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Preface

In 1900—the opening year of a new century—a short paper by a lone author reported a simple procedure
for preparing solutions of organomagnesium compounds of composition RMgX. The Grignard reagent soon
became “. . .the most important of all organometallic compounds encountered in the chemical laboratory™!
and the organometallic reagent most chemists first encounter in an introductory organic chemistry course.

Grignard reagents solutions can be prepared with a wide variety of organic groups and are relatively
inexpensive. Despite generally being very stable, they readily undergo many useful reactions with a
multitude of organic and inorganic substrates. Although much of the vast literature concerning Grignard
reagents and related organomagnesium compounds concerns synthetic applications, other features also
have interested chemists. Because of the strong propensity of organomagnesium specics to form additional
bonds—to solvent molecules, to other Rs and Xs, and to substrates —and the usually rapid exchange of groups
between magnesiums, establishing their structures has been a challenge. Deciphering the mechanisms of
their reactions has been even more challenging. Those struggling with organomagnesium structures and
mechanisms at times envy the seeming simplicity of much transition metal organometallic chemistry.

At mid-century, Kharasch and Reinmuth in a lengthy monograph (1400 pages) attempted with remarkable
success to comprehensively survey the knowledge about Grignard reagents accumulated by 1950.2 Even
at that time the authors noted that besides omission of reactions with metallic substances some additional
selection was inevitable. There have been more recent attempts to prepare a comprehensive survey,? but
the explosive growth of the chemical literature has year by year made this a more elusive goal. In 1975, it
was estimated that the application of Grignard reagents had appeared in 40,000 chemical papers,* a number
that now is very much larger.

This volume focuses on a dozen areas of organomagnesium chemistry, sclected because they have
developed significantly or even completely in the fast twenty years. Each is treated in more depth than
would be possible in a volume that attempted to comprehensively span all of organomagnesium chemistry.
The authors are knowledgeable about the area reviewed, have contributed to its development, and are
particularly able to provide valuable perspectives. | was fortunate that these distinguished chemists, from
cight countries, were willing to devote the time and effort required to write these contributions.

The chapters treat reactions, reaction mechanisms. structures. and new categories of organomagne-
sium compounds; some cover more than one of these topics. Six chapters focus particularly on reactions
of organomagnesium compounds. In the first chapter, Holm and Crossland consider general mech-
anistic features of reactions of organomagnesium compounds with emphasis on the most important
and most studied reaction—addition to carbony! compounds. Hill reviews another fundamental reac-
tion—nucleophilic displacement at carbon—and considers mechanistic pathways. Two chapters provide
accounts of synthetic features and mechanisms of two important newer reactions with alkenes (and alkynes).
both involving catalysis by transition metals and producing new organomagnesium compounds: Sato and
Urabe describe hydromagnesiation. addition of Mg and a hydrogen atom: Hoveyda, Heron, and Adams
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review carbomagnesiation. addition of Mg and an organic group, and slcrcusclcc(ivil.y n lhg.‘.\'lc uddi?ion.'%.
Gawley considers stereochemical and mechanistic principles involved in stereoselective additions o.t Gri-
enard reagents and presents striking examples of synthetically useful additions to aldehydes. Grignard
;cuacms l;ztvc found a variety of industrial applications; Busch and De Antonis describe procedures and
pro}»lcm.\ specific to performing Grignard reagent chemistry on an industrial scale and provide examples
of industrial syntheses. » - »

Two chapters primarily concern Grignard reagent formation. Garst and Uvngvary consider in detail
mechanisms for the formation of Grignard reagents from organic halides: Raston describes use of the Mg-
anthracene complex and related complexes in preparing Grignard reagents. including some inaccessible
using classical techniques. - '

Four chapters concern structural characterization and new structural types of organomagnesium
compounds. Bickelhaupt surveys the wealth of structural information about organomagnesium sghds that
is provided by single crystal X-ray diffraction studies. Ertel and Bertagnolli summarize mlorma.uon' from.
established methods about organomagnesium structures in solution and then describe the application of
EXAFS and LAXS techniques; since these newer X-ray methods that provide information about struc-
tures in solution are not widely known, the essential theoretical background also is described. Bickelhaupt
reviews preparations and reactions of di-organomagnesium compounds and the related cyclic organomag-
nesium compounds. In the final chapter Smirnov, Tjurina. and Beletskaya describe intriguing studies that
suggest the formation of RMg, X and RMg, H in which n is greater than one.

At the close of its first century, the Grignard reagent has achieved maturity but cxhibits no signs of
senescence. These chapters demonstrate that significant developments concerning Grignard reagents and
related organomagnesium species are abundant: particularly the portions concerning meclmms:ms reveal
that, in spite of all efforts to date, gaps in our understanding and significant controversies remain. Fgrlher
reviews of new developments in this century-old but still challenging arca of chemistry surely will be
needed long past the era of the authors of this book.
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Mechanistic Features of the
Reactions of Organomagnesium

Compounds

Torkil Holm and Ingolf Crossland
Technical University of Denmark

L1 INTRODUCTION

Almost 100 years have passed since Victor Gri-

gnard published his paper | 1] on the preparation of

cthereal solutions of compounds in which carbon is
bonded to magnesium. Since then Grignard reagents
have been an obvious choice for organic chemists
in many preparations of complex molecules.
Besides being extremely useful. the reagents
and the way they react have represented a chal-
lenge 1o chemists and physicists. Both the inti-
mate nature of the reagents in various solvents and
the detarted mechanisms ol their reactions have
been under scrutiny by three or four generations
of researchers and the work s continuing. This
review will coneentrate on advances made in (he
last two to three decades. Since the authors have
been engaged in this type of work throughout this
period it is inevitable that the review will focus 1o
a certain extent on their favourite views and topics.
Traditionally,  Grignard reagents  have  been
seen as potential anions, capuble of nucteophitic
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additions especially to hetero double bonds as
in carbonyl compounds {2]. However. in contrast
o usual nucleophiles like amines or sodium
alkoxides the reagents do not normally react
with alkyl halides without u catalyst. The casy
preparation of Grignard reagents actually depends
on this fact. The high reactivity toward many
carbonyl compounds resuls from the 7 bond
polarization and the - possibility of forming the
C—C bond in concert with the formation of the
magnesium-oxygen bond. The enthalpy of this
reaction is highly negative since the established
bonds, oxygen to magnesium and carbon to carbon.
are much stronger than the broken bonds. which
are the C—Mg bond and the 7--CO bond.

In 1929 Blicke and Powers |3] suggested that
some carbonyl compounds may react with Gri-
gnard reagents by stepwise. homolytic reaction
mechanisms, but more than 40 years passed before
this theory was generally accepted. The homolytic
mechanism and the polar concerted mechanism are
shown in Scheme 1.
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R,C =0 R,;C—O
- m )
R——MgX R MeX
RC==0 R0
\ft R ——  products
R Mex R MeX

SCHEME 1.1

The two mechanisms may compete and the
product(s) from the two processes will often be
the same. The distinction between the mechanisms
is therefore not simple, but often has to be indirect,
based for example on spectroscopy, kinetics or
other physical chemical methods.

As seen in Scheme 1.1 the principal difference
between the concerted and the stepwise reaction
mechanism for addition of a Grignard reagent to
a ketone is whether the C—C bond is formed in
the rate-determining step or in a separate, radical
recombination step. Which mechanism is more
effective depends on the properties of both the
reagent and the substrate. The concerted mech-
anism is favoured if the C—Mg bond is strong
and the relevant ketyl radical is without effi-
cient stabilization. The stepwise mechanism takes
over when the C—Mg bond is weak and the
ketyl is effectively stabilized. The strength of the
C—Mg bond varies from rather high values in
phenyl- and methylmagnesium halides to a very
low value in r-butylmagnesium halide [4], see
Table 1.1.

The driving force for the reaction of Grignard
reagents with a carbonyl compound is, as previ-
ously mentioned. the formation of the strong bond
between magnesium and oxygen. As illustrated
in Scheme 1.1, this bond is formed in both the
concerted and the stepwise reaction mechanisms.

The reaction of r-butyimagnesium chloride with
benzophenone is a typical example of the homoly-
tic mechanism suggested:

PhsCO + -BuMgCl ———> Ph-COMeCl + 1-Bu

-— products (h.h

Grignard Reagents: New Developments

Here the C—Mg bond is weak and the benzo-
phenone ketyl formed is highly stabilized by
resonance.

A typical concerted reaction is the one-step
addition of methylmagnesium bromide to acetone:

(CH3)2,C=0 + CH3MgBr —— (CH3);C—~OMgBr

(1.2)
The homolytic mechanism is not possible here
because the Me—Mg bond is almost 20 kcal mol™'
stronger than the 7-Bu-Mg bond and the acetone
ketyl has little resonance stabilization.

According to the rules for orbital symmetry con-
servation the four-centre mechanism in Scheme 1
would appear to be forbidden, but very few
attempts have been made to describe the orbital
transformations in the reactions of Grignard
reagents. Much evidence has been presented for
the operation of cyclic 6-centre concerted reaction
mechanisms (Scheme 1.9), although it has been
questioned whether they are in accordance with
orbital symmetry rules {5].

This review like earlier reviews [6--14] will deal
with the ways and means by which a distinction
may be made between the concerted, one-step
and the homolytic, multi-step type of reaction
mechanism.

In a stepwise reaction, it is sometimes possible
to observe an intermediate. The fact that an inter-
mediate is not observed is, however, no proof that
the mechanism is truly concerted.

The duality, stepwise or concerted, for the
reactions of Grignard reagents is analogous to
the duality Sny1-Sn2 for nucleophilic substitu-
tion. Formation of an intermediate carbenium ion
is possible only when structural features aliow
conjugative stabilization. In this case reaction is
possible even if the favourable bond formation
between the electrophilic carbon and the nucle-
ophile has not started. In the absence of such
features, the new bond has to be established in
concert with the breaking of the old. In the latter
case the necessity of a very close approach of the
attacking nucleophile to the reaction centre makes
steric hindrance the most important factor for the
reaction rate of an Sy2 reaction, whilc the possi-
bility of conjugative or hyperconjugative stabiliza-
tion of the carbenium ion decides the reaction
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rate of the SN reaction. Similarly the rate of the
concerted addition of a Grignard reagent is highly
dependent on steric bulk and/or an optimal confor-
mation in both the reagent and substrate. while the
rate of the stepwise reaction depends on the pres-
ence of structural features which will favour the
formation of radicals.

A reaction mechanism cannot be proved. It can
be considered likely if it is impossible (o disprove
its existence. A mechanism which apparently has
been firmly established may at any time undergo
revision if new mechanistic tools become avail-
able. The mechanisms are elusive but, apparently.
the more elusive the more interesting.

It is natural that differences of opinion will
arise amongst the chemists who study reaction
mechanisms. Organomagnesium compounds are
no exception. Disagreements about experimental
results and their interpretation should, however. be
welcomed since they often serve as a stimulus, 0
increase the efforts directed towards the subject.

The present review will, because of the com-
plexity of the Grignard reagents, begin with a
discussion of some physical and chemical prop-
erties of the reagents. Section 1.3 is concerned
with the reactions of benzophenone with Grignard
reagents. This is because benzophenone has.
for many years, been a favourite substrate for
researchers in the field and because observa-
tions made with benzophenone arc valuable for
the understanding of other reactions. Section 1.4
deals with concerted reaction mechanisms with
carbonyl compounds. Section 1.5 concerns reac-
tions with «a. B-unsaturated carbonyl compounds
and Section 1.6 concerns non-carbonylic substrates
which react by stepwise radical type mechanisms.

1.2 PROPERTIES OF GRIGNARD
REAGENTS

1.2.1 Thermochemistry

1.2.1.1 Heat of Formation of Grignard
Reagents

The cnthalpies of formation of the ethereal solu-
tions were determined for 24 different alkvls by

determining the heats of reaction of alkylmagne-
stum reagents with hydrogen bromide {4,15§:

RMgBr + HBr —— RH + MgBr, (1.3)

The results were chiecked by measuring the heats
of reaction of the formation reaction:

RBr+ Mg » RMgBr (1.4

The heats of formation of Grignard reagents in
diethyl cther are given in Table 1.1. In compar-
ison with alkyl hatides the relative stability of
isomeric alkylmagnesium compounds is reversed
and follows the sequence primary > secondary >
tertiary, for cxample propyl > isopropyl. In -
butylmagnesium bromide the destabilizing effect
of the extra a-methyl group is slightly overcom-
pensated by the stabilizing effect of the chain
branching, and - AH;® decreases in the order:
isobutyl > butyl > r-butyl > sec-butyl.

1.2.1.2 C—Mg Bond Dissociation Energies

The carbon—magnesium bond is rather weak. 1-
Butylmagnesium bromide in diethyl ether under-
goes homolytic fission at temperatures between
140° and 200°C according to

(CH3):C—MgBr —— (CH:):C + MgBr  (1.5)
MgBr + (CH3):C — (CH3):C=CH, + HMgBr

(1.6)
Reaction (1.5) showed a positive entropy of acti-
vation (12 e.u.) and an activation energy of 40 kcal
mol ™! 1t seems that the rate-determining step for
alkene formation is simple homolytic fission of the
C—Mg bond and the strength of the C—Mg bond in
this reagent is therefore 40 keal mol™! or slightly
areater (4.

Using D(-Bu-MgBr) as an anchor point, the
hond strengths in the various alkylmagnesium
reagents were obtained from the enthalpies of
reaction (1.3). In this reaction the R—Mg bond
is broken and the R—H bond formed. By
assuming that the differences between the heats
of vaporization of RH and RMgBr and between
the heats of solution of RH and RMgBr vary very
little with R. estimated values for D(R-MgBr) for
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Table 1.1. Enthalpics of formation of alkylmagnesium
bromides dissolved in diethyl cther and thermochemical
bond dissociation energies for the C-Mg bond

R in RMgBr —-AH," [RMgBr] D(R-MgBr)

(kcal mol 1) (kcat mol™ )

Methyli 79.3 60
Ethyl 77.2 49
Propy! 86.2 50
Isopropyl 81.2 44
Butyl 90.4 51
s-Butyl 88.0 44
Isobuty! 93.6 51
+-Butyl 88.6 42
Pentyl 97.2 50
3-Pentyl 93.2 45
Ncopentyl 102.8 54
Hexyl 102.2 50
Hepty! 108.1 50
Cyclopropyl 50.5

Cyclobutyl 549 49
Cyclopentyl 80.5 47
Cyclohexyl 90.9 45
Cycloheptyl 90.7 46
Vinyl 63.2* 69
Aliyt 63.5 48
Benzyl 60.3 47
Phenylethynyl 16.6

4-Methylphenyl 583

Phenyl 49.8 69
4-Chloropheny! 60.1

Triphenylmethyl 28.8

*in THF

ethereal Grignard reagents were obtained as shown
in Table 1.1.

The Oxygen—Magnesivm Bond

The magnesium atom in organomagnesium re-
agents and in magnesium halides has Lewis acid
character and forms coordinative bonds to donor
atoms. In a magnesium alkoxide the oxygen
forms a polar bond, but also shares its lone
pairs with magnesium by back donation {16].
The result is a very strong bond. This is seen.
tfor example, from the strikingly high heats of
reaction of Grignard reagents with alcohols. The
magnesium in a magnesium alkoxide is no longer
clectrophilic and does not form coordinative bonds
to solvent molecules. In the infrared spectrum, the
absorptions of free ether are different from the
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absorptions of cther coordinated to magnesium.
Solutions of magnestum  halides and Grignard
reagents have magnesium complexed ether, but
magnesium alkoxides do not {17].

The reactivity ol dialkylmagnesium is in certain
respects increased by the addition of potassium
alkoxide [18.19]. The reason for this may also
be the strong bonding between magnesium and
oxygen, which will increase the anionic character
of R by the formation of magnesate:

R-Mg + R'OK —— R,MgOR"K* an
or to @ minor extent even alkylpotassium:

R-Mg 4 2R'OK — (R'0):Mg + 2RK (1.8)

1.2.2 Oxidation Potentials of Grignard
Reagents

Ethereal solutions of Grignard reagents have a
certain electrical conductivity. Alkyl radicals are
formed at the anode and magnesium at the cathode.
It was found by Evans that electrolytic decom-
position of the reagents at platinum electrodes
takes place at potentials which vary with the
alkyl [20]. and Evans gave a list of ‘decomposi
tion potentials’. By the use of suitable procedures

Table 1.2. Standard oxidation potentials, E,,, at a plat-
inum anode for solutions of alkylmagnesium bromide
in dicthyl cther relative to SHE (saturated hydrogen
clectrode). Also shown are the relative decomposition
potentials. Eye.. by electrolytic decomposition of the
reagents between platinum electrodes in diethyl ether

Reagent E E e
(volt) (voly)
CH:MgBr —-0.25 1.94
CHsMgBr —0.66 1.28
CyH:MgBr 142
i-C;H;MgBr ~0.95 107
C,H,MgBr ~0.53 1.32
i-C;HoMgBr —0.63
s-CyHyMgBr —0.87 1.24
1-C,HoMgBr —-1.07 0.97
CoHsMgBr —0.05* 207
CoHsCH:MgBr —(.73
CH,=CHCH,MgBr -1.16 0.86
¢—CsHoMgBr —().88

Testimated
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it has been possible to determine standard oxida-
tion potentials relative to SHE (saturated hydrogen
electrode) for many types of Grignard reagents
[21.9] (Table 1.2).

C—~Mg bond dissociation energies correlate
fairly well with the oxidation potentials of the
Grignard reagents in the sense that a difference
in bond dissociation energy of 23 kcal mol™'
corresponds roughly 1o a difference in oxidation
potential of 1.00 V [22]. The fact that the slope
of the plot is near unity indicates that, although
the entropy contribution is unknown, both one-
electron oxidation of the Grignard reagents and
C—Mg homolysis of the reagents lead to a free
radical and an inorganic magnesium species. Very
little bonding is indicated between the alkyl radical
and the magnesium ion. The one exception is
allylmagnesium bromide, which is much more
easily oxidized than would be expected from
its thermochemical bond dissociation energy. A
possible explanation would be that one-electron
oxidation of this reagent produces an allyl radical
and a magnesium ion which are still in some way
bonded.

1.2.3 Association Equilibria in
Grignard Reagents

1.2.3.1 The Schlenk Equilibrium

The equation:
R:Mg + MgBr, = 2RMgBr

is an oversimplification for a complex system of
fast exchange reactions of ligands (alkyl, halogen.
cther molecules) around the magnesium atoms in
a solution of a Grignard reagent. The position of
the equilibrium is also influenced by the associ-
ation and aggregation of the individual Schienk
components.

The reaction of MgBr> with R>Mg is olten
exothermic in ether but endothermic in THF
(tetrahydrofuran). and the cquilibrium may lie
far to the right in cther but be near statistical
distribution in THE. Values have been found for
Ky by thermometric titration. [23] by NMR {24]
and by infrared spectroscopy [25).

A value for K., may be found using kine-
tic experiments.  since  dialkylmagnesium  and
alkylmagnesium halide have widely different re-
activities and the Schlenk equilibrium can be
manipulated by the addition to a Grignard reagent
of extra dialkytmagnesium or magnesium hatide
126,27,34].

1.2.3.2 Self Association in Grignard Reagents

Organometallic compounds of Li. Be, and Al form
electron deficient bonds. An alkyl group may be
shared by a number of metal atoms. For Li and Al
the compounds are well defined aggregates of high
stability and the existence of the aggregates has a
profound influence on the reactivity of alkyllithium
and alkylaluminium reagents. Grignard reagents
in ether solution form aggregates, presumably via
Mg—X—Mg bonding. The degree of aggregation
has been studied by osmometric measurements of
vapour pressure over the solutions [7,28,29,301.
The presence of monomeric RMgX was denied
in 1957 and it was postulated that exchange of R
between magnesium atoms was not possible [31].
The work of Ashby as well as that of Vreug-
denhil and Blomberg showed that solutions of
Grignard reagents are. with the exception of alkyl-
magnesium chlorides. monomeric at high dilu-
tions {29,30]. Alkyl exchange between the Schlenk
components is therefore very fast. Aggregates with
an average content of 2—4 molecules are formed
at higher concentrations of Grignard reagents,
although alkytmagnesium chlorides are dimeric at
any concentration. In THE. Grignard reagents are
monomeric |29].

In contrast to alkyHithium reagents the associa-
tion of Grignard reagents has little influence on the
reactivity of the reagents. Reactions of Grignard
reagents at high dilution are first order with respect
to both reagent and substrate. A plot of rate versus
IRMgX] often tends to level off at concentra-
tions above 0.1 M. meaning that the apparent reac-
tion order with respect to the Grignard reagent
1s decreasing and may approach zero. If agere-
gates of Grignard reagents were of low reac-
tivity, aggregation could be the cause for the rate
levelling. It has been found. however. that rate
levelling is seen only with substrates which are
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Lewis bases, while reactions with substrates of
low basicity (benzonitrile |32] or methyl triflu-
oroacetate [33,34]) show first order dependence
on the Grignard reagent even at high concentra-
tions. The limitation of the reactivity at higher
concentrations is then correlated to association
between reagent and substrate and not to asso-
ciation between rcagent molecules |33,35] (see
below).

Since alkoxides formed in the reaction of Gri-
gnard reagents form complexes with the Schlenk
components, the usual way to measure reaction
rates has been to use very low concentrations
of substrate and obtain pscudo first-order condi-
tions.

Grignard reactions which are higher than first
order with respect to the reagent have not been
reported. Although reaction mechanisms have been
suggested in which two molecules of RMgX are
required in the rate determining step {36,37], there
has been no reliable kinetic support for termolec-
ular reaction mechanisms.

1.2.3.3 Association between RMgX and
Carbonyl Compounds

The reactivity of aliphatic ketones and esters
toward Grignard reagents in diethyl ether varies
with the concentration of the reagent in a way
which is best explained {33,38] by the formation
of a 1:1 complex in a very fast equilibrium:

R2C=0 + RMgX = [R,C=0, RMgX]  (1.9)
[R,CO,RMgX]

[R:C=OJ[RMgX] ~ (1.10)

Key has been determined by IR and by UV
spectroscopy and increases with the Lewis acidity
in the series: R;Mg < RMgCl < RMgBr < RMgl
and with the Lewis basicity in the series:
RCOOR < ArCOAr < ArCOR < RCOR {33]. A
direct relation between the observed reaction
rates and the position of equilibrivm (1.9) has
been demonstrated for substrates like acetone,
methyl acetate {33], alkylisocyanates [35], and 2,4-
dimethyl-4'-methylmercaptobenzophenone [39,40]
reacting  with reagents like butylmagnesium
chloride. bromide, and iodide as well as methyl
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and cyclopentylmagnesium bromides. The rate has
been found to increase in proportion to the amount
of coordinated substrate. The maximum rate is
reached when coordination is close to 100%. The

findings have been taken as a confirmation of

the theory put forward by Meisenheimer (41] that
complex formation is the first step in the addition
reaction.

The constant refation between the numerator
and the denominator in equation (1.10), however,
makes it impossible to decide if the reaction takes
place by rearrangement of the complex or by the
encounter of a molecule of Grignard reagent and
a molecule of uncoordinated substrate. In the case
of acetone or methyl acetate reacting with butyl-
magnesium bromide it was found that an excess of
the substrates led to extremely high reaction rates
and this may indicate that the complex is a “blind
alley’ and not the first step of the addition [9.34].
It is possible that two types of complexes exist.
one of which, for stereochemical or other reasons,
is inactive but easy to observe in IR or UV spectra.
The observable complex has been named a sigma
complex. A pi complex, which is not observed
by IR spectroscopy, may be reactive and lead to
product(s).

Coordination equilibria such as (1.9) are obser-
ved by IR spectroscopy in diethyl ether. In strongly
coordinating solvents like THF the equilibrium
constant is extremely small because the solvent
displaces the substrate from magnesium. In accor-
dance with this the Kinetics for the reaction of
acetone with butylmagnesium bromide in this
solvent is first order in reagent and in substrate
and the rate is not levelling off with increasing
reagent concentration as secen when ether is the
solvent [33].

Sigma complexes as above are observed with
dialkyl and alkyl-aryl ketones. Diaryl ketones
probably form sigma complexes, but the equi-
librium cannot be observed by IR spectroscopy.
The kinetics for the reaction of 2,4-dimethyl-4'-
methylmercaptobenzophenone with methylmagne-
sium bromide have been interpreted as indicating
rearrangement of a complex [40]. If this is correct
the equilibrium constant is lower than for dialky!
ketones.
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When very dilute solutions of benzophenone
in ether (pseudo first-order concentrations) react
with solutions of r-butyl- and isopropylmagne-
sium halide of increasing concentrations, a rate-
levelling effect is observed at 0.1-0.2 M {26].
The use of benzophenone in excess leads to
cxtremely high reaction rates. These phenomena
are of course reminiscent of the complex-type
kinetics of acctone [42]. As will be described
below, -butyl- and isopropylmagnesium halides
react with benzophenone by an ET-radical mech-
anism (ET is electron transfer) and acetone by a
concerted mechanism. It therefore seems strange
to have ‘complex’ effects for both.

A significant difference is seen, however, when
the solvent is changed from ether to THF since the
reaction of #-Bu and i-Pr reagents with benzophe-
none is accelerated about 20 times {43]. THF docs
not accelerate the reaction of acetone with RMgX
or the reaction of benzophenone with methyl- or
primary alkylmagnesium halides. The reaction of
azobenzene with butylmagnesium bromide by an
ET-radical mechanism is faster in THF than in
ether [44].

1.3 REACTIONS OF
BENZOPHENONE(S) WITH
GRIGNARD REAGENTS

1.3.1 Prediction of a Radical
Mechanism and Early Evidence

While methyl, ethyl, phenyl, and benzylmag-
nesium halides produce high yields of the
1,2-addition product in the reaction with benzophe-
none, it was found in 1929 that propylmagnesium
bromide, besides the 1,2-addition product. afforded
about 50% of the reduction product benzhydrot
[3]. Although it has later been found that this
is probably formed in a non-radical process. it
nevertheless inspired Blicke and Powers in 1929 10
suggest a mechanistic scheme, which at the time
of its presentation was speculative, but which is
now considered to be a good explanation of most
of the experimental facts. What they suggested was
an induced homolysis of the Grignard reagent with
the production of an alkyl radical and magnesium

benzophenone ketyl. Recombination of the radicals
would be possible in various ways:

RMgX + Ph,CO  —= PhCOMgX + R

a b
a + b o L 2-addition product
a + b = benzhydrol + Ry
b+b -= RR+ Ry + Ry
a + a -= benzopinacol

SCHEME 1.2

The scheme would allow the formation of addi-
tion and reduction products as well as benzo-
pinacol and the hydrocarbons R_y;, Ry, and R—R.

At the time of this proposal, benzopinacol had
not been observed in Grignard reactions with
benzophenone and there was the problem that
the ketone might be reduced to benzopinacol
by particles of magnesium suspended in the
reagent [45]. However, it was found that in the
reaction of cyclohexylmagnesium chloride with
benzophenone, benzopinacol was formed even
when using filtered Grignard solutions made from
sublimed magnesium [46].

Benzopinacol formed as a by-product was proof
that the homolytic mechanism was responsible at
lcast for a part of the reaction. In 1964 two groups
found ESR signals from benzophenone ketyl during
the reaction of various types of Grignard reagents
including phenyl-, butyl-, and benzylmagnesium
halides [47,48]. This was an indication that a
homolytic mechanism was in operation, but like the
finding of ‘radical’ by-products like benzopinacol it
was not possible to tell if the ESR signals were due
to a minor side reaction.

The next step in the development was the finding
in 1968 {49.50] that in THF using highly purified
neopentylmagnesium chloride, the reaction with
benzophenone produced a normal 1.2-adduct. but
also a 20% yield of benzopinacol and an equivalent
amount of neopentane from the neopentyl radical.
The result showed that 20% of a primary Grignard
reagent had acted by homolysis. but did not reveal
i the 80% 1,2-adduct, neopentylbenzhydrol, was
tormed by radical recombination or by a concerted
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mechanism. The authors. however. mentioned the
possibility that an unknown fraction of the addition
product might have been formed by radical recom-
bination. In the mid-sixties this suggestion stirred
the attention of chemists in the ficld because the
Blicke—Powers theory now had a relevant experi-
mental foundation.

Neopentylmagnesium chloride is an unusual
reagent because of its extreme bulk and THF has
much more solvating power for organometatlic
species than diethyl ether, which is the commonly
used solvent for Grignard reagents. Both factors
would promote the operation of & homolytic mech-
anism as the alternative to a concerted reaction,
which would operate with less hindered reagents
in less solvating solvents.

Observations were published [51] in 1968 on
the course of addition of Grignard reagents to
benzophenone using the solvent hexamethylphos-
phortriamide (HMPT), which has extremely high
solvating powers. It was found that. depending
on the nature of the alkyl, stable ESR signals
for benzophenone ketyl were measured in concen-
trations up to 0.8% of added benzophenone. The
ESR signals increased in the series: Ph < n-Bu <
t-Bu < benzyl, and for solvents in the series:

OO

/

OH
CcO ‘ —
——— C :<— >
/
v

o) MeCl
+

OH

= H \ i _

=L

SCHEME 1.3
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Et,O < (Et3)N < THF < DME « HMPT. By the
use of fluorenone and benzylmagnesium chloride
the yield of stable ketyl signals was 36%!

The results described again showed that homo-
lysis is a realistic mechanistic alternative if pro-
voked by steric bulk and/or strong solvation.

1.3.2 Reactivity Series and Linear Free
Energy Correlations

In 1971 a study was made of the kinetics of the
reactions of Grignard reagents with benzophenone
using diethyl ether as the solvent [52}. Included
was an investigation of the products formed in
the reaction. For t-butylmagnesium chloride it
was found that 50% of the product was the 1.4-
dihydro-4-t-butylbenzophenone. 44% was normal
1,2-addition product and 6% was benzopinacol.
1.6-addition to unsubstituted benzophenone had
never been observed before, evidently because the
product easily oxidizes in air and decomposes ther-
mally below 100°C.

For a series of substituted benzophenones the
product distributions varied between 0 and 55% 1,2-
addition, 0-39% 1,4-addition, 0-100% 1,6-addi-
tion and 0-21% benzopinacol (Table 1.1 in {52]).

CO

0x

H

co + CyHy,
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Although the product distribution was thus exire-
mely sensitive to steric factors. the overall reac-
tion rate was not. since a linear Hammett plot
was obtained for Jog rate versus the sum of
the substituent constants. An ortho methyl in
benzophenone suppressed the ratio of 1.2-addition
from 44% 10 0%, while a para methyl increased
it to 55%. With a bulky r-butyl or Cl in the para
position a large fraction of 1.4-addition product
was found. The effect of an ortho methyl group
on the overall rate was the same as the effect of a
para methyl group. Since a regular Hammett plot.
Fig. 1.1, could be made for the overall reaction
rate there had to be a common rate-determining
step. The initial step was suggested to be ET with
production of the ketyl and the r-butyl radical.
In this case the conclusion concerned both the
mormal’ 1.2-addition products and the “abnormal’
{ree radical type products.

