Hu and S. Yang, Chem. Phys. Lett., 322, 491 (2000).

A. Furuya, F. Misaizu and K. Ohno, J. Chem. Phys., 125, 094309/1 (2006).

A. Furuya, F. Misaizu and K. Ohno, J. Chem. Phys., 125, 094310/1 (2006).

X. Yang, H. Liu and S. Yang, J. Chem. Phys., 113, 3111 (2000).

WW”UC)”UN>UO°<2>D>€:‘><V’W*<W”UW



108.

109.
110.
111.

112.
113.
114.
115.
116.
117.
118.
119.
120.
121.

Richard A. J. O’Hair

ang, K. Gao, H. Liu and S. Yang, J. Chem. Phys., 112, 10236 (2000).

iu, X.-H. Zhang, Y.-D. Wu and S. Yang, Phys. Chem. Chem. Phys., 7, 826 (2005).
iu, C.-S. Wang, W. Guo, Y.-D. Wu and S. Yang, J. Am. Chem. Soc., 124, 3794 (2002).
iu, S. Yang, X.-H. Zhang and Y.-D. Wu, J. Am. Chem. Soc., 125, 12351 (2003).

X. Zhang, C. Wang, W. Guo, Y. Wu and S. Yang, J. Phys. Chem. A, 108, 3356 (2004).
iu, X.-H. Zhang, C. Wang, Y.-D. Wu and S. Yang, Phys. Chem. Chem. Phys., 9, 607

Li
Li
Li
iu,

Li

DT T T

O

. Yai
-C.
-C.
-C.
. Li
-C.
07).
.R.

Qt—‘

D. C. Sperry and J. M. Farrar, J. Chem. Phys., 114, 6180 (2001).
H. Liu and S. Yang, J. Chem. Phys., 116, 9690 (2002).
iu, J. Sun and S. Yang, J. Phys. Chem. A, 107, 5681 (2003).

Hu, H. Liu and S. Yang, Chem. Phys., 332, 66 (2007).

Liu, Y. Hu, S. Yang, W. Guo, Q. Fu and L. Wang, J. Phys. Chem. A, 110, 4389 (2006).
Soep, M. Elhanine and C. P. Schulz, Chem. Phys. Lett., 327, 365 (2000).

. Guo, H. Liu and S. Yang, J. Chem. Phys., 117, 6061 (2002).

Liu, Y. Hu, S. Yang, W. Guo, X. Lu and L. Zhao, Chem. Eur. J., 11, 6392 (2005).

. Guo, X. Lu, S. Hu and S. Yang, Chem. Phys. Lett., 381, 109 (2003).

. Guo, H. Liu and S. Yang, J. Chem. Phys., 116, 2896 (2002).

. Guo, H. Liu and S. Yang, Int. J. Mass Spectrom., 226, 291 (2003).

Liu, W. Guo and S. Yang, J. Chem. Phys., 115, 4612 (2001).

. Y. Lu, T. H. Wong, Y. Sheng and P. D. Kleiber, J. Chem. Phys., 117, 6970 (2002).

. Y. Lu, T. H. Wong, Y. Sheng and P. D. Kleiber, J. Chem. Phys., 118, 6905 (2003).

. Y. Lu and P. D. Kleiber, Chem. Phys. Lett., 338, 291 (2001).

. Y. Lu and P. D. Kleiber, J. Chem. Phys., 114, 10288 (2001).

Abate and P. D. Kleiber, J. Chem. Phys., 125, 184310 (2006).

Liu, Y. Hu and S. Yang, J. Phys. Chem. A, 107, 10026 (2003).
.-L. Sun, H. Liu, K.-L. Han and S. Yang, J. Chem. Phys., 118, 10455 (2003).
.-L. Sun, H. Liu, H.-M. Yin, K.-L. Han and S. Yang, J. Phys. Chem. A, 108, 3947 (2004).
. Hu, H. Liu and S. Yang, J. Chem. Phys., 120, 2759 (2004).

L. Sun, H. Liu, H.-M. Wang, K.-L. Han and S. Yang, Chem. Phys. Lett., 392, 285 (2004).

Lu J.-L. Sun, Y. Hu, K.-L. Han and S. Yang, Chem. Phys. Lett., 389, 342 (2004).

. G. Jasien and C. E. Dykstra, J. Am. Chem. Soc., 105, 2089 (1983).

. A. Tjurina, V. V. Smirnov and I. P. Beletskaya, J. Mol. Catal. A, 182—183, 395 (2002).
. A. Tjurina, V. V. Smirnov, D. A. Potapov, S. A. Nikolaev, S. E. Esipov and I.P.
eletskaya, Organometallics, 23, 1349 (2004).

. A. Potapov, L. A. Tjurina and V. V. Smirnov, Russ. Chem. Bull., 54, 1185 (2005).

. G. Jasien and J. A. Abbondondola, J. Mol. Struct. (THEOCHEM), 671, 111 (2004).
. V.
. C.

France, S. H. Pullins and M. A. Duncan, Chem. Phys., 239, 447 (1998).
ee,
uo,

=

Porsev and A. V. Tulub, Dokl. Phys. Chem., 409, 237 (2006).
Cheng, J. Chen, P. D. Kleiber and M. A. Young, J. Chem. Phys., 107, 3758 (1997).
. F. Garst and M. P. Soriaga, Coord. Chem. Rev, 248, 623 (2004).
J. F. Garst and F. Ungvary, ‘Mechanisms of Grignard reagent formation’, in Grignard
Reagents: New Developments; (Ed. G. H. Richey, Jr.), Wiley, Chichester, 2000, p. 185.
J. B. Abreu, J. E. Soto, A. Ashley-Facey, M. P. Soriaga, J. F. Garst and J. L. Stickney, J.
Colloid Interface Chem., 206, 247 (1998).
R. G. Nuzzo and L. H. Dubois, J. Am. Chem. Soc., 108, 2881 (1986).
Y. Gault, Tetrahedron Lett., 67 (1966); Chem. Abstr., 64, 75247 (1966).
M. Lefrancois and Y. Gault, J. Organomet. Chem., 16, 7 (1969); Chem. Abstr., 70, 68449
(1969).
Y. Gault, J. Chem. Soc., Chem. Commun., 478 (1973).
Y. Gault, J. Chem. Soc., Faraday Trans., 74, 2678 (1978).
A. Choplin and Y. Gault, J. Organomet. Chem., 179, C1 (1979).
A. T. Blades, P. Jayaweera, M. G. Ikonomou and P. Kebarle, J. Chem. Phys., 92, 5900 (1990).
A. J. Stace, J. Phys. Chem. A, 106, 7993 (2002).
A. Stace, Science, 294, 1292 (2001).
A. J. Stace, Phys. Chem. Chem. Phys., 3, 1935 (2001).
M. P. Dobson and A. J. Stace, Chem. Commun., 1533 (1996).
C. A. Woodward, M. P. Dobson and A. J. Stace, J. Phys. Chem. A, 101, 2279 (1997).
C. A. Woodward, M. P. Dobson and A. J. Stace, J. Phys. Chem., 100, 5605 (1996).

"*<<”°U°’r“”UI“*<‘“FT<€€€2?222?2?’?%?2“3



122.

123.
124.

125.

126.
127.
128.
129.
130.
131.
132.
133.
134.

135.

136.
137.
138.
139.
140.

141.

142.
143.
144.
145.
146.

147.
148.
149.
150.
151.
152.
153.
154.
155.
156.
157.
158.
159.
160.

161.
162.

4. Solvent-free organomagnesiums 187

N. Walker, M. P. Dobson, R. R. Wright, P. E. Barran, J. N. Murrell and A. J. Stace, J. Am.
Chem. Soc., 122, 11138 (2000).
M. Peschke, A. T. Blades and P. Kebarle, J. Am. Chem. Soc., 122, 10440 (2000).
A. M. El-Nahas, S. H. El-Demerdash and E.-S. E. El-Shereefy, Int. J. Mass Spectrom., 263,
267 (2007).
A. A. Shvartsburg, J. G. Wilkes, J. O. Lay and K. W. M. Siu, Chem. Phys. Lett., 350, 216
(2001).
A. A. Shvartsburg and J. G. Wilkes, J. Phys. Chem. A, 106, 4543 (2002).
A. A. Shvartsburg, Chem. Phys. Lett., 376, 6 (2003).
A. A. Shvartsburg and J. G. Wilkes, Int. J. Mass Spectrom., 225, 155 (2003).

. Shi, K. W. M. Siu and A. C. Hopkinson, Int. J. Mass Spectrom., 255-256, 251 (2006).
-F. Wu and J. S. Brodbelt, J. Am. Chem. Soc., 116, 6418 (1994).

. A. J. O’Hair, A. K. Vrkic and P. F. James, J. Am. Chem. Soc., 126, 12173 (2004).

. N. Khairallah and R. A. J. O’Hair, Int. J. Mass Spectrom., 254, 145 (2006).

. P. Jacob, P. F. James and R. A. J. O’Hair, Int. J. Mass Spectrom., 255-256, 45 (2006).

. K. Milburn, V. Baranov, A. C. Hopkinson and D. K. Bohme, J. Phys. Chem. A, 103, 6373
99 ).
. K. Milburn, V. I. Baranov, A. C. Hopkinson and D. K. Bohme, J. Phys. Chem. A, 102,

803 (1998).
R. A. J. O’Hair, Chem. Commun., 1469 (2006).
M. T. Reetz, N. Harmat and R. Mahrwald, Angew. Chem., 104, 333 (1992).
J. Berthelot, A. Luna and J. Tortajada, J. Phys. Chem. A, 102, 6025 (1998).
A. Haaland, Top. Curr. Chem., 1 (1975).
P. R. Markies, O. S. Akkerman, F. Bickelhaupt, W.J.J. Smeets and A. L. Spek, Adv.
Organomet. Chem., 32, 147 (1991).
D. W. H. Rankin and H. E. Robertson, Spect. Prop. Inorg. Organomet. Compd., 38, 348
(2006).
I. Hargittai, Struct. Chem., 16, 1 (2005).
M. Hargittai, Struct. Chem., 16, 33 (2005).
M. Hargittai, Chem. Rev., 100, 2233 (2000).
M. Hargittai, Coord. Chem. Rev, 91, 35 (1988).
A. Haaland, J. Lusztyk, D. P. Novak, J. Brunvoll and K. B. Starowieyski, J. Chem. Soc.,
Chem. Commun., 54 (1974).
R. A. Andersen, R. Blom, J. M. Boncella, C. J. Burns and H. V. Volden, Acta Chem. Scand.,
Ser. A, Ad41, 24 (1987).
E. C. Ashby, L. Fernholt, A. Haaland, R. Seip and R. S. Smith, Acta Chem. Scand., Ser. A,
A34, 213 (1980).
R. A. Andersen, R. Blom, A. Haaland, B. E. R. Schilling and H. V. Volden, Acta Chem.
Scand., Ser. A, A39, 563 (1985).
J. Molnar, C. J. Marsden and M. Hargittai, J. Phys. Chem., 99, 9062 (1995).
B. Reffy, M. Kolonits and M. Hargittai, J. Phys. Chem. A, 109, 8379 (2005).
P. A. Akishin and V. P. Spiridonov, Zh. Fiz. Khim., 32, 1682 (1958); Chem. Abstr., 53, 4621
(1959).
V. V. Kasparov, Y. S. Ezhov and N. G. Rambidi, Zh. Strukt. Khim., 20, 260 (1979); Chem.
Abstr., 91, 30922 (1979).
P. A. Akishin, V. P. Spiridonov, G. A. Sobolev and V. A. Naumov, Zh. Fiz. Khim., 31, 461
(1957); Chem. Abstr., 51, 84261 (1957).
V. V. Kasparov, Y. S. Ezhov and N. G. Rambidi, Zh. Strukt. Khim., 21, 41 (1980). Chem.
Abstr., 93, 86015 (1980).
M. S. Beardah and A. M. Ellis, J. Chem. Tech. Biotech., 74, 863 (1999).
A. M. Ellis, Int. Rev. Phys. Chem., 20, 551 (2001).
M. A. Duncan, Ann. Rev. Phys. Chem., 48, 69 (1997).
N. R. Walker, R. S. Walters and M. A. Duncan, New J. Chem., 29, 1495 (2005).
F. Dong and R. E. Miller, J. Phys. Chem. A, 108, 2181 (2004).
D. T. Moore and R. E. Miller, J. Phys. Chem. A, 108, 9908 (2004).
P. L. Stiles, D. T. Moore and R. E. Miller, J. Chem. Phys., 121, 3130 (2004).

\OWAW>O7UIﬁ
CX



CHAPTER B

Photochemical transformations

involving magnesium porphyrins

and phthalocyanines

NATALIA N. SERGEEVA and MATHIAS O. SENGE

School of Chemistry, SFI Tetrapyrrole Laboratory, Trinity College Dublin,
Dublin 2, Ireland
Fax: +353-1-608-8536; e-mail: sengem@tcd.ie

L. INTRODUCTION . . ... e e e e e
A. Abbreviations . . ... ... ...

B. General Introduction. . . . ...... . ... L L

II. BASIC PHOTOCHEMISTRY OF PORPHYRINS ................
A. General Concepts and Theoretical Background . ...............

B. Stability . . . ...

III. PHOTOSYNTHESIS . ... ... i
IV. ELECTRON TRANSFER SYSTEMS . ... ... .. ... .. .. .. ....
A. Introduction . ... ..... ... ...

B. Donor—Acceptor Electron Transfer Compounds . . . .. ...........

C. Heteroligand Systems . . . ... ... ..

V. PHOTOCHEMICAL REACTIONS . ... ... .. .. .. .. .. . .. ...
A. Porphyrins . .. ... ...

B. Photoinduced Ring-opening Reactions . . .. ..................

C. Reactions of Chlorophyll . . . ... ... ... ... ... ... .. ... .....

VI. APPLIED PHOTOCHEMISTRY . . ... ... ... . ..
VII. ACKNOWLEDGMENT . . ... ... .. i
VIII. REFERENCES . . .. .. e

The chemistry of organomagnesium compounds

Edited by Z. Rappoport and I. Marek © 2008 John Wiley & Sons, Ltd. ISBN: 978-0-470-05719-3

189



190 Natalia N. Sergeeva and Mathias O. Senge

. INTRODUCTION
A. Abbreviations
bchl bacteriochlorophyll OEP 2,3,7,8,12,13,17,18-
octaethylporphyrinato
chl chlorophyll P porphyrin
D-B-A donor—bridge—acceptor PET photoinduced electron
systems transfer
ET electron transfer PS photosensitizer
MV methyl viologen TPP 5,10,15,20-

tetraphenylporphyrinato

B. General Introduction

The photochemistry of true organomagnesium compounds remains almost completely
unexplored. A literature search in preparation of this work found only a few scattered
examples of photochemical studies, mostly in relation to Grignard reactions' and 1,3-
diketonate chelates®3. Similar to the situation with organozinc compounds* magnesium
tetrapyrrole chelates, i.e. magnesium porphyrins 1, 5,10,15,20-tetraazaporphyrins (por-
phyrazines) 2 and phthalocyanines 3 have found more interest. This is primarily related

3
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to the biological relevance of magnesium porphyrins in nature, notably in photosynthesis
and electron transfer, and we will focus on this aspect in this review. Outside this area not
many ‘true’ photochemical studies have been performed with magnesium tetrapyrroles.
Nevertheless, even in this area the body of available literature is limited and we only use
selected examples to highlight the state of the art of this field. A description of syntheses,
methodology or electron transfer reactions is outside the purview of this work and the
present work can only give a broad overview and selected examples of studies in this
area.