The case for a radical mechanism in the reaction
of tertiury Grignard reagents with benzophenone
seemed clear. Secondary reagents. like the tertiary,
produced 1.2- and 1.6-addition products and again
a radical mechanism was indicated. For primary.
aromatic, allylic. and benzyhic reagents. the mech-
anism was an open question since the product
distribution gave no clues. That electron transter
was possible from the primary neopentylmagne-
sium chioride had been shown [20]. but the steric
hindrance and the use of THEF might, in this case.
have given a normally slow homolytic mechanism
a chance.

The question of homolytic or concerted mech-
anisis for the reactions of primary reagents with
benzophenone has not been definitively answered
even today and a large number of mechanistic tools
have heen applicd attemipting to get 1o the bottom
of this problem.
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substituted benzophenones at 20 C.
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Fig. 1.2, Oxidation potentials of Grignard reagents against pseudo first-order rate conmstants for the reaction of

Eoxivoly) [v. SHE]

alkylmagnesium bromides (0.02 M) in diethyl ether with benzophenones (0.25 M at 20°C).

In electron transfer from a Grignard reagent the
reagent is oxidized and the substrate is reduced.

A plot of the logarithm of the rates of reaction of

benzophenone with a series of Grignard reagents
versus E, for the reagent, was linear with certain
points falling above or below the plot.

This was interpreted as indicating that the reac-
tions have related mechanisms and that the mech-
anisms are ET-like. It may be possible, however.
that there s a close race between a concerted
mechanism and the ET mechanism or that a
spectrum of hybrid mechanisms are in operation
ranging from clear-cut ET with secondary and
tertiary reagents to hybrid radical-concerted mech-
anisms (sec the following section) for primary
reagents.

The plot shows that allylmagnesium bromide and
cyclopentylmagnesium bromide react faster than

the plot of E/log rate would indicate, and in
both cases concerted six-centre mechanisms are
possible alternatives. The mechanisms are shown in
Section 1.3, Scheme 1.9, (b) and (a), respectively.

Characteristic for ET reactions with Grignard
reagents is that steric requirements are rather low
and in principle the relative reactivities of the
various types of Grignard reagents might be inde-
pendent of steric factors. In concerted reactions the
sterie factor is all-important and, as the reactivity
series is useful for distinguishing between Syl
and S\2 reactions in nucleophilic substitutions.
it should be useful for distinguishing between
ET and concerted mechanisms in the reactions
of Grignard reagents. The reversal of the reac-
tivily series when going {rom benzophenone (o,
for cxample. benzonitrile was noted by Swain as
carly as in 1947 [32].
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Acetone is a rather unwilling electron acceptor
and its reactions with most Grignard reagents must
be by polar concerted mechanisms. The reactivity
series for the reactions is: allyl > PhCH> > Ph >
Et > Me > Bu > i-Pr > ¢-Bu. For benzophenone
the series st allyl > 7-Bu > i-Pr > Et > Pr >
Bu > Me > Ph. [9.26]

The two sequences typically represent concerted
polar and ET-radical mechanisms. For many sub-
strates the reactivity series are closely related to
one or the other. But as will be described later,
ET reactions are not totally without steric require-
ments and concerted reactions are sensitive to both
steric and electronic factors. For most Grignard
substrates the reactivity series found is there-
fore unique, but will normally have features in
common with either the ‘acetone” series or with the
‘benzophenone” series. As i rule of thumb it may
be said that if phenylmagnesium bromide, which
has the strongest C—Mg bond. reacts much faster
than 7-butylmagnesium bromide with the weakest
C—Mg bond, the mechanism is concerted, and
if on the other hand -buty!l is much faster than
phenyl, the mechanism is ET.

1.3.3 Radical Probes

Newer developments in the study of the reactions
of benzophenone with Grignard reagents have been
the use of radical probes. 1f the alkyl of the reagent
has the ability to undergo isomerization as, for
example, cyclization or ¢is—trans isomerization,
while it exists as a free radical, it is possible to
get information about the rate of recombination
of alky! and ketyl in the formation of the various
reaction products. S-Hexenylmagnesium bromide
has been used in the study of the free radical type
mechanism by its reactions with oxygen [53.54].
and the rate of cyclization of the S-hexeny! radical
was known 1o be 10° s 7!

Fig. 1.3.

The probe is useful as a “radical clock’ since 1t is
as mentioned above possible 10 measure the time
spent between the ET and the radical recombina-
tion. Cyclization during the reaction is a proof of 4
radical mechanism (at least for the cyclized part).
but that no cyclization has taken place is not a
proof against a radical mechanism. but only tells
that if a free radical was produced. its lifetime was
significantly less than ca. 107¢ 5.

Although the cyclizable 5-hexenyl probes have
been very widely used, other radicals. which in
the free state rearrange very fast. have been
used either in the alkyl of the Grignard reagent
or as the substrate. cis-Tetramethylheptenone
(t-BuCH=CHCOr-Bu) for example will rearrange
to the rrans isomer after being converted to the
anion radical by accepting an electron [55.56].

In 1977 and 198! Ashby and Bowers very
imaginatively used the 5-hexenyl probe to
shed light on the mechanism of reaction of
Grignard reagents with benzophenone {57.58].
By the introduction of methyl groups « or g
to the magnesium-carrying carbon, tertiary and
neopentyl-like reagents were prepared. In the reac-
tion of the simple primary S5-hexenyl reagent
the 1,2-addition product obtained was uncyclized.
Reaction of the tertiary reagent (1.1-dimethyl-5-
hexenylmagnesium bromide) produced an uncy-
clized 1,2-addition product and a [.6-addition
product, in which cyclization had occurred.
Scheme 1.4:

In THF, however, both 1.2- and [.6-adducts
had a cyclized structure. The primary neopentyl-
like reagent (2.2-dimethyl-5-hexen-1-vimagnesium
bromide) in diethyl ether surprisingly produced a
cyclized 1,2-addition product |58].

In their interpretation the authors assumed that
all 1,2-addition in this reaction (cyclized or straight
chain} is produced by radical recombination within
the solvent cage. Since the lifetime of the cage
is 1077 5 and the rate of cyclization is 107 it is.
however, obvious that radicals must escape the
cage and diffuse for a period of at least 107° .
In THF the results with the tertiary reagent are
explained simply by diftusion of all the alkyl and
ketyt radicals out of the cage and the re-encounter
and recombination of the radicals after eyvelization



SCHEME 1.4

of the 5-hexenyl chain. The result obtained in
diethyl ether is more complicated since the 1,2-
addition product is straight chain and the 1.6-
product is cychzed. The problem that a reaction
produces both a cyclized and a straight chain
product is not unique. In the addition of simple
primary S-hexenylmagnesium bromide to benzil
the O-alkylated product is straight chain and the C-
alkylated product is cyclized [59]. In two different
addition products to phenyliminophenylindole the
ratio of straight chain to cyclized product is 1:]
and 1:3, respectively [60].
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An explanation is needed for the laree ditference
in the ratios cyclized/straight chain in products,
which all seem to be formed by radical recom-
bination.

In an investigation [61] of the Wittig rearrange-
ment, in which a ketyl and the S-hexeny! radical
were generated by deprotonation of benzhydryl-
5-hexenyl ether, the author distinguishes between
pairs of radicals which diffuse together randomly
(R-pairs) and radical pairs which are generated in
a well defined position which is favourable for
recombination (S-pairs).
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1. 6-addition I A-addition
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From the degree of alkyl cyclization found in the
products, the rates of radical recombination can be
calculated. In the Wittig rearrangement the ketyl
and the alkyl radicals are produced as S-pairs. The
radicals are born close to each other, a situation
which invites immediate 1,2-addition within the

cage to form an open chain adduct. A fraction of

the radicals diffuse and recombine as cyclized 1.4-
or |.6-adducts.

in the analogous Grignard reaction, radical pairs
in a favourable position would likewise be obtained
it the ET transition state had a morc or less
defined structure. If ET takes place from the
carbon magnesium bond to the carbonyl carbon
and requires a certain minimum distance between
the two carbons, then some of the radicals formed
will be S-pairs capable of immediate 1.2-addition.

It would seem to be a reasonable argument
that a reaction in which radicals form and recom-
bine without delay is indistinguishable from the
concerted reaction mechanism. It is, however.
possible to distinguish between them by measuring
the relative reactivity of various atkylmagnesium
reagents in the two reactions. Garst suggested
the word ‘radical-concerted’ for the mechanism
in which immediate recombination of radicals
take place [61]. The reactivity series of alkylmag-
nesium reagents in a radical-concerted reaction
will be different from the reactivity series for a
truly concerted reaction. It seems possible that the
mechanisms of reaction of methyl- and especially
of primary alkylmagnesium reagents are radical-
concerted in this sense.

The problem of cage products versus escape
products in the reactions of benzophenone and Gri-
gnard reagents was discussed in a review by Walling

[62]. who calculated the outcome of reactions of

benzophenone ketyl using plausible estimates for
the rate constants of the various radical-radical
recombinations. He concluded that:

1V In an ET reaction vyields of normal addi-
tion products can be near quantitative without
invoking cage processes. Low ketyl yiclds are
not evidence that only a small fraction of reac-
ton involves ET.

Kety!l concentration builds up rapidly and per-
sists after the reaction is complete.

2

3) High reaction rates give high yields of ketyls
and by-products.

) Under most assumed conditions radicals will
have long enough fifetimes to undergo rear-
rangements which have rate constants of ca
107 or greater.

} Small amounts of traps for R or ketyls may
have lide effect on the products.

1.3.4 A Thermochemical Approach

An analysis of the Arrhenius activation energy
for the reaction of r-butylmagnesium chloride with
benzophenone showed near identity of the heat of
formation of the transition state with the sum of the
heats of formation of magnesium benzophenone
ketyl and s-butyl radical in ether solution [22].
The same was true for secondary reagents, while
for primary reagents and for methyl the TS was
4-10 kcal mol” ! more stable than the free radi-
cals. The interpretation was that electron transfer
is simultancous with magnesium transfer. Analo-
gously it has been shown that electron transfer and
transport of sodium between benzophenone and
its sodium kety! takes place simultaneously {63].
An outer sphere ET preceding magnesium transfer
would yicld a pair of radical ions of an impossibly
high energy since the stabilizing bonding between
magnesium and oxygen would be missing.

R MeX + PLC-O
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For tertiary and secondary reagents the radicals
are free o diftfuse from cach other. producing 1.4+
and 1.6-addition products, while primary radicals
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and methyl, because they have weak bonding to
benzopinacol, do not leave the solvent cage and
produce only 1.2-addition. Here again we have
the problem of being able 1o distinguish between
a truly concerted reaction and a radical-concerted
mechanism and as mentioned above the only possi-
bility seems to be to study the reactivity series.
which may resemble either the “acetone-series™ or
the ‘benzophenone-series’. respectively.

The results obtained with the tertiary 5-hexenyl
probe (see above) indicate that even with tertiary
Grignard reagents the alky! radical has approached
the carbonyl in the transition state so that imme-
diate radical recombination in the cage may take
place to a certain extent. The bonding, however.
must be weak.

1.3.5 Kinetic Isotope Effects

1.3.5.1 Isotopic Carbon and Hydrogen in
Benzophenone

Kinetic isotope effects, which are often a useful
mechanistic tool, have been measured in several
types of reactions of Grignard reagents including
reactions with benzophenone. KIEs have been
measured for the substitution of 3C and "“C

Ph Ph
RMgX +

1.2-addition

1.6-addition

SCHEME 1.7
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in the carbonyl group in benzophenone and for
deuterium substitution in the @ and 8 positions of
Grignard reagents. The effect of isotopic carbon
in benzophenone has been studied by two groups.
The results obtained are not in complete agree-
ment.

HC-KIEs were measured for the reactions of
methyl-, phenyl-, benzyl-, allyl-. and r-butylmag-
nesium halide and the values for '2k/"*k were
in the order of 1.055 for phenyl and methyl,
smaller for benzyl and close to unity for allyl
and r-butyl [64]. To obtain an interpretation, the
authors looked at the Hammett p for the effect of
polar substituents in the benzophenone substrate.
Methylmagnesium bromide and phenylmagnesium
bromide show moderately sized positive values of
p in their reactions with benzophenones. The ¢-
butyl reagent has a very large positive p. while
allyl has a p close to zero. ET to benzophe-
noncs was said to be without a significant KIE
according to both experiment and theory. Based on
the KIEs and the Hammett p values determined, it
was concluded that among all the possible reaction
steps shown in Scheme 1.7, electron transfer (a in
Scheme 1.7) was rate determining for allylmagne-
sium bromide, while C—C bond formation (c in
Scheme 1.7) was rate determining for the methyl

b Ph, .
- C—0—MgX + R
Ph
cage
il
d
¢ ditfusion
- Ph . .
JC—0 —MegX R
Ph

b

Benzopinacol

Hydrocurbons
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and the phenyl reagents. For t-butyl the rate was
determined by an ET pre-equilibrium (a) combined
with a rate determining rearrangement of 1to 11 (b
in Scheme 1.7).

The above described experiments and inter-
pretations were questioned in an investigation in
which C KIEs were determined by a different
approach {65]. The values for methyl and ¢-butyl
Grignard reagents were found to be of the same
magnitude. Since ET to benzophenone therefore
had a significant kinetic isotope effect it was said
1o be incorrect to assign a rate-determining ET
in the reaction of allylmagnesium bromide on the
basis that the KIE was unity. The lack of effect
of polar substituents on the rate of a reaction
which consists of the transfer of negative charge to
benzophenone also seemed strange. The high posi-
tive value of p which was found for the reaction
of r-butylmagnesium chloride with benzophenone
is and was an indication of a rate determining ET
step for this reaction.

The KIE for introduction of 10 deuterium atoms
in benzophenone was found to be ky/k;, = 1.095
for the reaction with f-butylmagnesium chloride,
but 0.986 and 1.000 for methylmagnesium chlo-
ride and allylmagnesium bromide. The values for
isopropylmagnesium bromide and ethylmagnesium
bromide are 1.087 and 1.015. These secondary
isotope effects are high when there is a high
development of charge in the TS, coinciding with
high values of Hammett p. Sccondary and tertiary
Grignard reagents must react by clear-cut ET-
homolytic mechanisms. Much less sensitive to
polar substituents in benzophenone are the reac-
tions of methyl and primary Grignard reagents,
which react by more or less concerted hybrid
mechanisms.

Allylmagnesium bromide has an extremely low
p in the reaction with benzophenone. There is prac-
tically no charge development in the TS and the
lack of a carbonyl carbon isotope ctfect shows a
balanced formation and breaking of bonds to this
carbon. This indicates a cyclic concerted mech-
anism, Scheme 1.9b, which is even faster than
the rate predicted from the oxidation potential
of this reagent. The reaction, unlike ET reac-
tions, proceeds without coloration and  without

pinacol formation and, like concerted reactions.
it is slowed by the presence of ortho methyl
groups in the benzophenone. In the latier case the
ET-homolytic mechanism becomes competitive as
seen from the coloration which develops during the
reaction of mesityl phenyl ketone.

The KIE for O substituted benzophenone was
found to be kio/kix = 1.03 for r-butylmagnesium
chloride and 1.00 for methylmagnesium bromide
[41]. Tentatively this may mean that the total
bonding to oxygen is weaker in the TS for r-butyl
than in the TS for methyl. in which ketyl formation
1s not completed.

1.3.5.2 Deuterium Substitution in the Grignard
Reagent

1.3.5.2.1 Primary Isotope Effect on the
Reduction Process

In their pioneering study in 1956 Dunn and War-
kentin [66] showed that only hydrogen from the
B-position is transferred from isobutylmagnesium
bromide to benzophenone in the reduction process
and that ky/kp is of the order of 2. A more exact
value seems to be 2.3 as measured by the change in
the ratio addition/reduction by introduction of a g-
D in the isobutyl Grignard reagent [67]. Two 8-Ds
in butylmagnesium or six 8-Ds in isopropyimagne-
sium bromide changed the addition/reduction ratio
by factors of 1.62 and 148, respectively [9]. The
variation in the KIE indicates variation in the tran-
sition state. The truly concerted 6-centre mecha-
nism, Scheme 1.9a, has been suggested to be. for
some reagent/substrate combinations, more or less
radical-concerted [67]. Scheme 1.8.
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For a radical-concerted reduction a lower KIE
would be expected.
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1.3.5.2.2 Secondary Isotope Effects on the
Addition Process

The effect of deuterium in the « and B positions
of the Grignard reagent was measured in the reac-
tion with aliphatic, aromatic. and «. B-unsaturated
ketones [68.69]. All deuterium isotope effects were
small. For the reaction of the aliphatic ketone, 2-
octanone, inverse KIEs (k1 /kp < 1) were found and
the effect was of the order of 1% per D in the o or
the B position. C2DsMgBr for example reacts with
octanone with ky/kp = 0.948. The same reagent in
the reaction with benzophenone showed ky /kp very
near 1.00. For dy methylmagnesium bromide an
inverse KIE of 3-4% was found for both octanone
and benzophenone. Inverse vatues of ky/kp may be
rationalized as due to less steric hindrance in the
deuterio reagent [70]. typical for a concerted mech-
anism. Substantial normal KiEs of the order of 5%
were found for the addition reaction of d, isopropyl-
magnesium bromide to benzophenone. This result,
like a similar rather significant normal KIE for
the reaction of 8-dz ethylmagnesium bromide with
benzylideneacetophenone. indicates « homolytic re-
action mechanism [68]. In the homolytic reaction
the steric factor is of little significance and the effect
observed is due to less hyperconjugative stabiliza-
tion of a free radical by 8-D than by B-H. With
1-butylmagnesium chloride the KIE is much smalier.
which was assumed to result from opposing steric
and electronic effects.

«. a-Dideuteriopentylmagnesium bromide re-
acted with benzonitrile and with phenylacetylene
with kykp very close to 1.00 [71].

For both isopropylmagnesium and r-butylmag-
nestum bromide the relative vield of 1,6-addition
product is increased by using the perdeuterio
reagent. The explanation may be that the diffusing
D-alkyl radicals react more slowly by dispropor-
tionation than do the A-alkyl radicals.

1.3.6 CIDNP Observations

In the reaction of r-butvlmagnesium chloride
with benzophenone. escaped 1-butyl radicals react
by disproportionation forming isobutane and iso-
hutene. CIDNP signals were observed for the
vinylic protons of isabutene |72].

Grignard Reagents: New Developments

1.3.7 A New School in the Study of the
Reaction of Benzophenone with
Grignard Reagents

The lack of consensus among chemists engaged
in mechanistic work with Grignard reagents and
benzophenone was not limited to the interpretation
of kinetic isotope effects and Hammett parameters.
In 1986 the reaction of Grignard reagents with
benzil in THF solution was investigated with the
use of ESR |73]. Stable complexes were found.
From an interpretation of the EPR spectra the

complexes were suggested o contain a dimer of

the benzil ketyl jon paired with two cation radicals
of the Grignard reagent. A general scheme for the
mechanism of the addition reaction to aromatic
ketones was suggested, which deviated from carlier
schemes by denying that ET is the slow. rate
determining step. The slow step in the addition
reaction was suggested to be a reaction between
the above mentioned radical pair and an extra
molecule of Grignard reagent. Rate constants were
measured for the disappearance of the coloured
complex in the presence of Grignard reagents of
various concentrations.

The theory was opposed a year later in a
new investigation of the reactions of benzil with
Grignard reagents {59]. A very large fraction of
O-alkylated product was. surprisingly, found to
be produced together with normal C-alkylated
products. The use of 5-hexenylmagnesium bromide
gave a straight chain  O-alkyl product, but
a cyclized C-alkyl product. More importantly.
thermographic rate measurements yielded reaction
rates which were six times higher than the
published rates for the disappearance of the
coloured complex. Instcad of being the rate of
the addition reaction. the colorimetric rates were
suggested to be the rate of reduction of escaped
benzil ketyl to benzoin by the excess Grignard
reagent. This was likely since benzoin was found
among the reaction products. The theory that stable
ion radical pairs can exist. which include cation
radicals of Grignard reagents and ketyl radicals of
benzil or of a benzophenone. had been presented
carlier [74]. when it was opposed for being an
incorrect interpretation of the spectra | 7510 and for
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being unconvincing, since the lifetime of a cation
radical of a Grignard reagent was suggested 1o be
shorter than a millisecond [59] rather than being
hours or years as suggested in Ref. {73].

The reaction scheme, which was proposed for
the reactions of benzil in the 1986 investigation.
was also proposed with small modilications for
the reactions of benzophenone [76]. Blue and pink
colours during the reaction in THF of butylmagne-
sium bromide with benzophenone were interpreted
as monomeric and dimeric ketyl.

The rather surprising mechanistic scheme pre-
sented n Refs. [73] and [76] was assigned o
benzophenone partly on the basis of experiments
made with benzil. The present authors have had
difficulty in finding a correlation between the
experimental results reported and the conclusions
made. The authors seem to be suggesting rather
than concluding. This is unfortunate since the
suggestions have later been referred o as facts.
More explanations and more experimental details
seem to be needed.

1.4 POLAR CONCERTED
REACTION MECHANISMS

1.4.1 Addition to Aliphatic Ketones

In the previous section it was explained that the
behaviour of Grignard reagents varies with their
structure as well as with the structure of the

reagents arc ordered according to their case of
oxidation at a platinum anode and have char-
acteristic oxidation potentials. r-Butvlmagnesium
bromide is easily oxidized. while mcthylmagne-
sium bromide and especially phenyimagnesium
bromide resist oxidation. Carbonylic substrates
likewise have reduction potentials, which are
related to the possibility of resonance stabiliza-
tion of the ketyl radical formed by ET. In simple
aliphatic ketones little stabilization is possible and
the reduction potential is very negative. Benzophe-
none, on the other hand. is easily reduced because
the benzophenone ketyl is extremely well stabi-
lized and is even stable in solution. As described
in Section 1.3.1-1.3.5. r-butylmagnesium chloride

wanslers an clectron to benzophenone in a very
fast reaction, but methyl and phenylmagnesium
bromides react hundreds of times more slowly.

The reaction of acetone with phenylmagnesium
bromide is, however, very fast [26]. In this reaction
there is obviously no need for an initial breaking
of the carbon magnesium bond. In the reaction
the new bonds are formed in concert with the
breaking of the old bonds. The concerted reaction.
however, requires a close approach of the two
molecules.

Reactivity measurements using substrates with
widely differing structures have given many clues
o the stercochemistry of the transition  states
for concerted reactions. The magnesium atom is
surrounded by coordinated solvent molecules and
is hulky. The high reactivity of phenyl Grignard
reagent toward acctone could be seen as a result
of both molecules being flat and having the ability
to align the C--Mg bond very close 1o the C=0
bond, in spite of the aromatic 7 cloud. in a
four-centre TS, Branching at the a-carbon as in
isopropyl and -butylmagnesium halide 1s a hind-
rance for the approach and r-buty! Grignard reagent
reacts 420 times more slowly with acetone than
does phenyl Grignard [26].

Even if the reaction is concerted, a charge is
developed on the a-carbon in the TS. In benzyl-
magnesium bromide a phenyl group allows delo-
calization of this charge and the reagent is 1400
times more reactive toward acetone than is -butyl-
magnesium bromide. The fastest reagent toward
acetone is allylmagnesium bromide. The reuson
is that with this reagent the approach of the
carbon atoms. which are to be bonded. are far
removed from the bulky magnesium atom in &
six-centre transition state, Scheme 1.9(b). The rate
has not been measured. but is estimated to be at
feast 100 000 times faster than the reaction of 1-
butylmagnesium bromide and acetone [43].
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Although the rate of reaction is mainly a ques-
tion of steric requirements, it is not possible
to find a reactivity series for the various Gri-
gnard reagents which is valid for many different
substrates, simply because cach pair of reagents
has its own steric requircments. As mentioned.
it is useful to compare the reactivitics of -
butylmagnesium bromide and phenylmagnesium
bromide toward a given substrate since the first
mentioned has the weakest and the last mentioned
the strongest carbon—magnesium bond among the
common reagents [4]. At the same time f-buty! is
extremely bulky and phenyl is fairly unhindered.

1.4.2 Addition to Acid Derivatives

Reactions of Grignard reagents with esters, acid
anhydrides, acid chlorides. nitriles, etc. are useful
in the preparation of ketones and tertiary alco-
hols. The reactivity of an unhindered ester is
50-100 times lower than that of a ketone. The low
reactivity reflects the low polarization of the ester
carbonyl group. The reaction rate for addition is
highly dependent on the steric bulk of both the
ester alkyl and the alkyl of the Grignard reagent.
The first addition to an ester produces a hemiketal
salt, which eliminates magnesium alkoxide and
forms the ketone, which adds the second molecule
of Grignard reagent. That the ketone is a true inter-
mediate is proved by a detailed Kinetic study of
the rates of formation the various products and
by-products [77].

1.4.3 Concerted Transfer of
p-Hydrogen. Reduction

In a 1,2-addition the bond formation of carbon to
carbon and oxygen to magnesium is concerted with
the breaking of C—Mg and n C=0. This requires
a four-centre transition state. If the reagent has
hydrogen in a B-position. reduction of the carbonyl
group by hydrogen transfer is an alternative to
the addition process. In this process, shown in
Scheme 1.9 (a), a C—H, a 7 C—C, and a Mg—-0O
bond are formed in concert with the breaking of a
C-Mg, a C—H, and a 7 C=0 bond in a six-centre
transition state [78].
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Since the six-centre transition state is steri-
cally less demanding than a four-centre transition
state, reduction will tend to be important with
bulky reagents. A syn-periplanar conformation is
necessary for the six-centre reduction mechanism.
For example, reduction takes place with the exo
hydrogen in bornylmagnesium chloride and not
with the endo hydrogen {79]. The reduction of
benzophenone is 50 times faster with cyclopentyl-
magnesium bromide than with cyclohexylmagne-
sium bromide [80], which can be explained by the
possibility of having a cis periplanar conformation,
which is impossible with the cyclohexyl reagent.
Reduction of achiral ketones with chiral Grignard
reagents may induce chirality in the products {81].
The chirality of the reagent may reside in the alky!
or it may be introduced by using a coordinating
chiral solvent.

The second alternative to the Grignard addi-
tion is enolization, which requires a hydrogen «
to the carbonyl group. The mechanism has a six-
centre cyclic transition state and like the reduction
process has fewer steric requirements than does
addition. [82,83], Scheme 1.9 (¢). Branching at the
carbons « to carbonyl slows the addition reac-
tion and therefore increases the extent of enoliza-
tion and reduction. Preparative additions to such
ketones requires the use of alkyliithium reagents.
The enols may be useful for synthetic purposes
since they may add to the carbonyl group in added
reactants or in the substrate itself.

Six-centre transition states for the reactions of a
carbonyl compound with a Grignard reagent are
very efticient if they allow the formation of a
Mg—O bond in concert with the shifts of two
pairs of 7 or o electrons. Five examples arc
shown in Scheme 1.9 (a)-(e). Concerted reduction
and enolization are mentioned above. The allylic

addition, Scheme 1.9 (b), is efficient because of

the absence of steric hindrance. The carbonyl
carbon of an aldehyde may attack ortho to the
side chain in benzylmagnesium chloride forming
a reactive dihydrobenzene compound. which may
add a second molecule of aldehyde. Scheme 1.9
(e) [84]. The conjugate addition to «. S-unsatu-
rated carbonyl compounds, Scheme 1.9 (d), is
treated in the folowing section. An objection to the
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Concerted  six-centre reaction mechanisms:
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six-centre mechanisms based on orbital symmetry
considerations has been published [5].

1.5 REACTIONS WITH
a, B-UNSATURATED
CARBONYL COMPOUNDS

«a. B-Unsaturated ketones have interesting prop-
crties as substrates for Grignard reagents since
they are intermediate between the aromatic ketones
and the aliphatic ketones. They may accept an
clectron 1o form a resonance stabilized kety! in
which the spin is distributed between the carbonyl
carbon and the fi-carbon. On the other hand, the
polarity of the C=0 is transmitted through the
double bond and the compound will accept a
nucleophile at the f-carbon. Conjugate addition
products therefore may result from either polar or
from ET mechanmisms. A truly concerted mecha-
nism for 1.4-addition requires a six-centre TS and
this means that C=0 and C=C should have a
cisoid conformation. Scheme 1.9 (d), as originally
suggested by Lutz and Reveley {85}

The necessity of the cisoid conformation was
questioned since 2-cyclohexenone, which has a
transoid conformation. was able to form 1.4-
adducts with various Grignard reagents. Recently
it was found, however, that methyl- and phenyl-
magnesium bromide are unable o add 14 to
an . f-unsaturated substrate unless the cisoid
conformation is possible [86]. Isopropyl- and -
butyimagnesium chloride do, however, react 1.4.
but by a homolytic mechanism.

Two alkyls in the f-position are prohibitive
for the concerted reaction and miesityl oxide does
not add primary Grignard reagents 1.4, This steric
hindrance is overcome by the bulky r-butylmag-
nesium chioride. A 25% vyield of the overcrowded
4.4.5.5-tetramethyl-2-hexanone 1s obtained. which
obviously is formed. Scheme 1.10. by recombina-
tion of magnesium mesityl oxide ketyl and f-butyl
radical after an initial homolysis {86].

The importance of the cisoid conformation
(Scheme 1.9 (d)) is seen from the fact that
voing from benzalacetone o benzalpinacolone
increases the rate of formation of 1 3-adduct from
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butylmagnesium chloride by a factor of 10. The
reason is that while benzalacctone has a transoid
conformation benzalpinacolone is forced to adopt
a cisoid conformation because of the interaction
between the 7-butyl group and the distant vinylic
hydrogen. The surprising implication is that the
introduction of a tertiary butyl group accelerates a
sterically demanding reaction {86].

With ¢, B-unsaturated ketones and esters both
homolytic and polar concerted mechanisms may
be operating, but combining the study of rate with
the exact product distributions makes it possible
to find the contribution from either mechanism in
almost any reagent/substrate combination.

The use of cuprous salts as a catalyst increases
the rate of 1,4-addition and is highly useful for
preparative work [87]. Like the metal catalysed
reactions described below in Section 6.1. the cop-
per catalysed reactions are not reactions between a
substrate and a Grignard reagent. What takes place
is fast alkyl exchange between a copper salt and u
Grignard reagent followed by a reaction between a
complex alkylcopper compound and the substrate.
The alkylcopper is regenerated from the addition
product by a fast Mg/Cu exchange.

1.6 ET SUBSTRATES OTHER THAN
BENZOPHENONE

Although the main subject of this review is

reactions of Grignard reagents with carbonylic

compounds, five examples of reactions wiil be

-
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mentioned in which the substrates are clectron
acceplors, but not carbonylic. Since the mecha-
nisms of these reactions have been studied exten-
sively the lessons learned arc usctul in the study
of Grignard reactions in general.

1.6.1 Metal Catalysis

1.6.1.1 The Kharasch Reaction

From the early use of Grignard reagents it was
known that certain of their reactions led to prod-
ucts which had to result from free radicals. Most
obvious were reactions with alkyl halides, which
when small amounts of metal salts were added
could produce dimers of the Grignard alkyl along
with radical disproportionation products and radi-
cal polymerization products of the alkyl of the
halide. The reaction type is called the Kharasch
reaction because Kharasch and coworkers studied
the reaction in detail |88.89]. Pure Grignard re-
agents do not react with most alkyl halides. But
Grignard reagents exchange alkyls very fast with
metallic salts with the formation of alkylmetal
halides or diatkylmetals:

RMeX +MX; —— RMX + MgX> (11D

2RMgX + MX> —— RoM + 2MeX,  (1.12)

The alkylmetals formed are unstable and dissociate
according 1o either:
RMX —— R- +-MX or: (113
R-M —— R-R+M (1.1
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The monovalent or zerovalent metal species are
highly reducing and may react with alkyl or aryl
halides:

MX +R'X —— MX> +-R" or (1.15)
M+ R'X ~—> R'MX (1.16)

The reactions shown represent very fast catalytic
cycles. which let a Grignard reagent reduce the
alkyl halide, being itself oxidized to hydrocarbons
via (1.14); alternatively. depending on the nature
of R and R'. the alkyl halide is reduced to free
radicals, which recombine in various ways. The
choice of metal may be the deciding tactor for

the usefulness of the reaction in the preparation of

sclected hydrocurbons [90].

1.6.1.2 Reductive Dimerization of Carbonyl
Compounds

[n a metal catalysed reaction of a Grignard reagent
the reductive species is cither the free metal in a
colloid state or a metal salt in a subvalent state tike
Co*!.

The effect of deuterium in The species, which
is reduced in the catalytic cycle described above,
need not be an alkyl halide, but may just as
well be an easily reduced carbonyl compound like
benzophenone. Kharasch showed in 1941 [91] that
though methylmagnesium bromide normally adds
to benzophcnone producing methylbenzhydrol in
high yield. the addition of a few per cent of ferric
chloride led to the production of benzopinacol
instead of the addition product:

+  2CH;MgBr

A
kv
\/

SCHEME 1.11

The catalytic cycle again is the formation of
unstable alkylmetals, which decompose according
to (1.13) or (1.14). The metal species, by increasing
its oxidation state. reduces the substrate but is
immediately regenerated by reaction with Grignard
molecule(s). As mentioned before, what we ob-
serve is only indirectly a reaction of a Grignard
reagent, since this only serves as a supplier of
reactive metal species. Kharash suggested 12] that
monovalent CoCl was the reactive species toward
benzophenone since reduction did not take place
using pyrophoric cobalt.

Other examples of catalytic reductions using
methylmagnesium bromide and FeCly are the for-
mation of isomeric diphenyladipic esters from
cinnamic esters [92] and tetra-phenylhexandiones
from benzylideneacetophenone [93]. Scheme 1.12.

1.6.2 Reactions with Oxygen and with
Peroxides

The reaction of Grignard reagents with oxygen has
two steps 153,94,95]. The first step is formally
an addition of RMgX to O,. Oxidation of 5-
hexenylmagnesium bromide, however, yielded the
cyclized cyclopentylmethylperoxide. which proved
that the initial step is ET to oxygen with the
formation of the free S-hexenyl radical. The radical
diffuses for a sufficiently long time for the cycliza-
tion to take place before it adds o oxygen. This
is step one of a chain process and step two is
exchange of alkyl between the peroxyalky! radical
and a molecule of Grignard reagent.

sls

C—OH

et | + CHLCH,

C—O0OH

)
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The reaction of alkylmagnesium reagents with
di-r-butyl peroxide leads to alkyl r-butyl ether, ¢-
butyl alcohol, and disproportionation products of
the alkyl [96]. Mechanistic studies showed that
the initial step is ET. This conclusion was i.a.
based on a linear correlation of log rate with
the oxidation potentials of the Grignard reagents.
Reactions of peroxides are extremely sensitive to
metal catalysis, but take place even when high-
purity magnesium is used.

1.6.3 Reactions with Azobenzene

A fourth example of a radical-type reaction of
Grignard reagents is the reaction with azoben-
zene [97]. It was found that azobenzene in the
reaction with methylmagnesium bromide produces
hydrazobenzene and ethane [98]. To be able to
reduce azobenzene the reagent has to act as an
electron donor in an induced homolysis:

PhN=NPh + 2MeMgBr  —= PIN——NPh + Mec-Me
1
Mg Mg
Br Br

SCHEME 1.13

In a mechanistic study [99] the use of a variety
of Grignard reagents showed that hydrazobenzene
was normally the main product (80% or above)
accompanied by 10-15% 1.2-addition product.

For allyl-, benzyl-, and ¢-butylmagnesium halide
1,2-addition amounted to 100, 57, and 50%. res-
pectively. Among the by-products were for 7-butyl
Grignard reagent 10% 1.6-adduct and 7% p.p'-
di-t-butythydrazobenzene. A small amount of a
tetra-t-butylazobenzene was isolated. It seems that
Mg transfer to azobenzene from the Grignard
reagent has produced free alkyl radicals, which
after diffusion have attacked unreactred azobenzene
in a number of consecutive steps. Even a primary
reagent like n-butylmagnesium bromide produced
1,6-addition product (2%).

The rates of reaction for the different Grignard
reagents were largely linearly correlated to the
anodic oxidation potentials of the reagents. 5-
Hexenylmagnesium bromide produced 1.2-addi-
tion product of which 50% was cyclized.

The conclusion from all observations is that
the Grignard reagents transfer magnesium to azo-
benzene to produce a radical pair in a stepwise
mechanism. The transfer, however. takes place
in a transition state which is very similar to the
concerted six-centre Whitmore —Mosher complex
and has rather strict steric requircments. The
reaction is radical-concerted. This. for example.
explains that in the reaction of s-butylmagnesium
bromide with azobenzene, [-butenc is formed in
a 4:1 ratio relative to 2-butene, while this ratio in
reactions with other electron acceptors is below
unity. Since the radical pair is formed with a
‘conformation” which is ideal for transfer of f-
hydrogen this is the main product. but the radicals
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may miss this opportunity and either collapsc to
1,2-addition product or ditfuse out of the cage. The
presence of a B-hydrogen facilitates the reaction
since reagents which have no B-hydrogen. like
methyl or benzyl, or which like 7-butyl have too
much bulk to be able to attain the ideal six-centre
conformation, react by ET, but much more slowly
than indicated by their oxidation potentials.

1.6.4 Reactions with Cinnamic Esters

Cinnamic acid ethyl ester is a carbonyl compound,
which like benzophenone has the ability to accept
an electron to form a rather stable anion radical. As
an o, B-unsaturated ester it may produce 1.2- and
1,4-addition products in the reaction with alkyl-
magnesium halides. The use of t-butylmagnesium
chloride, however, was found to produce up to
50% of a 1,3-addition product [100].

The mechanism of this reaction was studied
[101] and was found to involve the production of
a 7-butyl radical and a magnesium ester hemiketal
radical, which could recombine to form the normat
1.4-adduct. Diffusion of the radicals out of the cage
allowed an attack of the free r-butyl radical on
the unreacted starting material. This attack took
place at the carbon B 1o the benzene ring with
the formation of a stable benzylic radical. This
radical exchanges magnesium with the initially
formed ester hemiketal. The magnesium compound
formed undergoes an internal Grignard addition
with the formation of a cyclopropanone hemiketal.
which may be isolated after silylation. but which

/\\/colm

-BuMeCl + Ph

SCHEME 1.14

hydrolyses to the 1,3-addition product in weak
acid.

The product of addition to cinnamic ester is an
obvious ‘abnormal’ product formed by the reac-
tion of a Grignard reagent. Such products are
formed by the reaction of free radicals, which since
they are uncharged *look” for radical stabilization
rather than for charge stabilization. The following
types of abnormal products are considered as being
formed by radical recombination even if the direct
proof of the radical mechanism has not been given
for all cases.

1) Products resulting from dimerization of the
substrate.

2) Unstable dihydro compounds formed by addi-
lion to aromatic rings.

3) Additions to a carbon which is not electron
deficient.

4) Addition to oxygen, nitrogen, and sulphur.

Examples of 1), 2), and 3) are given above.
Addition to nitrogen was described for azoben-
zenc. Addition to carbonyl oxygen may be seen
for example in the addition of r-butylmagnesium
chloride to benzophenone [65]. For a-diketones
and ortho quinones, O-alkylation may be the
main product as described for benzil [59] and
quinones {102,103,104]. S-alkylation has been
scen in the addition to thiobenzophenone [105].
Addition to nitrogen is seen with nitroben-
zene [106] and with pyridazinium salts [107]. The
products mentioned are produced via a radical
mechanism, sometimes in significant amounts but
often as unimportant by-products.

NP
COLLt
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Ph ~

-
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1.7 SOLVENT EFFECTS

Although alkylmagnesium recagents may be pre-
pared in hydrocarbons like methylcyclohexane or
benzene [108], the common solvents used for
Grignard reactions are diethyl ether (DEE) and
tetrahydrofuran. In special cases use s made of
very strongly coordinating solvents like DME,
HMPT, or crown ethers [18,72,51].

Several effects are seen when the solvents are
interchanged. Going from DEE to THF the Schlenk
equilibrium is changed toward a larger content of
dialkylmagnesium. RaMg. which is much more
reactive than RMgX. Comparisons of reactivitics
in the two solvents therefore only make sense when
using halide-free dialkylmagnesium {44]. Dibutyl-
magnesium is about 100 times less reactive toward
acetone, methyl acetate, and s-butyl crotonate in
THF solution than in ether. but the reactivity
toward azobenzene is increased. Toward benzophe-
none secondary and tertiary reagents are much
more rcactive in THF than in DEE, while the reac-
tions with primary reagents (butyl- and ethyl) arc
not accelerated {43}].

Reactions which have rate-determining ET
have transition states with charge development
and should be accelerated in the more polar
solvent THF. Since the various coordination
equilibria existing in the reaction mixtures -are
seriously shifted, reactivity changes have to be
carefully analysed. Although the ET reaction
with azobenzene is accelerated in THF, the ET
reaction between t-butylmagnesium chioride and
di-t-butylperoxide is extremely slow in THF [43].

Reactions which take place with polar mech-
anisms tend to be slow in highly coordinating
solvents. This would be a natural consequence it
4 coordination vacancy on magnesium is needed
for engagement with the substrate since vacan-
cies would be extremely rare in a solvent like
THF or HMPA.

A Hammett treatment of the reaction of cthyl-
magnesium bromide with benzophenone in cther
[109] showed a lincar plot for the ratio addi-

tion/reduction with a p = —1. Changing trom DEE
to THF led to two linear plots intersecting at
o = ~0.15. The change in p must be interpreted

as a change in mechanism for the addition. The
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authors offer very elaborate combinations of mech-
anisms {109]. but the break could be explained by
a simple shift from a low p concerted mechanism
to a high p ET mechanism. The reaction merits
further study.

Attempts have been made to correlate the vis-
cosity of the solvent with the product distribution
and the behaviour of radical probes in the reac-
tion of t-butylmagnesium chloride with benzophe-
none {57].

1.8 CONCLUSION

The tundamental problem in the study of Grignard
reactions is 1o discover whether the mechanism is
stepwise or concerted. All Grignard reagents have
the potential to react homolytically, but concer-
ted mechanisms may be the most efficient with
substrates with low electron aftinity. Homolytic
mechanisms are recognized by high reactivity of
bulky reactants, by abnormal reaction products,
and by the possibility of correlation of rate with
the oxidation potential of the Grignard reagent.
Concerted reactions are found between reagents
with a strong C—Mg bond and substrates with low
electron affinity. Little steric bulk and favourable
conformations are required.

A close race may exist between the two mech-
anisms and among a series of concerted reactions,
exceptions are found in which steric retardation
has made the homolytic mechanism competitive.
Likewise, series of reactions with homolytic mech-
anisms show exceptions, in which an especially
favourable conformation makes a concerted mech-
anism competitive.

Between the two types of mechanism a grey
zone exists. in which the mechanisms may not
be clearly defined. Of these, some appear to react

by radical-concerted mechanisms or other types of

hybrid mechanisms.

Observations of radical intermediates by ESR or
uv-vis spectroscopy like the observation of cycliza-
tion of radical probes indicate a homolytic reac-
tion mechanisim. A quantitative kinetic analysis is.
however. required to reveal the importance of the
radical route.
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Kinetic isotope effects are of limited usefulness
because they are small and because the theoretical
prediction of KIEs is not straightforward.

The basic and the most valuable information in
the study of reaction mechanisims will always come

from kinetic studies. It seems as if reactions of

Grignard reagents for which the mechanism is stifl
not obvious should be investigated by traditional
kinetic methods using, for example, the Hammelt
procedure and carefully selected solvents.
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Nucleophilic Displacements at Carbon
by Grignard Reagents

E. Alexander Hill

Department of Chemistry, University of Wisconsin-Milwaukee, Milwaukee, WI 53201

2.1 INTRODUCTION'

By virtue of the polarity of the carbon—magnesium
bond, Grignard reagents arc an important source of
nucleophilic “anionic” carbon groups. The nucle-
ophilic addition of Grignard reagents to carbonyt
and related multiple bonds (including acy! substi-
tutions) is one of the most important C—C bond-
forming reactions in organic chemistry (eq. 2.1). In
contrast, the cross-coupling reaction —nucleophilic
substitution of alkyl halides or other substrates by
the ‘carbanion’ of the Grignard reagent—is more
limited in scope (eq. 2.2).

Among the side reactions which limit the wtility of
cross-coupling is homo-coupling of the alkyl groups
of RMgX,R"Y, orboth (c.g..cq. (2.3)) [ 1]. When 8-
hydrogens are present in either the Grignard reagent

“The following abbreviations will be used: Me = methyl:
Et = ethyl, Pr = propyl: Bu = butsl: Pent = pentyl; Ph = phe-
nyl; Mes = mesityl (2.4.0-trimethylphenyl): OTs = tosylate:
THF = tetrahydrofuran: DME = | 2-dimethoxycthane: DMF =
dimethylformamide: DW = dioxanc-water: DMSO = dimethyl-
sulfoxide; HMPA = hexamethy Iphosphoramide. Unless other-
wise indicated. the formuta RMeX for a Grignard reagent will be
taken to represent any of the species of the Schienk equilibrium.
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or the alkyl halide, disproportionation is possible,
leading to alkane, RH and R'H, and alkene, R{—H})
and R'{—H}. Metal-halogen exchange which. in
effect, interchanges the functions of the Grignard
reagent and the halide can also occur, although it
is less facile for Grignard reagents than for organo-
lithium compounds. The metal-halogen exchange
is a potential source of homo-coupling, since both
alkyl groups may then appear in both the Grignard
reagent and in the substrate.

A
Al |
RMeX + =0 ——= R—(C—OMgX
- |
B
B
’A/ \i{ Q.h
R A
=0 |

RMgX + R'Y

R—R’ + MeXY (2.2)

The *Wurtz coupling” side reaction. which gener-
ally accompanies the formation of Grignard reagent
from alkyl halide and magnesium. gives products
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equivalent (o the homo-coupling of the Grignard
reagent (along with disproportionation of the Gri-
gnard reagent alkyl). In some cases it is the result
of radical intermediates in the formation of the
Grignard reagent. For halides which react readily
with Grignard reagents, the Wurtz product may
be formed instead by coupling between Grignard
reagent which has formed and the halide which has
not yet reacted.

MeMgl + PhCH,CI —— PhCH,CH,
25%

(2.3)

+ C.H, + PhCHCH,Ph

68% 65%

Because of the frequently unsatistactory success
of carbon—carbon bond formation involving the
Grignard reagent as nucleophile in substitution
reactions, a major branch of rescarch endeavor
has grown up around ‘catalyzing’ this reaction by
the addition of a variety of transition metal salts
and complexes. In most cases, such catalysis, in
fact, involves the intermediacy of organo-transition
metal compounds which function as the effective
nucleophilic reagent.

In this chapter, we will revisit C—-C bond
formation by uncatalyzed nucleophilic substitution
reactions of Grignard reagents. Two recently
published volumes on Grignard reagent chemistry
by Wakefield [2] and by Silverman and Rakita {3]
include chapters on nucleophilic displacement
reactions. The emphasis in these chapters
is principally synthetic, and includes both
uncatalyzed and catalyzed reactions. A review by
Beletskaya, Artamkina. and Reutov [4] in 1976
was concerned with mechanisms of reaction of
organometallic derivatives with organic halides.
and a 1990 review by Polivin, Karakhanov, and
Postnov |5] discussed ‘heterolytic cleavage of
carbon-element o-bonds by Grignard reagents.’
The classic compendium on Grignard reagent
chemistry by Kharasch and Reinmuth [6] includes
numerous examples drawn from older literature,
and we will frequently cite this volume for a
summary of carly work.
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The emphasis in the present chapter will be
on the scope and the mechanisms of reactions in
which the ‘anionic’ alkyl group of the Grignard
reagent displaces another group from carbon. As 4
tformal nucleophilic substitution reaction involving
a reagent which is a strong nucleophile, the S5x2
mechanism—direct heterolytic  displacement by
the nucleophile —might be a first choice. However.
in many cases, other mechanisms may be more
appropriate. Important alternatives include an Sy1
process assisted by the Lewis-acidic magnesium
of the Grignard reagent, with a carbocation
intermediate, and a single electron transfer (SET)
mechanism, with radical intermediates. For future
reference, these three mechanisms are illustrated
in a generalized and oversimplified form in
equations (2.4-2.6).

//_\‘
R—MgX + R’GY —— R—R’ + MgXY (2.4}

R—MgX + RY —~ |:RMgXY“+ R'*}

j (2.5)
R—R’ + MgXY
RMgX + R'Y — [Rngf, R'Yf]
l (2.6)

R—R «— l:R-, R-. ngv]

Before discussing the substitution mechanisms

more thoroughly, we will survey some examples of

Grignard cross-coupling reactions, concentrating on
halide displacements with simple alkyl and subsu-
tuted alkyl groups. After a more detailed exam-
ination of the mechanistic possibilities. we will
discuss the experimental observations in relation
to the mechanisms and look at coupling reactions
with other substrates. Because many uncatalyzed
coupling reactions with simple alkyl groups are not
very successful synthetically. there are relatively
few recent examples. Caution should be exercised
in drawing mechanistic conclusions hased on the
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older hterature, since magnesium contaminated with
transition metal impurities might have introduced a
catalyzed component into the reaction, and results
might have been influenced by the lack of inert atmo-
sphere techniques and modern analytical methods.

2.2 SURVEY OF COUPLING
REACTIONS OF GRIGNARD
REAGENTS WITH ORGANIC
HALIDES

2.2.1 Reactions with ‘Simple’ Alkyl
Halides

As a point of reference, we might note that in typical
substitution reactions of saturated alkyl halides
occurring by an Sn2 mechanism, methyl halides are

most reactive. and reactivity decreases with substi-
tution: 17> 2 > 3" Since the rate of competing
bimolecular elimination increases through the same
series, the best yields of substitution products are
normally found for methyt and | alky!l halides.
while 3 halides give chmination almost exclu-
sively. The order of reactivity of the halides as
leaving groups is I > Br>» Cl > IF]7-9]. Reli-
able modern examples using simple saturated alkyl
halides are not casy to find. and the compilation of
Kharasch and Reinmuth cites relatively few reac-
tions of alkyl halides with simple alkyl Grignard
reagents. Some pertinent representatives. mostly
from the latter, are collected in Table 2.1,

Several of the examples cited in Table 2.1 note
the side-products formed. For the most part, reac-
tions are refatively slow in ethyl ether at room
temperature or reflux. although iodides react faster.

Table 2.1. Reactions of simple atkyl halides with Grignard reagents?

Halide RMgX Products

1 Mel McMgl ethane (>51%)

2 EtBr EtMgBr CyH, + CaH, (10 1)

3 Pri EtMgl alkenes (46% C>Hy + 34% CiH)
alkanes (66% CaHe + 34% CiHy)

4b i-Prl Et:Mg CyHg, (26%). CoHy (10.5%),
CiHg (23.5%), C3Hq (8.5% ).
CyHyg €1.5%). i-CsH 2 (20%)

5 Mel r-BuMgl M, C

6 1-BuCl MeMeCl Mg, C (42-50%)

T CICH>CH,CMe.Cl BuMgCl CICH,CH,CMeaBu (704

8 1-BuBr r-BuMgCl Me:CCMe: (6%), Me.C=CH, (6% ).
Me:CH (39%). “diisobuty lenes”

9 Mel PhenMgBr 9-methviphenanthrene

10 EBr (MesCe)MeBr (MesCoEt (405

11 PhOC-H,Br PhMgBr PhOCH-CH-Ph (834 ). PhOH

12 1-Bul PhCH,MgoCt PhCH-CMe: (3090 PhCH-CH-Ph

13 RY PhiCMgBr PhiCMe (93-98% ) R Y=)\el
PhiCE(73% ) R'Y=EBr

4 C7H;sBr BuMgBr n-CyHoy (THE: 8% HMPA: 42460y

15" C7HsBr

16 EtOTs

MeCH=CHMgBs

Ph(CH.)MaCl

C:H)sCH=CHMec (THF: 71%:
HMPA: 43%)
Ph(CH. L, CH, (40%)

“From ref. [6]. unless otherwise indicated. "Ret. [10] Gields of €2 C4 products based on 70%¢ vield of
cases.) “Refl {H in refluxing CHCls. dRet {12]. “Phen = O-phenantliry1 'Ref. (13}
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More recently, it has been noted that p-CH30CH,
MgBr led to no detectable coupling product with |-
iodohexadecane after 16 hin refluxing THF (97% of
iodide recovered) [14]. Grignard reagent 1a did not
react with saturated halides without catalysis [15].
It is not clear if the absence of reaction in these
cases reflects the use of less forcing conditions or
purer magnesium than in earlier reports. Aryl and
benzylic Grignard reagents are more successful in
substitution (Table 2.1, entries 9-13).

Z Me
1 a.Z=MgBr
_N b. Z = Methallyl

Surprisingly, 3° halides led to moderate yields of
substitution (Table 2.1, entries 6-8 and 12). With
I-bromoadamantane and some of its homologs.
where elimination would violate Bredt’s rule.
methylmagnesium bromide reacts to give excellent
yields of cross-coupling product. Other Grignard
reagents gave lower yields, but even r-BuMgCi
led to 9% of 1-t-butyl-adamantane (along with
reduction of the halide as the major product) [16].
Use of the somewhat polar but non-basic
methylene chloride as solvent was found to be
advantageous [11].

Another instance in which synthetically success-
ful substitution is reported is in Table 2.1, entry 11.
(Penty! and benzyl Grignard reagents led mostly to
elimination of phenol.) Coordination of magnesium
to the oxygen may enhance reactivity to displace-
ment; related compounds (e.g., 2-chloroethyl ether)
are reported to react particularly rapidly and selec-
tively with polystyryllithium living polymers {17].
One example (entry 16) is included to represent the
reactions of sulfate and sulfonate esters. These are
discussed in more detail later, but we note that their
displacement reactions with atkyl Grignard reagents
occur at least as easily as those of the halides. and
homo-coupling is less significant.

2.2.2 Reactions with ‘Reactive’
Halides

In contrast to saturated alkyl halides, some organic
halides do react very readily with Grignard reagents.
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The reactivity of allyl bromide is particularly note-
worthy; numecrous reports indicate mild reaction
conditions, short reaction times, and excellent yields
in cross-coupling. Substituted allylic halides also
react readily. though with complication by allylic
isomer formation. Benzylic halides are reactive
toward Grignard reagents, but homo-coupling
becomes important or dominant. Some illustrative
examples are shown in Table 2.2.

Another group of organic halides which are
especially reactive toward displacement by Gri-
gnard reagents are thosc with the halogen alpha
to an oxygen or a sultur. Several examples are
summarized in Table 2.3.

2.3 SUMMARY OF
CROSS-COUPLING
MECHANISMS

Three mechanisms for the cross-coupling of Gri-
gnard reagents were introduced in eqs (2.4-2.6).
Regardless of mechanism, the process is formally
a nucleophilic substitution. with the net result that
a reagent with an available electron pair, Nu:
(the Grignard alkyl group), replaces another group
L:, which departs with the electron pair of the
R—L bond (eq. 2.7). A number of charge types
are possible, but electron accounting places the
constraint that Nu: and L: cach have one more
negative unit of formal charge when free than when
bonded.

Nu: + R:LL ——— R:Nu + :L 2.7)

In Table 2.4. some properties of leaving groups
are collected. The order of reactivity of the halides
as leaving groups in reactions with Grignard re-
agents is 17 > Br™ > Cl'". This is the same as
that found for either Sn2 or Sx1 mechanisms,
and also corresponds to the ease in accepting an
electron from a single-clectron donor. Hence, the
qualitative sequence would be consistent with all
three mechanisms. However, sulfonates or suifates,
while good leaving groups, accept an electron only
reluctantly. Acyloxy and alkoxy groups are much
less reactive.
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Table 2.2. Reactions of allylic and benzylic halides with Grignard reagents®

Halide RMgX Products

I aliyl-Cl PrMgBr PrCH,CH=CH, (40-50%)

2 allyl-Cl PhMgBr PhCH>CH=CH, (82%)

3 allyl-Br r-BuMgCl 1-BuCH,CH=CH, (85%)

4b allyl-Br p-MeOCH MgBr p-McOC Hy-CH,CH=CHa, (6%%)

5 altyl-1 PhCH-MgCl PhCH,CH,CH=CH- (65%)

6 CH;CH=CHCH- (I BuMgBr BuCH,CH=CHCH; (60%)
BuCH(CH:)CH=CH, (10%)

7t methailyl-Cl 1a 1b (93%)

8d PhCH,CI(Br.) MeMgl PhEt (25,22.10%). (PhCH,):
(65.70,76%)
CoH,, (68.74.80%)

9 PhCH-CI EMgCl PhCH-CH.CH; (70%)

10¢ allyl-Br, PhCH,Br (i-PrO);SiCH;MgCl (i-PrO);SiCH,R (70%)

1! PhCH.Cl PhMgBr PhCH,Ph (56%), (PhCH1)> (6%).

Ph, (4%), PhH (1200)

4From ref. {6], unless otherwise indicated. PRef. [18]. “Ref. {15]. dRef. | 1] (yields of homo-coupling products

reflect two alkyl groups). © Ref. {19]. Ref. [20].

IR - |
Nu: +
/ /\

|

B

2.3.1 SN2 Displacement Mechanism

The ‘traditional” SN2 reaction is a concerted process,
as illustrated in eq. (2.8). The electron pair of Nu:
binds to the carbon at which displacement is occur-
ring, simultaneously with the departure of Lz, along
with the electron pair of the C—1. bond. In the tran-
sition state for the reaction, two lobes of an orbital of
approximately p hybridization on the central carbon
overlap with orbitals of Nu: and L:, respectively.
A molecular orbital scheme would assign the two
electron pairs noted above to the two lowest molec-
ular orbitals (A and B) of the lincar three-center
subsystem. From this picture. the observed inver-
sion of configuration follows. Most commonly the

o] /

?—L —— |Nu----C----L

|
SON =D

— Nu—C.  + :L
AN

(2.8)

nucleophile and the leaving group (after departure)
are either neutral molecules or anions (both are
depicted as anions in eq. (2.8)). In any event, there
must be charged species as reactants, products. or
both, and the transition state must be polar.

The Sn2 mechanism of Grignard cross-coupling
is the analog of the polar mechanism of addition
to carbonyl groups, in that the partially carbanionic
carbon of the organometallic functions directly as
a nucleophile. As a potential nucleophile for an
S~2 reaction, however, a Grignard reagent has an
immediate difficulty. The nucleophile is not simply
a carbanion. and the nucleophilic electron pair is
not a free unshared pair. Instead. it 1s cither shared
in a polar covalent bond between carbon and
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Table 2.3. Reaction of a-haloethers and o-halothioethers with Grignard reagents

Halides RMgX Products
1 CH:OCH.CI BuMgBr BuCH-OCH, (67%)
* L Ph(CH,),MgBr Cl (O8% )
!
L
~o7TTN) 07 NCH P
3 MeMgBr N
)\ v /uxw)
07 07 /\o
Me & Me Me Me Me
3 : i
4 CH,OPh PhCHaMgCl CH.0OPh
PhCH o/& 0 0
e PhCH,0”
PhCH20 5 A _CH:Ph (60%)
A b PhCH,0 TV
PhCH- o
PhCH:/
5¢ AcO AnMgBr AcO
H O_H B O H
(An = 2—MeOCgH,) “H
. OAc
OAc H . An
ACO Cl AcO
H OAc HooAc
HO
H O, An
OAc H H
AcO
H OAc
6 o MeMgBr Q
BnN NBn BnN NBn
3 P (855
£ [
(o CH:
(Bn=henzyh
7¢ ArS OMe PhCH,MgCl ATS, OMe
\ \,,/\/\ (T4
Cl CH:Ph
8 —s ; S T
; 7/ 7 N\
/\ —al Q—Mgﬁr ¢ ) o)
N Sl NS
TRel {21] "Ref. 221, “Ret. (23], YRef. (241 “Ret. [25]. TRef. [26], #Ref. [27] "Ref. |28]
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Table 2.4. Properties of leaving groups

Leaving Sy2¢ Snl? kP x° BDE!
group Kyt Keat 2-CeHy X CH:X
I 2-5 1.5-7 —~1.79 2.36 234
Br (1.0) (L) -2.34 2.68 293
Ci 0.002-0.023 0L.004-0.03 -2.69 3.00 349
150 0.4-6 255000 —27 347 ~!

“Reft [7]. pp 300 820 Ret {910 pp 291-292: Ref. [29]. pp 374-375: relative reactivitios
vary with substrate. solvent. and nucleophile. PHalf-wave potentials (volts. vs, saturated
calomel electrode, DMEY ref. 130]. “Electronegativities: ref. [ M. “Bond dissociation ener-
gies (kJ/moly: ref. {291, pp 161-162. “Methanesulfonate, "HO-CH;, 383 CH3;0—CHi,

335 kIfmol.

c. oA |
\ / \6+ 8" /
8 C + Ty — C
5+ MeX E”F o

magnesium, or at the least, is the negative charge
locus of a very tight contact ion pair. Regardless
of the thermodynamics of the displacement, the
electron pair is at least partially shielded from an
external electrophile by the surrounding organic
group and metal. When the electrophile is, itself,
the tetrahedral alkyl carbon of an alkyl halide.
with only modest fractional positive charge, one
might anticipate a substantial barrier to reaction
(eq. (2.9)).