Chlorophylls (chl) and the related bacteriochlorophylls (bchl) are the ubiquitous pig-
ments of photosynthetic organisms and the predominant class of magnesium tetrapyrroles
in nature. As such they share common structural principles and functions. They are either
involved in light harvesting (exciton transfer) as antenna pigments or charge separation
(electron transfer) as reaction center pigments. The best-known pigment is chl a, 4, which
occurs in all organisms with oxygenic photosynthesis. In higher plants it is accompanied
in a 3:1 ratio by chl b, 6, where the 7-methyl group has been oxidized to a formyl group.
Both compounds typically consist of the tetrapyrrole moiety and a C-20 terpenoid alco-
hol, phytol. Most compounds are magnesium chelates, but the free base of chl a, pheo
a 5, is also active in electron transfer. Chl a and b can be obtained easily from plants
or algae and their synthetic chemistry has mainly targeted total syntheses and medicinal
application in photodynamic therapy (PDT)>°.

However, many other similar photosynthetic pigments occur in nature*~’. All share
either a phytochlorin 7 or a 7,8-dihydrophytochlorin framework and by now about one
hundred related pigments have been isolated®. For example, such compounds include chl
d 8 from Rhodophytes, the bchls ¢ (9), d and e (which are chlorins 12 and show significant
variability in their peripheral groups) from Chlorobiaceae and Chloroflexaceae, and bchl a
(10) and b (true bacteriochlorins 13) found in Rhodospirillales. Other natural pigments are
chl c, behl g and many of these are esterified with different isoprenoid alcohols. Chemically
related chlorins have also been found in many oxidoreductases, marine sponges, tunicates
and in Bonella viridis. The deep-see dragon fish Malacosteus niger even utilizes a chl
derivative as a visual pigment’. Most of these are believed to be derived from chl and
then processed by the plant or animal.

17!

/ MeO,C
. MeO,C phytylO,C 2

(4) M=Mg,chla (6) chlb
(5) M =2H, pheo a
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OHC

(0] MEOZé

HOOC phytylO,C

(7) phytochlorin (8) chid

OH

MeO,C O
phytylO,C phytylO,C ?

(9) bchlc (10) bchl a

Il. BASIC PHOTOCHEMISTRY OF PORPHYRINS
A. General Concepts and Theoretical Background

Chls and all tetrapyrroles are heteroaromatic compounds and the aromatic character of
the underlying tetrapyrrole moiety and the reactivity of the functional groups in the side
chains govern their chemistry. Three different classes of tetrapyrroles, differentiated by
their oxidation level, occur in nature: porphyrins (11, e.g. hemes), chlorins (12, e.g. chls)
and bacteriochlorins (13, e.g. bchls). As a cyclic tetrapyrrole with a fused five-membered
ring, the overall reactivity of chl is that of a standard phytochlorin 7. Such compounds are
capable of coordinating almost any known metal with the core nitrogen atoms. Together
with the conformational flexibility of the macrocycle and the variability of its side chains,
this accounts for their unique role in photosynthesis and applications!'® !,

Tetrapyrroles contain an extended m-conjugated system which is responsible for their
use in a wide range of applications ranging from technical (pigments, catalysts, photocon-
ductors) to medicinal (photodynamic therapy) uses. The electronic absorption spectra are
governed by the aromatic 18 m-electron system and typically consist of two main bands.
In phthalocyanines the Q band around 660—680 nm is the most intense one accompanied
by a weaker Soret band near 340 nm'2. In porphyrins the situation is reversed with an
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(11) porphyrin (12) chlorin (13) bacteriochlorin

intense Soret band around 380—410 nm and weaker Q bands in the 550—650 nm region.
The position and intensity of the absorption bands are affected by the central metal, axial
ligands, solvation, substituents and their regiochemical arrangement, and aggregation. The
theoretical background has been widely reviewed and established'® in pioneering works
by Gouterman'4 and Mack and Stillman'. The spectral characteristics depend strongly
on the substituent pattern. By now almost all possible combinations of electron-donating,
electron-withdrawing or sterically demanding groups have been prepared!!.

Magnesium(II) tetrapyrroles behave like most other organic chromophores. Absorption
of light will lead to the rapid formation of the lowest excited singlet state by promotion of
an electron from the HOMO to the LUMO. The excited state can then either relax to the
ground state via radiative (fluorescence) or nonradiative processes (internal conversion of
vibrational relaxation). Another possibility is intersystem crossing to form a triplet state
which again can relax either via radiative (phosphorescence) or nonradiative processes.
In our context, both excited-state types can take part in photochemical reactions and, in
the presence of donor or acceptor units, energy transfer or electron transfer between the
chromophores, can compete with these processes'®. In addition, metallo(IT) porphyrins
and phthalocyanines may form ions upon illumination. These are either anion or 7 -cation
radicals that undergo further photochemical reactions'”-'3.

B. Stability

Although porphyrins and especially phthalocyanines are stable compounds, both will
undergo photooxidative degradation or photoexcited ET reactions!°~2!. An additional
problem with magnesium complexes is their low stability in aqueous solution, as they
demetallate quite easily. This is one of the main reasons that many photochemical studies
targeted at modeling the natural situation use the more stable zinc(Il) complexes. In addi-
tion, past years have seen increasing evidence that both Mg(II) and Zn(II) chlorophylls
do exist in nature.

Photosynthetic organisms that utilize chls or bchls containing metals other than Mg
were unknown for a long time?’. By now it has been satisfactorily demonstrated that
a novel purple pigment occurring in a group of obligatory aerobic bacteria is in fact a
zinc-chelated bchl (Zn-bchl)?~2°. The natural occurrence of Zn-bchl a has been proven
for a limited group of aerobic acidophilic proteobacteria, including species of the genus
Acidiphilium. The major photopigment in Acidiphilium was first identified tentatively as
Mg-bchl a on the basis of preliminary spectral analyses?®:2’. However, more detailed
studies revealed that all previously known species of Acidiphilium contained Zn-bchl a
as the major photopigment and showed Acidiphilium to be a photosynthetic organism?*23.

The naturally occurring Zn-bchl a and Mg-bchl a show large structural similarities and
have very similar physicochemical characteristics?®. Likewise, Zn-chl a exhibits features
similar to Mg-chl a with regard to redox potential and absorption maxima in organic sol-
vents. The light-harvesting efficiency of Zn-chl a and Mg-chl a are very similar although
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the fluorescence quantum yield of the former is lower than that of the latter. Compared
to other chlorophyll-type pigments Zn-bchl a is much more stable towards acid. For
example, the rate of pheophytinization for Zn-bchl a is 10°-fold slower than for Mg-bchl
a®. In fact, it is difficult to fully demetallate Zn-bchl a to bacteriopheophytin (bPhe) by
treatment with 1N HCI, which is commonly used for pheophytinization of Mg-bchl and
Mg-chl. Due to the chemical stability of Zn-(b)chl a and their photo- and electrochemical
similarities with Mg-(b)chl a, Zn-(b)chls are an alternative pigment for photosynthesis.
Thus, it is not surprising that they have been used along with magnesium porphyrins in

studies of artificial photosynthetic systems3%3!.

lll. PHOTOSYNTHESIS

The natural photosynthetic process is a rather complex biochemical system that primar-
ily relies on the light absorption by organic chromophores, followed by generation of
reduction equivalents and ATP. The main photosynthetic pigments are chlorophylls that
have very strong absorption bands in the visible region of the spectrum. Together with
accessory pigments (carotenoids and open-chain tetrapyrroles) the various photosynthetic
pigments complement each other in absorbing sunlight. Photosynthetic bacteria mostly
contain bacteriochlorophylls with absorption maxima shifted towards the bathochromic
region compared to chlorin-based pigments.

In its simplest form photosynthesis can be envisaged as the absorption of light through
pigments arranged in a light-harvesting complex. These antenna systems permit an organ-
ism to increase greatly the absorption cross section for light and the use of light harvesting
complexes with different pigments allows for a more efficient process through absorption
of more photons and a more efficient use of the visible spectrum. The antenna pigments
funnel the excitation energy through exciton transfer to a closely coupled pair of (b)chl
molecules in the photochemical reaction center (Figure 1). The reaction center is an inte-
gral membrane pigment-protein that carries out light-driven electron transfer reactions.
The excited (bacterio)chlorophyll molecule transfers an electron to a nearby acceptor
molecule, thereby creating a charge separated state consisting of the oxidized chlorophyll
and reduced acceptor.

After the initial electron transfer event, a series of electron transfer reactions takes
place that eventually stabilizes the stored energy in reduction equivalents and ATP. Higher
plants have two different reaction center complexes that work together in sequence, with
the reduced acceptors of one photoreaction (photosystem II) serving as the electron donor
for photosystem 1. Here, the ultimate electron donor is water, liberating molecular oxygen,
and the ultimate electron acceptor is carbon dioxide, which is reduced to carbohydrates.
More simple and evolutionary older types of photosynthetic organisms contain only a
single photosystem, either similar to photosystem II or photosystem 132733, A simplified
scheme of the complex photosynthetic apparatus is shown in an adaptation of the Z-scheme
in Figure 2. The Z-scheme illustrates the two light-dependent reactions in photosynthetic
systems of higher plants and exemplifies that two photosystems function in sequence to
convert solar energy into chemical energy.

In chemical terms the photoinduced electron transfer results in transfer of an elec-
tron across the photosynthetic membrane in a complex sequence that involves several
donor—acceptor molecules. Finally, a quinone acceptor is reduced to a semiquinone and
subsequently to a hydroquinone. This process is accompanied by the uptake of two pro-
tons from the cytoplasma. The hydroquinone then migrates to a cytochrome bc complex,
a proton pump, where the hydroquinone is reoxidized and a proton gradient is established
via transmembrane proton translocation. Finally, an ATP synthase utilizes the proton gra-
dient to generate chemical energy. Due to the function of tetrapyrrole-based pigments as
electron donors and quinones as electron acceptors, most biomimetic systems utilize some
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FIGURE 1. General scheme of a photosynthetic system (RC = reaction center, DA = donor—
acceptor complex, LHC = light-harvesting complex)
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FIGURE 2. Simplified Z-scheme of the photosynthetic apparatus in higher plants

kind of donor—acceptor construct to model the natural photosynthetic process (Figure 3).
Variation of the components (donor, bridge, linking group, acceptor), their spatial rela-
tionship, solvents and environmental factors then serves to modulate and optimize the
physicochemical properties. Several thousand systems of this general type have been pre-
pared and used for investigation of the photoinduced electron transfer (PET) and numerous
reviews have been published in this area'® 3%, Most of the available literature on ET stud-
ies in donor—acceptor compounds focuses on porphyrins. Phthalocyanine building blocks
have been used less often, a result of their low solubility and the lack of appropriate
synthetic methodologies to selectively introduce functional groups or for the synthesis
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FIGURE 3. Schematic view of a biomimetic electron transfer compound

of unsymmetrically substituted derivatives. An overview of the various synthetic and
structural principles to model the components of the photosynthetic apparatus has been
given in the relevant chapter on zinc(I) porphyrins*.

IV. ELECTRON TRANSFER SYSTEMS
A. Introduction

Studies on photoinduced energy and electron transfer in supramolecular assemblies have
witnessed a rapid growth in the past decade. These studies were focused on the mechanis-
tic details of light-induced chemical processes. One of these aims of photoinduced electron
transfer studies in molecular systems is to produce a long-lived charge-separated state to
mimic photosynthesis. Recently, the development of novel photochemically active systems
has focused on polychromophoric, dendritic, supramolecular systems and novel materials.
Researchers attempt to generate systems with ultrafast charge transfer and charge recom-
bination applicable as light-induced switches or with a long-lived charge-separated state
for solar energy generation’’. These studies have yielded an expanding body of infor-
mation on porphyrin/phthalocyanine dyads, their design and energy, exciton and charge
transfer properties. Incorporation of these systems into larger architectures now offers the
possibility for applications in molecular photonics, electronics, solar energy conversion
and quantum optics.

The simplest covalently linked systems consist of porphyrin linked to electron acceptor
or donor moiety with appropriate redox properties as outlined in Figure 1. Most of these
studies have employed free base, zinc and magnesium tetrapyrroles because the first
excited singlet state is relatively long-lived (typically 1-10 ns), so that electron transfer
can compete with other decay pathways. Additionally, these pigments have relatively
high fluorescence quantum yields. These tetrapyrroles are typically linked to electron
acceptors such as quinones, perylenes®®~*0, fullerenes*"*?, acetylenic fragments (14, 15)
and aromatic spacers**~4° and other tetrapyrroles (e.g. boxes and arrays).

The basic photochemistry of magnesium tetrapyrroles is similar to other tetrapyrroles.
Magnesium porphyrins*’~#° and phthalocyanines’*~>* may form cation radicals and ions
via the triplet state upon illumination. For (phthalocyaninato)magnesium both photo-
chemical oxidations and reductions have been shown. In the presence of carbon tetra-
bromide as an irreversible electron acceptor the mechanism proceeds via the radical
cation>*. The suggested mechanism for the photochemical oxidation is through the lowest
lying triplet state of the phthalocyanine and is thought to be similar to that of por-
phyrins such as (2,3,7,8,12,13,17,18-octaethylporphyrinato)magnesium and (5,10,15,20-
tetraphenylporphyrinato)magnesium.

B. Donor-Acceptor Electron Transfer Compounds

Biomimetic systems comprised of porphyrins and quinones have been studied exten-
sively with regard to their electron transfer and charge transfer properties. Porphyrin—
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(14)

(15)

quinone (PQ) model systems, in which the quinone is fused directly to the porphyrin
periphery, therefore have a special relevance for the fundamental understanding of rapid
biological electron transfer reactions. Although the importance of these compounds as
structurally simple models with large electronic donor—acceptor coupling has long been
recognized, only few examples of magnesium-containing systems have been reported so
far.
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Many spectroscopic methods have been employed for the investigation of such
systems>> . For example, wide-band, time-resolved, pulsed photoacoustic spectroscopy
was employed to study the electron transfer reaction between a triplet magnesium por-
phyrin and various quinones in polar and nonpolar solvents®. Likewise, ultrafast
time-resolved anisotropy experiments with [5-(1,4-benzoquinonyl)-10,15,20-triphenylpor-
phyrinatolmagnesium 16 showed that the photoinduced electron transfer process involving
the locally-excited MgP*Q state is solvent-independent, while the thermal charge recom-
bination reaction is solvent-dependent®®->7. Recently, several examples of quinone—phtha-
locyanine systems have also been reported®®:>°.

Ph

(16)

Viologen (4,4'-bipyridyl) derivatives are attractive electron-accepting units for tetrapyr-
role-containing dyads and more complex donor—acceptor systems as they can be easily
reduced, conveniently linked to other molecules via N-alkylation of precursors, and can
be used to vary the solubility in polar solvents by virtue of their charged nature. Based
on the fact that the viologen radical monocation absorbs in the visible region, they can
be used as convenient charge-separation indicators. As a result, a number of magne-
sium porphyrin®® ®!/phthalocyanine®®~%*—viologen systems have been studied. Typically,
excitation of a porphyrin—viologen dyad 17 leads to the porphyrin first excited singlet
state, which can than induce photoelectron transfer to the viologen or undergo intersystem
crossing to yield the porphyrin triplet state. As viologen is easily reduced, the porphyrin
triplet state may also act as an electron donor in these systems.

A different strategy involves using a transition metal center linked to an organic chro-
mophore. This greatly expands the number of electron/energy transfer reactions that can
take place within the assembly compared to pure organic or inorganic-organometallic sys-
tems. Covalently linking metal complexes to porphyrins yields a cornucopia of candidates
for photosynthesis-related studies. Again, only a few examples of photoinduced processes
based on magnesium phthalocyanine® and porphyrins®®©7 have been reported so far (e.g.
18, 19).

For example, in 1963 the photochemistry of magnesium phthalocyanine with coordi-
nated uranium cations was studied in pyridine and ethanol and indicated the occurrence
of PET to the uranium complex®. A rapid photoinduced electron transfer (2—20 ps) fol-
lowed by an ultrafast charge recombination was shown for various zinc and magnesium
porphyrins linked to a platinum terpyridine acetylide complex®. The results indicated
the electronic interactions between the porphyrin subunit and the platinum complex, and
underscored the potential of the linking para-phenylene bisacetylene bridge to mediate a
rapid electron transfer over a long donor—acceptor distance.
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R = H, OC7H15, PO3Et2

(18)

Complexes of rhenium(bipyridine)(tricarbonyl)(picoline) units linked covalently to
magnesium tetraphenylporphyrins via an amide bond between the bipyridine and one
phenyl substituent of the porphyrin 19 exhibited no signs of electronic interaction between
the Re(CO);(bpy) units and the metalloporphyrin units in their ground states. However,
emission spectroscopy revealed a solvent-dependent quenching of porphyrin emission
upon irradiation into the long-wavelength absorption bands localized on the porphyrin.
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19)

The presence of the charge-separated state involving electron transfer from Mg(II)TPP to
Re(bpy) was shown by time-resolved IR spectroscopy®’.

The system is reversible in the absence of an added electron donor but undergoes
irreversible reaction at the reduced rhenium bipyridine center in the presence of added
triethylamine. The observation of reaction at the rhenium site upon excitation in the
absorption band of the metalloporphyrin site is compatible with an ultrafast back electron
transfer, provided that the triethylamine coordinated to the magnesium prior to absorption
and that the electron transfer from the metalloporphyrin to the bipyridine was followed
rapidly by irreversible electron transfer from the triethylamine to the metalloporphyrin.
The experiments graphically demonstrated the benefits of the incorporation of carbonyl
ligands at the electron acceptor as they allowed a tracking of the sequence of charge
separation and back electron transfer via time-resolved IR data®’.

Fullerenes are currently enjoying considerable attention as acceptor groups in ET
compounds®® . Fullerenes can accept up to six electrons, exhibit small reorganization

(20)
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energies while photoinduced charge separation is accelerated and charge recombination
is slowed. Thus, relatively long-lived charge-separated states are obtained without a spe-
cial environment such as an apoprotein’. A recently described system consisting of a
ferrocene, two porphyrins and one Cgp unit exhibited a lifetime of 1.6 s (!), comparable
to bacterial photosynthetic reaction centers. The quantum yields for charge separation in
complex biomimetic systems can reach unity. Recent advances in their synthetic method-
ologies allow one to functionalize fullerenes and link them to other pigments.

Several self-assembled donor—acceptor systems containing fullerenes as three-
dimensional electron acceptors and porphyrins as electron donors have been described.
Noncovalently and covalently linked Mg porphyrin—fullerene dyads have been synthe-
sized and investigated spectroscopically*!:42. For example, a covalently linked magnesium
porphyrin—fullerene (MgP—Cg) dyad with a flexible ethylene dioxide bridge*' was com-
pared to a self-assembled noncovalently linked dyad (MgPeeeCgplm, 20). In the latter,
axial coordination of an imidazole (Im) functionalized fullerene*? to the magnesium por-
phyrin was used for bonding. Significant increases in the lifetime of the charge-separated
states were observed upon coordinating nitrogenous axial ligands to the latter.

Perylene-linked systems represent another class of useful compounds for PET studies.
Classic cases are 21 and 22. They represent a family of closely related bichromophoric
systems with properties designed to utilize PET strategies>®4°.

C. Heteroligand Systems

Photoinduced ET between metalloporphyrins and free bases in dimeric, trimeric and
oligomeric porphyrin systems has been studied extensively. Depending on the choice of
the donor and acceptor unit, electron transfer from either the singlet or triplet states can
be observed. Electron transfer studies in systems based on heterodimers with covalent
or electrostatic bonds is of particular interest as it relates directly to the special pair
of the reaction center chlorophylls. For systems such as the magnesium—free-base por-
phyrin, heterodimer 23 EPR spectroscopy has been shown to be an essential analytical
tool that provides information not available from optical studies. It provides details on
the magnetic interactions and spin dynamics of states with different multiplicities, such
as doublets, triplets and charge-transfer states. The communication between these states
strongly depends on the temperature and the solvent, and the EPR results established the
existence of the radical species deduced in ps optical experiments and the corresponding
theoretical calculations” =73,

Using series of conformationally restricted magnesium—free-base hybrid arrays bridged
linearly via aryl-spacers to form di- (24) or trimeric porphyrins, the intramolecular
electron-transfer reactions from the singlet excited state of the distal doubly strapped
free-base porphyrin to the pyromellitimide acceptor (PIm) was studied by time-resolved ps
fluorescence and transient absorption spectroscopy’*~7°. The electron transfer was more
effective in magnesium—porphyrin bridged models than in the related zinc—porphyrin
bridged ones, indicating that the past reliance on the use of zinc-based biomimetic models
is not always sufficient. Remarkably, the electron transfer over two porphyrins proceeded
with rates almost similar to those for the ET over one porphyrin regardless of the bridging
metalloporphyrin.

A simple method has been developed to construct a variety of molecular architectures
containing free base—magnesium or magnesium—metalloporphyrin systems consisting
of two to nine porphyrin units. Compound 25 is a typical example for such a com-
pound that are important for studying the electronic communication in multichromophoric
systems.*>:46
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An example for a study involving dimeric systems linked through noncovalent
bonds used (5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrinato)zinc(Il) and (5,10,15,20-
tetrakis(4-N,N,N-trimethylanilinium)porphyrinato)magnesium(II) with complementary
charge and results in dimerization in solution. Continuous-wave time-resolved EPR
spectroscopy demonstrated that intramolecular electron and/or energy transfer in
electrostatically bound metalloporphyrin dimers can be controlled via simple metal and
substituent effects. Although the metal constituents are identical in these two dimers, it
was the peripheral charged substituents that governed the fate of the electron transfer,
whereas the energy transfer is controlled via the metal substituents’”>78,

V. PHOTOCHEMICAL REACTIONS
A. Porphyrins

As lipophilic pigments where the (b)chls are embedded in natural systems in apopro-
teins, photosynthesis in general is a transmembrane process. Thus, PET reactions in
lipid membranes have been investigated extensively. Many reports have been published
on photoinitiated (where the photoinitiated species acts as a catalysts to mediate ther-
modynamically favored reactions) and photodriven (where some of the light energy is
converted into the products) processes’”. A typical example are Mg(II)OEP-sensitized
electron transfer reactions across lipid bilayer membranes®®. The reaction mechanism
involved a reduction of photoexcited Mg(I[)OEP at the reducing (ascorbate) side of the
bilayer with the charge carrier most likely being a neutral protonated Mg(II)OEP anion.
Thus, the magnesium porphyrin participated as a sensitizer and a transmembrane redox
mediator.

More detailed data are available on Mg-substituted horseradish peroxidases. This sys-
tem can form stable porphyrin m-cation radicals in the presence of oxidants®'%? and
photooxidation and reduction occur through direct reaction of the excited-state porphyrins
with oxidants and reductants, respectively. In general, porphyrins appear to be photoox-
idized both via electron transfer and 'O, mechanisms. Thus, photoirradiation of the
Mg-substituted horseradish peroxidase under aerobic conditions results in two simulta-
neously occurring reactions. A porphyrin m-cation radical is generated through electron
transfer from excited porphyrin to O, and a so-called 448-nm compound via a singlet
oxygen mechanism. A species with an absorption band at 448 nm was first formed upon
irradiation and was then converted in the dark to a final product with a band at 489 nm
(Figure 4). The conversion of the 448 nm compound to the 489 nm compound seems

hv

MgP*

(MgP+102) — 448 compound

|

489 compound

FIGURE 4. Scheme for the photooxidation of porphyrin (P) by Mg horseradish peroxidase
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to be an isomerization reaction which requires a high activation energy, probably due
to structural restrictions in the heme crevice. Noteworthy is that the 448 and 489 nm
compounds both form the same chlorine-type hydroporphyrin with an intense band at
712 nm upon the addition of ascorbate.

B. Photoinduced Ring-opening Reactions

The formation of long-lived excited states of chlorophyll and its function as energy-
storage and catalytic material in photosensitization reactions has been postulated for some
time on the basis of indirect evidence. For example, in the 1930s Rabinowitch and Weiss
performed spectrophotoelectrochemical studies on the reversible oxidation and reduction
of ch13384, An ethylchlorophyllide solution was reversibly oxidized by FeCls to a yellow,
unstable intermediate from which the green solution was regenerated by reduction with
FeCl,. The oxidation was greatly favored by illumination and the equilibrium was shifted
by light towards the yellow form. The nature of the reversible reaction with Fe** was
considered to be an oxidation in which Fe’* was reduced to Fe?* and chlorophyll was
oxidized to a chl cation or a dehydrochlorophyll species.

About a decade later Calvin and coworkers® 87 reported that the photochemical reac-
tions of simple chlorins in the presence of either oxygen or various ortho/para quinones
led to the corresponding porphyrins and unidentified products. Based on kinetic experi-
ments, they proposed a mechanism for the photochemical oxidation of 5,10,15,20-
tetraphenylchlorin (H,TPC) and B-naphthoquinone involving the triplet state of the chlo-
rin molecule as an intermediate®. The production of ions P+ and P— from the first
excited triplet state (T) of Mg(II)OEP (P) predominantly involves triplet—triplet annihi-
lation. Evidence was obtained indicating that the reaction of T with ground-state P is not
a significant source of ions. On the other hand, the two triplets initially can combine to
form an excited charge-transfer complex. The relationship between the multiplicity of this
charge-transfer complex and triplet quenching, delayed fluorescence and ion formation is
illustrated in Figure 5. Less extensive experiments were carried out with Mg(II)TPC due
to its instability. However, the data obtained confirmed the existence of a phosphores-
cence state®. The photooxidation rates for the magnesium chlorins were significantly
lower (almost 8 times) than for the corresponding zinc complexes.

The magnesium and zinc complexes of TPC can be photooxidized using quinones as
hydrogen acceptors. More detailed studies showed that the reaction between quinones
and Zn(INTPC resulted in the formation of Zn(II)TPP®. Subsequent work showed that
Mg(I)TPC and Zn(II)TPC can be photooxidized by molecular oxygen and o/ p-quinones.
Oxygen is reduced to hydrogen peroxide with a concomitant reduction of quinones to
hydroquinones. However, oxygen differs from quinones, as the primary formation of
oxidation to porphyrins here is followed by secondary reactions®”. This second reaction
involves H,O; that can react either directly or as an initiator of Haber—Weiss processes
and resulted in the formation of unidentified products®’ similar to those obtained by
‘bleaching’ of chlorophyll in the presence of oxygen3® 8+,

Subsequent work in this area clarified some aspects of the photooxidation of magnesium
porphyrins. Barrett found no alteration in the spectral and chromatographic properties of
nonfluorescent protoporphyrin complexes of Fe, Ni, Co, Cu and Ag upon irradiation®®,
However, irradiation of (protoporphyrinato dimethyl ester)magnesium(II) 26 in various
organic solvents resulted in rapid photooxygenation to green-brown products that did not
contain magnesium. Moreover, spectroscopic data indicated an interruption of the aromatic
ring system, showed no fluorescence and the appearance of a strong band at 1680 cm™!
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FIGURE 5. Diagram of the triplet decay mechanism

(CCly) in the IR spectrum of the newly formed compound. This green pigment was
very photolabile and quickly decomposed to yield 15,16-hydrobiliverdin 27. Magnesium
porphyrins without vinyl side-chains were photooxidized to similar green compounds with
the band at 1680 cm™!, confirming no oxidation of the vinyl group. The UV/vis spectra of
these green products were similar to those of the phlorins obtained by photoreduction of
uro-, copro- and hematoporphyrins®. Thus, photooxidation of magnesium protoporphyrins
resulted in the formation of 15,16-hydrobiliverdins upon ring cleavage. This is in contrast
to the enzymatic breakdown of heme which proceeds through biochemical transformations
via biliverdin 28 towards the phycobilins®0~2,

The reaction of porphyrin ligands with molecular oxygen is related to catabolic pro-
cesses of naturally occurring porphyrins and drugs and is of great importance. Various
metalloporphyrins, particularly the chlorophylls present in photosynthetic organisms, can
be rapidly destroyed by light and oxygen. In fact, without the presence of photoprotective
pigments such as carotenes, no natural chlorophyll-based photosynthetic system would
be stable. First studies on the photooxygenation of Mg(I)OEP (29),3-%, Mg(Il)TPP%% %7
and Mg(II)protoporphyrin® and Mg(II)(tetrabenzoporphyrin)®®°® were reported in the
1970s and 1980s. For example, when Mg(II)OEP was exposed to visible light in the
presence of air in benzene solution, spectroscopic examinations showed that the por-
phyrin was quantitatively converted into a chromophore with an intense absorption band
above 800 nm®:93:%4, This reaction proceeded uniformly and no intermediates with life-
times of more than 10 s occurred. The primary product was an open-chain magnesium
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X
(?Hz)z (?Hz)z (?Hz)z (?Hz)z
CO,CH;  CO,CH; CO,CH;  CO,CH;

(26) (27)

(28)

formylbiliverdin complex 30 that can be easily demetallated to the formylbiliverdin
(Scheme 1).