A further difficulty for the Sx2 mechanism arises
from the polar nature of the substitution process.
Grignard reagents are most commonly used in
ethers. which are mild “dipolar aprotic” solvents.
As such, they have substantial Lewis basicity for
solvation of cationic centers (which contributes to
the ether solubility of Grignard reagents). but they
offer little in the way of short-range solvation to
anions. Hence, an anionic leaving group departs
with little assistance from the solvent. and in
their initially formed state, the ions of the magne-
stum salt are separated by the non-polar coupling
product (eq. 2.9). It might be noted that these
problems are minimized in a polar mechanism of
addition of the Grignard reagent to a carbonyl
group. Initial coordination of the magnesium (o a

v
‘,mw

|
Gy o Me

\ ; i c \IIE

A
e N/

c—cC,

D
+ 1Y (2.9)

F

lone pair of the carbonyl oxygen may position the
carbon group of the Grignard reagent to attack the
carbonyl carbon. and the magnesium can remain
in proximily to the oxygen throughout the course
of the addition.

One or more additional molecules of Grignard
reagent could help to stabilize the transition state
in eq. (2.9) by coordinating with the leaving group.
with the nucleophilic Grignard molecule, or with
both. 1f the Grignard reagent is monomeric under
reaction conditions, this would lead to higher order
kineties in Grignard. but if the reagent is associ-
ated. the Kinetics might remain first order. There
is obviously further complexity to the kinetics if
the various species of the Schienk equilibrium are
considered.

2.3.2 Sx1 Mechanism

Initially. the thought of an Sy1 mechanism with o
strong nucleophile. in the relatively non-polar ether
solvents used for Grignard reactions, may appear
unlikely. However. the magnesiums of the MgX-.
RMgX. or R-Mg species are Lewis acidic in nature
(decreasing in the order shown). Coordination with
the halide ion (or other leaving group) would
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stabilize the transition state for its departure. 1If
the substrate forms a reasonably stable carbocation,
assisted ionization of the substrate to an ion pair
of the carbocation with the complex magnesium
anion becomes feasible (eq. 2.10).

Ny + RMgX

N

—N

h + —
C—Y—Mg(X)R

(2.10)

C* + RMgXY

The ion pair in eq. (2.10) could revert 1o reac-
tants, undergo internal transfer of alkyl or halide
from the anion to the carbocation, or react with an
external molecule of Grignard reagent. Since the
medium is not an hospitable one for ionic species,
the lifetime of the ion pair should be short and
stereochemistry might be partially preserved. with
possible retention of configuration in the internal
collapse or inversion in the attack by external
reagent.

2.3.3. Single Electron Transfer (SET)
Mechanism

Many reactions (including nucleophilic substitu-
tions) which have traditionally been viewed as
heterolytic polar reactions can be formulated alter-
natively as homolytic processes initiated by the
transfer of a single electron from one species to
another (SET) [32,33]. For an alkyl halide reacting
with a nucleophile (with all paired electrons) the
alternative polar and SET processes would be
formulated as in eq. (2.11). The electron transfer
shown is referred to as ‘outer-sphere’, implying that
it oceurs as an electron ‘jump’ between (wo essen-
tially non-interacting species. An ‘inner-sphere’
electron transfer involves some bonding interac-
tion between the reacting partners, often with the
transfer of an atom or group between them. The
importance of electron—transfer mechanisms and
their underlying theory have been discussed else-
where {34,35]. Electron transfer reactions of main
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group organometallics have also been reviewed
[36]. A detailed discussion is beyond the scope
of this chapter, but some important points will be
summarized qualitatively.
polar

Nu:” + R—Y Nu—R + Y~
{Sn2}

SET 2.1

Nu- + R—Y~* —— Nu- + ‘R +:Y~

Most commonly, outer-sphere electron transfer
reactions, either homogeneous or at an electrode,
are discussed in terms of the Marcus theory [37].
Because of its smaller mass, the motion of an
clectron is much more rapid than nuclear motions
(Franck~Condon Principle). For the electron trans-
fer to occur, the arrangement of all the atoms
in the system (including solvation) must be iden-
tical immediately before and immediately after the
transfer. The energies before and after transfer
must also be identical, since there is no nuclear
motion to provide or accept energy during the
transfer (i.e., an adiabatic process). This equality
of energies must arise from distortions of both
reactants and products to a common geometry,
which also has the same energy for either elec-
tron ‘home’. The transition state for the elec-
tron transfer may be represented as a resonance
hybrid of the structures before and after the transfer
(eq. 2.12).

b

AT + B — [A:“. B ~—=A-, BTJ
l (2.12)

A+ B~

A starting point for discussion is a degenerate
‘self-exchange’, i.e., A + A = A+ A~. There is
no net change in energy, and in the transition state
the donor and acceptor partners are identical in
energy and geometry. The activation energy for
the electron transfer arises from the distortions of
A and A~. along with their solvation spheres, in
order to achieve their common geometry in the
transition state. This energy is referred to as the
reorganization energy for the process.
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In the non-degenerate clectron transfer of eq.
(2.12) there is a net energy change in going from
reactants to products in thewr ‘relaxed’ states. This
energy change corresponds to the difference in the
standard clectrode potentials (E?) for the oxida-
tion and reduction half-reactions (cq. 2.13). Rela-
tive to the self-exchange. exothermicity decreases
the activation energy and endothermicity increases
it. Thus, the rate depends both upon the thermo-
dynamics of the electron transfer and the ener-
gies associated with the structural and solvation
changes which must occur to reach the transi-
tion state. The Marcus theory additionally provides
a framework for quantitative evaluation of these
contributions to the rate.

At e A+ ¢ BT ——— B + ¢ (2.13)

In the reaction of the Grignard molecule with an
alkyl halide. the clectron transfer step in the SET
mechanism takes the form of eq. (2.14). The elec-
trochemical cathodic reduction of organic halides
is a well-studied process {38-40], and heteroge-
neous electron transfer is the probable initial step
in the formation of Grignard reagents from alkyl
halides and magnesium [41]. A number of homo-
geneous reactions, including the reaction with
aromatic radical anions [40,42], also occur by elec-
tron transfer to the alkyl halide.

RMgX + R'Y ——— RMgX' + R'Y" (2.14)

The alkyl halide radical anion is very unstable
and short-lived, decomposing to an alky] radical
and a halide ion. In fact. the electron transfer very
likely occurs dissociatively. forming the radical
directly with the transfer of the electron (eq. 2.15).
This is supported theoretically {43], and is consis-
tent with the fact (see below) that the ease of
reduction increases with the stability of the radical
formed. Low temperature EPR studies indicate
only weak polarization interaction betwcen the
radical and the halide ion [44]. Nevertheless, il
has been suggested that even this weak interaction
might affect the partition of radical species during
the lifeime of a radical pair [45]. In contrast,

radical ions of aryl halides do have a finite life-
time [46].

RY + ¢ — [RY =—»R.Y |}

If clectron transfer to the alkyl halide is dissocia-
tive, there should be a large reorganization energy
from stretching of the C—X bond close 1o its
breaking point. As a result, the electron transfer
step has a relatively high activation energy and
slow rate. Because the clectron transfer is slow and
the fleeting lifetime of the radical anion prevents
its reoxidation. the step is ‘electrochemically irre-
verstble™. In such a case, the experimental reduc-
tion potential is an inaccurate representation of the
standard electrode potential for the alkyl halide.

Standard potentials (£%) have been estimated
from thermodynamic propertics [34.40.47 48], and
also from analysis of the rates of homogeneous
electron transfer reductions of aikyl halides on the
basis of Marcus theory [49]. In Table 2.5, some
cxperimental reduction potentials and estimates of
E" are suminarized. Despite some puzzling incon-
sistencies, the experimental and theoretical poten-
tials show general trends toward increasing case of
reduction for Cl < Br < L and 1° < 2° < 3°. Allyl
and benzyl halides are especially easily reduced.

The other halt of the electron transfer is the
loss of an clectron from the Grignard reagent. The
nature and stability of the radical cation RMgX*¥
have been discussed less than those of R'Y . It is
expected to decompose rapidly —possibly within
the lifetime of a geminate radical pair—or to be
unstable in the same sense as R'Y® [51}. Other
organometallic radical cations are also believed to
be very short-lived [52]. However, there 1s evidence
that the radicat 7-BuMg- has a longer lifetime [53].
It might also be noted that long-lived colored
species are observed by electronic and EPR spec-
troscopy in reactions of Grignard reagents with aryl
ketones [54]. These are proposed to be ion—rudical
pair or aggregate complexes. incorporating the ketyl
anion (Ar-CO®) and the radical cation ol the
Grignard rcagent. However, these interpretations
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‘Table 2.5. Reduction potentials of some organic halides®

Halide Eb, Ed
(solvent) DMK THR DM DMF

McBr - 1.72 (DMF) —-1.77 (DW) —1.06 1.32 —
EtCl < —=2.1 (DMF) —1.15 —1.H . —
EBr - 1.89 (DMF) —1.84 (DW) —0.90 ~1.16 -- —1.41
1l —-1.43(DW) —().92 -1.13 — —
BuCl — —1.05 —1.31 —1.03 —
BuBr —1.99 (DMF) —0.90 —1.16 --(.97 —{).88
Bul —_ — — —0.83 —
neo-PentBr —2.13 — — — —1.48
1-PrBr —-2.02 (DMF) —0.87 —1.13 — —
sec-BuBr — — — —0.81 —1.50
r-BuCl — —1.07 —1.33 —0.90 —
r-BuBr —1.95 (DMF) —1.84 (DMSO) —0.82 —1.08 —0.69 —1.22
1-Bul -0.98 —0.77 —1.34 -{1.59 -
AllylCl —1.89 (DMSO) —1.67 (DMF) —0.65 —0.87 — —
AllylBr —0.97 (DMSO) —1.05 (DW) —0.44 —0.70 — —
Allyll —-0.92 (DMF) -0.52 -0.73 — —
PhCH-CI —1.70 (DW) —0.65 —-091 —0.52 —

—186 (DMF)
PhCH-Br —1.03, —0.98 (BMF) —-0.46 -0.72 —0.40 —
PhCH,1 — —0.65 -0.86 — —
PhCIf —2.54 (DMF)
PhBr" —2.20 (DMF)

“All potentials are listed vs. the normal hydrogen electrode (NHE). PPolarographic half-wave potentials at the
dropping mercury clectrode; refs [38). p 95: {47]: {50]. pp 200-204. “Thermodynamic estimate: refs {34]. p 119:[47].
4Thermodynamic estimate; ref. [48]. *Kinetic/Marcus treatment estimate: refs [34]. p 121 149] PEY vadue: et [46].

have been questioned because of kinetic consider-
ations and the absence of directly observable EPR
spectra of the radical cation [36,51,55].

Decomposition potentials from electrolysis of

Grignard reagent solutions were obtained as early
as 1935 by Evans. Lee. and Lee [56]. This electro-
chemical step is completely irreversible. A reinves-
tigation by Holm {57} led to estimates of £V for a
series of Grignard reagents. These were derived
from overvoltages measured at a constant elec-
trode current density and adjusted relative to the
normal hydrogen electrode. However, there were
differences in electrochemical behavior among the
Grignard reagents, and problems arising from irre-
versibility were not rigorously addressed. Despite

their shortcomings, these remain the only EY values
available for Grignard reagents, and they are the
ones quoted in discussions of mechanism [58].
They are listed in Table 2.6 along with a few
representative values for other nucleophiles [59].
A clear trend exists for the alkyl Grignard reagents,
with tertiary being the strongest reducing agent and
methyl the weakest; phenyl is still weaker. Poten-
tials somewhat more negative but parallel in trend
have been derived from clectrochemical studies
of organolithiums [60]. Voltammetric peak oxida-
tion potentials have also been reported tor substi-
tuted arylmagnesium halides (4-OMe, 4-Me, and
4-Cl), but. because of trreversibility. no attempt
was made to derive EY values [61).
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Table 2.6. Stundard oxidation potentials for Grignard
reagents and the other nucleophiles®

Nucleophile Solvents £
McMgBr Et,O (.25 (—(.5)
EtMgBr ELO —0.66

BuMgBr ELO —053 (= — 1.2
i-BuMgBr ELO —0.63

i-PrMgBr E,O —0.95

s-BuMgBr E..O —0.87
cvclo-PentMegBr EGO —().88

-BuMgBr Et,O —1.07 (=2.0°9
allylMgBr Et-O 116 (=133
PhCH,;MgBr  E,O —0.73 (1.1
PhMgBr* Et,O 0.0 (= 0.1
Ph,C~ DME —0.96: --1.00° (--0.88")
CsHs™ THE/HMPA —0.10
CH(CO-E0),~ DMF +0.64

PhS- THF +0.1

1-BuO~ THF +0.6

SCN~ THF +1.4

- THF +1.1

“Summarized in ref. [34], pp 34-37 and ref. |59]. bvoles
vs. NHE. “Oxidation of corresponding RLi in THF/HMPA:
ref. [60). 9Solvent DME. “Extrapolated from a correlation
between £V values from ref. |57] and decomposition potentials
trom ref. {56}.

It is clear that Grignard reagents are relatively
strong reducing agents among the common nucle-
ophiles. and should. theretore. be good candidates
for SET reaction mechanisms. A SET mecha-
nism for addition of Grignard reagents to ketones
has been under consideration for some time [62].
A linear correlation between rate constants for
addition of Grignard reagents to benzophenone
and oxidation potentials of the Grignard reagents
supports that mechanism [57]. With the less casily
reduced ketone acetone [57] and with carbon di-
oxide |63]. reactivities followed a reversed se-
quence. in which the steric bulk of the Grignard
reagent may be hindering a polar addition. It
should be noted that, if the Grignard reagent
complexes with the ketone. the electron transfer
is better described as inner-sphere.

The Grignard reagent oxidation potentials of
Table 2.6 have also proven useful in interpreting

0
2 3
RZ
[W & B
S )\ K
’1? R, T] r\‘
-0 /}\,//‘
R, =R,=H:R; =CN,R,=H: 5)
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4 5
+r|\1/ PhPh/&N‘ ~
-0 fo}
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reactions of Grignard reagents with compounds
2 thru 6. Reaction of 2 (E*=—0.67 V)* or
3 (EY = —0.74 V)® with the 5-hexenyl Grignard
reagent (EY ~ ~0.52 V) yields addition pro-
ducts with partial cyclization of the 5-hexenyl to
cyclopentylmethyl groups. Although the electron
transfer  should be endothermic  (if  Gri-
gnard £V values arc reliable). quantitative appli-
cation of Marcus theory predicted rapid electron
transfer. and the formation of cyclized products
from the S-hexenyl radical rearrangement “clock”
implies radical intermediates. Reaction of the S-
hexenyl Grignard reagent with several quinoline
N-oxides 4. with E? between —0.97 and —1.69.
led only to addition products with the uncy-
clized 5-hexenyl group [65]. 9-Diazo-10-anthrone
5 (E' = —0.62 V) reacted with a variety of Gri-
enard reagents to give radical side-products along
with addition products formed by a polar mecha-
nism [66]. The variation in yields was consistent
with increased electron transfer reaction with the
more easily oxidized Grignard reagents. The indole
bisnitrone 6 (E' = —0.16 V) oxidized Grignard
reagents to radicals. which were trapped by a
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stable nitroxyl radical [67]. All Grignard reagents
were oxidized, including phenyl (£ = 0.0 V), and
Marcus theory predicted rapid rates for all.

Standard electrode potentials of alkyl halides
and nucleophiles have been used to predict the
rates of SET alternatives to Sy 2 substitution mech-
anisms [34.49.59.68.69]. A rcaction much faster
than predicted on the basis of Marcus theory is
a likely Sy2 process, while similarity between
prediction and rate. favors SET. Despite some
disagreement as to the proper treatment of a disso-
ciative electron transfer [48.70]. this approach has
proven uscful in helping to classify reactions as
probably Sx2 or SET in mechanism (most success-
fully with large. delocalized nucleophiles).

The standard electrode potentials listed in Tables
2.5 and 2.6 may be used to assess the energetics
of electron transfer from a Grignard reagent o
an organic halide. Two additional factors must
also be included when considering a SET mech-
anism for coupling. The lirst is the reorganiza-
tion energy, which is high for both the Grignard
reagent and alky! halide. In examples 2~6, where
Grignard reagents react with delocalized, electro-
chemically well-behaved electron acceptors (with
small reorganization energies), it was considered
that endothermic transfer is reasonable from the
Grignard reagent to an acceptor with E° more
negative by as much as 0.3 V. Because the elec-
tron transfer processes of both Grignard reagent
and halide have large reorganization energies,
their SET step would have a larger activation
energy [58] and more favorable electron transfer
thermodynamics might be necessary for the step
to be feasible. A second factor is the rate of
competing mechamsms. With 2—-6, the competing
polar processes are fast, so that a SET mecha-
nism must also be rapid in order to be important.
Since many cross-coupling reactions of Grignard
reagents are quite slow, even a relatively slow SET
mechanism might, by default, be the path followed.

Two kinds of physical evidence may support
a SET mechanism. EPR spectroscopy may detect
and identify free radicals, often at concentrations
present during radical reactions. The concentra-
tions and lifetimes of radical pairs are generally 100
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small for observation, so an EPR spectrum demon-
strates only the existence of ‘free’ radicals. An
uncertainty in interpretation is whether the radi-
cals are actual intermediates in the reaction, or
the consequence of a minor competing pathway
or unrelated side-process.

Chemically Induced Dynamic Nuclear Polariza-
tion (CIDNP) is a transicnt enhancement in the
intensity of NMR signals in a molecule which was
formed in a reaction involving radical pairs [71].
It is the consequence of a perturbation of nuclear
spin level populations resulting from interactions
between electron and nuclear spin states in a tran-
sient radical pair. The enhancement may be posi-
tive, negative, or both (multiplet effect). It depends
upon the nature of the precursor radical pair, its
mode of formation (geminate tformation of the
radicals with paired or unpaired spins. or associ-
ation of ‘free’ radicals), and whether the product
is formed from the radical pair or {rom frec radi-
cals which have escaped from the pair. Despite its
usefulness, there is also uncertainty whether the
process which produces the nuclear polarization is
the same as that by which the major products are
formed. EPR and CIDNP observations during reac-
tion between Grignard reagents and alkyl halides
will be discussed below.

A more complete summary of the possibilities
in a SET mechanism is provided in Scheme 2.1.
Dissociative electron addition to the alkyl halide is
assumed. The geminate radical pair can combine
to form cross-coupling products or escape the
‘solvent cage’ as ‘free’ radicals. Either gemi-
nate pairs or free radicals can disproportionate in
competition with coupling, forming alkane (RH or
R'H) and alkene (R{—H} or R'{—H}). The free
radicals have a variety of other fates: combination
to form both cross- and homo-coupling products,
abstraction of hydrogen from solvent (to form RH
or R'H), diversion by a radical trap. or exchange
with alkyl halide or Grignard reagent. If, in fact,
the radical cation has a significant lifetime, it could
influence product formation. Product-forming steps
could then involve reaction of the radical cation
with the radical from the alkyl halide. If the radical
cation is less reactive than the ‘unencumbered
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R-MgX + R'-Y

l

l

CReY

N

RMpX? + Re 4+ Y —>

R—R" or R {7 H}.R {tH}
+ MgXY

!

<~— Re R+ MgXY

R+ + R’* + MgXY

RMgX

R'MgX + R+

SCHEME 2.1

radical, the probability of escape from the solvent
cage would be increased.

Before leaving the discussion of possible mech-
anisms, it should be pointed out that they may
not be as distinctly separated in concept as it
may have appeared in their individual descriptions.
The distinction between Sy1 and Sy2 in solvolysis
reactions is blurred by the probability of varying
degrees of nucleophilic solvent participation in the
Sn ltransition state [72]. Within SN2 (eq. 2.8) there
can be different extents of bond breaking and bond
making in the transition state; at one extreme, a
‘loose’ transition state with a nearly broken bond to
L.: but little bond making to Nu: could be described
as ‘Sn1-like’ [72]. Second-order kinetics may also
be expected if Nu: reacts with an ion pair formed
by rapid, reversible ionization of RL [73].

The difference between Sy2 and SET substitu-
tion mechanisms also lacks sharpness. It has been
noted that a nucleophilic substitution reaction may
be described alternatively as the transfer of once
electron from the nucleophile to the leaving group.
rather than as an electron—pair process: [74]

Nut + R+l —— Nu--R + 3L
A mechanistic continuum is possible  between

the extremes of the classical Sn2  and  the
SET mechanisms. Reactivity has been fruitfully

!
l

R—R + R'—R’

discussed in this context, and it has been
proposed. based on a number of criteria, that
some substitutions require a merged Sn2 and SET
mechanistic description [69,74].

A similar linkage exists between Sy1 and SET.
The combination of the carbocation with the nucle-
ophile could occur by a simple polar coordination
of the nucleophile’s electron pair with the carbo-
cation’s vacant orbital, by a stepwise transfer of
a single electron followed by radical coupling, or
by something in between. In the ‘assisted’ Syl
mechanism outlined for Grignard cross-coupling.
the charges in the ion pair (eq. 2.10) should facili-
tate both the electron transfer from the magnesium
species and 7o the alkyl of the organic halide.
A result might be the formation of ‘radical’ side
products in a reaction which is basically ionic in
nature.

2.4 MECHANISM OF GRIGNARD
CROSS-COUPLING REACTIONS

2.4.1 Saturated Alkyl Halides

2.4.1.1 Saturated and Aryl Grignard Reagents

Reactions of saturated atkvl halides with saturated
alkyl Grignard reagents are usually relatively slow.
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and frequently produce little cross-coupling product.
The electrode potentials fisted in Tables 2.5 and 2.6
suggest that the clectron transfer from tertiary or
secondary Grignard reagents to most of the alky!
halides ranges from slightly exothermic to slightly
endothermic. To the extent that these potentials may
be relied upon, and provided that the reorganiza-
tion energies are not too large, they would predict
that a SET mechanism is feasible. Electron transfers
involving primary and methyl Grignard reagents
are less favorable, as are those to methyl halides.
but if competing mechanisms are slow enough.
the SET process might dominate. Alkyl iodides
should be the most susceptible and chlorides the
least to SET. The minimal information available on
the stereochemistry of the displacement would also
be consistent with formation of coupling product
from radicals [4,6.75]. Product is largely racemic:
residual optical activity could result from orien-
tation in radical pairs or a small amount of Sy2
displacement.

There have been several reports of CIDNP
polarization during reactions between saturated
alkyl halides and saturated Grignard reagents. The
clearest polarizations are seen for the olefinic reso-
nances of disproportionation product; polarization
of alkanes from disproportionation and coupling
has been reported, but it is more likely to be
obscured by other resonances. Studies reported
have included the following pairs of reactants: -
BuBr with +-BuMgCl [12], Bul with BuMgBr [12],
Bul with r-BuMgCl. [12], r-BuBr with BuMgBr
[12], Etl with Et;Mg [10], i-Psl with Et;Mg or
EtMgBr {10], and r-BuBr with i-PrMgBr [76].
Reactions were run in THF, and it was necessary
to use alkyl iodides or tertiary halides to have a
rapid enough reaction to see the CIDNP effect.

Similar and more extensive studies have been
made of the RLi+ R’'Y reaction [77]. For the
latter, results support a mechanism analogous 1o
eq. {2.6). A geminate radical pair is formed by
transfer of an electron from RLi to R’Y; these
radicals couple and disproportionate in compe-
tition with diffusion from the ‘cage’. Polarized
alkyl iodide spectra also result from abstraction of
10dine atoms by free atkyl radicals. Metal—halogen
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exchange did not lead 1o polarization in the alkyl-
lithium. Although some aspects of the interpreta-
tion are not completely straightforward, the CIDNP
polarizations observed have been  satisfactorily
rationalized.

The CIDNP observations with Grignard reagents
do not parallel thosc from the lithium reagents, and
more closely resemble those trom reactions of the
Grignard reagent with alkyl halides catalyzed by
added iron salis 176,78]. In particular, the ‘multi-
plet effect’, in which half of a multiplet is inten-
sified (enhanced absorption) and the other half
becomes negative in intensity (enhanced emission),
appears with phase reversed from that expected
for eq. (2.6). The most straightforward implica-
tion of the phase of the multiplet effect is that
coupling and disproportionation products result
mainly trom diffusionally formed rather than gemi-
nally formed radical pairs. In the catalyzed reac-
tions, this appears to be because radicals are
not generated in pairs, but singly by reaction of
reduced transition metal species with the alky/
halide. They must then diffuse together in order
to disproportionate or couple. The oxidized form
of the metal then converts the alkyl group of the
Grignard reagent to disproportionation or coupling
products via a non-radical route. The catalysis
is very strong, either by added transition metal
salts or by impurities in the magnesium (enhanced
by oxidants, including oxygen or halogens) [76].
There is also CIDNP evidence for the occurrence
of radical displacements on the alkyl halide (espe-
cially jodides) and on the magnesium, which may
give exchange or scramble alkyl groups from the
two sources (see Scheme 2.1) [79]. In the reac-
tion of i-Prl with EtnMg [10]. polarization of
the 7-Prl was observed. but there was no Etl
formed nor polarized Etl resonances in the CIDNP
experiment. These results suggest that i-Pre radi-
cals were present during the reaction, but not Ete
radicals.

As noted earlier, the observation of CIDNP
indicates that the polarized product is formed in
a process involving radical pairs, but does not
require that all (or even most) of it is formed by
that route. It is possible that “uncatalyzed coupling’
with simple alkyl groups docs not exist, and that
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the reaction is entirely catalyzed by impuritics.
Alternatively, the uncatalyzed coupling may be a
non-radical process (or a radical one producing
weaker polarization). in competition with catalyzed
side-reactions. so that only polarization from the
side-reactions is seen. U is also possible that the
radical cation of the Grignard reagent is sutficiently
long-lived that it diffuses away before decom-
posing o a free alkyl radical (Scheme 2.1): then,
coupling or disproportionation would then have
o occur by diffusive encoumters of R+ and R
radicals.

Another problem with the SET mechanism is the
preponderance of disproportionation over coupling
products. The ratio kg/k. (disproportionation to
coupling) is quite small for reaction of two primary
radicals (<0.2). but larger for secondary/secondary
and 7-Bu/r-Bu encounters (~1 and -5, respec-
tively) [80.81al. Thus. cross- or homo-coupling
should be the major result in most cases if prod-
ucts are tormed by interaction of radicals. whether
in 4 geminate radical pair or from encounter.
In view of the CIDNP results noted above, the
excess of disproportionation might be from transi-
tion metal-catalyzed reaction or a polar E2 clim-
ination. Disproportionation from reaction of the
Grignard reagent radical cation, before its cleavage
to an alkyl radical, should probably produce atkene
with different polarization.

With cither tertiary alky! halides or Grignard
reagents. coupling vields are relatively  good
(entrics 5—8. and 12 in Table 2.1). The tertiary
halides react more casily without catalysis, and
in entry 7 the tertiary halide s displaced in
preference to the primary. A tertiary alkyl group
from cither Grignard reagent or alkyl halide
led to CIDNP-polarized atkene under conditions
where metal —halogen exchange was absent [12}
Electrode potentials are more favorable to electron
transfer for cither a tertiary  Grignard reagent
or halide. so SET becomes a more  probable
pathway. Coupling yields for reactions involving
tertiary Grignard reagents or halides may  also
be  reasonable  for  radical-radical - encounters.
Additional evidence favoring a SET mechanism is
the isolation of coupling product with rearranged

alkyl group in eq. (2.16) [11].

‘Mglir

(1-AdBr)
CH G (2.16)
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Since the tertiary carbocation is considerably
stabilized, the “assisted” S} pathway (eq. 5) might
be considered as a competing possibility. A number
of other reactions of tertiury halides have been
reported in which unexpeciedly good yields of
substitution are obtained. These include reactions
with Zn(SCN): [82]. Zn(SC(OICH3)> 1831, NaN3
in the presence of ZnCly {84]. and metal alkox-
ides [85]. In the latter case. alkaline carth salts are
superior to alkali salts. the reaction gives better
yields in non-polar solvents. and crown ethers
lower the yield. An intermediate carbocation, in an
jon pair or aggregate. scems likely because of the
Lewis acidic metal ion and low reducing capability
of the nucleophile (Table 2.6). In the reaction of
ArCH=CHCH,Li reagents with tertiary halides. a
simitar competition between SET and a polar "Sy 1-
like' process has been proposed in order to explain
the regiochemistry and other features, despite the
strong reducing ability of the lithium reagent [86].
As noted above. electron transfer to the carbocation
within the aggregate is an additional variant.

Aryl Grignard reagents seem less reactive in
coupling and may require higher temperatures.
but yields are often quite good (Table 2.1, entries
9—11). They arc much poorer electron donors
than alky! Grignard reagens (see Table 2,61 so
a SET process should be a great deal slower. i1
the reaction involved arvl radicals. lower coupling
yields might also be expected. since those radi-
;‘als escaping the solvent “cage” would probably
abstract a hydrogen from solvent rather than survi-
ving long enough to couple. Although the sp” C-
Mg clectrons are more tightly held. they may be
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sterically more aceessible for reaction as a nucle-
ophile i an SN2 process.

2.4.1.2 Benzylic and Allylic Grignard
Reagents

Benzylic and particularly allylic Grignard reagents
are quite reactive toward saturated halides and
frequently give good yields. Despite the chemical
similarity often found between allyl and benzyl
groups, the oxidation potentials of the corresponding
Grignard reagents are quite different. Allylmagne-
sium bromide is the strongest electron donor listed
in Table 2.6, while benzylmagnesium bromide is
toward the middle of the list.

Letsinger and Traynham found that allylmagne-
sium bromide and benzylmagnesium chloride react
with secondary halides with markedly different
vesults {87]. The former coupled with 2-bromooc-
tane in 78% yield and 79-87% inversion of config-
uration. (The latter is uncertain because of uncer-
tain optical purity of the 2-bromooctane). Benzyl-
magnesium chloride with 2-bromobutane gave a
low yield of coupling product, which was nearly
racemic. Alkali metal allylic and benzylic deriva-
tives also couple with secondary halides with high
degrees of inversion, in contrast to alkali metal
alkyl compounds [75,88]. Those results would sup-
port an Sx2 mechanism for the delocalized carban-
ions, and SET for the saturated alkyllithiums.

The racemization and low yield found with the
benzyl Grignard reagent suggest a SET mecha-
nism. On the other hand. despite its large nega-
tive E°, the predomindnt inversion of configura-
tion with allylmagnesium bromide is more consis-
tent with Sy2. Although some optical activity
may be preserved in radical cage reaction prod-
ucts, the high extent of inversion would not be
expected {81]. Partial racemization (if it is real)
might indicate competing SET or result from
racemization of starting malterial by bromide ion
from the Grignard reagent. If both benzyl and
allyl Grignard reagents were to react by SET,
it would be surprising that the larger benzy!
group should diffuse from the radical pair much
more efficiently and lead 0 less cage recom-
bination product. Some substitution reactions by
benzylic Grignard reagents appear to be more
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successful [6}], so it is possible that the two mech-
anisms are closely balanced. and one or the other
may be favored by a change in structure or condi-
tions. Because of delocalization, either an allyl or
a benzyl group in a Grignard reagent may be less
encumbered by the metal, and better able to attack
as a nucleophile than an alkyl Grignard rcagent.
The allyl reagent may be more efticient in this
respect because of its ability to react at its y-
position:

XMg—~C*HaCH=CH; + R'—=Y —— XMg*
+ C*Hy=CH-CH,-R' 4 Y~

Two additional delocalized organomagnesium
compounds might be noted. First, ¢cp*MgCl (7)
cross-couples in good yield with cyclopropylmethyl
bromide. Rearrangement of the cyclopropylmethyl
group, which would have been expected for a radical
intermediate, was not observed [89a]. The second
is magnesium anthracene, the adduct formed from
the interaction of anthracene with magnesium metal.
which forms an isolable THF complex 13. It reacts
as a nucleophile with primary and secondary alkyl
halides in THF, forming mixtures of dialkyldihy-
droanthracenes in high yield {89b]. The coupling
reactions in these two instances would be consistent
with Sy2 substitutions. If the reactions were SET
in mechanism, they would require very eflicient
trapping of the alkyl radical by geminate radical
pair combination or scavenging. Benzyl and allylic
halides reacted with 8 to produce the corresponding
Grignard reagent as the major product: mcthyl
iodide produced methane. ethane. and MeaMg in
addition to the cross-coupiing product: and with
PhBr and Phl the major product was benzene. The
latter reactions are most casily explained by radical
formation via electron transfer to the organic halide.

Me

S
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2.4.2 Benzylic and Allylic Halides

Benzyl and allyl halides are both casily reduced
by transfer of an electron (Table 2.5). They are
also reactive in both Sy2 reactions (comparable to
methyl and 30 to over 100 times laster than 1)
and Syl (between 2° and 3° in rate) [7-9]. They
might, therefore, be expected to react readily with
Grignard reagents by any of the three mechanisms
under consideration, and, in fact, they are generally
more reactive than alkyl halides.

There is evidence that SET mechanisms arc
important in reactions of Grignard reagents with
allyl and benzyl halides. In one of the rare mech-
anistic studies of Grignard coupling. Gough and
Dixon determined by competition the relative rates
of reaction of PhMgBr, BuMgClL scc-BuMgClL
and 1-BuMgCl with allyl bromide [90]. The rate
increased in the order listed, and the latter three
were reported to give a linear Hammett plot with
a p-value of —1.9. 2,2,3 3-Tetramethylbutane was
also observed as a by-product in the r-BuMgCl
reaction and a weak transient EPR signal was
seen. Results were taken to favor a radical pair
mechanism, on reasoning that the negative p-value
implies a lower electron density on the alkyl group
in the transition state than in the Grignard reagent.
However, it is unclear what substituent constants
were used. In our hands, the correlation vs. Taft's
o*-values of the butyl groups had a remarkably
large p*-value of —9! The relative rates are also
lincarly related to the £ values in Table 2.6, with a
slope of —2.75. The rate for phenyl is much faster
than predicted by either correlation. The interpre-
tation may also be ambiguous. in that the inherent
order of polar reactivity of the Grignard reagents.
apart from their steric effects. should lic in the
same sequence.

Support for a SET mechanism also comes from
CIDNP observations in the reactions of 7-BuMgX
with allyl and benzyl bromides {78a}. Tt is stated
(but without details) that the polarizaton indicates
a mechanism involving geminate radical pairs. as
expected in eq. (2.6). A study of the reaction
of EtMgBr with p-CIC(H,CH-Br led to similar
conclusions. though the emphasis was on exchange
and disproportionation rather than coupling |91

Cross-coupling yields from allyl bromide are
almost always good, and some benzyl halide reac-
tions are also quite successtul (e.g., Table 2.2,
entrics 9-11). Frequently. however, yields with
benzyhic and substituted allylic halides are poorer
(c.g.. Table 2.2, entry 8: allyl bromide and benzyl
chloride coupled with 1a in yields of 75% and
20% [15]). It a SET mechanism leads rapidly to
the radical pair |Re,R], the samc pair would be
anticipated from alkyl Grignard and benzyl halide
as from benzy! Grignard and altkyl halide. Both of
these combinations. in fact, usuaily lead to poorer
cross-coupling yields than the allyl analogs. The
comtrast has been discussed above (Section 2.4.1)
{or allyl and benzyl Grignard reagents.

Metal-halogen exchange or alkyl exchanges of
the Grignard reagent or alkyl halide (Scheme 2.1)
may be responsible for at least some of the homo-
coupling side reaction. In our laboratory we found
that when benzyl bromide reacts with cyclopentyl-
magnesium bromide. bibenzyl and benzylmagne-
sium bromide are seen in the *C NMR spectrum
of the solution after reaction [92). Exchange of the
alkyl halide with the halide ion of the Grignard
reagent may also occur more rapidly than coupling,
since todide and bromide are quite reactive nucle-
ophiles. If the tendency to SET increases in the
sequence Cl < Br < I, then halide exchange could
also increase the probability of SET reaction (with
accompanying homo-coupling). 1t is not clear to
what extent these exchanges may contribute gener-
ally to homo-coupling.

Another complexity with allylic substrates is
the potential for tormation of allylic isomers.
Reviews by De Wolfe and Young [93). Figidere
and  Franck |94). and Magid [95} are relevant
to this  question.  Scheme 2.2 illustrates  the
consequences of Sy and SET in the prototype
substituted  allylic system. crotyl/e-methylallyl.
The new bond formation. at either end of the
allvlic system. could be subject to a “memory
effect” due to restricted reorientation during the
lifctime of a radical or ion pair. Alternatively.
competition between Sx2 and Sy2' could lead to
isomer mixtures (Scheme 2.3). In carly work {961
reactions of crotvl and w-methylallyl chlorides with
PhMgBr fed 1o mixtures (9 0 11 2750 25) which
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were indistinguishable within experimental error.
More recently, p-CH:OCHsMgBr gave similar
but non-identical  mixtures,  with  compositions
sensitive 1o solvent (EGO vs THF) and double
bond configuration [97]. Other coupling reactions
which have been reported secem to follow a
similar pattern {6]. BuMgBr, Bul.i and BuNa
all eave mostly 9 and 10 with all  three
chlorides. with double bond configuration largely
preserved [98]. However, with eis-crotyl chloride
and 7-BuMgClL 11 was the major product. Results
have been explained by versions of the ‘assisted
S<17 mechanism [97.98]. although a case for
concerted mechanisms (Sy2 and Sy2') has been
made [95].

There s a similar possibility of 1somerism
in an allylic group coming from the Grignard
reagent. Substituted allylic Grignard reagents exist
as equilibrium mixtures with the less-substituted
allylic isomer predominating [99]. but  usually
react 1o form the "S;2" product’ (Scheme 2.3).
When dicrotylmagnesium  (or crotylmagnesium
bromide) reacts with crotyl chloride and its allylic
isomer, the major coupling product 13 reflects
the preference for formation of the bond at
the secondary carbon of the Grignard reagent
and the primary carbon of the halide {98]. The
regiochemistry could result from concurrent Sy2
and Sn2' processes of the halide and Sg2 and
SE2" processes of the Grignard reagent. More
likely, the allylic fragment from the halide is
released as a radical or cation en route to product.
An assisted  Sx1 mechanism, with restricted
mobility for carbocation reorientation, and possibly
competing Sy 2 (particularly at the primary carbon)
is probable. It scems less likely that a SET
mechanism leads 0 a product-forming  radical
pair. since the composition of the mixture of
hydrocarbons 12- 14 differs from that reported for
coupling of free crotyv] radicals [100].

Some results from our laboratory are also diffi-
cult to rationalize in terms of product formation by
radical coupling in the reaction of allyl bromide
(Scheme 2.4) {92]. A mixture of exo- and endo-
2-norbornylmagnesium bromide reacts with allyl
bromide to form the diastercomeric 2-allylnorbor-
nanes ina mixture approximately mirroring the

composition of the Grignard reagent. The endo
isomer of the Grignard reagent. obtained by pref-
erential destruction of the exo isomer [1O1]. forms
only endo-2-allylnorbornane. The result would
be consistent with assisted S<I™. in which the
allyl cation reacts with retention at the norbornyl-
magnesium bond, or S<2. in which the nucle-
ophilic electron pair of the Grignard reagent retains
its configuration through the reaction (as it is
found to do with carbon dioxide or mercuric
chloride 1101]). The nearly complete retention of
configuration is inconsistent with the norbornyl
radical as an intermediate. since radical cage
recombinations of radicals do not usually occur
with high configurational memory {81}, and the
norbornyl radical has a modest preference for reac-
tion from the exo side {102]. A SET mechanism is
possible only if the radical cation of the Grignard
reagent is the product-fornmg intermediate. and
reacts with retention.

A final note might be made of differences which
have been reported in the coupling of allyl bromide
with phenyl Grignard reagents as conventionally
prepared and reagents obtained from cryogenic
reaction of the halobenzenes co-condensed with
magnesium vapors [103]. The bromo and iodo
reagents, formulated as PhMgaX. cross-coupled
with low activation cnergy (3 and 0 keal/mol.
respectively), about an order of magnitude faster
than the conventional reagents. Reagents from
chloro- and fluorobenzene, formulated as PhMgz X.
also reacted rapidly. but mostly exchanged to
produce  bromobenzene  and  (atter  hydrolysis)
propenc.

2.4.3 a-Haloethers and -Thioethers

An oxygen or sulfur substituted on a carbocationic
center greatly stabilizes the species by resonance:

C-0OR Ne=0r
/ . / s
N N

C--SR =—= =Sk
/ .. / -n
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SCHEME 2.4

For this reason, the halogen of «-haloethers or
~thioethers is very reactive in Sy1 reactions, and
such compounds should also be prime candidates
for an Sx1 mechanism in their reaction with
Grignard reagents. As noted above (Section 2.2.2),
these reactions do occur very readily and often in
good yield. and a carbocation is the consensus
intermediate [104]. In the reactions collected in
Table 2.3. the predominance of retention in entries
3 and 6 and the probable carbocation rearrange-
ment product in entry 5 might be noted.

An oxygen or sulfur also stabilizes an adja-
cent radical, so a SET mechanism with a radical
intermediate might be an alternative. An esti-
mate of the radical stabilization may be made by
comparison of the primary C—H bond dissociation
energies of propane (100 keal/mol) and dimethyl
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ether (93 kcal/mol) | 105]. However, the stabiliza-
tion is only about half that of the allyl radical. and
may be insufticient to account for the size of the
activating effect on the coupling. (The reaction in
entry 2 is complete in less than an hour at —45°C.)

2.5 OTHER CLASSES OF
SUBSTRATES

2.5.1 Arylmethyl Compounds

Benzylic Grignard reagents and halides have
been discussed previously (Sections 2.4.1.1 and
24.2). For cither, low yields and homo-coupling
are frequently (but not always) encountered. and
an SET mechanism (or possibly unintentionally
catalyzed side reactions) may be involved.
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Triphenylmethylmagnesium bromide (tritylmag-
nesium bromide) couples in high yield with some
halides (Mel, 93-98%: allyl-Br, 88%; PhCH,Br.
90%: PhoCHBr, 90%) [6]. When the halide has 8-
hydrogens, the yield falls. and with 7-BuBr there is
no coupling, but a 75% yicld of Ph;CH is isolated.
Trityl halides also couple in good yicld with
MeMgBr and PhCH>MgCl: lower yields, along
with PhyCH, are reported for other alkyl Grignard
reagents {106]. The trity! radical is frequently
mentioned as an intermediate in these reactions
[6,20,107—-109]. The trityl Grignard reagent should
be a good electron donor (Table 2.6) and the trityl
halides might accept an clectron either directly or
after heterolytic cleavage to a trityl cation. The
relatively high concentration of stable trityl radi-
cals which builds up in solution should efficiently
scavenge the other radical. leading to a preva-
lence of cross-coupling over homo-coupling |55].
In a SET mechanism, the same radical pair would
be generated from combinations with either a
trityl Grignard reagent or trityl halide, and similar
product mixtures and yicids might be expected.
Coupling and disproportionation products could
also be formed by polar processes—direct Sy2
and/or E2 reaction of PhyCMgX with R'Y, and
direct reaction of PhiCt (from PhiCY) with
RMgXY™.

The reaction of trityl halides with phenyl Gri-

gnard reagents has been of interest as a source of

the sterically crowded tetraphenylmethane. Yields
have been variously reported between (0 and 29%.
mostly at the lower end [6]. A major alternative
product appears to be 15, resulting from attachment
of the phenyl to a para position of the trityl
group. This product has been cited as evidence
for a trityl radical intermediate. but it could arise
as well from the polar combination of a trity]
cation with the Grignard reagent. The trity! radical
dimer (16) and trityl peroxide are also found as
by-products. A more recent report [20] claims a
yield of 46% of Ph;C. but without experimental
details or comments on the product. Interestingly.
tetraarylmethanes are formed in about 50% yield
when the para positions of the trityl group are
blocked or an ortho substituent is present [6].

Ph ph PhiC N 4 s Ph
H: i:: ;Ph H C “Ph
15 16

With vinylmagnesium bromide, trityl chloride
gave o mixture including cross- and  homo-
coupling. but the major reaction course produced
Ph;CH and acetylene {107]). An EPR spectrum of
Ph;C- was observed, and products showed CIDNP
polarization. A SET mechanism was proposed. in
which the radical cation of the Grignard reagent
fragments to acetylene and HMgBr™, from which
hydrogen is abstracted. Benzhydryl and 9-fluoreny!
halides also couple in good yield with Grignard
reagents  lacking  B-hydrogens (PhMgBr {20}
MeMgBr. PhsCMgBr®), but homo-coupling and
reduction become more important in other cases.
With  vinylmagnesium bromide, Ph>CHCl and
PhCH,Cl gave more homo- than cross-coupling.
and no acetylene [107]. CIDNP polarization of
the homo-coupling product (Ph,CHCHPhy) was
observed and weak EPR was seen.

Trityl derivatives with other leaving groups have
been examined as alternatives in coupling with Gri-
gnard reagents. They will be included here. although
they relate to classes of compounds covered in the
following sections. The preformed trityl cation as its
perchlorate salt couples in 41% yield with MeMgl,
but with PhMgBr only an intractable mixture con-
taining a little PhaCH and no cross-coupling could
be isolated [108]. Trityl acetate and benzoate like-
wise reacted with MeMgX to form coupling product;
with PhMgBr they gave mostly trityl peroxide
and PhiyCH, and the ESR spectrum of the trityl
radical was seen during the reaction [109]. Tritvl
cthers are also cleaved by Grignard reagents under
refatively mild conditions {6}. With alkyl Grignard
reagents. PhaCH appeared to be the major product:
PhMgBr with PhOCPh;z gave up to 20% of Ph,C
at 200" C, but mostly trityl peroxide at low temper-
ature. The PhyCH by-product is variously ascribed
to abstraction of hydrogen from the ether solvent
by PhiCe, to radical disproportionation. to metal
halogen exchange, or to hydrogen transter trom the
Grignard reagent. [tis not clear whether difterences
among feaving groups may be attributed to actual
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differences in mechanism. to the conditions used. or
to the quality of the magnesium available at different
times. Assisted ionization 1o PhiCHois tikely since
the leaving groups are poor electron acceptors.

2.5.2 Polyhalogen Compounds

Geminal di- and polyhalides are reactive toward
Grignard reagents. but the predominant reaction is
usually not substitution. In early work [6]. CHCl;
and CCly were reported to react with excess
EMgBr 1o produce mostly CH; and C>Hy: with
CHBr3 and CHIy, a variety of partial reduction and
halogen-exchange products were formed. PhMgBr
rcacted with CHCl; to produce a good yield
of the apparent substitution product. PhyCH. but
with CHBr; and CHIi. only Ph,CH-CHPh, was
formed. CCly cave trity] peroxide. the trityl dimer.
and some PhiCOH. The latter are reminiscent
of the reactions of the trityl and benzhydryi
halides, and radical intermediates are suggested.
A useful example of selective partial reduction is
in eq. (2.17); radical abstraction of hydrogen from
the solvent is likely {110].

Br Br

B r\< H H Br
N !
/\\// ‘\/ / + /\tig
A Sy

2.4 : 1

Geminal polyhalides are generally less reactive
in nucleophilic substitutions than monohalides [7].
A SET mechanism is likely in their reaction with
Grignard reagents, since they accept an electron
considerably more readily than monohalides. Some
polarographic half-wave reduction potentials (£ 2.
measured i dioxane-water and adjusted o the
NHE) wre as tollows: CClL. —0.54 V: CHCls.
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—1.43 V; CH:Cly, —199 V: CBry, ~0.05V;
CHBry. —0.25 V, CHyBra, —1.24 V |111]. These
may be compared with E /> for mono-halides listed
in Table 2.5. (Note that these polarographic poten-
tials are not equivalent to EV.)

CIDNP has also been observed in the reactions of

(-BuMgCl with CHCl3 and PhCHCI- [112]. In both
cases, the product was g complex mixture resulting
from the various abstraction, coupling, and dispro-
portionation reactions of the radicals produced by
electron transter from the Grignard reagent to the
halide. Cross-coupling products were formed in
yields of only 9 and 17%. respectively. The polar-
izations observed implied the formation and reac-
tion of a geminate radical pair. as in eq. (2.6).

Carbenoid intermediates may also be involved.
A chain extension product formed when CHBr;
was treated with primary alkyl Grignard reagents
is most easily explained by a mechanism involving
bromocarbene (eq. 2.18) [113]. When cthyl or
phenyl Grignard reagents reacted with CHCl; or
CCly in the presence of cyclohexene, the prod-
ucts included 3,3"-bicyclohexenyl (from coupling
of cyclohexenyl radicals), (dichloromethyl)cyclo-
hexane (explained by the addition of CHCl,- radi-
cals to cyclohexene), and the dihalocarbene adduct
of cyclohexene [114].

RCH>MgBr + CHBry ——» RCH-Br
+
CHBr>MgBr for : CHBr]
(2.18)
RCH>MegBr + [:CHBr] —— RCH-CH(BrMgBs
/
I d
RCH=CH> + MgBr,

Vicinal dihalides also react readily with Gri-
gnard reagents, and again. the usual products are
not from substitution at the carbon (eq. 2.19) {115].
The relative easc of accepting an clectron makes
a SET mechanism appear likely (c.g.. £ =
—0.99 V vs. NHE for BrCH>CH:Br)y [SO.111].

B
r e
+ PrMeBr [ J
,,,,, &1 . /’ (219
“Br g
N
n-CeHyy
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An unexpectedly efficient homo-coupling  has
been reported to occur when various aryl, vinylic,
acctylenic. or alkyl Grignard reagents arc treated
with 2.3-dichloropropene (eq. 2.20) [116]. Primary
Grignard reagents homo-coupled in about 60%
vield. but the yield was reduced for sccondary
and tertiary ones at the expense of cross-coupling.
Allene is formed from the 2,3-dichloropropene.
Under similar conditions allyl chloride and 2-
chloro-3-iodopropene yield mostly cross-coupled
product (75 and 90%, respectively) and 2,3-dibro-
mopropene is also reported to give cross-coupling
{6]. The proposed mechanism involved initial elec-
tron transfer, with eventual generation ol two radi-
cals from Grignard reagent per dichloride molecule
consumed. Product formation was presumed (o
occur by coupling of the radicals. Electron transter
to the dichloride is reasonable, in view of the
increased ease in reduction of other poly-halides.
Questions remain., however. It is surprising that
the dichloride should be so unique in its behavior.
and also that aryl radicals would survive hydrogen
abstraction long enough to couple in high yield.

Cl
Ci
Ph—Ph <—————— PhMgBr
(90%)
Ci
EtMgBr (10 ¢y, (2.20)
q]
Ph—Et
(87%)

2.5.3 a-Haloketones

A halogen @- to a carbonyl group is often reactive
in Sx2 displacements (7). In fact. 2-chlorocyclo-
hexanone. for example. is converted to 2-phenyley-
clohexanone by reaction with PhMgBr in benzene
1117]. References [31 and 5] list such reactions
without further comment as examples of the dis-
placement of halogens. It might scem surprising
that the halogen displacement should be more
facile thun addition to the carbony!l group. Never-
theless. the displacement via a SET mechanism
mielt be favored by the case of addition of an clec-
tron. Cathodic reduction of e-halocycloalkanones

oceurs readily. yiclding reduction. coupling and
Favorskii rearrangement products (18], Peak volt-
ages in cyelic voltammetry of 2-chlorocyclo-hexa-
nonc  and  2-bromocyclohexanone (—1.62 and
~0.56 V) may be compared with 7,5 values of
stmple mono-halides in Table 2.5 (noting again
that these are not the same as £%). However.
these are not simple substitution reactions, and in
most cases (e.g.. eq. 2.21) substitution is the conse-
quence of rearrangement of the magnesium salt of
the halohydrin formed by Grignard addition to the
carbonyl group [119].

0 Me  O—Mgl
Cl
Ca
MeMyl
Me  —> Mc
(2.21)
) 10)
I Me
MeC Me
+ Me

An alternative mechanism involving an epoxide
intermediate appears to operate in some  cases

tivity is effectively decreased by steric hindrance. a
reductive enolization is observed (eq. 2. 23) [121].
0 O

: MeMpR
Ve e

Me-C-CH>Br

|
Me-C-CH- Br
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2.5.4 Other Leaving Groups

Groups other than halide may also function as
the leaving group in nucleophilic substitution reac-
tions [7.8]. Traditionally important leaving groups
include the anions of strong oxy-acids (sulfonates.
sulfates, phosphates, p-nitrobenzoates, etc.). neutral
oxygen species (water, alcohol, or ether from
protonated alcohols and ethers and trialkyloxonium
ions, respectively), tertiary amine or dialkyl sulfide
molecules (from ammonium or sulfonium ions),
and N> (from diazonium ions). Leaving group reac-
tivity is roughly related to the stability of the
leaving group as a free entity.

2.5.4.1 Reaction with Carbocations—No
Leaving Group

One extreme in a displacement reaction would
be where the leaving group has already departed.
and a preformed stable carbocation reacts with
the nucleophile. In this event, the cross-coupling
reaction might be either direct polar combination
of the carbocation with the Grignard reagent or
clectron transfer to the carbocation followed by
radical recombination.

Reactions of the trityl cation with Grignard
reagents have been discussed earlier. The hete-
rocyclic analog, tris-(2-thienyl)methyl perchlorate
{108]. reacted with a selection of Grignard reagents
10 yield coupling products in good combined yield
(eq. 2.24). The product 17, from coupling with
the central carbon, comprised over half of the
product with MeMgl, but decreased to 15% with ¢~
BuMgCl, and with aryl Grignard reagents products

Grignard Reagents: New Developments

were entirely from addition to a ring carbon. An
electron transfer mechanism was preferred, but
direct ionic coupling was considered an alternative
or competing process.

ThiC+  RMex

clo, ThiC-R + ™
an
Th o
et R
Th S

Substituted cyclopropenyl cations couple readily
with Grignard reagents (eq. 2.25). The ratio of 20
to 19 produced from coupling with 18 was larger
for the more easily oxidized Grignard reagents
(allyl, benzyl. 3°). This was believed to indicate
a mechanistic shift from polar to SET, because the
radical corresponding to 18 prefers to dimerize at a
phenyl-substituted position [122]. The cyclohepta-
trienyl (tropylium) ion also couples with Grignard
reagents, though in low yields [123]. Oxidation
potentials reported for the trityl, tropylium, and
triphenylcyclopropenyl cations (—0.13, —0.62, and
—1.30 V. vs. SCE, respectively) [124] suggest that
the probability of reduction by SET from Gri-
gnard reagents should decrease in that sequence.
Coupling with Grignard reagents is also reported
for 21-24, which are formally carbocations [6].

Ph Ph Ph Ph
-
li‘lc Me R
(18) a9
(2.25)
+
R\ Ph
/
Ph
Me
(20)

Nucleophilic Displacements at Carbon by Grignard Reagents 51

SO
QY\R

H
21

‘/’Mc:,;\} </ \/\>~-(‘+
{ /]

22

Me,C=NEt, < MexC ~ NEG,

23
PR Ea N ~Ph ,
| ;L U
Xy 07 > ph A
24

2.5.4.2 Oxy-Anions

Sulfate and Sulfonate Esters.

Sulfates and sulfonates are generally reactive in
nucleophilic substitution reactions and couple well
with Grignard reagents [6]. Two recent examples
are shown in egs (2.26) {125] and (2.27) [126]. The
halide of the Grignard reagent can compete with its
‘R’ group in the substitution (eq. 2.28), decreasing
the yield of coupling or complicating interpretation
of the results. A practical approach to increase the
cross-coupling yield is to use two moles of the
sulfate or suifonate per mole of Grignard reagent.
Alternatively, RMgBr or RMgl might be replaced
by RaMg (which lacks the halide) or by RMgCl
(with a less nucleophilic halide).

CONMe,

EMgBr + TsO \/)\\\

\ (2.26)

CONMe-

it
~— ™

(73%)

(2.27)
N
Pr
F
(~85%)
R-X
//
R-OTs + R'MgX R'MeX  (28)
R-R’

Because of their leaving group reactivity and
high negative reduction potential (Table 2.4). sul-
fates and sulfonates are prime candidates for an
Sn2 mechanism (with possible Lewis-acid assis-
tance by the magnesium). There is evidence that
the reaction occurs with inversion of configura-
tion {127]. Homocoupling and other side-reactions
can occur, at least partly via reaction of the alkyl
halide (sce eq. 2.28) with Grignard reagent.

Phosphate Esters. *

Phosphoric acid is a weaker acid than sulfuric,
and so phosphate ions are generally poorer
leaving groups. Earliecr work indicated a lack
of reactivity of Me3;PO; or EiPOy  toward
Grignard reagents [128]. However, according 1o
more recent reports, if either the Grignard reagent
or the phosphate is allylic. coupling occurs quite
successtully (although 25 was reported not to react
with BuMgCl without catalysis {129]). As in the
reactions of allylic Grignard reagents with halides.
the group from the Grignard reagent reacts with
“allylic inversion” (92-99%: e.g.. eq. 2.29) {130].
A primary allylic "R'-group from the phosphate
undergoes  substitution  mostly  without  allylic
rearrangement and with preservation of the double
bond configuration (eq. 2.30): the internal allvlic
isomers of the phosphates were not examined
[130.131]. This reaction was more selective than
those of the corresponding lithtum, potassium, and
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barium reagents, or with bromide. mesylate, or
dicthylphosphate as leaving groups [130]. With
thiophosphates (e.g.. 26). the regiochemistry at
the Grignard reagent allyl group was reversed
(98:2) [130], and couplings with copper catalysis
led o reversed regioselectivities of allylic groups
in both reactunts [132]. A double  coupling.
both of apparent Sx2' regiochenustrey. has been
used to prepare 2. 3-disubstituted 1,3-butadienes
(eq. 2.31) [133]. A variety of allylic Grignard
reagents react with the chiral phosphate 27 to
produce coupling product with ec¢ up to 35% [134].
Cyclic transition states, with bidentate coordination
of the phosphate to the magnesium, were suggested
to rationalize the observed selectivities [130,134].
The high yield of cross-coupling is also consistent
with a polar mechanism, with the departure
of the leaving group factlitated by magnesium
coordination.

Carboxylate Esters.

Addition to the ester carbonyl group is generally
the dominant reaction, but in some cases, displace-
ment of the ‘carboxylate ion is important [6]. Reac-
tions of trityl and benzhydryl esters were noted
carlier. A highly stabilized carbocation can aiso be
formed from 28, which couples with EtMgBr in
67% yield [135].

/\M OPO(OPh),
1-BuMeaSiO

25

Pr

N oP(s .
o~ OP(SHOMe),
26

Grignard Reagents: New Developments

Ph MpCl + CH;OPOWOPh).
\/\\/ . ! -
RN
et
(2.29)
Ph \\/h\‘;\ + Ph . /J\h‘
Megs o 5
ER,M:;(‘I L Ol OPOOPH),
Y, AT
w cn,
RESTTI]
5
!
|
! . (2.30)
e
99
li>:\/\///\(uu,\
1
(E1O)1POYOCHC = CCHOPONOED: + 2RMgX
l (2.31)
>
R

Treatment of methyl. butyl. and benzyl mesi-
tate esters (MesCO-R) with Grignard reagents
under vigorous conditions led to displacements by
the halide of the Grignard reagent, rather than
stmple cross-coupling. but MesCOx-r-Bu gave a
24% vyield of 7-Bu-Ph with PhMeBr [136]. As in
the case of sulfates and sultonates. displacement
by the halide may complicate mechanistic inter-
pretation. since coupling and other products may
be derived from the halide.

Allylic mesitoates  react more  casily  with
Grignard reagents to vield cross-coupling products
(e.g.. eq. 2.32) [t137). In reactions of 29 and
30 with MesMgBr and PhMgBr. respectivety.
coupling was competitive with carbonyl addition.
but t-BuCO>CH>CH=CH: gave only carbonyl
addition with PhMgBr {136}, Substituted allylic
groups react mostly at the primary  posilion
(eq. 2.32; the ¢is isomer gave a complex mixture,
with products arising from probable carbocationic
cyclization) {137]. Crotyl mesitoate reacted with
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PhMgBr to give entirely crotylbenzene: with
its allylic isomer (a-methylaltyl  mesitoate).
crotylbenzene predominated in a 77:23 mixture,
similar to that found for the chloride [96.138:].
(Refer to Section 2.4.2 and Schemes 2.2 and 2.3.)
«-Methylallyl acetate reacted with MesMgBr 1o
give only the crotyl product {138h)

[0}
i

M/anov

(999 vruny)

I
‘l.l\lyﬂr

|
|
\]

/KN&// ~
4

(906 245 ¢is)

7
(10%)

The pivalate ester 31 reacted unexpectedly readily
with Grignard reagents | [39]. The regio- and stere-
oselectivity found in the product mixtures was
very similar from either ¢is or rrans reactants, but
depended upon the Grignard reagent used. Some
homo-coupling product from 31 was also formed.

The formation of allylic rearrangement products
from substituted allylic esters suggests the like-
lihood of an Sx1 mechunism. with Sy2 possibly
competing for primary allylic esters. Homo-coup-
ling product in the reaction of 31 may result from

| PhCOCH.CH = CH,
CH,OA¢
28 29
O

LLCHCOCH.CHE - CH
30

clectron transfer, either to the ester or to the carbo-
cation in an ion pair. Whether electron transfer
leads to cross-coupling or only to side-product is
unclear.