A similar photooxidation pathway was found for Mg(I)TPP. It reacted readily with
molecular oxygen to give the corresponding 15,16-dihydrobiliverdin, similar to the one
shown for Mg(IT)OEP in Scheme 1. Further studies have proposed that the photooxygena-
tion of metallo-meso-tetrasubstituted porphyrins proceeds via a one-molecule mechanism
involving only one oxygen molecule. Most likely, the first intermediates formed upon
photooxygenation are short-lived peroxides. Such compounds are very unstable and a
possible dioxetane structure is shown in formula 31.

C. Reactions of Chlorophyll

The most obvious chemical reaction involving chlorophyll is the chlorophyll break-
down in fall and during senescence. This process involves annually more than 10° tons of
chlorophyll and, despite its obvious prominence in the natural beauty of the fall season,
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H O\O

]’H), 02

(29) 31

(30)
SCHEME 1. Photooxygenation of Mg(II)OEP

and its mechanism remained unknown until about 20 years ago'%’. Work by the groups of
Kriutler, Matile and Gossauer showed that the central step is a ring-opening reaction at
the 5—positi0n101’103. This is in contrast to the situation encountered for heme, which is
oxidatively cleaved at the 20-position. As shown in Scheme 2, the crucial steps during chl
degradation are the conversion of chl a into pheophorbide a (5), followed by enzymatic
transformation into the bilinone 32. During this step the macrocycle undergoes oxidative
C5 ring-opening, incorporates two oxygen atoms (the CHO one from O) and is saturated
at the 10-position. This reaction is catalyzed by a monooxygenase and the red compound
32 is further converted to the still fluorescing compound 33 and finally into the nonflu-
orescing derivative 34, along with some changes in the side chains directed to increase
the hydrophilicity of the breakdown products. Chl b 6 is first converted into chl a 4 and
then subjected to the same reactions. Note that this is an enzymatic process, not a simple
photochemical reaction, and should not be confused with the photooxidative ring-opening
reactions.

A second reaction involves the chlorin-to-porphyrin conversion. Any chlorin which
has hydrogen atoms at the sp3-hybridized centers of the reduced ring can be oxidized
to the respective porphyrin. Oxidation may be achieved by various oxidants including
oxygen!®. Likewise, reductions to hydroporphyrins and other reactions of the macro-
cycle are possible. However, most of these are of interest only for the specialist. Under
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monooxygenase
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M602C
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(34
SCHEME 2. Chlorophyll breakdown during senescence

appropriate conditions photochemical reductions, notably the Krasnovskii reduction to 35,
can occur!'®,

Like porphyrins, chls undergo photooxygenation!'%-197 Chlorophylls are potent pho-
tosensitizers and will produce singlet oxygen in the presence of air or triplet oxygen'®.
Thus, chls can undergo self-destruction (Figure 6). The chemistry of this photooxygena-
tion is very involved and differs somewhat for individual types of (b)chls!03 10,108,109
While being partially responsible for the low stability of chls in solution''®, and for
unwanted side reactions in food stuff'!!, the same reaction also offers potential for future
applications. Chl and derivatives thereof may be used as photosensitizers to affect desired
chemical transformations and they have been utilized for applications in photodynamic

therapy (PDT)''2.
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SCHEME 3. Formation of the Krasnovski photoproduct of chl

toxic if produced
30, in vivo,
and no scavengers are
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% necrosis in PDT
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3chl” chl products

hv

Ichl*
FIGURE 6. Photooxidation reactions of chl

VI. APPLIED PHOTOCHEMISTRY

The low stability of the magnesium porphyrins has precluded most potential applica-
tions. Other metallotetrapyrroles have found industrial uses for oil desulfurization, as
photoconducting agents in photocopiers, deodorants, germicides, optical computer disks,
semiconductor devices, photovoltaic cells, optical and electrochemical sensing, and molec-
ular electronic materials. A few scattered examples of the use of Mg porphyrins in
nonlinear optical studies have appeared'!® %, and magnesium phthalocyanines have been
used in a few studies as semiconductor or photovoltaic materials!'3~!'7. One of the few
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(36)

(37

SCHEME 4. Photochemical interconversion of a magnesium(II) phthalocyanine

true photochemical reactions described for Mg(II) phthalocyanines involved a wavelength-
dependent photocyclization of 36 to 37. Together with the back reaction, the system shown
in Scheme 4 was developed to act as a photochromic readout system.'!3

Like the porphyrins, the phthalocyanines can undergo photooxidation and act as photo-
sensitizers for the production of singlet oxygen''~!22. One of the few chemical synthetic
applications was the acceleration of the autoxidation of cumene and photooxidation of
pinenes!?3.

Despite their low (photo)stability, chlorophylls, or rather their derivatives, have found
some applications, especially in the nutrition industry. In Europe the food additive E140 is
chl, and E141 is chlorophyllin (a semisynthetic sodium/copper derivative of chlorophyll),
and they are used in cakes, beverages, sweets, icecream etc. As color No 125 they find
applications in toothpaste, as a soap pigment and in shampoos. The older literature also
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describes its use in candles'?* and as a lipophilic oil bleaching additive (to neutralize the
yellow color of oils in food stuff or giving them a greener touch)!?.

Nevertheless, this is a somewhat misleading statement as in most cases chl is used in the
form of chlorophyllin and metal complexes thereof. Chlorophyllin is an inhomogeneous
water-soluble material. It is prepared by saponification of the phytyl side chain with NaOH
and exchange of the central magnesium atom against copper (or other metals). The harsh
reaction conditions (and the use of the natural chl a/b mix) results in the formation of
a mixture of chemical compounds. Most prominent constituents are derivatives 3!,32-
didehydrorhodochlorin, pheophorbide salts and the typical allomerization products!'?® 1?7,
Chlorophyllin is a stable pigment with intense light green to dark blue-green color. Related
formulations are sodium zinc chlorophyllin, chlorophyll paste, oil-soluble chlorophyll and
sodium magnesium chlorophyllin.

Besides the traditional use of chlorophyll and its derivatives as pigments, early investi-
gations on the medicinal use of chlorophyllin in the 1940s led to a first boom in chlorophyll
use and initiated more serious investigation of medicinal applications. During those times
it was used in bathroom tissue, diapers, chewing gum, bed sheets, shoe liners, toothpaste'?8
and other daily products, mostly as an antiodorant. Chlorophyll preparations are still avail-
able as over-the-counter (OTC) medicine to reduce fecal odor due to incontinence or to
reduce odor from a colostomy or ileostomy. Other applications involved use in wound
healing, germ killing and the treatment of infections and inflammations (use of bandages,
antiseptic ointments, surgical dressings). Despite these sometime dubious applications
all outside the area of photochemistry, there is growing evidence for a medicinal use
of chlorophylls. Antimutagenic effects, both in vitro and in animal models, have been
proven, notably against aflatoxins. Likewise, there are indications for an anticarcinogenic
role'?®12° For example, an animal study showed inhibition of dioxin absorption and
increased fecal excretion of dioxin'*°. At the very least, these results indicate the need
for further research and offer the promise of some future chl applications'3! 132,

Photodynamic therapy presents the one clearly established medicinal application of
chlorophyll derivatives to date'3* 3%, This method relies on the selective accumulation of a
tetrapyrrole photosensitizer in target tissue where it can be activated with light to produce
toxic singlet oxygen resulting in, e.g., tumor necrosis as outlined in Figure 6. Several
porphyrin-based compounds have been approved for medicinal applications and others
are in Phase-2 trials. Among these tetrapyrroles, chlorophyll derivatives are currently
under active investigation and show great promise!'?. Due to the low stability, most cases
of chlorin-type hydroporphyrins used in clinical studies and applications are free-base
tetrapyrroles. The use of chlorophyll derivatives in technical applications is still in the
early developmental stage. Topics of current interest are both solar energy conversion and
hydrogen production'®>. As in the case of the PET model compounds, most studies in these
cases do use the zinc(I) and not the magnesium(II) derivatives'3% 137, More specialized
works have treated emerging trends and contemporary approaches and a number of reviews
dealt with chlorophyll chemistry and related chromophore systems!38 139,
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I. INTRODUCTION

In the last 37 years a number of chapters and reviews have been published on electrochem-
istry of organoelemental and organometallic compounds! = discussing electrode reactions
of organomagnesium compounds, in particular Grignard reagents, the most important ones
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in organic chemistry among the title compounds. However, so far no separate monograph
has been devoted to that specific topic. Nevertheless, the investigations into electrochem-
ical behavior of Grignard reagents have a rich and long history, going back to 1912 with
the unsuccessful attempt of Jolibois!%!! to isolate the expected gaseous hydrocarbons
during the electrolysis of their ethereal solutions, and the report of Nelson and Evans in
1917 on the conductivity of such solutions'?. Kondyrew verified in 1925 that the loss
of a magnesium anode in the electrolysis of these reagents fulfills Faraday laws and
magnesium is deposited at a cathode'3. Dimeric hydrocarbons as the main products of
electrolysis were found by Gaddum and French in 1927'%. The earliest research on the
conductivity and electrolysis was continued and it helped to explain the nature of Grig-
nard reagents in ethereal solutions'>. A general mechanism of electrode processes in these
solutions was established around 1940 by Evans and coworkers after a couple of years of
investigations!>~23, It was progressively found that the following reactions of alkyl or aryl
radicals formed at electrodes are strongly dependent on the conditions of the electrolysis:
the nature of the radical and the halide as well as on the electrode material. This behavior
opened up a wide area of synthetic applications. It is one of the most characteristic and
fascinating trends in the electrochemistry of organomagnesium compounds: most inves-
tigations were strongly directed to applications in industry and laboratory practice. A
large amount of the results was patented. As a result, large-scale industrial production of
tetraalkyl lead from Grignard reagents by the Nalco process started in 1964 (followed by
the production of adiponitrile by the Monsanto process in the next year). This stimulated
a rapid development of organic electrochemistry as a separate field with wide potential
applications in industry. Although the next decades brought about a significant decrease in
the production of R4Pb because of environmental constraints, yet electroorganic methods
are still thought to be particularly safe and valuable for ‘green chemistry’. In this Chapter
references to important, mostly US, patents are given; however, our attention is focused
only on the reaction mechanisms and products distribution under the given conditions,
which is the essential topic of interest for organic chemists. More details can be found in
original documents easily available (using the given patent number) from websites, e.g.
European Patent Office: ep.espacenet.com.

On the other hand, because of this strong interest in the practical use of organomagne-
sium compounds, as well as the beginnings of electrochemical studies in the early decades
of the 20th century, many details of mechanisms of their heterogeneous reactions were
not investigated later by modern and powerful electroanalytical and spectroscopic tech-
niques. There is still a lack of such data, with the exception perhaps of some very recent
studies which focus their interest on applications in rechargeable magnesium batteries
(Section V.B) and a grafting of a silicon surface by anodic reactions of Grignard reagents
for use in electronics (Section IV.B.4). It may also be interesting to note that these last
investigations are strictly related to the ‘modern face’ of electrochemistry, which increas-
ingly becomes the surface science investigating electrochemical reactions at well-defined
solid surfaces, using different in situ spectroscopic techniques to determine the nature,
structure and reactivity of the adsorbed species and open new directions, like material
science and nanotechnology.

In this Chapter, first of all in Section II, the synthesis of diorganomagnesium com-
pounds is reviewed, including the use of direct electrochemical reactions and combined
methods with electrochemical and homogeneous steps. A brief review on the conductivity
of solutions of organomagnesium compounds indicating a complex nature and dynamic
behavior of ionic species present in solutions is given in Section III. The discussion
of electrochemical behavior of the title compounds is divided into two parts. First, in
Section IV, the anodic oxidation is given involving the reactions of organic radicals
that are probably more interesting for the readers of this book. Then, in Section V the
cathodic reduction is described, accompanied by the deposition of metallic magnesium.
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Such a division should make the discussion clearer for readers, although it should be
remembered that many investigations, in particular the research of Grignard reagents,
were often performed in undivided electrochemical cells, where both kinds of processes
occur at the same time. For anodic processes, consecutively the oxidation of simple
diorganomagnesium compounds (Section IV.A) and Grignard reagents at various kinds
of anodes (Section IV.B) are discussed. The example of the oxidation of other groups in
organomagnesium compounds is mentioned in Section IV.C. For cathodic processes the
general mechanism is presented in Section V.A, but the following reactions of organic
radicals are the same as in anodic processes, discussed earlier. However, the deposition of
metallic magnesium and the reverse process, important in recent years because of applica-
tions in rechargeable batteries, but also giving some interesting explanations of the nature
of electroactive organomagnesium species, are discussed in Section V.B.

The use of sacrificial magnesium anodes in the electrochemical preparation of a num-
ber of organic compounds with high selectivity has been popular for decades. In most of
the reported mechanisms magnesium cations produced from an anode form salts or com-
plexes with organic anions. However, in a few cases the organomagnesium compounds
are formed as intermediates and these processes are discussed in Section VI. Finally, the
concluding remarks in Section VII focus on the use of some electrochemical data in order
to elucidate the nature of Grignard reagents in solutions and to explain the most probable
mechanism of homogeneous Grignard reactions.

In this Chapter the following common abbreviations are used, beside those used in
this book: n., the number of electrons in a given reaction; CV, cycling voltamme-
try; OCP, open circuit potential; rds, rate-determining step; EDAX, elemental analysis
by dispersive X-rays; SEM, scanning electron microscopy; STM, scanning tunneling
microscopy; ATR, attenuated total reflection; XPS, X-ray photoelectron spectroscopys;
EQCM, electrochemical quartz crystal microbalance; ECL, electrochemiluminescence;
ACN, acetonitrile; TBAP, tetrabutylammonium perchlorate; TBAPFg, tetrabutylammo-
nium hexafluorophosphate; TBABF,, tetrabutylammonium tetrafluoroborate; GC, glassy
carbon; and M, mole dm~>.

The quoted potentials are rarely expressed versus standard hydrogen electrode (SHE)
but mainly versus an aqueous saturated calomel electrode (SCE) or versus Ag/Ag™ couple
in ACN or in a solvent used in particular experiments. However, in some cases the
Mg/Mg®* couple in THF or other solvents is used as the reference electrode.

Il. ELECTROCHEMICAL SYNTHESIS OF ORGANOMAGNESIUM
COMPOUNDS

In general, it is possible to obtain diorganomagnesium compounds R,Mg (1) by the anodic
oxidation of organoelemental complexes, such as Na[ZnR3], Na[AlR4] or Na[BR4], using
the sacrificial magnesium anode. For example, Et;Mg (1b) can be obtained with 73%
yield in the electrolysis at 150°C of melted Na[BEt;] using a Mg anode and a Hg
cathode?*; the second product Et;B can be used to regenerate the electrolyte. The use of
alkylaluminates (2) for this purpose was reviewed by Lehmkuhl?>. R,Mg+2AIR; formed
at the magnesium anode and liquid alkali metal or its amalgam, depending on the metal
of the cathode, are the products of electrolysis. In particular, from the electrolysis of a
1:1 mixture of Na[AlEts] (2b) and K[AIEts] using a mercury cathode it is possible to
obtain Mg[AlEt4],, which formally corresponds to Et;Mge2Et; Al. In the method patented
by Ziegler and Lehmkuhl® the electrolysis was performed in an inert gas atmosphere
(e.g. nitrogen or argon) using melted NaFe2Et3Al (m.p. 35°C) as an electrolyte and the
final product 1b could be continuously extracted by Et;Al (3b) with which it forms
Et;Mge2Et; Al. Volatile 3 is easily removed by heating at about 120°C in vacuum and
1b remains in the solid state. The anodic and cathodic spaces should be separated by
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a diaphragm, because otherwise magnesium is deposited at the iron cathode, instead of
aluminium, which can be converted to 3b and reused. Kobetz and Pinkerton patented
a method? based on the electrolysis according to reaction 1 using a steel cathode and
a magnesium anode in melted electrolytes, containing a mixture of two alkylaluminates
(2) with methyl groups in at least one of them. The addition of a second component,
with other alkyl or phenyl groups, results in lowering of the melting point and increasing
the electrical conductivity of the mixture in comparison with the values characteristic
of each component alone. However, then the product is the mixture of molecules of
1 with different R’s, as is shown in Table 1 for the first entry. The yield of the main
product is increased by the proper ratio of both components of the electrolyte and some
results reported®® are shown in Table 1. The original electrolysis product R,Mge2R3Al
is floating on the electrolyte adjacent to the anode and the vacuum distillation of 3 (at
300 mm Hg) releases crystalline 1. The distillation can be performed continuously during
vacuum electrolysis or the electrolysis is carried out in the atmosphere of an inert gas,
to avoid any contact with oxygen and moisture (3 is flammable on air). Compound 3 is
next used to regenerate the electrolyte in the reaction with M[BRy].

Mg anode
2 M[AIR4] 2M + 2R3A1 + R,Mg
(2) 3) €]
(1
2 ab ¢ de f g h land3a b ¢ d e
M Na Na Na NaK K Li Rb R Me Et n-Pr n-Bu Ph

R Me Et n-Bu Ph Me n-Pr Me Me

The improved electrolytic production of magnesium dialkyls 1 with R containing from
2 to 6 carbon atoms using melted 2 as an electrolyte (with M = Na or a mixture of Na
with up to 80% of K), a copper cathode and a magnesium anode, separated by a diaphragm
in an originally designed apparatus was also patented by Ziegler and Lehmkuhl?’ and the
example of their electrolysis is given in Table 1 in the last entry.

Versatile electrochemical generation of diorganomagnesium compounds 1 correspond-
ing to unusual Grignard reagents, containing electrophilic groups, such as halogen, car-
bonyl and cyano, was proposed by Lund and coworkers?®. Those substituents are reduced
by magnesium and thus such reagents cannot be obtained by the classical reduction of

TABLE 1. Main products (after distillation of 3) and temperatures of the electrolysis of 2
at the Mg anode?®®?’

Electrolyte Temperature (°C) Main product Reference

components mole ratio

2a:2b 1:1 ca 100 1b¢ 26
2a:2b 1:3 ca 100 1b? 26
2e:2f 1:8 150 1c 26
2a:2d 2:3 175 la +1e 26
2h:2a 1:5 140 1a 26
2g:2¢ 1:3 not specified 1d 26
2b — 120 1b¢ 27

“The electrolysis at 7.4 V and 0.25 A cm~2; other products are 1a and MeEtMg.
bEthyl groups in R,Mg-2R; Al approach 90%.
“95% yield; the electrolysis at 5 V.
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Pt cathode Mg anode

KCIO,/DMSO

2K* 2DMSO —2e
/ Mg2+
2K

2 dimsyl™

dimsyl,Mg
@

dimsyl,Mg + 2RH R,Mg + 2DMSO
4 1)
SCHEME 1

organic halide by Mg. The method proposed consists of the electrolysis of potassium
perchlorate in dry and deaerated DMSO in an undivided cell with a platinum cathode
and a sacrificial magnesium anode. The overall processzs, shown in Scheme 1, results in
the formation of strong dimsyl base (i.e. the conjugate base of DMSO) in the reaction of
potassium, formed at the cathode, with the solvent. Simultaneously, magnesium cations
generated at an anode stabilize dimsyl anions through the interaction viewed as ion asso-
ciation (ion-pairs® or rather triple ion formation) in a magnesium salt dimsyl,Mg (4). In
a second nonelectrochemical step, the added weakly acidic substrate, RH, with pK, < 26
(all pK, values cited”® refer to DMSO), is deprotonated by 4, resulting in the formation
of 1.

/ N\_/ Mg
RX + \ / anodic RMgX. 6
—N N oxidation
®) (6) R, R’ = Alk, Ar
X=Cl Br, 1
Mg
XR'’X+26 - R'MgrX,+26
anodic
oxidation
9
Mg, ACN
RX + R’,NX R’4N[RMgX, « ACN
TRa anodic sNIRMgX, ]
oxidation
7

SCHEME 2
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The effective deprotonation of fluorene (pK, = 22.6), 2-bromofluorene (pK, = 20.0),
2,7-dibromofluorene (pK, < 20.0), acetophenone (pK, = 24.7) and phenylacetonitrile
(pK, = 21.9) was shown?®, but not for weaker acids such as 4-benzylpyridine (pK, =
26.7). The usefulness of generated reagents 1 was illustrated®® in reactions of nucleophilic
addition to electrophiles, characteristic of the ordinary Grignard reagents (5, Tables 2 and
3), as will be reviewed in Section VI.

The direct electrochemical synthesis (Scheme 2) of the adducts of organomagnesium
halides with 2,2’-bipyridine (6) and salts of organodihalogenomagnesium(Il) anions (7)
was reported by Hayes and coworkers®. Adducts of different stoichiometry and 7 were
obtained in the electrochemical oxidation of magnesium in ACN solutions containing
organic halides RX (8), «,w-dihalides XR'X (9) and 8 with ammonium salts R}NX,
respectively. All new products showed none of the typical reactions of Grignard reagents.

lll. CONDUCTIVITY OF SOLUTIONS OF ORGANOMAGNESIUM COMPOUNDS

Ethereal solutions of organomagnesium compounds at room temperature show weak elec-
tric conductivity!>16:30-35 " a5 is evident from data collected in Tables 2 and 3. This
behavior indicates the existence of ionic species at relatively low concentrations, c.

The conductivity (or the specific conductance in earlier literature), «, of Grignard
reagents EtMgBr (5b) and PhMgBr (5e) in Et,O solutions of ¢ = 0.5 M (Table 2) lies
between those of MgBr, and the corresponding R,Mg, 1b and 1le, respectively'. Thus,
for some electrochemical measurements, in particular for 1, the addition of a supporting
electrolyte is necessary*~3. For higher concentration of 5 (¢ = 1 M) their conductivity
in Et,O (Table 3) is even higher than for MgBr,. The values of « for § in Et,O solutions
are not strongly dependent on the nature of R and in general they are higher for Et than
for n-Bu, and higher for Bn than for Ph. However, for 5S¢, « is lower than for 5d at
room temperature (Table 3) but it is higher at lower temperatures'®. Conductivities of -
PrMgBr (5h) and i-PrMgBr (5i) are similar for the same concentrations and temperatures>>
(« is only 1.3 times higher for Sh). On the other hand, the molar conductivity, A = «/c,
of 5b and 5e in Et,O decreases with dilution between 2 M and 0.5 M!°, but for 5b it
increases at much higher concentrations®. Similarly, the plot of molar conductivity of

EtMgl (5j) solutions against ¢ shows a maximum!>-3!; it was observed!® at ¢ = 1.5 M

TABLE 2. Conductivity, «, at 20 °C of 0.5 M solutions of organomagnesium compounds and
MgBr; in Et;O

R = Et R =Ph
Compound 10° k (7'm™h) Reference 10° k (7' m™") Reference
R,Mg (1) 1 15 0.9 33
RMgBr (5) 1.6 15 1.2 16
MgBr, 2 15 2 15

TABLE 3. Conductivity, «, of 1.0 M solutions of RMgX (5) and MgBr;, in Et,0 at 20°C!® and in
THF at 22°C%

Compound Sa 5b Sc 5d Se 5f Sg MgBr,
R Me Et n-Bu Bn Ph Et n-Bu —
X Br Br Br Br Br Cl Cl —

Et,0 10° « (7! m™!) — 6.16 5.88 4.74 — — ca 1.9
THF 10% (7! m™1) 30.5 23.7 21.8 — — 40.3 349 —
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and was interpreted as a manifestation of the formation of ion associates higher than
ion pairs. Moreover, the temperature coefficient of x for solutions of 5§ in Et,O is often
negative'® but it depends on ¢ and can change sign, as found for 5b* and 5e!. All
the above observations show that there are complex and dynamic equilibria existing in
various solutions.

The constitution of Grignard reagents in solutions depends first of all on the Schlenk
equilibrium® (equation 2) including molecular association of R,Mg, MgX, and RMgX.
However, the association with solvent molecules is also important. A comprehensive
view*® on the Schlenk equilibrium is shown in Scheme 3. In general, the equilibria under
consideration depend on the solvent, the R group and, to a lesser extent, on the halide, as
well as on the temperature and concentration. Dimers are more favorable in Et,O than THF
(most probably because MgX, is solvated by four THF molecules but only by two Et,O
molecules) and more favorable for Alk, in particular Bu, than for Ar groups. Temperature
effect on the composition of 5 in solutions can be either kinetic or thermodynamic in
nature, and for the latter it should be remembered that the enthalpy changes for the
Schlenk equilibrium in Et,O and in THF have opposite signs*.

X
N
-Mg Mg-R
~_ ¢
X
R X
<N ——= R,Mg + MgX e
2RMgX X -Mg Mg-R 2Mg + MgX, Mg Mg
NS ~,” R
X X
\ 6)
R
X-Mg Mg-X
R
SCHEME 3

The details of the above equilibria are beyond the scope of this Chapter. However, for
further understanding of the electrode processes it is important to recognize the nature of
ions present in solutions. Thus, different ionization reactions (equations 3—6) postulated
on the basis of conductivity measurements and other experimental data are listed below.
Evans and coworkers considered'>%2! that the cations, RMg* and MgX*, formed in
simple ionization reactions 3a—3d, are coordinated with the Et;O molecules and are rel-
atively small, whereas the anions are large in size due to a coordination with 1, 5 and
MgBr;,. These processes can be summarized by a simplified equilibrium (equation 4) for
Grignard reagents 5'>2! and by the equilibrium in equation 5 for 13*34, but the partici-
pation of anions R,MgX~ was also considered'” as well as the equilibrium (equation 6)
for 1e33. Moreover, a nonlinear increase in the logarithm of the equivalent conductivity
of 1e solutions in 1,4-dioxane with log ¢ found by Strohmeier®® (in contrast to linear
dependencies for Ph,Cd and Ph,Zn) supported the opinion that in solutions of le there
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is no domination of a simple equilibrium. However, it should be added here that the
molecules of 1,4-dioxane irreversibly coordinate to MgX,, forming insoluble complexes;
this ability is commonly used in the course of preparation of 1 from solutions of 5.

RMgX == RMg" + X~ (3a)
RMgX «<— MgX*" + R~ (3b)
R,;Mg = RMg" + R~ (3¢c)
MgX, < MgX" + X~ (3d)
2RMgX «— RMgX,~ + RMg* 4)
2R,Mg < R3;Mg~ +RMg" 5)
Ph,Mg + PhMg" <— Ph;Mg,* (6)

On the other hand, a strong effect of the nature of the solvent on the conductivity of 1b
and le was reported33*. It was explained only qualitatively in terms of two phenomena.
One of them, previously suggested by Evans and Pearson'”, are donor—acceptor interac-
tions between solvent molecules acting as donors and organomagnesium cations which
have acceptor properties due to unoccupied orbitals. The other one is an ion association
which increases with the decrease in the solvent electric permittivity, €. Fortunately, nowa-
days Gutmann’s donor number, DN*!, can be used as a quantitative measure of Lewis
basicity for solvent molecules. A reasonable relationship between logx and DN for solu-
tions of 1e is shown in Figure 1. The values of « for 1b solutions were measured™ in
solvents with greater variation of ¢ and thus a correlation (equation 7) with two explana-
tory parameters, DN and 1/e, must be applied. It holds with a correlation coefficient of
r = 0.9853 and the addition of the second parameter is statistically significant with prob-
ability 78.7%; standard deviations are given in parentheses. The plot of the experimental
log « against the calculated value is shown in Figure 2.

logk = 0.11(£0.03)DN — 10(£2)/e — 6(£1) @)

Solvent effects on the conductivity of 5 also play a significant role in electrochemical
applications. For example, the observation of a remarkable increase in the conductiv-
ity of 5f solutions in (n-BuOCH,), caused by the addition of THF was patented*? for

~ PhoMg Et,O @
\E ’7 5
Q
D b
% dioxane
= 10 1
<
s
;8) C6H6 r= 09909
KR

0 10 20

FIGURE 1. Dependence of the log of conductivity of 0.1 M solutions of 1e measured® at 20°C on
the solvent donor number DN. The correlation coefficient is given
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FIGURE 2. Relationship between experimental®* log« for 0.1 M solutions of 1b at 20°C and the
calculated values from equation 7. The theoretical line with unit slope is shown

use in electrolytic preparation of organolead compounds. The above summary of com-
plicated ionization phenomena in Grignard solutions can point to difficulties in detailed
understanding and control of their electrochemical reactions.

IV. ANODIC OXIDATION OF ORGANOMAGNESIUM COMPOUNDS
A. Simple Diorganomagnesium Compounds

The polarographic behavior of simple diorganomagnesium compounds 1 in DME solu-
tions (containing 1 mM of 1 and 0.1 M TBAP) was investigated by Psarras and Dessy>°.
For each compound the irreversible oxidation wave at a mercury electrode correspond-
ing to the diffusion-controlled two-electron process was observed. The same half-wave
potential for all the compounds was equal to E , = —1.2 V vs. 1| mM AgClO4/Ag elec-
trode. However, this value is very uncertain because of pronounced maxima observed on
the waves. Exhaustive controlled-potential oxidation of 1b and 1e confirmed that n, = 2
and indicated two main products. One was the same for all the compounds under study
and was identified as Mg(ClO4), by a comparison of its reduction potential E " with
the potential found for the original compound (E , = —2.30 V vs. Agt/Ag). The sec-
ond product was assumed to be an organomercury compound R,Hg (10) but only 10e,
the oxidation product of diphenylmagnesium (1e), could be identified by the reduction at
the potential of E = —3.34 V vs. Agt/Ag. Reduction of other compounds 10 had to
be beyond the discharge of the supporting electrolyte. However, it was also possible to
identify HgBr; as the product formed in the oxidation reaction of MgBr; (E1, = —0.6 V
vs. Agt/Ag) (equation 8). Then, for the other compounds a similar oxidation reaction
(equation 9) was proposed?®.