(R Ne Buli-Po e Bu, Py

f“‘i/ .
S E . j

Activated Ethers: Acetals, Orthoesters, Elc.
Alkoxy and hydroxy, by themselves, are extremely
difticult to displace, but protonation or coordina-
tion to & Lewis acid converts them into much better
leaving groups. When attached to a residue which
forms a highly stabilized carbocation, alkoxy groups
may be readily displaced by a Grignard reagent.
This condition is well satisfied for acetals, ketals,
and orthoesters, where a cation like 32 is stabi-
lized by resonance with a lone pair on a remaining
oxygen. Aminals lose the alkoxy rather than the
amino group. generating 33. A direct nucleophilic
displacement of the coordinated alkoxy group is less
fikely.

Reactions  of Grignard reagents with these
substrates have become important methods for
generation of new C—C bonds. Several illustrative
cxamples are given in egs (2.34-2.38) [140-144],
and numerous others are in references [2. 3. 5. 6].
In unsymmetrical cases there is a preference tor
displacing the alkoxy group with less e-branching
(in the absence of other controlling  factors).
phenoxy rather than atkoxy. and alkoxy rather than
amino or thivalkoxy.

St
R-CIOR); — = R-C(OR"),
k)
. Me™ +
R-CH{ORHNRy) — > R-CHNR,

33
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A number of highly selective acetal and ketal
cleavages of derivatives of carbohydrates and re-
lated compounds have been reported recently [145].
One of these is illustrated in eq. (2.39) [146]. The
configuration of the new stereogenic center implies
retention in the displacement.
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-BuO -, 0

-BuO

(2.39)

(83%: 96% de)

Epoxides (Oxiranes).

The strain of the epoxide ring provides addi-
tional driving force which makes displacement
of the C—O bond feasible. Ethylene oxide was
found very early to react with Grignard reagents
(e.g., eq. 2.40) [6]. Often, after the reactants are
combined, the temperature is raised by adding
benzene and distilling until a vigorous reaction
occurs. As in other reactions, the halide and alkyl
groups of the Grignard reagent compete for the
substrate, and the halohydrin (formed by reaction
with the halide ion) may react with the remaining
active alky!l groups in the later phase of the
reaction.

{ o
/kMgBr+ LN —s

u:()iu‘ (2.40)

j\AOH (65%)

W

Although the reaction with ethylene oxide is
quite successful, substituted epoxides often lead to
mixtures. In addition to ring opening by the halide
ion. isomerization of the epoxide to an isomeric
aldehyde or ketone is catalyzed by the Lewis-
acidic species of the Grignard reagent {6.147]. The
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rearrangement usually follows the course predicted
by opening to form the more stable carbocation,
followed by a shift of the better-migrating group
on the other carbon (e.g., eqs 2.41-2.43). Grignard
reagent then adds to the carbonyl group.

Me O MeBr
Me Q MeBr 4+ H
R

AN
H

M( Me
(2.41)
O
Il
MeaCH - CH
“MgBr, 1
Ho 0O CuHps [ O MeBr
\>(L—v . 1 + ¥C(\Hl}
/N o
Ph 1 lLPh H
l (2.42)
?H 0
|
PhCHz(“ChHI; <“—  PhCH.CC.Hs
R
(1)H
g > E>——CHPh
\\ /
O (PhMgBr)

N
H OH
(PhCH2MgCl

For simple mono-alkyl oxiranes. rearrangement
is only a minor competitor to nucleophilic ring
opening. Attack occurs mainly at the less-substi-
tuted carbon, as expected for an Sy2 mechanism.
Trimethylene oxide reacts similarly o cthylene
oxide. although somewhat less readily. leading

to primary alcohols with a three-carbon chain
extension.

Other Ethers.

Certain other ethers which can cleave to espe-
cially stable carbocations will react with Grignard
reagents under mild conditions. Trityl ethers have
been mentioned previously. Several other examples
are shown in eqs (2.44-2 46).

@ CH>0CH;
T \\

\,

) (2.44)
S
<\Q§>*" TN es)

te

j
)
S e
g
|

vy
<]
O
\\Yv“lg(‘l (2.45)
CH
BuC H:—\/E (63 %)
0-

O—CH;—

OMe

//()/thu CHys

S (2.46)
ook o y
/ M, S/t

~ L /ALY

Allylic cthers also cleave refatively  easily
(usually reflux in benzene). Crotyl o-anisyl ether
34 reacted with PhMeBr to produce a mixture
of hydrocarbon isomers [151a] similar to  that
from reaction of crotyl chloride (see Scheme 2.2).
However, contrasting results are illustrated  in
eq. (2.47), where bond formation at the more
substituted carbon occurs [152]. It is possible that
an "Syi-like’ mechanism is favored for allylic
compounds with better leaving groups. but that
a poorer leaving group has increased tendency to
react by S<2 or Sx2'. Benzyl ethers seem o be
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less reactive than the allytic ones [6].

Ph
Ph ¢ . .,
N v Bu ulyw\uu, \

N WCa

(529%) (2.47)
CHys

Even without the advantage of a swable
carbocation, other cthers may be cleaved under
forcing conditions.  Simple alkyl ethers lead
to mixtures including  elimination  but  litlle
substitution, and have little  synthetic  use.
However, aryl methyl cthers may be usefully
demethvlated to the phenol by heating with
Grignard reagents (e.g., eq. 2.48) [153].

N,

H——0CH,

vl
u»uwn\‘ (2.48)

7
/ 7N OH  (59%)

2.5.4.3 Miscellaneous Leaving Groups

The neutral tertiary amine from a quaternary am-
monium ion is a common leaving group in Hoff-
mann eliminations and nucleophilic substitutions.
and it may also be displaced by Grignard reagents
under appropriate circumstances. The carbocation
corresponding to the displacement in eq. (2.49)
is highly stabilized [154]. The displacement in
cq. (2.50) occurs under miid conditions, but ally!-
trimethylammonium ion, with a less stable leaving
group. is unaffected under similar conditions |{155].

CHNAMe CH,Ph
<
AN Ph\ieBr 10
” T A (73%) (2.49)
N
. o ¢
CH: CH;

CH;CH=CHCH-0

OCH;
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+
NMC;Ph l'hMpn,$ Ph

N ~

(2.50)
PhNMe»

A usctul synthetic procedure involves reaction
of Grignard reagents with I-substituted benzotria-
zoles. The latter substrates have a well developed
synthetic chemistry, which adds to the versatility
of the method [156] (c.g.. eq. 2.51). It is note-
worthy that benzotriazole is the leaving group.
probably because of its ability to bind to the
magnesium. rather than the alkoxy as found eener-
ally for aminals.

>

N
N B
N// \N _ 7

/

3\ /
/Lf:,a\) oPr PO
\ ./ -

(2.51)

PrO CH-Ph

(93%)

Thiocethers are less reactive than cthers, but with
sufficient activation they may react (eq. 2.52) [157].
Displacement of benzenesulfinate in eq. (2.53) is
facilitated by conjugation of an intermediate carbo-
cation with the ring oxygen. Analogous displace-
ments of benzencsulfinate activated by a nitrogen
are also reported {158].

PhMgHs

ECNCHSCH,, P FUNCILPY - CHLSTL 5 <o)
916) o
T , ¢
1 UNECR (2.53)
Sy P
,\Ic()/ o SO-Ph .\]c()/ O Ph

Even carbon anions may be displaced by Gri-
enard reagents. The most commonly encountered
case is the displacement of the cyanide 1on {rom
a-aminonitriles, where the stability of the nitrogen-
conjugated carbocation is dominant (c.g.. eq. 2.54)
1159]. Other examples involving the cleavage ol
a C—C bond between stabilized carbocation and

Nucleophilic Displacements at Carbon by Grignard Reagents 57

carbanion fragments have been reported {e.g..
eq. 2.55) {160

' .
AL (2.54)
i ] N
§ N
NCH,Ph 0 NCHAPR
Fe _-COPh
CCH—CH I ephaCH
e N
Ph” ~eop G
N COPh (60%) 12.55)

Fe = ferrocenyd
; +

CHACOPhY
(7440

2.6 SOME RELATED TOPICS

In this section, we note several other reactions
which are formally nucleophilic substitutions at
carbon. Because they fall outside of the mech-
anistic pattern of the rest of this chapter, their
inclusion has been postponed to this point.

Nucleophilic substitution occurs at aromatic car-
bons only under special circumstances, so one
would not normally expect aryl halides to undergo
cross-couphing with Grignard reagents. Under reac-
tion conditions similar to those where CIDNP was
observed in the reaction of EtxMg with i-Prl,
a slower reaction occurred between Et:Mg and
Phl resulting in metal-halogen exchange [10]. This
was followed by a much slower cross-coupling
reaction between the PhoMg and Eti produced
in the exchange. No CIDNP polarization was
noted. There are also older reports of fow cross-
coupling yields for aryl halides {6]. For these,
cither a similar metal —halogen exchange preceding
coupling or catalysis by transition metal impurities
is likely. Electron transfer from ArMgX to Ar'Y is
relatively unlikely on the basis of electrode poten-
tials (Tables 2.5 and 2.6): however. reorganization
energy should be smaller because of the stability
of the aryl halide radical anion. so biaryls might
be formed by a SET mechanism under forcing
conditions.

Halogens (or other leaving groups) situated
ortho- or para- to strongly electron-withdrawing
substituents on an aromatic ring may be displaced
by addition of the nucleophile to the ring. followed
by climination of the leaving group (SyAr mech-
anism). Numerous examples of displacements by
Grignard reagents, with hindered ester and ketone,
cyano, nitro, and 2-oxazolyl as activating groups.
are provided in reference |3]. A more recent ihus-
tration is in eq. (2.56) {161]. The electron-poor
2-position of pyridine (and some other heterocy-
cles) is also subject to addition by nucleophiles.
The example shown in eq. 2.57 [162] also illus-
trates the relative easc of displacement of benzenc-
sulfinate {rom a sulfone. The formation of prod-
ucts with only the uncyclized alkyl group helps
to confirm the polar, non-radical nature of the
reaction.

Mebr
OMent — Me COMe
) ~ ‘
MO €Oy \ /* |
o
By
OMe
Ment = (~)-menthyl .
2.56
OMe ( )
l X
Me 7 OMe / N
MO CO >
» -
. -Bu
92% yield: 945 ¢.o
P
/L Z
1 N SO:Ph
a =
AN Bt VAN (2.57)
X
[
=
o
Cl N ~

Sulfoxides having at least one electron-poor wryl
eroup also undergo a facile reaction with Grignard
reagents, which corresponds to displacement ot
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O Mgx' C=cC

\ - | . N AN
@\ T 2 Py —5 \“”. Q PhS/(O) o
L
Ph z .
N” S0P Ly N7 NCHPh 4 PRSO \Tgm
(2.62)

H
pseudorotations (2.58) H AN /
/C ==
Pent COxMe

O Mex"
(66%: Z:E=99:1)

| N PhMgl ' =
) ST R
N S(O)CH2Ph l CH,Ph N/ An elimination—addition sequence may  be

ArS(0)~ orRS(0)~ asthe leaving group [163—165].

However, these apparent displacement reactions
occur instead by nucleophilic addition to the sulfur,
forming a hypervalent sulfurane intermediate. Two
of the three organic ligands coordinated to the sulfur
may then be extruded as coupling product in a
concerted reaction. The groups eliminated are deter-
mined by their inherent reactivity, their position in
the sulfurane, and the rate of isomerization of the
sulfurane by pseudorotation (e.g., eq. 2.58 [164]).
The coupling occurs with retention of configuration
at sp” or sp’ carbon, and, without allylic rearrange-
ment. Competing elimination of Grignard reagent
may scramble groups between the sulfoxide and
the Grignard reagent, as shown in eq. 2.59 [165].
The contrast with the reaction of sulfones (eq. 2.57)
should be noted.

= A
CHMgBr
= Pz
N N MgBr

S(O)CH;
+ (CH:),80
(2.59)
F | Xy, |
A = N
N N

90% - 8%

Highly halogenated alkenes undergo displace-
ment by Grignard reagents, probably by an
addition—elimination mechanism. An example
is shown in eq. (2.60) [166]. The reaction in
eq. (2.61) probably has a similar mechanism [167].
An addition—elimination mechanism was also
proposed for eq. (2.62) although a suifurane mech-
anism similar to eq. (2.58) would be an alter-
native [168]. Cross-coupling occurs in low yield,
accompanied by homo-coupling, in the reac-
tion of B-bromostyrene with pentylmagnesium
bromide [13]. Halogen—metal exchange, addi-
tion—elimination, or SET mechanisms might be
involved.

PhMgBr + CF, = CFCl

\ (2.60)

PhCF = CFClI (cis + trans; 80%)
OMe

O‘ CO,Et O—ng

(2.61)
7~
| N —-CO>EL
AN
)

(8%

responsible for the reaction in eq. (2.63) [169],
although the presumed intermediate resulting from
climination is not detected, and no product
corresponding to the alternative orientation of
addition is isolated. It is also possible that the
mechanism is the same as that for a-haloketones
(Section 2.5.3), namely addition to the carbonyl
tollowed by rearrangement with expulsion of the
leaving group.
O

PhCCHCH,CN

PhCH,O(CH;),MyBs
LiCIOY (2.63)
ELO-CH,

(6]

SO>Ph

I I
PhCCHCH,CN <— [PhCCH = CHON]
(CH4OCH,Ph

The Sgni radical chain mechanism for nucle-
ophilic substitution [170], as illustrated generally
in egs (2.64a-c), has been absent from our discus-
stons. This mechanism has been shown to occur
in many displacement reactions of leaving groups
from both aromatic and aliphatic substrates. How-
ever. in most of the aliphatic cases the substrates
have a nitro or nitrophenyl group (or other effec-
tive clectron acceptor) in the a-position to the
leaving group. The combination of the nucle-
ophile with the radical from the substrate must
also form a relatively stable radical-anion in step
2.64b. which is capable of propagating the chain.
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Some alkyl halides which are unreactive in Syl
or Sn2, including I-bromoadamantanc {171} and
7-bromonorcarane 172}, are found to react with
certain nucleophiles (Ph:P™ and Ph;As™) in a
photoinitiated Sgn1 reaction. If the nucleophile
is a Grignard reagent. the propagation step 64b
would have to take the form shown in (2.64d) or
(2.64c¢). The specics RR'MgX- may be involved in
the alkyl group exchange which has been found
to lead to CIDNP polarization of Grignard reagent
resonances |[79], but there is no indication that it
can rearrange to coupling product.

RY —°  LIRY* | —— R-+ Y (2.64)

initiation
Re 4 Nu™ —— R — Nu® (2.64b)
R — Nu* +RY —— R — Nu + [RY?]
{
R-+ Y™ (2.64c)
R> + RMgX —— [RR'MgX-]

1
RR'7 + MgX* (2.64d)
R's + RMgX —— [RR'MgX+]
\

RR' + MgX:  (2.64e)

2.7 SUMMARY AND CONCLUSIONS

We have seen in the foregoing sections that there
remains considerable uncertainty about the mech-
anism of cross-coupling of Grignard reagents with
organic halides and other substrates. It cannot
be said that there is "a’ mechanism by which
the alkyl group of the Grignard reagent forms a
new C--C bond in displacing a leaving group.
Instead, depending upon the particular Grignard
reagent and substrate, at least three ditferent mech-
anisms of reaction may be in accord with exper-
imental evidence or chemical expectations—the
Sn2 mechanism of direct nucleophilic substitu-
tion. an Sx1 mechanism with ionization to a
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carbocationic intermediate, and a SET mechanism
originating with electron transfer and involving
radical intermediates. In some instances, there is
quitc clear indication of the mechanism which
prevails. while in others there is insufticient basis
for a choice.

The SET mechanism is clearly implicated in

the reactions of poly-halides, on the basis of

their low reduction potentials, the prominence of
homo-coupling and reduction among the prod-
ucts. and CIDNP observations which are consis-
tent with product formation via geminally-formed
radical pairs. At the other extreme, the a-haloethers
ionize to an especially stable carbocation, and very
probably react by an Syl mechanism. The same
may be said of the reactions of ethers of the
acetal, orthoester, and aminal type, and certain
other ethers, esters, quaternary ammonium ions.
cte. which can ionize to highly stabilized carboca-
tions. The leaving groups in these reactions accept
an electron reluctantly and are relatively unreac-
tive toward nucleophilic displacements in general,
but become much better leaving groups when coos-
dinated to the magnesium. An Sy2 mechanism is
very likely in reactions of sulfonates or phosphates
(particularly methyl or primary), since the leaving
group is relatively reactive without coordination
and does not readily accept an electron. Reactions
of ethylene oxide and those substituted oxiranes
which react without rearrangement should also be
SN2, as should be the cleavages of aryl methyl
cthers.

Considerable uncertainty remains for coupling
reactions of the saturated alkyl mono-halides, which
often occur in low yield, accompanied by homo-
coupling. Based on reduction potentials, SET is
most likely for reactions of the iodides and tertiary
halides: the probability of Sx2 increases for chio-
rides and methyl halides. Although CIDNP polar-
17ation points to radical intermediates. ambiguity
i its interpretation raises the possibility that the
reactions observed are actually catalyzed by tran-
stion metal impurities. Grignard reagent radical
cation intermediates of significant lifetime might
also influence the observations and the course ot the
reaction: theoretical or experimental examination of
their stability would be useful. When the Grignard
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reagent is aryl, allylic. or benzylic, SN2 seems more
likely; trityl and other more highly delocalized Gri-
gnard reagents may particularly favor Sy2.

Allyl and benzyl halides should be reactive by
all three miechanisms. The observation of much
homo-coupling in the reaction of benzylic halides
with Grignard reagents supports an SET mecha-
nism. High cross-coupling yiclds for allyl bromide
are more consistent with Sy2. and other difficul-
tics with an SET mechanism have been noted
(Section 2.4.2). The mixtures of allylic isomers
usually obtained from unsymmetrical allylic sub-
strates (c.g.. crotyl halides. phosphates, esters.
ethers, etc.; see Scheme 2.2) might be accounted
for by competing S2 and Sx2' mechanisms:
however. product formation via allylic radical or
carbocation intermediates may be more likely. In
the absence of compelling evidence, our current
preference is an assisted Skl ionization to the
carbocation. perhaps accompanied by ‘leakage’ to
radical products by electron transfer in the ion
pair and/or competition from Sn2 substitution at
the primary position. It seems likely also that
evidence for radical intermediates in reactions of
trityl carbocations. halides. and other substrates
may result from electron transfer to the carboca-
tion, rather than to the covalent substrate itself.
It remains a possibility that a similar explanation
might apply to tertiary alkyl halides in at least
some cases.
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Hydromagnesiation of Alkenes

and Alkynes

Fumie Sato and Hirokazu Urabe

Department of Biomolecular Engineering, Tokyo Institute of Technology, JAPAN

LIST OF ABBREVIATIONS

Et, ethyl; Pr, n-propyl unless otherwise specified;
Bu, n-butyl unless otherwise specified; CyHoap, .
n-alkyl unless otherwise specified; Bn, PhCH>;
Ph, phenyl: Cp, nS-cyclopentadienyl; n-, normal;
i~ iso: s-. secondary; - tertiary; c¢-, cyclo;
7", m-hapto: acac, acetylacetonate; AD, asym-
metric dihydroxylation: b.p.. boiling point; Dibal.
diisobutylaluminum hydride: GC, gas chromatog-
raphy: HMPA. hexamecthylphosphoric  triamide:
NMR, nuclear magnetic resonance; py, pyridine:
Red-Al sodium bis(2-methoxyethoxy)aluminum
hydride: rt. room temperature; TBS, r-BuMesSi:
THE, tetrahydrofuran: THP. tetrahydropyranyl:
TLC. thin layer chromatography.

3.1 INTRODUCTION

Hydrometallation signities an addition reaction of
metal hydrides to carbon-carbon multiple bonds
to afford organometallic compouvads. In the case
where the metal hydride is easily available and

Grivnard Reay

rems Bdited by Herman G Richey, Jr o 2000 John Witew & Sons Lid

the addition reaction proceeds readily, the reaction
should become an cfficient method for the prepa-
ration of organometallic compounds. Moreover.
if" the resulting organometallic compound shows
versatile reactivities, as amply precedented by
the hydroboration reactions. the hydrometallation
reaction provides useful methodology in organic
synthesis. Grignard reagents, which are one of
the most versatile organometallic compounds used
in a wide variety of synthetic transformations in
both academic and dustrial research, are mostly
prepared by the action of metallic magnesium with
organic halides. However. the requisite organic
halides are usually prepared by halogenation of
alkenes and alkynes, possibly via intermediate
alcohols. Thus. in order to circumvent the step-
wise process. considerable efforts have been made
to develop a direct method. i.c.. a hydromagnesia-
tion reaction of these unsaturated compounds. for
the preparation of Grignard reagents. Scheme 3.1
illustrates the notion of the hydromagnesiation
process. in which the reagents may be (i) magne-
stum hvdrides or (i) those generated in sing from
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Grignard reagents via B-hydride elimination. A
specific transition metal catalyst always plays a
critical role in making these reactions a high-yield
process.

R HMgX ’ \Ms:X
[, —— ——— - =
catalyst
H
~ o~
i MgX o
i == - I/\ MgX
catalyst H
~r ~r

SCHEME 3.1. Hydromagnesiation of olefins and
acctylenes.

Magnesium hydride, MgH,, can be prepared
more easily by a few methods than halomagne-
sium hydrides, HMgX (X = Cl, Br, ). Hydro-
magnesiation, using this most fundamental magne-
sium hydride, has been investigated. In fact, in
1958, Podal and Foster reported that MgH, under-
went addition to ethylene under drastic reaction
conditions {1]. However, homologous alkenes are
resistant to the addition reaction. Twenty years
later, Ashby et al. reported that the addition of
MgH, to such alkenes is accelerated by a catalytic
amount of early transition metal compounds
such as TiCly, Cp,TiCly, or ZrX4 to afford n-
alkylmagnesium species in good yields and with
high regioselectivity [2]. Formation of dialkylmag-
nesium, RoMg, was more intensively investigated
by Bogdanovic and coworkers by using active
MgH- (eq. 3.1) [3,4]. Although these magnesium
compounds, strictly speaking, are not Grignard
reagents, they can react with a variety of elec-
trophiles like Grignard reagents so that they will
be discussed together in the following sections.

R\ teth ( RA,tMg 3.1

catalyst

When alkynes are subjected to this hydromagne-
siation in place of alkenes, (cis-1.2-disubstituted
vinyh)magnesium reagents can be prepared in a
highly stereoselcctive manner {2].

Grignard Reagents: New Developments

In 1962, Cooper and Finkbeiner reported that
the addition of a catalytic amount of TiCl,
to an cther solution of I-alkenes and alkyl
Grignard reagents having B-hydrogen(s) brought
about a Grignard exchange reaction as shown in
eq. (3.2) [5,6]. Some transition metal complexes
including Cp,TiCly. Ti(O-i-Pr)y. ZrCly, and VCly
are also effective catalysts, but their activitics are
lower than that of TiCly. This finding was readily
extended to another method of hydromagnesiation
starting with easily accessible Grignard reagents
as the hydride source. Thus, in Scheme 3.2, a
Grignard reagent R'CH,CH>MgX is consumed
as a ‘HMgX' precursor, while, simultaneously,
an olefin, R?CH=CH,, is hydromagnesiated to
give a new Grignard reagent. The operational
simplicity of this latter process has made this
version a practical hydromagnesiation in routine
organic synthesis.

1 2
R \/\ng + R \/
catalyst '! (32)

RS ™ Mex + R~

1
R S Mg -T "HMgX"

!
R ~F
"HMgX" R’
R — ST Mgx

SCHEME 3.2. Transfer of ‘HMgX" from a Grignard
reagent to an olefin.

Although mono-olefins afforded the corre-
sponding magnesium reagents in good yields
by the above method. Cooper and Finkbeiner
noted that the TiCls-catalyzed hydromagnesia-
tion of conjugated dienes resulted in the produc-
tion of complicated products involving a small
amount of the hydromagnesiated product [6]. Sato,
et al. showed that the conversion of conjugated
dienes is best achieved with Cp>TiCls rather than
TiCls as the catalyst to afford allylic Grignard

Hydromagnesiation of Alkenes and Alkynes

reagents in good yields {7]. The reaction proceeds
quantitatively with butadienc and with butadi-
enes having a substituent at its 2-position (o
afford exclusively the allyl Grignard reagems of
the depicted structure as shown in eq. (3.3). The
reaction, however, does not take place with 4-
substituted 1,3-dicnes such as 1.3-pentadienc.,

R R
i-BuMgBr (3.3)
N CpoTiCts cat XMg v&/

In so far as they had been considered as
substrates in the hydromagnesiation rcaction.
acetylenes had not seemed to be successful
candidates. In 1974, Colomer and Corriu reported

that Cp,TiCly-catalyzed hydromagnesiation  of

diphenylacetylene with i-PrMgBr afforded a 70%
yield of trans-stilbene and a 30% yield of a mixture
of cis-stilbene  and 1.2-diphenylethane  after
hydrolysis, indicating low selectivity associated
with this transformation [8]. In 1978, Snider. ¢f al.
reported that the reaction of a silylacetylene with
CyHsMgBr in the presence of a nickel catalyst
furnished the hydromagnesiation product in 50%
yield, but accompanied by 30% yield of the
dimer of the acetylenc {9]. With the successful

result of Cp,TiCly-catalyzed hydromagnesiation of

conjugated dienes as described above, Sato and
his co-workers reinvestigated Cp,TiCl.-catalyzed
hydromagnesiation of acetylencs with certain
Grignard reagents and found that the reaction
proceeds nicely to give stereo-defined alkenyl
Grignard reagents (eq 3.4). [10]

R MgX

\ ‘ R'MgX ;ﬂ/ (3.4)
CpaTiCls

R

Recently. some important insight into the reac-
tion mechanism was provided by the same
group {11]. For instance. taking into account the
hydrotitanation  mechanism and regioselectivity
shown in eq (3.5). it has been concluded that
the hydromagnesiation of a 1-(trimethylsilyl)-1-
alkyne has the mechanism shown in scheme 3.3
Thus. the hydrotitanation of the silylacetylene
with a stoichiometric amount of Cp.Ti-H. gener-
ated from CpyTiCly and 2 equiv. of an alkyl

67

Grignard reagent as reductant |12}, afforded in a
regioselective manner the alkenyltitanium species
having the silyl group o 1o the titanium (eq 3.5).
Analogously, Cp,TiCly-catalvzed hydromagnesi-
ation of the acetylene is best rationalized by
nitial hydrotitanation with the titanium hydride
species. showing the same regioselection, and then
successive titaniumy/magnesium transmetatlation as
shown in Scheme 3.3.

CpTiCl,

R'MgX
tas reductant
Me3Si {3

MegSi;ﬂ/Ti(‘p;

H + CpaTi-H ——
R

N

R

The above series of studies. which has been
introduced by earlier review articles [13-22].
now ensures the gencral applicability of the
hydromagnesiation method to a variety of
unsaturated compounds having alkene. conjugated
diene, and atkyne functions, which are discussed
in the following sections.

3.2 HYDROMAGNESIATION OF
ALKENES

The most fundamental inorganic magnesium
hydride. MgH,, was reported to add ethylene
under drastic reaction conditions {1]. However.
as alkenes except ethylene are usually resistant
to such an addition reaction, this method
seems not to be general as such. However,
a catalytic amount of CpaTiCl.  dramatically
promoted hydrometallation of 1-octenc with MgH-
as evidenced by the fact that quenching the
resultant organomagnesium reagent with deuterium
oxide or 1, gave deuterated octane or J-iodooctane
according to equation (3.6) [2]). The magnesium
hydride used in this catalyzed reaction was
prepared by the reaction of EtzMg and LiAIH, in
cther [23] or by metathesis of NaH and MeCl» in
THF {24]. It was isolated by filtration and again
suspended in THF to serve the reaction. Among
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R’
\/\ng
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Cp,TiCl,

'

MesSi

—J

R

R’ o~
2T S Mex

e Oph ~ N
// R
/ \ @ P
o

Cp,Ti-H

TiCp,

SCHEME 3.3. Proposed mechanism for hydromagnesiation of 1-(trimethylsityl)- 1-alkyne.

a few early transition metal compounds including
TiCl; and ZrCly, titanocene dichloride was the
most effective in combination with the magnesium
hydride.

MgH: (1 equiv) Mg
C(»Hls/\ CpTiCly (5 mol% ) <C6H13
THF. 60 °C
(2 equiv)
/ D.0
(3.6)
I D
C@le/\/
95% Gl
>95% :
isomerically 93% yicld
pure

Terminal aliphatic olefins such as 1-hexene
and l-octene enter this reaction to afford
(primary-alkyhmagnesium compounds as shown
in eq. (3.6). Contrarily as exemplified by styrenc.
aromatic oletins show a reversal of regioselection
to give benzylmagnesium compounds (eq. 3.7).
Methylenecyclohexane afforded the magnesium
intermediate  in moderate yield (eq. 3.8). buwt
other di-substituted olefins shown in Figure 3.1
underwent the hydromagnesiation very slaggishly.
The main product is the hydrogenated one which
incorporates almost no deuterium  atoms  upon
deuterolysis of the reaction mixture, Tri-substituted

olefins such as I-methylcyclohexene were inert
under these reaction conditions.