—2e
2+ ®)
MgBr, Hg anode Mg +  HeBr
—2e
2+
RoMg Hg anode Mg + RoHg ©
(1b) R =Et (10b) R = Et

(le) R=Ph (10e) R = Ph
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The oxidation of 1 in solutions is much easier at mercury and lead electrodes which
form organometallic compounds®’ than at inert electrodes. For example, the oxidation
of 1b in THF containing 0.25 M TBAP at a lead electrode gives’’ a CV peak at a
scan rate of 0.3 Vs~! with the half-peak potential equal to E,;» = —1.72 V vs. 0.0l M
Agt/Ag, whereas at a platinum electrode the process needs potentials over 1.5 V more
positive. Thus, the formation of a carbon—lead bond during the electrode process was
suggested®’. Steady-state current/potential curves showed, after the first oxidation wave,
a plateau with limiting current 1.0 mA cm~2 in 0.05 M 1b solutions, i.e. much lower than
expected for the diffusion-controlled process. This behavior indicates a slow chemical
processe. Moreover, the Tafel slope, equal to 60 mV~!, corresponds to the reversible
electron transfer, contrary to the behavior found for Grignard reagent Sb. However, the
chemical reactions determining the overall rate of the oxidation of 1b and 5b are probably
the same®’ and they are shown in Scheme 4.

Thus, the oxidation of 1, as well as of §, using sacrificial anodes, yields the correspond-
ing new organometallic compounds. For example, bis(indenyl) manganese was obtained
with a good yield* by the electrolysis at 200 °C of bis(indenyl) magnesium in a saturated
solution of Me,O containing indene. A method of purifying organometallic complexes, in
particular 1b with NaF, by extraction with 11a at 60 °C in order to remove EtMgOEt and
(EtO);Mg contaminants, and further electrolysis of the above complex at 30°C using a
Pb anode and a Cu cathode, was patented** as a convenient procedure for the preparation
of 11a.

PbEt + EtMgX ds . M xds .
t = -
S high potentials SR & at low potentials EpPb+ MgX"™ + e
(1b) X =Et
(5b) X =Br
-ve+vEtMgX
Et,Pb PbEt + Et,Pb
Pb anode
(11a)
SCHEME 4

B. Grignard Reagents

For the electrolysis of Grignard reagents 5, it is well documented in numerous experi-
ments'>~23 that the electroactive species at anodes contains the R group as well as
magnesium. Thus, they can be represented by the anion RMgX,~ formed in equation 4.
In general, its anodic oxidation involves an electron transfer and a bond cleavage with the
formation of free radicals, R® (12), which follow a number of competitive chemical reac-
tions depending on the nature of 12, the solvent and the anode material. For inert anodes,
made most often from platinum, the following reactions of 12, shown in Scheme 5,
can involve a hydrogen atom abstraction from solvent molecules (equation 10a) or an
attack on another molecule of 5, the disproportionation reaction between two radicals
(equation 10b) yielding saturated, RH, and unsaturated, R(—H), hydrocarbons, the forma-
tion of unsaturated hydrocarbon accompanied by hydrogen evolution (equation 10c), or
a coupling of two radicals (equation 10d). Moreover, an addition reaction (equation 10e)
can occur with specially added reactants. On the other hand, metals from active anodes
react with radicals 12, in the reaction shown in equation 10f, called ‘anodic transmetal-
lation’. Examples discussed below show how the main products depend on the nature of
the reactants and reaction conditions.
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+S-H

R—H (10a)

H abstraction
+R°
> R—H +R(-H) (10b)

disproportionation

+R
—e H, evolution

MgX, + R ————
(12)

2R(-H) + H, (10c)

RMgX,~
gA2 R

R—R (10d)

coupling
2y

————— R S 10e
addition \/\Y (109

+M (anode) + nR’
L

R,M (109)

transmetallation

SCHEME 5

1. Oxidation at inert electrodes

Methane (13) and ethane (14) are the main organic products at Pt anodes of the electrol-
ysis at a constant current density of methyl Grignard reagents MeMgX in Et,O solutions
(Table 4)!7. However, the relative yields of these products depend strongly on the con-
centration as is shown in Figure 3 for 5a. At a lower concentration 13 is mainly produced
but also ethene (15), i-butene (16) and traces of n-butene (17) and n-propene (18). On the
other hand, the yield of 14 increases with increase in the concentration of 5a and finally
14 becomes the only product at ¢ = 3 M. Thus, it is evident that the coupling reaction
(equation 10d) dominates at higher concentrations. In that case the electrochemical yield
of the electrolysis, given as moles of 14 per 1 Faraday, is equal to 43.8% (Table 4),
close to the theoretical value of 50%. The formation of 13 at lower concentrations was
explained'® by the H atom abstraction from Et,0 molecules in equation 10a. The above
reaction can also explain the formation of 15, ethanol (19) and i-propanol (20), which
were determined experimentally in small amounts, because on the basis of a pyrolysis of
ethers, the formation of EtOMgX and Me,CHOMgX were predicted'®. The decomposi-
tion of ether was also supported by the formation of CO, (cf. Table 4). Moreover, Evans
and Field found!® that the fraction, ®, of methyl radicals Me® (12a), which couple to
form 14 (equation 11),

@ = [2nethane/ (2Methane + Mmethane)1100% (1D

is independent of the concentration of S but increases with increase in the current den-
sity during the electrolysis, as is shown in Figure 4 for MeMgl (5k). The relationships
shown in Figure 4 can be explained taking into account that an increase in current density
results'® in an increase in the concentration of 12a radicals at the electrode; hence their
coupling (equation 10d) to 14 is more favored than the reaction with solvent molecules
(equation 10a). The relationships shown in Figure 3 can be explained by a similar reason-
ing. Electrochemical efficiency, calculated as the number of methyl groups per Faraday,
decreases in the order Cl > Br > I and also decreases linearly with increasing concen-
tration (the formation of MeX at an anode followed by a regeneration of 5 at a cathode
was suggested'® to explain the last observation). A decrease in electrochemical efficiency
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TABLE 4. Distribution of anodic products after the electrolysis of MeMgX solutions in Et,O and
n-Bu,O on bright Pt electrodes®

5 X CcM I(Adm?)F Yield of gaseous products (%) Yo (%)¢  Reference
Et,O 13 14 15 16
5a‘ Br 1.09 1 79.3 0 35 17.2 56.6 17
2.08 2 23.1 69.2 2.3 54 48.5 17
2.83 2 0 100 0 0 43.8 17
5k I 2.10 2 643 132 5.9 16.7 35.8 17
4.11 2 56.6 27.8 6.9 8.5 46.3 17
13 14 15 CO,
5k/ I 0.91 0.02 78.8 19.5 1.7 0 52 19
0.91 0.545 30.7 68.2 0.5 0.6 43 19
0.91 1.13 17.8 81.0 0.3 0.9 40 19
0.91 2.62 149 842 03 0.6 38 19
n-Bu,O 13 14 21 22
Skl_"*” I 0.95 0.2 754 232 0.45 0.95 343 20
5k’ I 0.95 0.04 88.5 5.8 1.9 38 343 20
5K 1 0.95 1.60/ 59.3 23.1 5.8 11.5 34.3 20

“In each case MgXj is also formed at the anode.

bInitial concentration of 5.

“Current density during electrolysis.

4Electrochemical efficiency equal to the number of moles of gaseous products per Faraday.
“Traces of 17 and 18 were also found.

FElectrolysis in refluxing solutions. 19 and traces of 20 were found but no 16 and H,.
8Electrolysis at 90 °C. No 15 and CO, were found.

" Average yield from two measurements.

"Electrolysis at 143 °C. No 15 was found.

70.3% of CO, was found.

100
75 1
S
5 50
2
b
25 1
0

c

FIGURE 3. Dependence of product yields for the anodic oxidation of MeMgBr (5a) in Et,O solu-
tions on its concentration'”. Constant current density 1 or 2 A dm™>

at the same current density after increasing the effective anode area by the platinization
was found?’, in agreement with the proposed explanation by the regeneration of 5.

The reaction of radicals 12a with solvent molecules was supported by the electrolysis
of 5k performed in n-Bu,O solutions. This process produced mainly?® 13 and 14, but also
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FIGURE 4. Effect of the current density on the fraction of Me® radicals coupled to ethane, ®, for
5k in refluxing Et;O' and in n-Buy,0%° at 143 °C. Adapted with permission from Reference 20.
Copyright 1936 American Chemical Society

butane (21) and butene-1 (22), whereas 15 was absent (cf. Table 4). It is evident from the
data collected in Table 4 and Figure 4 that the hydrogen atom abstraction from n-Bu,O
molecules in reaction 10a is more favored than a similar reaction with Et,O; moreover,
a higher temperature favors reaction 10a as well. Small amounts of 1-butanol (23) and
2-pentanol (24) were also determined®” after hydrolysis under nitrogen atmosphere of the
solution remaining when the electrolysis was completed. The formation of all the products
found was explained?® by the reactions shown in Scheme 6; however, Evans and Field
were not sure if the mechanism was radical or ionic. Gaseous products were also found*
for the electrolysis of MeMgX solutions in pyridine.

Meé + n-BuOCH,CH,Et

(12a)
CH, + n-BuOCHPr-n 13 + n-BuOCH,CHEt
13)
C4Hyo
. Bu @n .
n-PrCHO + Bu n-BuO + CH,=CHEt
CH
» 4118 (22)
l 5k (22) l 5k
n-PrCH(Me)OMgl n-BuOMgl + 12a
l H,0 l HO
n-PrCH(OH)Me BuOH
24) (23)

SCHEME 6
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For higher alkyl radicals formed in the anodic oxidation of AlkMgX in Et,O solutions,
the participation of competitive reactions given in Scheme 5 is different and thus the
products distribution is also different'7-2!-?? than that found for MeMgX (cf. Tables 4 and
5). The corresponding alkane and alkene formed in an approximately equivalent amount
are the main gaseous products, e.g. 14 and 15, propane (25) and propene (26), 21 and 22
for Alk = Et, Pr and n-Bu, respectively. However, a small amount of hydrogen was also
determined. The products distribution is independent of the concentration and current den-
sity. The above results indicate that the main route of the decay of Et* (12b), n-Pr® (12c¢)
and i-Pr® (12d) radicals is the disproportionation in equation 10b but a secondary com-
petitive reaction (equation 10c) also occurs. The high electrochemical efficiency for the
above alkyls (>86%) supports the conclusion that reactions other than that in equation 10b
take place to only a very small extent. The efficiency increases in the order of X of I <
Br < CI. The formation of small amounts of CO, and alcohols [19 and 20 for 12d and
19, n-PrOH (27) and s-PenOH (28) for 12¢] was explained by reactions of alkyl radicals
with Et;O, similar to those proposed for 12a in Scheme 6.

For higher alkyls the competition between disproportionation (equation 10b) and cou-
pling (equation 10d) reactions is of particular interest. First of all, a tendency toward
radical coupling increases for straight-chain radicals with their length, and for radicals
with four or more carbon atoms the coupling approaches 100%. For example, for radicals
12b the dimer 21 was not detected but its formation was suggested!” on the basis of a
determined number of carbon atoms in product molecules, equal to 2.15, i.e. higher than
for pure 14. 12¢ has a 50% tendency to couple forming n-hexane (29)?!. On the other
hand, for n-Hex® (12e), n-Bu® (12f) (in experiments with a higher distance between the
electrodes) and s-Bu® (12g) only the products of coupling were detected, although their
isolation, in particular for the last radical, was poor. Second, the tendency toward coupling

TABLE 5. Products distribution after the anodic oxidation on Pt electrodes of solutions of AlkMgX
(5) in E,0¢

5 Alk X Yield of gaseous products (%)" Yo (%)° Reference
14 15 H,
5j Et I 51.8 47.3 0.97 88.1 17
5b Et Br 48.7 50.3 1.1 89.8 17
5f Et Cl 50.9 48.0 1.1 95.1 17
25 26 15 H,
5h n-Pr Br 50.5 48.5 — 1.0 96.3 17
5h n-Pr Br 46.8 46.7 1.4 1.5¢ ~91¢ 21
5i i-Pr Br 44.4 50.7 0.8 1.9/ >908 21
21 22 H,
5ch n-Bu Br 52.3 41.7 0.3-2.5 ~65¢ 22

“@Current density in the range 0.4—-2 A dm~2. In each case MgX is also formed at the anode.

b Average values from two to seven measurements.

“Electrochemical efficiency (moles of gaseous products per Faraday).

4Other gaseous products: CO, 0.6% and O, 1.5% (probably formed at cathode).

“Liquid products: 19, 27, 28 and 29.

fOther gaseous products: CO, 0.3% and O, 1.4% (probably formed at cathode).

8Liquid products: 19 and 20.

" Gas was liberated only when the electrodes were nearly closed; other gaseous products: unsaturated hydrocarbons
1.2-2.1%, CO, 0.8-2.0% and O, 1.5-2.0%.

726 is the main liquid product.
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is reduced for branched-chain compounds. Finally, Evans and coworkers suggested®” that
the tendency to couple increases as the Et* radical (12b) becomes substituted with methyl
groups, i.e. in the order of: Et < i-Pr < 7-Bu < n-Pr < s-Bu < i-Bu. Similar trends were
found later by Martinot*® for the electrolysis under similar conditions and the results of
both reports are given in Table 6. Radical dimerization in the electrolysis of 5 with various
R’s in Et;O solutions at a Pt anode and a Hg cathode was also investigated by Morgat
and Pallaud*”-*8. However, the yields of dimers were low, in the range of 35-60% even
for long-chain radicals, e.g. for R = CigHs7 it was 54%; a list of results was also reported
in the review?.

The behavior of BnMgBr (5d) is similar to that observed for compounds with higher
alkyl groups, i.e. only the coupling product was detected®® and the earlier report on the
additional formation of benzyl alcohol'# was not confirmed?3. On the other hand, reactions
of Ar® radicals formed in the anodic oxidation of aryl Grignard reagents are different from
those established for Alk®, as is evident from the percent distribution of parent radicals
in major products given in Table 7.