D

e

90%

Ph /\ D-O

(3.7
+

D
P
0%

Fig. 3.1.
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Hydromagnesiation with inorganic magnesium
hydride has been more intensively investigated by
the use of active MgH» prepared by hydrogenation
ol Mg with Hy in the presence of Mg-anthracene
and CrCly or TiCly  as  the  hydrogenation
catalyst 13,4181, 1f MgCl; is further added to the
hydrogenation media as a co-catalyst. the reaction
period necessary for the generation of active
MgaH> will be shortened (eq. 3.9). It is interesting
o note that the above hydrogenation catalyst
also shows catalytic activity in the subscquent

hydromagnesiation step so that hydrogenation of
magnesium metal and the hydromagnesiation of

olefins could be carried out in a consecutive
manner. In such a case, the titanium catalyst
is superior to the chromium once (method A
in eq. (3.9)). However, the hydromagnesiation

Ha
Me ————  MgH>

(MgCly as cocatalysty

THF
H>
Mg —————— MgH, + 2CH,=CH,
Mg-anthracene
catalyst |
————— EtyMg (3.10)

catalyst 2

Catalyst 1 Catalyst 2 Method  Yicld of

EtMe (%)

CrCly (catalyst 1) A 83
(‘I"Cl_z ZI‘CI_; B 97
TiCL/MeCly (catalyst 1) A 97

Other 1-alkenes produced the desired RaMg
i excellent yields as shown in entries 1-6 of
Table 3.1, where the catalyst giving the best result
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step may be more preferably carried out in the
presence of a newly added catalyst consisting of a
zivconium halide such as ZrCly or Zrly (method B).
Hydromagnesiation of cthylene. which is shown in
eq. (3.10), itlustrates this echnigue. Ethylene may
react violently so that due care must be taken. The
catalytic activity of a few transition metal salts in
the hydromagnesiation step drops i the following
order: ZrCly > TiCly > HICl;. Noteworthy is the
relatively low efficiency observed for CpaTiCls
i this hydromagnesiation, which is in contrast
to the fact that it was the best catalyst in
the aforementioned hydromagnesiation with MgH»
prepared from EMe and LIATH, or by metathesis
of NaH and MgCl us shown in eq. (3.6). Thus. the
activity of the catalyst apparently depends on the

quality of Mgll,.
- Mg
e,
e

.

method B
7rx;

(g

is shown. Yields are of the magnesium compound
in a reaction mixture determined by acid/base
titration and/or gas volumetric analysis. In some
representative cases. those of isolated materials
arc also given. The resulting dialkylmagnesium
reagents. which consist of the 1-alkylmagnesiom
compound with >99.7% regiochemical purity and
may be isolated if necessary, were utilized for the
synthetic iransformations (vide infra). Hydromag-
nesiation of an e-branched terminal olefin such as
that in cq. (3.11) proceeded without difficulty to
afford the magnesium compounds in good ‘yield
and without loss of the enantiopurity [4.29]. The
internal olefin moicty was not affected at all.
Hvdromagnesiation of styrene generated the corre-
sponding benzylic magnesium compounds with

approximately 95:5 regioselectivity (determined by
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analysis following silylation) (eq. 3.12) [30]. A
mixed dialkylmagnesium was obtained in high
yield from hydromagnesiation of an equimolar
mixture of ethylene and butene (eq. 3.13) [4].
The uniformly high yields of the magnesium
compounds shown in eq. (3.10) and entries 1 -6 of
Table 3.1 should come from the lack of a serious

Ph
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side reaction such as isomerization of the terminal
double bond to an inert. internal one, which is
not negligible in the Grignard reagent-based hydro-
magnesiation discussed later.

* * Mg
Q/\ e Q/V G.ID
7y cat -

other higher-
+ /\/k + "
Ph/\ Ph molecular products

76% 14%

H*

Mg (pp Mg
Ph/\ CpaTiCly cat. ( % + others
Me

‘Me&(‘l
SiMe; Me;Si

+ Ph/\/ SiM63 +
Ph Ph

2% 3.7% L "5

MgHy + =+ "™\ 5= Ey(CHy)Mg (3.13)

94%

The dialkylmagnesiums obtained herein have
wide application as carbon nucleophiles in organic
synthesis [4]. In all of the following reactions, only
a small excess of RyMg to an electrophile was
necessary to achieve good to excellent yields. Tt
should also be noted that both of the alkyl groups
in RyMg were successfully transferred to the
product. Scheme 3.4 summarizes representative
reactions. [solation of an intermediate magnesium
compound was not necessarily required. Silylation
and oxidation of dioctylmagnesium (1o give
trimethyl(octyl)silane and octanol, respectively)
determined the isomeric purity of n- vs. s-octyl
groups in the organomagnesium compound to be

(3.12)

+ o N SiMe;

9.6%

99.7: 0.3, confirming the very high regioselectivity
of the hydromagnesiation step.
Dialkylmagnesiums behave like Grignard rea-
gents in alkylation and carbonyl addition, which
are among the most important reactions in organic
synthesis. Copper-catalyzed alkylation with alkyl
bromide was mentioned in an asymmetric
synthesis of chaulmoograic acid (eq. 3.14) [4,29].
Reactions with carbonyl compounds are shown
in Table 3.2. As expected, aldehydes and ketones
afforded secondary and tertiary alcohols in good
yields (entries 1-5) [4]. Ethyl propionate reacted
with 2 equiv of the R group of R,Mg to give
tertiary alcohol (entries 6 and 7) [4]. The coupling
reaction with acyl chiorides was carried out
preferably in the catalytic presence of an iron
salt to atford ketones (entries 8—13) [4]. Copper-
catalyzed conjugate addition (0 o.B-unsaturated
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/\/C():H

R=CeHyy 73% SiMc:

/\/SIML\ +

2in- 1 CH=CH) ’ R
99.7:0.3

Mglly + 2 RCH=CH, =~

OH

R/\/O” + )\
R

99.7:0.3
R=CH;z  §2-914

R=CeH3 B5%

N 7
A;CI R= Gty 90%

SnCly
PCly \

(x>
P 4
( R/\/X R=E 3

CeHy3 96%

SCHEME 3.4. Transformations based on dialkylmagnesiums.

Table 3.1. Hydromagnesiation of terminal olefins with MgH»

N Hy catalyst 2 X Mg
Me mm MgHy + 2 X n THF ( W:
catalyst 1 )
Dialkylmagnesium
Entry X n Catalyst 1 Catalyst 2 Yield(%) Isolated yield(%) Ref.
1 H 0 CrCly ZxCly 97 80 4,25,26
2 H 1 TiCl, catalyst 1 98 — 4
3 H 2 TiCl,/MgCl catalyst 1 86 73 4,26
4 H 6 CrCl3/MgCl,y catalyst 1 — 69 4,26
5 H 8 (see ref.) ZrCly ca.90 — 425
6 H 13 CrCly ZrCly 91 — 4
7 MeO 2 TiCly or CrCl, ZCly — 35 27,28
8 EtO 2 TiCly or CrCly ZrCly — 39 27
9 PrO 2 TiCly or CrCly ZrCly — 60 27
10 BuO 2 TiCly or CrCl, ZrCly — 34 27
11 CsH,, O 2 TiCly or CrCly ZCly — 28 27
12 Me;N 1 TiCly or CrCly ZrCly — 43 27,28
13 Et;N 1 TiCl, or CrCl, ZrCly — 47 27
14 Pr;N 1 TiCl; or CrCl; ZiCly — 44 %7
15 (i-Pr):N 1 TiCly or CrCly ZiCly — 1 27
16 Bu;N 1 TiCl; or CrCly ZrCly — 35 27
17 MeEWN 1 TiCl; or CrCl5 ZrCly — 18 27
8 MeBuN 1 TiCly or CrCly ZiCly — 50 27
19 MePhN 1 TiCly or CrCly ZCly — 30 27
20 MesN 2 TiCly or CrCls ZrCly — 52 27,28
21 EGLN 2 TiCly or CrCly 2rCly — 31 27
2 ProN 2 TiCly or CrCly ZrCly —_ 18 %7
23 MeEtN 2 TiCly or CrCi;y ZrCly — 40 ;7
24 MeBuN 2 TiCly or CrCl, ZrCly — 37 27
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carbonyl  compounds is also fcasible (entries
14-23) {31].

*# 5 M‘l
QA\ RAIT Q/\%w -
Cu vt
THPO (3 14)

The above method was successfully applied
to the preparation of a few kinds of functional-
ized olefins {27]. The functionalized dialkylmag-
nesiums obtained herein primarily attract interest
in the field of structural chemistry. Nonethe-
less, these should also be useful carbon nucle-
ophiles in synthetic chemistry. Attempted hydro-
magnesiation of allyl ethers resulted in the
elimination of the alkoxide, not giving the
magnesium compounds (eq. 3.15). However, a
homo-allyl ether underwent the hydromagnesia-
tion to give the desired product as shown in
eq. (3.16). The yield displayed refers to that of
the isolated compound so that the actual yield
of the organomagnesium compound in a reaction
mixture may be somewhat underestimated. X-ray
crystallography confirmed the monomeric nature
of bis(4-methoxybutyl)magnesium, the structure
of which involves intramolecular chelation as
shown in Figure 3.2. Analogously, other homo-
allyl ethers, allylamines, and homo-allylamines
furnished the corresponding di(w-functionalized
alkyl)magnesiums in fair to good yields, which
arc summarized in entries 7—24, Table 3.1. These
bis(atkoxyalkyl)- and bis(aminoalkyl)magnesiums
generally show sharp signals in 'H and '*C NMR
spectra taken at room temperature. However, at a
temperature as low as —80°C, turther splitting or
coalescence of the peaks was observed dependent
upon the individual structure [27].

ZiCly cat.
_—
THE
T0-80C

MgH, + 2 RO~ Mg(OR )

(3.15)
S
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i

w;r.u
THF
(3.16)

6680 C

( Moy M

35%

Use of aminomagnesium monohydrides such
as Et;NMgH, as magnesium hydrides has been
examined, but their synthetic advantage over
MgH, is obscure at present (eq. 3.17) [19.32].

EuNMgH + -\

CpaZsCly or ZxCls cat.
. (3.17)

R MgNEt,
30%

As described in the introductory section, another
important method of hydromagnesiation is to use
a Grignard reagent as the source of magnesium
hydride. In 1962, Cooper and Finkbeiner reported
that Grignard reagents having a fS-hydrogen are
in equilibrium with another olefin to generate
a second Grignard reagent in the presence of
TiCly. Through their detailed study {6] which
included using several other transition metal
catalysts (TiCly, Ti(O-i-Pr);. Cp>TiCly, ZrCly,
and VCly) they showed this reaction to be an
efficient method of hydromagnesiation of olefins
according to eq. (3.18). Thus. a mixture of an
olefin and PrMgBr in ether was heated at reflux
in the presence of TiCly (this gave the best
result among the five preceding transition metal
compounds) to afford the new Grignard reagent
resulting from the added olefin. The use of a
low-molecular- weight Grignard reagent such as
Et-, Pr-, i-Pr-, or i-BuMgX is rccommended as
the R'CH2CHaMgX in ¢g. (3.18). since the olefin
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Table 3.2. Reaction of RaMg with carbonyl compounds

Table 3.1, cte. additive
(MgHz + l-alkene w___,_,) R-Mg + EI' ———— R-El

Ratio
Entry R El* RoMe/El Additive(mol% ) Product(R-El) Yicld(% )" Rel.
1 Et PhCHO 06:1 — PhEtCH(OH) 84 4
2 Et EtCOE! 061 — ELCOH 70 4
3 Et PhCOE! 0.6:1 — PhE(,COH) 81 +
4 CyHy;  EICOEt 0.6 01 — Et:(CgH,7)COH 63 4
5 CyH;;  PhCOEt 061 — PhE({CxH,7),COH 71 4
6 FEt EtCO,Et 12:1 — Et;COH 86 4
7 CgHi3  EtCO.Et 1211 — Et,(CsH7)COH 68 4
8 CiHis  MeCOCH 051 Feqacuc)s (7) CyHCOMe 57 4
9  CgH;;  ECOCH 05:1 — CeHi-COEL 71 4
10 CyHy;  EtCOCIH 05:1 Fefacac) (6) C:H;COE! 58 4
i1 CgH;7  PrCOCI 05:1 Felacac): (3) CsH;-COPr 60 4
12 CyH;;  PhCOCI 0.5:1 — C¢H;7COPh 40 4
13 CyH,;  PhCOCI 051 Felacac) (4) CxH,7COPh 67 4
14 Et 0 0.52: 1 Cul2LIiCI(10). o R=Et 92" 3.
Me;SiCl
15 CiHy; 0.52: 1 Cul2LiCI(10), R=CyH,; 89 31
Me:SiCl
R
16 Et 0 0.52: 1 Cul2LiCK(10). 0 R=Et 95" 31
Me;SiCl
17 CgHys 052:1 Culs2LiCI(10). R=CyH,; 76 31
R
18 Et o) 0.52: 1 Culs2LiCK10). 0 R=Et 37 3t
/K/U\ Me;SiCl M
19 CyHys 0521 Cul2LiCI(10). R=C4H,; 64 31
Me:SiCl
20 Et 0 0.52: | Cul2LiCl(10). o R=Et 200 31
/K/u\ Me:SiCl R M
21 CgH,; Ph ph  0.52:1 Cul2LiCIC 1), Ph Ph R=CyH; 48" 31
Me;SiCl
22 Et oS COMe 0.52 1 l(\‘;nl.g_liiI(‘I(l())_ R R=E1 73 3
Ph ¢:SiC N N
23 CxHy7 0.52: | Cul2LiCI(10). ph)\”(“f‘““ R=CyH,, 75 3
Me.SiCl

“Based on EIT.
"The product was isolated as enol sityl cther.

formed by the Grignard equilibrium (R'CH=CH>: plays an important role in establishing the catalytic

cthylene. propylene, or isobutene. respectively) can cycle |5

be expelled from the reaction mixture to shift the

cquilibrium to the right. Cp,TiCls could be used K™ x

equally well as TiCly as the titanium catalyst. R R;/\/ng (3.18)
The proposed mechanism of this reaction is in et h

Scheme 3.5, in which a titanium hydride. ClTilL
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Ticl,
N MeX
PNy
PN
HTiCl3
Py MgX
R/\
- Tich
R

SCHEME 3.5. Proposed reaction course for the titanium-catalyzed Grignard exchange reaction.

Table 3.3 displays a survey of the hydromagne-
siation of various olefins with Grignard reagents.
Like the aforementioned hydromagnesiation with
inorganic MgH,, terminal olefins are the only
acceptable substrates in this reaction, and give
1-alkyl Grignard reagents in a highly regioselec-
tive manner. Other types of olefins, cyclohexene,
2-pentene, trans-stilbene, o-methylstyrene, f-
methylstyrene, and 2-methyl-1-pentene, did not
undergo the Grignard exchange reaction at all
even under forcing reaction conditions (PrMgBr,
TiCly) [6). This feature enables a chemoselec-
tive hydromagnesiation between different types of
olefins, which can be seen in several reactions
of Table 3.3. The yields of the Grignard reagents
from terminal olefins fall in a fair to good range.
One inevitable side reaction obviously lowering
the yield is the titanium-catalyzed isomerization of
terminal olefins to unreactive internal ones, which
is evidenced in the reaction of eq. (3.19) and,
in an extreme case, may become a quantitative
path {8,33].

In general, terminal alkenes having a hydroxy
group in a proximate position show somewhat
improved yields as compared to simple 1-alkenes.
This likely arises from the stabilization of the
intermediate magnesium species by intramolecular
coordination with the alkoxide group as depicted in
eq. (3.20), preventing the above unfavourable side
reaction. Equation (3.20) demonstrates a synthesis

of polyisoprenepolyols by hydromagnesiation of
an unsaturated alcohol, in which no protection of
the hydroxy groups was necessary [34]. Unsatu-
rated alcohols find another synthetic utility for the
one-step preparation of lactones via carboxylation
of the intermediate as shown in eq. (3.21) {35].
Despite the exhaustive substitution to its allylic
position, hydromagnesiation took place with this
substrate, affording the desired lactone in a reason-
ably good yield.

MeO MeO
PrMgBr  H:0
CpaTiCh,

EGO
56%
+
MeO
starting N
material
14% 29%
(3.19)

Hydromagnesiation of a terminal olefin followed
by the nickel-catalyzed vinylation with excess
vinyl bromide provides a one-pot method of two-
carbon homologation of the parent olefin as shown
in eq. (3.22) [37].

Aromatic olefins afforded benzyl Grignard
reagents in good yields, consistent with the afore-
mentioned observation of egs (3.7) and (3.12).
Scheme 3.6 summarizes a comparison of a few
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Table 3.3. Hydromagnesiation of 1-alkenes with Grignard reagents
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N R'MgX R Mgx _EF RS £l
catalyst
Entry R R'MgX catalyst El* Ei Yield(%)  Ref.
I Pr PrMgBr TiCl, HCHO CH>(OH)~ 45 6
2 Bu PrMgBr TiCl, 0 OH 24 6
] i
3 i-Pr PrMgBr TiCly PRCHO PhCH(OH)— 35 [
4 i-Bu PrMgBr TiCly MceCHO MeCH(OH)— 37 4]
5¢ R!R*C(OH)CH. i-BuMgCl  Cp,TiCl,  R*R*CO R*R*C(OH)— 42-71 34
6 CgHys PrMgBr TiCly4 CO» CO-Me” 40 6
7 PhCH, PrtMgBr TiCl, CO» CO-H 62 6
8 McQ : CH;* PngBI’ TlCl4 CO: CO:H 37 33
9 ¢-CoHy, PrMgBr TiCly CO, CO-H 51 6
10 : - PrMgBr TiCly COs CO-H 28 [
11 Ph,C(OH)CH EtMgBr CpaTiCl,  CO, CO-H 64 35
12 HO EtMgBr Cp-TiCl,  CO» 0 58 35
=,
O
(<)
13 OH EtMgBr Cp,TiCl, CO» 0 55 35
i
¢}
: A
14 OH EtMgBr Cp.TiCl;  CO, 0 55 35
P
CsHy,y 0 ©
CsHy,
15 OH EtMgBr CpaTiCl,  CO, O 46 35
\/v{\e 0
Me
~ 7
o)
Me
16 i-BuMgCl  Cp,TiCl,  CO» 0 54 36
C

<

HO

(continied overleaf )
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Table 3.3. (continued)
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Entry R R'MgX catalyst El' El Yieldt %) Ref.
17 CoH iz PrMgBr TiCly (Et0);:CH (Et0),CH- 19 8}
18 k1t PrMgBr Cp,TiCl, CH»=CHBr. CH,=CH- 72 37
" : (PPh3):NiCl,
()\/\;
19 Ol EtMgBr Cp-TiCl, MeiSiCl Me;Si 59 35
¥
20 : “ PrMgBr TiCly 0- OH 40 6
21 )\/\ PrMgBr TiCl, (03} OH 43 6
JJ
“See eq. 3.20 in text.
" After esterification.
“This structure corsesponds to R/\/ El-
4 Another terminal ofefin isomerized to the internal one.
0 i-BuMgCl
P~ MgBr (4 equiv)
CpaTiCls
OH THF

OMgCl OMgCl

O

/U\/\OTHP

(2 equiv)

combinations of a Grignard reagent and a tita-
nium compound to effect the hydromagnesiation of
styrene: i) (-PrMgBr/Cp.TiCl» {8]; ii) n-PrtMgBr/
Cp.TiCly [7]: and i) n-PrMgBr/TiCl, [6].

Hydromagnesiation of other styrenes having a
substituent on aromatic ring proceeded as expected
as shown in egs (3.23) 6] and (3.24) [38].

and/or
OMgCl 0.

Mg

H w \/J\/\
h OH
OH OH OH

499

(Tribenzylsilyhethylene, which has no chance
to undergo olefin isomerization, is said to
give a-silylalkyl Grignard reagents quantitatively.
although the yields of the deuterated and silylated
products have not been shown (eq. 3.25) [8].

As shown above. a few functional groups in the
olefinic substrate such as ether, hydroxyi (which

(3.20)
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exists as alkoxide in reaction media). or internal
olefin did not impede the reaction. The newly
formed Grignard reagent can be obtained with
high regioselectivity and could be trapped regio-
selectively with a variety of electrophiles such
as aldehydes, ketones, carbon dioxide. orthoesters.
vinyl bromide, silyl chloride, and oxygen. which
broadens the synthetic utility of the hydromagne-
siation reaction.
O

()é
[lM B 7&‘7»7»
Cpy hu

™~ ™~

z PrMgtc

HO -~ G BT MgO o~~~ MBr

(I’Ph:r;.\\(‘l_wcul.i B

™~
HO\/I\/\/
T2%
(3.22)
X S Pr\leBr
i .
MeO P FT:0. refluy
J('U-
(3.23)
( 0->H
.\M)/C 22-50%
MgBr
N e N
(PhCHz)}Sl p: [w 1~
(Ph(‘Hg):Sl

;\lc;ll:N
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CO,H
SN
| P M co:
Cpaticls
THE. 0
Y 8”(7;
(() H
(3.24)
i-PiMgBr )\ \
CmTilh Ph H,0 PhEL

MgBs
L
n-PrMgBr 00
SN CpTiCl; o

0
MgBr /
:pl‘m- 404 regioselectivity

TiCls —~_ 25:0-40:1
COH
CO, .
S

Ph

SCHEME 3.6. Hydromagnesiation  of  styrenc  with
Grignard reagents.

There is another choice of catalyst in
hydromagnesiation  of atkenes  with  Grignard

(PhCH,);SiEl

b4 quant.
n;()// D
7
0,0 (

———»  (PhCH>):Si

%)
192
o

SiHMe,

(PhCH2):Si
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reagents. In 1969, Muarké reported that a
catalytic amount of a nickel salt also promotes
an analogous alkene/Grignard reagent exchange
reaction (eq. 3.26) {39-41]. The mechanism of the
reaction has been considered to be that shown in
Scheme 3.7, in which a Ni—H species, generated
by B-hydride elimination from an alkyl-nickel
intermediate, catalyzes the key step [14].

Grignard Reagents: New Developments
RI 2 o i
O Mex R\~ e R\~
. +
R2
\/\ng

(3.26)

This exchange reaction was readily extended
to a hydromagnesiation process. In fact, the
hydromagnesiation of an allyl alcohol and a
styrene to give a lactone (eq.3.27){14] and an

MeX
R/\/ /\/ng
- INiIMeX
Py MEX\//
H
\
R/\/ INi|MgX y [NijMgX

)
H R/\
\ E/\[Ni]MgX. %_\
: N

SCHEME 3.7. Proposed reaction course for nickel-catalyzed hydromagnesiation with Grignard reagents.

HO 75%d

D

DV 80%

HO XMgO

/K/ PrMgBr
7 NiCly. HMPA

(@)
)v\ CO, %
MeX — (3.27)

30%
MCZCN‘ i?\AK

30%
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a-arylalkanoic acid (eq. 3.28) [38] were examined.
In the transformation of eq.(3.28), extensive
optimization of the reaction conditions including the
kind of Grignard reagent eventually increased the
product yield to as high as 82%. Isolation in only
0.7% vyield of the regioisomer, a 3-arylpropanoic
acid, showed the high regioselectivity. Thus,
terminal alkenes preferably afford 1-ailky! Grignard
reagents, whercas styrene derivatives yield the
benzy! Grignard reagents as found in the titanium-
mediated protocol.

/

- FtMgBr M‘gBr

i
o,

THF. l5~}() °C
CO,H

82%
(3.28)

An iron-catalyzed Grignard exchange reaction
was reported by Tamura and Kochi in 1971
as shown in egs (3.29) and (3.30) [15,42,43].

FeClz () mol%)
i-PrMgBr + CH,=CH, je5e 7w

(1.5 equiv) (1 equiv) .
14 (3.29)
EH P
(0.66 equiv) (0.6 equiv)

FeCly (1 mol%)

EtMgBr + pp ™
E0.2°C, 15h

(1 equiv)y (6.9 equiv)
L
D
Ph/\/ D + Ph/l\ + CH3=CH:
(0.008 equiv) (0.11 equiv) (0.15 equiv)
+
Ph >

(0.04 equiv) (3.30)
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However, the synthetic value of this hyromagne-
siation procedure has not been tested. They also
examined other metal salts including CoBra, PACl,,
MnCl,, CuCl, CuCls, and AgBr for this purpose,
but the last five salts showed little or no activity.

3.3 HYDROMAGNESIATION OF
CONJUGATED DIENES

Many examples of the hydromagnesiation of
olefins with Grignard reagents under the influence
of a titanium catalyst that appeared in the
preceding section show the product yields not 10 be
very satisfactory. However, the use of conjugated
dienes or acetylenes as the substrate in place
of simple alkenes remarkably increases the yield
of the organomagnesium compounds as described
below. This may result from the following reasons.
First. the latter substrates afford  structurally
and/or electronically more stable intermediates
such as allyl- or alkenyl-metal species rather
than alkylmetals to make the transformation
of eq. (3.2) no longer an equilibrium [7]. The
second point is that dienes and alkynes do
not undergo the undesired isomerization that is
a serious problem in the hydromagnesiation of
alkenes to diminish the product yields. Thus,
the potential of hydromagnesiation as a versatile
synthetic transformation should be more distinctly
demonstrated with the following substrates.

The hydromagnesiation reaction with active
MgH, introduced in eq. (3.9) was attempted on
isoprene in the presence of several early transi-
tion metal compounds including Cp,TiCly, TiCly,
Cp,ZiCly. and ZrCly as the catalyst, but these
reactions always afforded a mixture of regioiso-
mers of allylmagnesium intermediates A and B
(eqg 331, approximately 80:20-30:70 depending
on conditions and catalyst), which. upon silyla-
tion with Me;SiClL afforded regioisomers in addi-
tion to stereoisomers [30]. Eq. (3.31) illustrates the
reaction catalyzed by Cp.ZrCl-. which showed
the highest regioselectivity of the hydromagnesi-
ation step. Unfortunately, the formation of regioi-
someric allylmagnesium reagents by this method
would detract from its value for selective organic
syithesis.
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XMg \/K/
A  8l.5%
MgH- )
)\/ cm;«:u + Me,SiCl
P,
B 185%

As mentioned in the introductory part, attempted
TiCly-catalyzed olefin hydromagnesiation did not
work well on conjugated dienes [6]. However.
switching the catalyst from TiCls to Cp,TiCl, dras-
tically increased the efficiency of the hydromag-
nesiation. Thus, under these reaction conditions,
2-alkyl-1,3-butadienes generally afforded allyl
Grignard reagents in excellent yields. More
surprisingly, a single regioisomer of the allyl
Grignard reagent is exclusively formed as shown
in eq. (3.32), which was verified by the subsequent
reactions with electrophiles [7].

R R
PrMgX 5
N cp.ic,  XMg v&/ (3.32)

The observed regioselection of hydromagnesia-
tion is identical with that of the hydrotitanation of
the same substrates with a stoichiometric amount

PrMgBr
CpTiCly

P avy Bng\/\/
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Me3Si\/K/ + MesSi

14% 44%

/ +

SiMC}

\ 23%

/K/\SiMC]

17%
of Cp:Ti-H as shown in ¢q. (3.33) | 12.44]. This
fact strongly suggests that the regioselection of
eg. (3.32) originates in the hydrotitanation step
involved in the catalytic cycle like the one shown
in Scheme 3.3 or 3.12 (vide infra).

Cp,TiCly
R \ R'MgX (as reductant)
_~ + CpyTi—H
/ (3.33)
R
/V R TiCp,
A (e A
[iCp,
e N /}
53% 13% 13%

(3.34)

F
e

79% single isomer
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Table 3.4. Hydromagnesiation of conjugated dienes with Grignard reagents

R R

R R

R'MgX Er*
A i e AN 2\( NN
E!
(A) (B)

Entry R'MgX El* El Products(% ) Ref.
! H PiMgBr  HO H AGHcisBAS), T

rans-B (13)
2 Me PrMgBr H,O H A(76),B(21) 7
3 PrMgBr H.O H A(88),B(8) 7

/K/\/i

4 H PrMgBr Me.CO Me,C(OH)-  A(79) 7
5 Me PrMgBr Me,CO Me,C(OH)-  A(95) 7
6 Me i-BuMgBr  EICN EtCO A(78) 46
7 Et i-BuMgBr ECN EiCO A(71) 46
8 Bu i-BuMgBr E(CN E«CO A(81) 46
9 Me i-BuMgBr HCO,MgBr CHO A(33) 46
10 Et i-BuMgBr HCO.MgBr CHO A(49) 46
11 Bu i-BuMgBr  HCO:MgBr CHO A(66) 46
12 Me;Si i-BuMgBr HCO>MgBr CHO A(46-55) 47

Although the simple hydrolysis of the allyl
Grignard reagents tends to yield a mixture of
regio- and stereoisomeric olefins, the reaction with
carbon electrophiles such as carbonyl compounds
and nitriles usually afforded a single regioisomer
(eq. 3.34) [7]. This selective aspect and the
versatility of the resultant allylmetal reagents {45]
enhance the synthetic utility of this process. even
though the substrates are limited to butadiene
and 2-substituted butadicnes. Additional results are
collected in Table 3.4.

Nickel-catalyzed hydromagnesiation of conju-
gated dienes with Grignard reagents seems less
fruitful from the synthetic point of view. Attempted
reactions of butadicne and isoprene resulied in
a formal hydromagnesiation of the corresponding

diene dimer to give a homologous Grignard
reagent as shown in eq. (3.35) [48]. Analogously.
when isoprene was used as the diene and
CO, as the quenching reagent, the carboxylic
acid shown in eq. (3.36) was formed [(49]. If
i-PrMgCl was replaced by CD;CD,MgBr, the
deuterated product was obtained, confirming that
the hydrogen (deuterium) comes from the Grignard
reagent, most likely via B-elimination.

Ordinary hydromagnesiation may be effected
by thec use of a nickel-pyridine complex
like Ni(pyuCla, even though it affords a
mixture of regioisomeric allylmagnesium reagents
as determined by carboxylation. giving two
kinds of carboxylic acids (eq. 3.37) [50]. An
alkoxybutadiene underwent the alkylation as well

b N ﬂ'/ o ‘MeoBr
PN i, 7 NS s
ELO.G € - J
) OH (3.35)
MexCO P
. //\/\/\/\MgBr Rt -

ca. H0%
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. COM
)\/\/{V/
THE

CD;CDMgBr CO»

{PhaP)>NiCly
THF

as hydromagnesiation with i-PrMgCl in the
presence of (Ph;P);NiCl, to afford the three
carbon-elongated carboxylic acid, albeit in a
low yield, by quenching with carbon dioxide
(eq. 3.38) [51]). In the latter reaction, the use of
Ni(py)4Cl again affords regioisomeric carboxylic
acids like the preceding equation, showing the

)v i-PeMgCl \/K/
= (py )4N1Cla

(3.37)
CO,
+ /Jv/
COH COH
4:1-1:1
OR
)\/ i-PrMeCl €O,
Z T PhPNiCT,
THE
R =Me or Et CO.H
12%
\ PVl
Py LNICT
T
CO-H COH
(3.38)

44%
(3.36)

CO;H
i
D

importance of the ligand on nickel to control the
regioselectivity.

3.4 HYDROMAGNESIATION OF
ALKYNES

Hydromagnesiation of alkynes with inorganic
hydride, MgH, prepared from EtpMg and
LiAlIH4 [23] or from NaH and MgCls, {24] and
a catalytic amount of Cp,TiCl, was carried
out in the same manner as described in
eq. (3.6) [2]. An internal acetylene underwent this
hydromagnesiation to give a deuterated cis-olefin
in good yield upon exposure to D,O (eq. 3.39).
However, in the case of a terminal acetylene,
formation of magnesium acetylide in situ hindered
a good conversion of the substrate (eq. 3.40).
Further study on hydromagnesiation of acetylenes
with MgH3 has not been carried out.

C3H7 H7C3 MgX
MgH,
I l Cp,TiCl,
THF, rt HyCy
CsHy
H-0 tor D:O)
(3.39)
H,Cy._ _E
H,Cy

El=H, 100%; D, 65%

Contrarily, Grignard reagent-mediated hydro-
magnesiation of acetylenes in the presence of
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Cp,TiCly is much more promising [10] and has
found extensive and intensive application in current
organic synthesis. The most striking advantages of
this method could be condensed as follows. i) The
hydride precursor, a Grignard reagent— most typi-
cally i-BuMgX —is readily obtained and handied
with ease. ii) Although terminal acetylenes are
not an acceptable substrate as in the above case
and as evidenced by the following reaction in
eq. (3.41) [8], a wide variety of internal acetylenes
undergo this reaction in good to excellent yields.
iti) The very high regio- and stereoselectivity was
often observed for unsymmetrical acetylenes.