Reactions of Ph* radicals (12h) formed at anodes yield?* styrene (30), biphenyl (31), p-
terphenyl (32), insoluble hydrocarbon of high molecular weight and, in smaller amounts,
benzene (33) as well as ethanol (19). 30 was the main product for substituted reagents 5q
and Sr but for unsubstituted Se only if the current efficiency, Y, was low. For higher Y,
values 31 became the chief organic product. However, in contrast to aliphatic Grignard
reagents, except methyl, the current efficiency was always much below 100%. In order
to explain the above results the possibility of another route of anodic oxidation, different

TABLE 6. Percent participation of alkyl radicals which couple in the oxidation of AlkMgBr in
Et,O solutions at Pt anodes

AlkMgBr 5b 5h Sc 51 Sm Sn S0 Sp
Alk Et n-Pr n-Bu i-Bu s-Bu t-Bu n-Hex n-C7Hys Reference
Alk, (%) a 50 >85 96 43-49 b 82.5 ¢ 22

50 ¢ 91 85 ¢ 25 ¢ 100 46

“Only traces.
b A slight amount.
“Not investigated.

TABLE 7. Products distribution® after the anodic oxidation® of solutions of ArMgBr in
Et,0 at Pt electrodes®

Reagent Ar Yo (%)¢ Distribution of Ar® in major products (%)¢
30 Ar, 32 Polymer®
Se Ph 14 49.7 5.5 11.0 5.5
18 42.0 0 14.0 7.0
41 18.0 29.9 35 2.0
66 0 67.4 11.2 5.6
5q p-Tol 31 725 0 — I
5r p-CIC¢Hy 20 27.5 0 — f

“MgX, is also formed at the anode. Other minor products: 19 and 33.

bCurrent density in the range 0.16-0.48 A dm~2.

“Electrochemical efficiency given as the number of moles of 5 decomposed per Faraday.
4The ratio of moles of Ar® radicals to moles of 5.

“Insoluble polymeric hydrocarbon formed on the anode.

/A small amount.
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from that discussed in Scheme 5, was suggested'> %3, This route includes the formation of
halogen atom (equations 12a, 12b or 12c) and a sequence of further reactions (equation 13)
producing X, and ArX, which react with magnesium at the cathode yielding again S.
The formation of bromobenzene (34) at the anode during the electrolysis conducted in a
transference cell, where diffusion was avoided, supported?? the last suggestion. It was also
shown!3 that iodine, not aryl radicals, are formed during the electrolysis of 35 because
crystalline iodine was collected upon the anode. The discharge of halogen instead of R
is favored'> by the high electronegativity of R and low electronegativity of X, as well as
by high voltage and high current density. In full accordance with the above reasoning the
current efficiency was lower for Ar than for Alk, and it was changing in the order of I <
Br < CL

RMgX,” ——> X* + RMgX (12a)

RMgX~ ——> X* + RMg (12b)

MgX;  —— X + MgX, (12¢)

R RMgX
2X X, MgXo + RX — ode. RMgX
(13)
PhC = CMgl
(35)

Two series of reactions were considered by Evans and coworkers?? in order to explain
the products given in Table 7. The reactions in equations 14 of 12h with solvent molecules
(Scheme 7) produce progressively 33, 30 and 19. However, gaseous 14 and 15 shown in
Scheme 7 were not detected. On the other hand, the radical coupling (equation 10d) yields
31, which next gives 33 and 32 (equation 15), including the hydrogen atom abstraction
from 31 by 12h and the coupling of 12h and 12i radicals®.

. CeHe+ CH,CH,0Et  —™MX_ bty 15 4+ MgXOEt
Ph+ MeCH,OEt —— 33)
. H
(12h) —— 33 + MeCHOEt
EtOH
. 14 a9
MeCHO + Eft —
(14)
PhMgX 15
—MgXOH
Ph$HMe . PhCH=CH,
OMgX

30)
SCHEME 7
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12h+Ph—Ph ——~ 33+Ph—CeH, Ph— C¢H,— Ph (15)
31 (12i) (32)

The formation of dimers was also observed*’-*® in the electrolysis of RMgBr solu-
tions in Et;O with R = «-Naph (the yield of 1,1’-binaphthyl was 43%) and a number of
Grignard reagents with R being the derivatives of terpenes.

It is interesting that a very marked anodic luminescence was observed during the
electrolysis of ethereal solutions of Se!* and thirteen other ArMgX, in particular those
produced from p-MeCgH4l and 1,4-chlorobromonaphthalene49. For a number of com-
pounds 5 a similar electron transfer step in an electrochemiluminescence (ECL) and a
chemiluminescence caused by oxygen was suggested'*. However, it was shown later>®
that the anodic emission of light during the electrolysis of 5e could be caused by oxygen
contaminations in solutions. The ECL mechanism of 5 still looked unclear in 1985°!. A
photovoltaic effect in the cell containing a solution of 1 M 5e in Et,O with gold and
silver electrodes was also reported*.

The effect of various R’s on the anodic reactivity of 5§ was investigated by Evans and
coworkers'® and Holm*>>? for solutions in Et,0 and by Martinot*® for solutions in THF.
The decomposition potentials, Eq4, corresponding to the beginning of the oxidation process
in Et,O solutions!® are collected in Table 8. The back electromotoric forces determined
for a Pt anode at the current density 0.06 A cm™2, 19,06, i.. when the slopes of Tafel plots
for each compound are identical®® and the tentative standard oxidation potentials, E,>3,
recalculated from ng s values, are also collected in Table 8. The corresponding bond
dissociation energies, D(R—MgBr), for a C—Mg bond obtained from thermochemical
measurements® are given in Table 8 as well. A linear plot of E, against D(R—MgBr)
was reported by Holm> and a plot of E, against Eq was reported by Eberson’, but they
did not use these relationships to elucidate the electrochemical process.

However, standard oxidation potentials for the dissociative electron transfer, E°(RMgX/
R*4+MgX™), described by the Savéant theory®”:®, can be expressed by the sum of the

TABLE 8. Decomposition potentials, E4'®, anodic overvoltage for a current density 0.06 A cm~2,

N0.06>2, standard oxidation potentials E,>* for the oxidation of RMgBr in Et;O solutions and the
bond dissociation energy, D(R—MgBr), of the C—Mg bond** in RMgBr

RMgBr R Eq (V) 1005 (VY’  —E, (Vvs. SHE)  D(R—MgBr) (kJ mol~!)
Se Ph 2.17 — 0.0 289
5a Me 1.94 1.98 0.25 255
5c n-Bu 1.32 1.70 0.53 213
51 i-Bu — — 0.63 213¢
5h n-Pr 1.42 - - 209
5b Et 1.28 1.57 0.66 205
5d Bn — 1.50 0.73 201
55 All 0.86 1.07 1.16 201
st ¢-CsHy — 1.35 0.88 201
5i i-Pr 1.07 1.28 0.95 184
5m s-Bu 1.24 1.36 0.87 184
5n t-Bu 0.97 1.16 1.07 172

“Measured at 22°C for ca 1 M solutions.

b Anodic overvoltage at a Pt anode relative to a Pt | Mg | MgBr, cathode at 20°C for ca 0.8 M solutions.
“Obtained for the reaction: RMgBr ) + HBr(g) — RHsom) + MgBry(q1) in ERO.

4Value estimated in Reference 56 from the correlation between Eq and E,.

“Obtained for the reaction: RBrqy + Mg, — RMgBr g, in ELO.
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homolytic bond dissociation energy D(R—MgBr) and the standard potential for the oxi-
dation of MgX* radicals (equation 16)

E°(RMgX/R® + MgX") = D(R—MgBr) — TAS® + E°(MgX"/MgX™) (16)

where AS° is the entropy change for the homolytic cleavage. For the series under
consideration the last potential is constant and, if AS® is not strongly dependent on
R, the linear correlation between standard potential and bond dissociation energy with
a unit slope is expected. The expected relationship holds for E, potentials originally
determined by Holm>? for 9 compounds (one point for R = All strongly deviates) and
D(R—MgBr) expressed in the same units, i.e. eV, with a correlation coefficient of r =
0.963 and the Snedecor F test 89.41 indicating statistical importance at the level of
99.997% (equation 17)

E, =0.96(£0.12) D(R—MgBr) — 2.75(£0.51) a7

where 95% errors are given in parentheses. In our opinion, equation 17 shows that
the anodic process represents a concerted electron transfer and bond breaking. Thus,
equation 17 also explains the order of electrochemical reactivity of compounds 5: the
lower the bond dissociation energy the easier the oxidation and the anodic potential
become less positive.

The products of anodic oxidation of AlkMgX in THF and Et,O solutions at bright Pt
anodes are the same*®->°. Using rotating electrodes in THF solutions containing 0.2—0.6 M
RMgCl, Chevrot and coworkers found® that the anodic oxidation depends on the anode
material (the easiest oxidation occurs at platinized Pt, next at Au and the most difficult one
at bright Pt anodes) and it also decreases in the order #-Bu > Et > i-Pr, CH=CH, > n-Bu
> Me > Ph. Thus, general trends for the reactivity of 5§ with both halogens (Br and Cl)
and in both solvents are similar and can be understood in terms of changes in the C—Mg
bond dissociation energy.

On the other hand, details of the electrochemical steps are more complex. For the oxi-
dation of AlkMgX (Alk = Et, n-Bu, i-Bu and ¢-Bu) Martinot found*®>° that the potential
of Pt electrodes depends linearly on log / (where [ is the current density) according to
the Tafel plot and the slope is equal to 0.2 V and 0.3 V in Et;O and THF solutions,
respectively. On the basis of polarization curves, reaction orders and capacity data, the
ionic mechanism of the oxidation was proposed®” with an initial electron transfer to anions
RMgX,~ or R3Mg™~ as the rds, yielding the radical R® (12), which is further oxidized at
the electrode to the carbocation RT. However, the electrochemical oxidation of 12 looks
unlikely unless very positive potentials are applied; provisional standard potentials of the
R*/R* couple in acetonitrile estimated by Eberson®! are 1.91 V and 1.47 V more positive
than E, from Table 8 for R = Et and #-Bu, respectively. Moreover, for the electrolysis
of a wider series of RMgBr in Et,O solutions and using a wider range of I values (107>
to 0.1 Acm~2) Holm found>*>3 different slopes of Tafel plots. They were equal (after
corrections for ohmic drops and concentrations) to 0.15 for 5d, Sn and Ss, but ca 0.30 for
5a, whereas for 5b, 5S¢ and 5i the slope was 0.30 at low  (ca 1 mA cm™2), but it changes
toward 0.15 at high I values. The reported behavior indicates beyond doubt that there
exist two different mechanisms of the oxidation. Holm proposed? that surface-bonded
radicals 12 act as catalysts for a further electron transfer at a ‘radical saturated’ plat-
inum, decreasing the activation barrier and resulting in a lower Tafel slope. The surface
saturation occurs for stable All°, Bn® and #-Bu® radicals at low I values, but for less
stable radicals only at higher current densities, whereas for the least stable radical 12a no
saturation was reached at all. However, there is not enough experimental data to decide
about the kinetics details.
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2. Anodic addition to olefins

Anodic oxidation of Grignard reagents (5) in the presence of styrene (30), butadiene
(36) or vinyl ethyl ether (37) was investigated by Schifer and Kiintzel®? as an interesting
(for preparative use) extension of other anodic reactions with olefins. The electrolysis was
carried out at constant current density at Pt, Cu or graphite electrodes. It was found that
the products obtained depend on the electrode material, as is seen from the data presented
in Table 9.

The scheme of reactions proposed®® to explain the products obtained is shown, after
small modifications, in Scheme 8. Primary radicals 12 formed at the anodes produce with
added 30 or 36 (equation 10e) the substituted benzyl or allyl radicals 38, which can
dimerize to 39 or can couple with the added olefin to form radicals 40 or 41. For allyl
radical (38) a 1,1’- or 1,3'-coupling is possible yielding 41 and 40, respectively. Further
couplings of 40 and 41 with the primary radical 12 produce 39 and head-to-tail dimer
42, respectively. It was evident from the products obtained? that the coupling of 38 in
the 1-position occurs 5 to 11 times faster than in the 3-position. However, for readily
polymerizable olefins, rather polymerization occurs, in particular at graphite electrodes.
At Pt electrodes both dimers 39 and 42 are formed, but for Cu electrodes exclusively
dimers 39 were obtained with moderate yields. Thus, an indirect electrolysis including
the oxidation of copper to Cu™ ions and their further reaction with 5 yielding intermediate
RCu was considered, but not provedéz.

On the other hand, the formation of unsaturated hydrocarbons 45, 46 and 48 (Table 9)
can be illustrated by the reactions shown in Scheme 9, with radicals 44 and 47 as inter-
mediates.

3. Oxidation on sacrificial anodes

The electrooxidation of Grignard reagents (5) on reactive metal anodes produces the
corresponding organometallic compounds, or more generally organoelemental compounds,

TABLE 9. Products of anodic oxidation of 0.2 M RMgBr in Et,O solutions containing 0.1 M
LiClOy4 in the presence of olefins®

RMgBr  Olefin  C (M)  Anode  Products Yield (%)”
Sc 30 0.7 Pt 6,8-diphenyldodecane 42a 10
6,7-diphenyldodecane 39a 5
Sc 30 2.0 Pt polymer® 43 2.64
Sc 30 0.7 Cu 6,7-diphenyldodecane 39a 29
Sn 30 0.7 Cu 4,5-diphenyl-2,2,7,7-tetramethyloctane 14
3%
Sc 36 2.0 Cu 6,7-divinyldodecane 39¢ 3
6-vinyl-8-tetradecaene 48a 15
6,10-hexadecadiene 46a 15
6-dodecene 45a 7
So 36 2.0 Cu 8-vinyl-10-octadecaene 48b 8
8,12-eicosadiene 46b 11
8-hexadecaene 45b 6
Se 37 42 Pt polymer® 43 114

“This Table was published in Tetrahedron Letters, H. Schifer and H. Kiintzel, ‘Anodic addition of Grignard-
reagents to olefins’, 3333-3336, Copyright Elsevier, 1970.

bCurrent yield. Electrolysis at / = 10 mA cm™2 in a flow cell without diaphragm.

¢ Average molecular weight 2500.

4Yield in g Ah~!.

¢ Average molecular weight 1040.
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T
(39)
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. 2y ’ +36 ‘ | | +12
R R . R .
(12) (30)Y =Ph ‘ ‘ ‘ ‘
(36) Y = CH=CH,
(37) Y = OEt (3%) (40)
38and39a b ¢ 2 ‘ Y ‘ Y
Y Ph Ph CH=CH, hl |
R n-Bu #-Bu n-Bu or 36 ‘ ‘ ‘
(41)
+12
polymer Y Y
(43) R_4H+R
42)
(42a) Y =Ph, R = n-Bu
SCHEME 8

in the so-called ‘anodic transmetallation’ shown in Scheme 4 (equation 10f). The first
observations on the dissolution of Mg, Al and Zn anodes, in amounts described by Faraday
laws, during the electrolysis of 5b solutions in Et,O was reported in 1925 by Kondyrew!.
French and Drane®® supported the reactivity of Al, Zn and Cd anodes in the electrolysis
of ethereal solutions of i-PenMgCl and suggested that ‘metallic alkyls’ are formed. The
formation of Et3Al was also suggested by Evans and Lee!”. In further research the list of
sacrificial anodes was extended to Pb, Bi, Mn, B, P and a number of industrial processes
were patented*>%4-76. Most of the investigations were devoted to the production of R4Pb
(11) and the yields of tetraalkyllead obtained in electrochemical processes increased from
ca 73% in the first patent®, when Et,O was used as a solvent and the electrolysis needed
the high voltage of 100 V, to 80—90% or even more in the Nalco process after finding
better solvents and, above all, after the addition of extraneous organic halide (8) to the
solutions of 5 in a molar ratio of ca 1:1 for 11a% and up to 0.5:1 for Me4Pb (11b)%”. The
added 8 reacts with the magnesium deposited on the cathode (equation 18b) recovering 5
and changing the overall process (Scheme 10) from the reactions in equations 18a to 18c.
It should be added here that reaction 18a can occur in nonelectrochemical conditions’’
and this can explain® why current efficiencies of the electrolysis extend to 100%%-%%73
(cf. data given in Table 10). The best media developed for the commercial production
of 11 were anhydrous mixtures of organic solvents containing diethers of glycols [e.g.
(MeOCHy), (49)°, (n-BuOCH,), (50)**%, n-HexOC,H4OEt (51), Bz(OC,Hy);OEt (52),
(EtOC,Hy), (53) or others] with THF*%-68.75  which increases the conductivity (cf.
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Section III), thus increasing the efficiency of the electrolysis. Small amounts of aromatic
hydrocarbons, like toluene or benzene (33)%0-7%73 were also added to the mixtures used.
A number of typical examples described in patents are illustrated in Table 10, including
the products and conditions of equation 10f.

Pb + 4RMgX R4Pb + 2Mg + 2MgX, (18a)
2Mg + 2RX 2RMgX (18b)
Pb + 2RMgX + 2RX R,4Pb + 2MgX, (18¢)
©)] ®) an

Sb ef o u_ v 8 a b ¢ d e f g

R Et Ph Et n-Hex Me CH=CH, R Ph Ph n-Hex Me Et Bu c-Hex

X Br Br CI Br Cl X Br CI Br Cl Cl Ca «da

SCHEME 10

The industrial Nalco process for the production of 11a and 11b was conducted’® in
mixtures of 53 with THF, at 35-40 °C or 40—50°C and about 2 kg cm™2 pressure, in a cell
divided by porous diaphragms and with current densities of 1.5-3.0 A dm~2 at 15-30 V.
However, production details are beyond the scope of this Chapter. Effective methods of
recovery of 11 from mixtures after or during the electrolysis were elaborated”>7*. Of
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TABLE 10. Organoelemental compounds produced by electro-oxidation of Grignard reagents 5 on
sacrificial anodes

Reactants Product
(mole ratio) Anode Solvent Conditions (yield*/%) Ifff (%) Reference
5b Pb¢ Et,O 100 V Et,Pb (73) 64
5f + 8e Pb? 49 50-65°C, Et,Pb (81) 65
(1:1) 12-26 V
Su+ 8d Pb? THF, 33, 50 29.9°C, 272V Me4Pb (92.1, 81.29) 67
(1:0.29) 9 +10 1.26%)
149
S5u+ 8d Pb? 52,THF 46°C, 28 V Me4Pb (100, 82.5%) 68
174
5e + 8a Pb? 50 55°C, PhyPb 69
25.6-26.8 V
Su+ 8b Pb? 50 38°C, 30V R4Pb/ 69
2:1)
Su+ 8d Pb? 12% THF, 28% 30°C,27 V Me,Pb (89.6, 71¢) 75
33, 60% 50 164
S5u + 8d Pb? 10% THF, 45% 40°C, 22 V Me4Pb (99.1, 94¢) 75
33, 45% 51 161
Sv Pb? THF 1.7-39 V (CH,=CH)4Pb 76
S0 + 8¢ Al° 51 35-45°C, (n-Hex)3;Al 134.2 69
26.5-27 V
5e + 8a Al° 51 55°C Ph;Al 69
S0 + 8¢ Zn, Cd 51 35-45°C, (n-Hex), M 69
Mn, Bi¢ 26.5-27 V
st Pl ERO EgP 72
5f B4 Et,0 Et;B 71

“Yield based on S.

bCurrent efficiency.

¢Cathode from the same metal as the anode.
dCathode: stainless steel.

¢Yield based on Mg.

/ A mixture of compounds with different R’s.
$Pt cathode.

"Boron-coated tantalum.

course, equation 10f is general and products with various alkyl or aryl groups can be
obtained; the list of R’s in molecules 5 and 8 given in Scheme 10 includes only some
compounds reported in patents*>0-%%.7 and mentioned in Table 10. For example, the
production of R3P with R being Ph, Bn, Tol and Alk from Me to CgH;7 was described’?,
as well as of R3B with R being Ph and Alk groups from Me to Hex”!. In equation 18c, the
use of 5 with R from Me to n-Hex and c-Hex, as well as Ph and Bn, was suggested“* 09,
Moreover, by using different groups in 5 and 8 all possible molecules with mixed R’s
were produced.

The use of other sacrificial anodes, such as Ca, La, Hg, Tl, As, Te and Se, was also
mentioned in patents® %% but no experimental evidence of their use was described.

As concerns the mechanism of anodic oxidation of § at sacrificial anodes, it can be noted
that the process occurs at potentials close to those of the oxidation of the corresponding
diorganomagnesium compounds (1). For example, half-peak potentials for the oxidation
of 5b and 1b in THF containing 0.25 M TBAP at a lead electrode measured®’ at a scan
rate of 0.3 Vs~! are equal to E,p=—1.73 and —1.72 V vs. 0.01 M Ag*/Ag, respec-
tively. However, the oxidation mechanism for both compounds is different, as shown



6. Electrochemistry of organomagnesium compounds 241

by different Tafel slopes: 0.12 and 0.06 V for 5b and 1b, respectively®’. The high Tafel
slope for Sb means that the electron transfer is slow. Nevertheless, chemical reactions
following the formation of the first Pb—Et bond and controlling the overall rate constants
are the same for both kinds of compounds, as proposed by Fleischmann and coworkers’’
in Scheme 4 (Section IV.A). The second oxidation process (equation 19) observed at a
potential of —1.2 V corresponds to the formation of the insoluble PbBr, layer on the
electrode surface.

)
2MgBrt — > PbBr, + 2Mg?* (19)
Pb(anode)

Moreover, the oxidation process is strongly dependent on the state of the electrode
surface’’. At a freshly cleaned and polished lead the oxidation of 5b occurs at Epp =
—1.52 V on the first sweep, but on subsequent cycles the potential shifts in the cathodic
direction approaching E,» = —1.72 V.

4. Processes at semiconductor anodes

In recent years there has been great interest in the derivatization of silicon surfaces
and, beside other methods, electrochemical oxidations of 5 at silicon anodes were suc-
cessfully used for this purpose’®~3*. Although a perfect electronic passivation toward
electron—hole recombination of the (111)-oriented silicon surface can be obtained by
hydrogen termination, yet its chemical stability toward oxidation is limited, in partic-
ular when it comes into contact with air or moisture. Molecular grafting of silicon
surfaces by organic groups, first of all alkyl but in perspectives also biochemical, pro-
vides a promising approach to improve the stability of silicon interfaces and to develop
silicon-based molecular electronic, biochip and sensing devices. In the electrochemical
approach, the oxidation of 5 produces radicals 12 which form covalent C—Si bonds with
anode atoms. Thus, there is some similarity to the oxidation of 5 on sacrificial metal
anodes. However, the process is different because new bonds are formed only with sur-
face atoms and there is no loss of the anode material. Moreover, oxidation processes
at metal and semiconductor electrodes are different because of their different electronic
properties.

Electrochemical grafting of methyl groups on the porous’” as well as the atomically
flat (111) Si surface®® was reported. Fast methylation of the hydrogenated (111) surface
of p-type silicon wafer, used as the anode, with the Cu counter electrode was performed®°
in 3 M solution of 5k in Et;O in a glove box under purified nitrogen by passing the
anodic current from 0.1 to 5 mAcm™2 from 1 to 30 min. Differential attenuated total
reflection (ATR) FTIR spectra, obtained with the electrode shaped as an ATR prism,
allowing multiple reflections of the IR beam inside the plate and avoiding propagation
across the electrolyte, supported substitution of the hydrogen atoms by methyl groups.
Namely, a narrow single vSiH line at 2083 cm™! in p polarization, characteristic of the
stretching mode of Si—H bonds perpendicular to the surface, was not observed. On the
other hand, lines of methyl groups appeared according to predictions®®: the symmetric
deformation §s mode at 1255 cm™! in p polarization and the asymmetric 5,5 mode at
1410 cm~! in s and p polarization. The presence of additional carbon on Si surfaces after
grafting was evidently confirmed by high-resolution XPS spectra®3 which also confirmed
the practical absence of surface oxidation. The in sifu IR spectroscopy with a current-pulse
method allowed researchers to investigate®!:3% the kinetics of the electrochemical grafting.
With the increase of the cumulated charge the integrated band intensities showed the loss
of vSiH accompanied by a simultaneous gain of Sy (for methyls covalently bonded
to Si), supporting the electrochemical character of the process. Independent ex situ IR

79
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measurements showed that the fraction of substituted hydrogens was of the order of 90%.
There was no effect of concentration and solvent (Et,O or THF) on the kinetics, but a
larger current density caused faster variations in IR signals and increased the yield of
surface modification. The overall grafting process (equation 20), including the transfer
of positively charged holes, h*, is fast and irreversible®!, with the participation of very
short-lived intermediates, most probably radicals.

~ ~
—SiH+2 5 +2h* — —SiR +RH +2MgX"* 20)

The necessary breaking of SiH bonds may be realized either through direct poten-
tial activation, or more often through anodic generation of 12 at the first step of the
oxidation of 5 at semiconductor electrodes®?. However, for higher current densities a
competition between reactions with silicon (equation 20) and other following reactions
of 12, similar to those accompanying the anodic oxidation of 5 at metal electrodes (cf.
Scheme 5 in Section IV.B), was pointed out. Thus, a more detailed mechanism of graft-
ing was proposed®® as is shown in Scheme 11. 12 can abstract a hydrogen atom from
the hydrogenated silicon surface (equation 21) and the dangling bond, then created at
the Si surface, may react with 5 (equation 22a), or with another 12 (equation 22b) or
may abstract a hydrogen atom from the solvent (equation 22c). The last competing step
was confirmed by the observation of a weak reincrease in the SiH band after turning
off the anodic current. The reactions in Scheme 11 as well as equation 20 correspond
to two elementary charges per one attached R group, which is in best agreement with
experimental data. Moreover, a detailed kinetic model was proposed®® reproducing the
shapes of kinetic curves and their dependence on experimental conditions. In conclusion,
it was shown®3 that anodic alkylation of the Si surface by 5 is less favorable for attaining
maximum coverage than chemical techniques, but it is much faster because the Faradaic
efficiency may be close to unity, although the concentration of radicals 12 at the surface
remains very low. Thus, grafting of a full monolayer requires only a charge of several
hundred wC ecm~2, which can be completed in one second®? %3
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Investigations of 5 with different R groups showed®? that fast grafting can be obtained
for the most inert radicals, R = Alk (from Me to C;sH37) and ethynyl, whereas for more
reactive 12, e.g. Ar®, side reactions were observed®?, in particular electropolymerization
on the silicon surface. For example, such behavior was found for Sr and the first steps of
the formation of a polymeric layer can be described by equations 23.

;SiC6H4Cl +CgHCl =—= ;SfC()H4 + CICgH,CI
(23)

7 SIC6H4 + C6H4C1 —_—~— 7 SIC6H4C6H4C1

However, if the molecules of 5 had R alkyl chains longer than Me, the steric hindrance
prevented 100% substitution®® and IR examinations indicated a 50% less derivatization.
Moreover, XPS analysis showed that the surface is partly modified by substitution of
hydrogen by halogen®’. In the case of 5 with X =1 and to some extent X = Br, the
formation of X* radicals (besides 12) in a secondary reaction was reported®-33. They
participate in reactions analogous to equations 21 and 22b, but with X*® instead of 12, and
attach to the Si surface improving the electronic passivation of the surface at defect sites,
sterically inaccessible to 12. A possibility that surface dangling bonds may also appear in
the charged states was discussed as well®3.

On the other hand, alkylation of silicon surfaces using 5 can be achieved by chemical
methods: chlorination with PCls or Cl, followed by alkylation with 5. A comparison of
the electrical properties and chemical stability of (111) silicon surfaces alkylated by dif-
ferent chemical and electrochemical methods was reported by Webb and Lewis®. They
found that the surfaces prepared by anodization of Si in 3 M solutions of 5k in Et,O dis-
played extensive oxidation in air and higher initial charge-carrier surface recombination
velocities than those observed for the samples prepared by chemical methods. How-
ever, it should be added here that even in the thermal grafting of hydrogenated silicon
surfaces using 5, some electrochemistry is hidden®. Namely, a zero-current electrochem-
ical step was proposed® in order to explain the following experimental results: (i) the
addition of 8 to 5 significantly increased the grafting efficiency of alkyl chains, (ii) the
grafting is also possible in solutions containing only 8 and, moreover, (iii) the process
in 1 M C;oH,MgBr solution in Et;O is much faster on n-type than on p-type silicon.
The last result indicates that the rds is of electrochemical nature. A reaction model con-
taining simultaneous oxidation of 5 and reduction of 8 at the silicon surface, with the
second step acting as rds, was proposed® on the basis of electrochemical thermodynamic
considerations.

C. Other Compounds

Basically, it is possible to obtain organomagnesium compounds with electroactive
groups oxidized without the cleavage of the Mg—C bond. They are formally beyond the
scope of this Chapter, and thus only one example is mentioned. 54 (written as the S, S
diastereomer), having a dimethylaminomethylferrocenyl unit, which is (C,N)-bidentate
ligand with the a-carbon atom from the substituted Cp ring and the amine nitrogen atom
as donors, was investigated® at a platinum electrode in CH,Cl, containing 0.2 M TBAPFg
electrolyte. Reversible oxidation of both ferrocene moieties was found with a two-electron
CV peak at E,, = 0.41 V vs. SCE at any scan rate, which indicates no electronic com-
munication between the two ferrocene units. A yellow-to-blue color change, typical of
the formation of the ferrocenium cation, corroborated the nature of the electrochemical
process.
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