CeH 3 Mgt Hy3Ce
“ Cp,TiCl, 7! ] MgX
! THE, nt
HyO (o D0y
CeHys (3.40)
” Hy3Ce
N
El
El=H 60% 40%
D 40% 50%
C;H
CgHy7 e H7Cy
i-PrMgBr _H H 7|
H Cp:TiCls +
CH;
(3.41)
809% 5%
N
CioHaz
15%

Dialkylacetylenes afford (1,2-cis-disubstituted
vinyl) Grignard reagents in excellent stereose-
lectivity (100-95%). A symmetrical acetylene
affords virtually a single vinyl Grignard reagent,
which was used for the preparation of a dienol
(eq. 3.42) [52]. As expected, the hydromagnesia-
tion of unsymmetrical dialkylacetylenes gave two
regioisomers in almost equal amounts. but it
stll finds use as a convenient method for cis-
hydrogenation of acetylenes via protonation as
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exemplified in eq. (3.43) [53]. This last example
also demonstrates the chemoselectivity—note that
the di-substituted olefin survives the reaction
conditions. More examples can be seen in
Table 3.5.

Me Me MgBr
i-BuMyBr
H CpaTiCl,
Me
Me
HCO,Pr
(3.42)
OH
Me Me
Me Me

65%  strictly EJE

Bu3Sn W

HO

(‘p:TiCl:j i-BuMgBr

e
Bu3Sn W\/\/

HO

(3.43)

98%

Aromatic acetylenes participated in the reac-
tion without any complication to show as
high stereoselectivity as do dialkylacetylenes.
Phenyl(methylacetylene shows a regioselectivity
of synthetically acceptable level (ca 9:1) [10]
which is further enhanced to an excellent degree
(96:4) by the substitution of a silyl group
(cq. 3.44) [10,54]. However, diphenylacetylene no
longer afforded the expected cis-product cleanly as
shown in eq. (3.45) {8].

1-Silyl-1-alkynes show as high regioselectivity
(>95:5) as the stereoselectivity (>96:4) exempli-
fied in eq. (3.46) [57]. Table 3.6 surveys the reac-
tions of these substrates. Apparently, the silyl
group plays an important role in determining
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PI
' Ph__MgBr Ph
i-BuMgBr
I e ] *
R R
R
/o
Ph_ D Ph
Il
R R D
R=Me  >M%Z 8812 85%
MesSi >94%Z  96:4  95%

(3.44)
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the regioselectivity as in many other hydrometal-
lation reactions which show the same tendency for
this particular substrate [58]. In conjunction with
the synthetic utility of the alkenylsilane moiety
for further transtormations [58], the resultant sily-
lalkenyl Grignard reagents have been utilized in a
variety of transformations such as hydrolysis, stan-
nylation, alkylation. and carbonyl addition. Methyl-
ation with Mel and allylation with allyl halide
proceed as such from the magnesium interme-
diate, but the alkylation with higher primary-alkyl

Table 3.5, Hydromagnesiation of dialkylacetylenes and aromatic acetylencs with Grignard reagents

RMeX R R: G R! R R! R2
] —_ 2 i - \=<
=% Cp:TiCls \:—-:/ > '
MeX. H i8] El
(A) B)
Entry R! R? RMgX El* El Yield(%) Ref.
1 Me Me i-BuMgBr HCO,Pr OH A (65) 52
Me [strictly E,E]
}.\'
Me
2 Me Pr i-BuMgBr H.0 H A(92-100) 10
[100% Z]
3 Me Pr i-BuMgBr I 1 A4 B[42:58] 10
(90)
4 Et Et i-BuMgBr H,O H A (92-100) 10,55
[>99%Z]
5 Et Et i-BuMgBr PhCHO PhCH(OH)- A (90) 10
6 CiH,  G3Hy various R-Mg H H A (—) 55
and RMgX [95-99%Z]
7 CeHyz  (CH,)OH i-Bu,Mg H” H A (100) 55
or PruMg [>98%]
8 CsH), OH i-BuMgBr H* H A (98) 53
o~
Bu}Sn/‘
9 Ph Me i-BuMgBr H-O H A (92-100) 10.56
[>99%Z]
10 Ph Me I-BuMgBr D,0O D A+B (85) 10
[88:12] 10
11 Ph Me i-BuMgBr Mel Me A+B(80) 10
[90:10]}
12 Ph Me;Si i-BuMgBr H,O H A (95) 10
[>94% Z]
13 Ph Me;Si i-BuMgBr D-O D A+B (—) 10
[96:4]
14 Ph Me:Si i-PrMeCl PhCH-CHO PhCH,CH(OH) A (77) 54

|>95%E]
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iodides needs the assistance of a copper catalyst as
illustrated in eq. (3.47) [59].

Ph

Ph
H Mg g j
CpaTich
Ph
Ph
T0%
+
Ph Ph
J 1
Ph Ph
—
30%
(3.45)
MesSt MesSi-__ MuBr
i-BubMyBr \T
H CpaTiCls /l
Bu
Bu
sio J MesnCl
(3.46)

MCxSijI/SnMej‘ MC}Si
A

Bu Bu SnMe;

>97.5:2.5
6%E
Gratifyingly, propargyl alcohols represent an
exceptional type of dialkylacetylene that shows a
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very high level of both regio- and stereoselectivity.
One example is shown in eq. (3.48) | 71] and more
will be found in Table 3.7. The alcohol moicty
was converted to the corresponding magnesium
alkoxide in sinr so that an extra equivalent of
Grignard rcagent is necessary in addition 1o
that for the hydromagnesiation step. The regio-
and stereoselectivities did not decrease even in
the case of hydromagnesiation of polyoxygenated
substrates (eq. 3.49) [72]. The acetylenic bond
in a conjugated enynol behaves like an isolated
propargyl alcohol in the hydromagnesiation and
subsequent carboxylation to give the expected
product as shown in eq. (3.50) {73].

Remarkably. silylpropargyl alcohols demonst-
rate the first example to violate the rule of
formal cis-addition of a magnesium hydride
species across the carbon-carbon multiple bond
in the serics of hydromagnesiation reactions.
Thus, it should be noted that the products
shown in Table 3.8 always have the rrans
configuration with respect to the vinylic hydrogen
and electrophile (El), which has not been seen
in preceding Tables 3.5-3.7. The origin of this
strange behaviour of the substrate was disclosed
by analysis of the isomeric composition of
the produced allyl alcohols versus the reaction
period [76]. The composition determined by
the periodical hydrolysis of an aliquot of the
reaction mixture is shown in eq. (3.51). Thus.
consistent with the rule of ¢is addition, the

MC}Sij(

Bu

Me
97%7

Me;Si
’ MesSie_ _ MgBr M
i-BuMgits ) N i\/__l- €351 / A7)
Bu Bu Bu
Bul .
Cul cat MC;SI Bu
87% j( 08517
Bu
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Table 3.6. Hydromagnesiation of (trimethylsilyl)alkynes with Grignard reagents

Me;Si R

Me;Si R Me:Si R

R'MgX EI*
Me;Si—==— F—#’ — + \=<
PR XMg El El
(A) (B}
Entry R R'MgX El* El Yield(%) Ref.
1 Me i-BuMgBr [0> J/()\/~L A(—) 60
o]
+ MesSil HO
2 Me i-BuMgBr o) o A(—) 60
[ )me I
O . Me
+ Me;Sil HO
3 Me i-BuMgBr fe) o OH A (>53) 36
T H
N o TO A
+Cul, Me,S :
: i- Al— 60
4 Et i-BuMgBr [o> o (—) g
(o]
+Me3Sil HO
5 Bu i-BuMgBr H,0 H A (76) 10,61
[> 98%Z]
6 Bu i-BuMgBr D,0 D A+B (—) 10
[95:5]
7 Bu i-BuMgBr Me;SnCl Me;Sn A+B (51) 57
[97.5:2.5]
[A: 96%E]
8 Bu i-BuMgBr Mel Me A (91) 59.62
[97%Z]
9 Bu i-BuMgBr allyl-1 ailyl A (89) 59
10 Bu i-BuMgBr Bul/Cul Bu A (87) 59
[98%Z}
11 Bu i-BuMgBr HCHO CH,(OH)- A (78-87) 63.64
12 Bu i-BuMgBr MeCHO MeCH(OH)- A (97 65
13 Bu i-BuMgBr Q A (66) 66
o] CHO
P
+ CuBr.Me;S 15.) OH
14 Bu i-BuMgBr MeCHBrCHO -CHMeCHO A (ca. 50) 47
15 CsHy, i-BuMgBr HCHO Chy(OH)- A (81 64
16 CsHyy i-BuMgBr CsH,,CHO CsH;CH(OH)- A(—) 67.68
17 CsHyy i-BuMgBr A (>85) 69
Lo
o) (0]
\)\CHO -
I
THF-HMPA 31 OH
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Table 3.6. (continued)
Entry R R'MgX El* El Yield(%)  Ref.
18 CsHy i-BuMgBr A (>85) 69
S Y
o) 0
\/kcm) \)Y
+ Cul /ﬂO”
>98:2
19 CsHy, i-BuMgBr  3-butenyl-l/ 3-butenyl /A (86) 59
Cul
20 CeHy: - H+ H A (—) 61
21 CioHy i-BuMgBr HCHO CH»(OH)— A (78) 63,70
22 —(CH2)OH  i-BuMgBr  Bu¥/Cul Bu A (84) 59
Bu OH
BuMgCl Bu MeCl \/\
Cp,TiCly i-BuMgCi
“ PR ClMgOJ CpaTiCl
HO
‘ CO,
b
l (3.48) (3.50)
CO,H
Bu I
HO\/\“/
64-89% 98%E OH
— 73%
OH o_ 0
hydromagnesiation of 3-(trimethylsilyl)-2-propyn-
= ~ 1-ol intrinsically proceeds in a cis fashion,

(pﬂ'l('/:liuMg(‘l

/n (3.49)
/Ao

OAc / \

OBn

69%

as evidenced by the fact that, in the early
stage of the reaction, cis-rich allyl alcohol
was recovered upon hydrolysis. However, the
resulting (cis-disubstituted vinyl) Grignard reagent
rapidly isomerized to the (more stable) (rrans-
disubstituted vinyl) Grignard reagent during the
interval that is required for the completion of
the hydromagnesiation step, eventually resulting
in the formation of almost 100% pure frans-allyl
alcohol upon aqueous workup. The driving force
of this isomerization apparently comes from its
release of the steric strain in the magnesium salt
of cis-allyl alcohol and, in turn, the formation of
thermodynamically favourable, chelation structure
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Table 3.7. Hydromagnesiation of propargyl alcohols with Grignard reagents

R ‘ r2 R ‘ g2 R
R’ RMgX R M R
R! k 9 OMex —Eow OH
oH  CpTiCl
XMg El
Entry R! R*R*COH RMgX El* El Yield(%) Ref.
1 Me CH,OH i-BuMgCl D-O D 71
2 Bu CH-.OH i-BuMgCl D,O D 71
3 Ph CH,OH i-BuMgCl D-O D 60-100 71.74
4 Me CH(EtYOH i-BuMgCl D-O D 71
5 Me CMc,OH i-BuMgCl D.O D 71
6 CsHj, OH i-BuMgCl H* H 46 75
i
7 1-Bu CH-OH i-BuMgCl H* H 60 76
[>93%Z]
8 OH i-BuMgCl H* H >70 72
0(\0 MG .
e
OBn
H
9 OH i-BuMgCl H* H >70 72
o) s §
?/ OBn
H
10 i-Bu OH i-BuMgBr H* H _ 77
¥
OTHP
11 OH i-BuMgBr Ht H 68 77
i
o [>99% 7]
SiMe; L
OTHP
12 Bu or Ph CH(CF;)OH i-BuMgCi H* H _ 78
13 Bu CH,0H i-BuMgCl I 1 64-86 71.79
|>98% ]
14 Bu or Ph CH(CF;)OH i-BuMgCl I I 78
15 Bu CH.OH i-BuMgCl Me;SiCl Me;Si L 30
+HMPA
16 CeHis CH,OH i-BuMgCl Me;SiCl Me;:Si _ 80
+HMPA
17 Me CH,OH i-BuMgCl Bu;SnCl Bu;Sn 50 81-83
18 Pr CMe(Pr)OH i-BuMgCl Bu:SnCl Bu;Sn 79 81.84
19 i-Pr ¢-CoH;CHOH i-BuMgCl Bu;SnCl BuiSn 69 82,83
20 Bu MeCHOH i-BuMgCl Bu;SnCl Bu;Sn 32 82.83.85
21 Bu ¢-C4H,;CHOH i-BuMgCl Bu;SnCl Bu3Sn 75 81-85
22 -Bu ¢-CH;;CHOH i-BuMgCl Bu;SnCl Bu:Sn 40 82.83
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Table 3.7. (contined)
Entry R! RR*COH RMgX El El Yield(%)  Ref.
23 Ph ¢-CoH | )CHOH i-BuMgCl Bu;SnCl! Bu;Sn 72 81.84
24 Bu CH,OH i-BuMgCl  Met Me 88-92 71
25 BuorPh CH(CF)OH  i-BuMgCl Mel Me . 78
26 Ph CH,OH i-BuMgCl  Mel Mc _ 86
27 CH-.OH i-BuMgCl  Mel Me 95 71
2,
28 CH,OH i-BuMgCl  Mel Me 98 71
Q@H
29 CsHyy CH,O0H i-BuMgCl CsH | CHO CsH; CH(OH)- 59-62 87
30 CH,OH i-BuMgCl  CO, CO:H 65 88
Q@H
31 N CH,OH i-BuMgC! HCHO CH.OH . 88
32 CH,OH i-BuMgCl  CO» CO:H 73 73
&\/I
33 i-BuMgBr CO, CO,H >61 89

in that of the trans-allyl alcohol. To ensure the
reproducibility of the high trans-selectivity (as
well as a complete conversion), the reaction period
of the hydromagnesiation should be sufficiently
long, preferably with analysis of the progress of
reaction by an appropriate analytical method such
as TLC, GC. or NMR spectroscopy.

In addition to the high stercoselectivity (>95%)
discussed above. the regioselectivity is again exclu-
sively defined as shown in Table 3.8. The resultant
Grignard reagents were successfully trapped with a
varicty of electrophiles. There has been no definite
information on the exact structure of the inter-
mediate bis-magnesiated compounds. However, a
possible metallacycle structure has been invoked
in a metallo-ene reaction to account for the highly
stereoselective construction of consecutive stere-
ogenic centres (eq. 3.52) [90]. Optically active

propargyl alcohols afforded chiral magnesium in-
termediates, which, upon reaction with an elec-
trophile. afforded optically active products without
loss of the initial enantiopurity [84,91,92]. For
example. a preparation of optically active furfuryl
alcohol (96%: ce) was achieved from an acetylenic
diol (97% ee) via the hydromagnesiation method
as shown in eq. (3.53) [91].

Other silylpropargyl alcohols such as (phenyldi-
methylsilyDpropargyl  alcohols could be used
cqually well in this hydromagnesiation reaction,
even though steric hindrance of the silyl group is
more enhanced than that of the trimethylsilyl group
as shown in eq. (3.54) {84]. The recent develop-
ment in organic synthesis with tin reagents [99]
would call for more opportunity of hydromag-
nesiation of (trialkylstannyhacetylenes in future
as a tool for the preparation of stereo- defined
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Table 3.8. Hydromagnesiation of (trimethylsilyl)propargyl alcohots with Grignard reagents

R .
R R'MgX Me;Si R gr MesSi R
Me Si—=—— —_— —
OH CpTiCh MgX OMgX f\&
Entry R R'MpX El* El Yield(%) Ref.
! H i-BuMgCl H,O H 100 76
2 Me i-BuMgCl H* H —_ 93
3 Pr i-BuMgCl H H — 93
4 i-Pr i-BuMgBr H* H 90 65
5 -Bu i-BuMgBr H* H 85 65
6 CsHy, i-BuMgBr H* H 96 90,94
7 c-CeHy, i-BuMgCl H* H — 93
8 H i-BuMgBr PhSSO,Ph Phs 58 95
9 H i-BuMgCl  BuiSnCl Bu,Sn — 83
10 Me i-BuMgCl Bu;SnCl Bu;Sn 73 83,85
11 Pr i-BuMgCl Bu3SnCl Bu;Sn 58 83,85
12 i-Pr i-BuMgCl Bu;SnCl BuiSn 72 81,83,84
13 c-CgHyy i-BuMgCl Bu;SnCl Bu;Sn 67 81,83-85
14 MeOCH, i-BuMgCl Bu3SnCl Bu;Sn 79 83
15 H i-BuMgCl Mel Me 88 76
16 H i-BuMgC1 Bul/Cut Bu 89 76
[E > 95%)

17 H i-BuMgBr  C3Hy;CHO CgH,;CH(OH)- 84 96
18 H i-BuMgBr CgH;3COMe CsH;3CMe(OH)- 83 96
19 H i-BuMgBr  Pr,CO Pr,C(OH)- 80 96
20 H i-BuMgBr 0 HO 88 9

l 4
21 H i-BuMgBr lo} HO 85 96

Oy

-

22 H i-BuMgBr MeCN (EtC(=NH)-%) 28 97
23 H i-BuMgBr EtCN (EtC(=NH)-") 82 98
24 H i-BuMgBr i-PrCN (i-PrCN(=NH)-) 85 98
25 H i-BuMgBr PhCN (PhC(=NH)-“) 88 98
26 Pr i-BuMgBr MeCN (MeC{=NH)-9) 38 98
27 Pr i-BuMgBr EtCN (EtC(=NH)-) 86 98
28 C¢H,;CH(OH)- i-BuMgBr EtCN (EtC(=NH)-“) 67 91 ,
29 CgH;:CH(OH)- i-BuMgBr PhCN (PhC(=NH)-9) 73 91
30 CeH;;CH(OTBS)-  i-BuMgBr  PhCN (PhC(=NH)-*) 70 91
31 Me i-BuMgBr CO, (CO.H) 74 92
32 CsHy, iBuMgBr  CO; (CO,H) 92 92
33 C-CeHur- iBuMgBr  CO; (CO,HY) 86 9
34 PhCH,0CH,- i-BuMgBr CO, (CO,H") 84 92
35 CeH,;CH(OH)- i-BuMgBr  CO, (COHY) 85 91

“The products isolated were the corresponding furans. For example, see eq. 3.53 in text.

PThe products isolated were the corresponding lactones.

MgBr
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MesSi—==\ | iBuMgCl + CpTiCl, Lmn)
OH E4,0,25°C
(1 equiv) (2.4 cquiv) (0.08 equiv)
. MC}Si
MesSi OMgCl i "
+ —_—
CiMg
CiMg \()/ OMgCl
MesSi OH Me;Si
351
NV —_ (3.51)
OH
1 (min) Total yield (%) Composition
10 25 60 : 40
20 30 50 : 50
30 40 30 : 70
60 50 20 : 80
300 98 5:095
460 ca.100 0 : ca.l100
MesSi
sty i-BuMgBr - 1 AN MiBe
Mesimm=(
351 o CpTiCla Mg o CsHy, _—
H ICS
. 0\7 SiMe; SiMes (3.52)
H’@ - M
e
- CsHyy —
( )‘ SiMe, A sHyy - CsHpy
/ > OM e OH
95:5
(M =MgX or ZnX) 74%
Me;Si Me;Si
\ AD reaction ‘ BUMLBr
\ N —_— C.H TCpimich,
CeHya H 61113 EGO. reflux
97% ce O
OMgBr OMgBr Me;Si (3.53)
Me;Si _PhCN _ Me;3Si / \
; WC(,HH f\/\CGHH 7 HC o Ph
MgBr OMgBr OMgBr OH
96% cc
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OH _ CIMgO  MgCl
SiPhMe»
4 i-BuMpCl SlPhMez
Cp.TiCl,
73% ee
79% | Bu.SnCl (3.54)
OH SnBuj
SiPhMe,
73% ee

vinylstannanes. In fact, a few recent publications
dealing with the hydromagnesiation of substrates
of this kind appeared and have disclosed that
the reaction proceeds without difficulty, main-
taining virtually the same regio- and stereoselec-
tivities as found in the silyl counterparts as shown
in eq. (3.55) {82,83]. Table 3.9 shows additional
examples related to eqs (3.54) and (3.55).

Bu;Sn [ i-BuMgCl
x CpaTiCh
OH H*
(3.55)
Bu;Sn .~
OH

In summary, most types of internal acetylenes
experience the cis addition of 'H-MgX' 1o
their triple bond to give (cis-1.2-disubstituted
vinyl) Grignard reagents, while silyl and stannyi
propargyl alcohols quite exceptionally give rise to
the frans addition of the same element across the
acetylene bond to furnish (rrans-1,2-disubstituted
vinyl) Grignard reagents. Figure 3.3 illustrates this
summary.

Other transition metal-mediated hydromagnesi-
ations involve a nickel-catalyzed reaction [9,100].
However, except for the reaction of eq. (3.56) [9],
further synthetic application of this nickel-catalyzed
Grignard exchange reaction has not been examined
in more detail.

In conclusion, of the aforementioned transition
metal-catalyzed hydromagnesiations. the most

Table 3.9. Hydromagnesiation of silyl(other than trimethylsily) and stannylpropargyl alcohols with

a Grignard reagent

R' | 1
__ LR iBuMl R R!
R—= oH  CpeTich XMg R® 2 R?

OMgX OH

Entry R R'R*COH Ei* El Yield(%) Ret.
1 Mc2PhSi ¢-C¢Hy;CHOH HY H 88 83
2 Me.PhSi MeCHOH Bu;SnCl Bu;Sn 51 83.84
3 Me,PhSi ¢-CoH;;CHOH Bu;SnCl Bu;Sn 73-79 81.84
4 Me.PhSi MeCHOH Mel Me 61 83
5 BuiSn ¢-C¢H;1CHOH H* H 63 82.83
6 Bu:Sn McCHOH Bu:SnCl Bu;Sn 53 83
7 Bu:Sn -C¢H; CHOH Bu;SnC| Bu;Sn 75 81.84
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R SiMey Ph Ph rh
I D
nnmn
Il = ]
HMeN
R R SiMe;
OB R OH Ph OH
SiMey
Treins
addition
ol
HMX
. R OH
Fig. 3.3.
) b MeaSi Collis . Me;Si _/C"H”
MeSi—==—CeHia oo - ===
Dibal - BrMg El
+ v S 5 JI
El El Yicld (%) ZIE ) (3.56)
H.0 H 50 95:5
D>O D 65 95:5
MeCHO MeCH(OH)- 58 95:5

standard methodology which has the broadest
applications in routine organic synthesis is perhaps
a titanium-catalyzed hydromagnesiation of olefins
and acetylenes with low-molecular Grignard
reagents. Some synthetic applications of this
method will be illustrated in the next section.

3.5 APPLICATION OF
HYDROMAGNESIATION IN
SELECTIVE SYNTHESIS OF
NATURAL PRODUCTS

The most useful feature of hydromagnesiation is
highlighted in the stereosclective construction of
di- or tri-substituted olefins starting with acetylenic
substrates and an appropriate electrophile. The
generation of a (cis-1.2-disubstituted  vinyl)
Grignard reagent and its diastercoselective addition
to an aldehyde were ingeniously accommodated o
a concise synthesis of boronolide, a medicinally

active principle of a certain plant (Scheme 3.8)
[66]. Hydromagnesiation of 1-(trimethylsilyl)-1-
hexyne was carried out as usual to give the stereo-
defined Grignard reagent, which was subsequently
converted to a copper reagent with CuBr-Me;S.
Addition of this vinyl-copper reagent to acrolein
dimer resulted in the stereoselective formation of
svi-adduct in a 15:1 ratio. Selective removal of
the silyl group yielded the trans-allyl alcohol. The
trans configuration of the double bond was crucial
at the final stage to prepare the array of desired
polyol centers via cis-hydroxylation with OsQy,
which completed « synthesis of boronolide.
Hydromagnesiation followed by carbon-chain
extension also serves as a stercoselective prepara-
tion of the trisubstituted double bonds frequently
found in terpenes. The reaction often works in a
complementary manner to the existing methods,
which is illustrated in the preparation of (£.Z)-
and (£, E)-farnesols {Scheme 3.9) [71.101]. When
the propargyl alcohol was treated with i-BuMgCl
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i-BuMgBr BrMg
Me;Si =——Bu Bu
CpaTicCly

SiMe;

CuBr-Mcy

SCHEME 3.8. Synthesis of boronolide.

SCHEME 3.9. Synthesis of farnesol.

and Cp,TiCl; in a standard manner, the (cis-1,2-
disubstituted vinyl) Grignard reagent was formed
with high regio- and stereoselectivities. Its methyl-
ation directly afforded (E,Z)-farnesol. In contrast,
the same propargyl alcohol was subjected to
hydroalumination with LiAlH, followed by iodi-
nolysis, giving the Z-iodo allyl alcohol, which

OH

boronolide

-BuMgCl Mel
CpsTiCl,
MgCl
OMgCl OH

(E,Z)-farnesol

OH
LiAIH, Me,CuLi .
I
1
OH OH

(E.E)-farnesol

was subsequently methylated with dimethylcopper
lithium to form isomeric (E,E)-farnesol.

In order to introduce substituents to a macro-
cyclic framework in a stereoselective fashion,
a [2,3] Wittig rearrangement of the corresponding
macrocyclic allyl propargyl ether is an attractive
strategy. Butyllithium in hexane-THF promoted

Hydromagnesiation of Alkenes and Alkynes

o}
BuLi
hexane-THF
8%
\ i-BuMgBr
CpaTiCh
CO,Me
61%
Dibal
OH
84%

desoxyasperdiol

SCHEME 3.10. Synthesis of desoxyasperdiol.

the stereoselective ring contraction of the 17-
membered ether in Scheme 3.10 [89] to afford the
14-membered cyclic propargyl alcoho! that has
the correct relative stereochemistry with respect
to isopropenyl and hydroxy groups as well as the
configurations of the two tri-substituted olefinic
bonds found in desoxyasperdiol, a member of the
cembrane diterpenes. Thus, the remaining task is
a transformation of the propargy! alcohol moiety
in the rearranged product into the E-bis-allyl
alcohol moiety in the diterpene. Hydromagnesia-
tion of the acetylenic part followed by trapping
with a one-carbon electrophile should be ideal

95

7, €O
) CHN,

1) CO. Pd(PPhz)y. 56%
2) Dibal

(3Z)-isomer of desoxyasperdiol

for this purpose and, in fact, worked successfully
to complete the final step in the total synthesis
of desoxyasperdiol. Herein, the hydroalumination/
iodinolysis sequence as shown in Scheme 3.9
again provided a complementary path to prepare
the 3Z-olefinic isomer of desoxyasperdiol.

In the synthesis of zoapatanol, hydromagne-
station was taken as a viable path to obtain
the key intermediate (Scheme 3.11) [88]. Thus.
the propargyl alcohol was hydromagnesiated in
a standard way and the resulting alkenylmage-
sium intermediate was quenched with CO> to
give the stereo-defined carboxylic acid in 65%
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INedh

-BulgCl
CpaTicly

HCHO

OH

1) Esterification m\

2) Dibal 89%
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)\/\/(\ - J/OM :

BrMeO

H 20 reflux

OMgBr

)\/\)(\/Q[M"m
OMgBr

]' S5

OH

OH

SCHEME 3.11. Synthesis of zoapatanol.

yield. Methyl esterification, efficiently performed
with Mel and tetramethylguanidine, and then
Dibal reduction, afforded the desired diol in 44%
overall yield from the starting propargyl alcohol.
In place of the carboxylation, direct coupling
with formaldehyde gave the diol in a slightly
better yield. A third method taking advantage of
carbomagnesiation to 1.4-butynediol, requires and,
in fact, proceeds in a rrans mode of addition, to
provide the desired diol in one step and in 55%
yield.

zoaputanol

In addition to the above manipulation of
acetylenes. olefins are useful precursors for the
generation of terminal Grignard reagents as
shown in eq. (3.57). The hydromagnesiation of a
terminal olefin followed by carboxylation enabled
an asymmetric synthesis of serricornin, a sex
pheromone of the cigarette beetle (Lasioderma
serricone F), from a readily available, optically
active olefinic starting material [36].

Other adaptations of the hydromagnesiation reac-
tion in the preparation of key compounds dirccted

Hydromagnesiation of Alkenes and Alkynes

towards synthesis of natural products can be found
in the literature [29,33.34,37.53.59.72,73.77 86].

O

OH ,
EBuMECl O, O
T
CpaTiCt, S4%
e

1y EiNgSiMeads | 2) Ml
Ko
OH 0

O SO8G - 0O
FiMeBr

. serricornin
(3.57)
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3.6 ON THE MECHANISM OF
CpaTiCly-CATALYZED
HYDROMAGNESIATION OF
ALKYNES WITH GRIGNARD
REAGENTS

The accepted mechanism of the aforementioned
hydromagnesiation of acetylenes in the presence of
CpaTiCls can be drawn as in Scheme 3.12, which
resembles that for hydromagnesiation of oletins in
the presence of TiCly (see Scheme 3.5 where the
catalytically active species is Cl3TiH [5]).

Some discrete observations relevant to the mech-
anistic hypothesis have been reported. It has been
shown that an equilibrium is attained between a
starting acetylene and the alkenyl Grignard reagent
produced by the hydromagnesiation, provided that
the ucetylene is a silylated one (eq. 3.58) [102].
Thus, the addition of a different acetylene to the
silylalkenyl Grignard reagent, preformed from the

Cp-TiCl,

i-PrMgCl ™~

CpsTiCl

R R

H MeCl
N
N,
AN
Y

|B]

> CpaTi-Pr-i

i-Pr

k i-Pre + MpCls

MeCl

CH,=CH-Me

[ Cp-Ti-H

/ K
i-PrMgCl
R
-

H

SCHEME 3.12. Proposed mechanism of hydromagnesiation o

TiCp,

{ alkynes with Grignard reagents catalyzed by Cp-TiCls.
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Me;Si—Z—CSH“
i-BuMgBr
CpTiCly
ELO
. SiMe; SiMe; Me;Si
Me;Si |] MgBr,
I = . H
H (3.58)
CsHyy
CsHypy
Period (h) Composition
0 ca.100 *100 ca 0 * 0
75 82 87 18 : 13
94.5 48 75 52 1 25

corresponding silylacetylene and i-BuMgBr under
Cp,TiCl; catalysis, formed a new alkenyl Grignard
reagent and the initial acetylene in the course of a
prolonged reaction period.

A separate study showed that the particular elec-
trophile that was used affected the regioselectivity
found in the product, possibly due to equilibra-
tion between the two regioisomers of the alkenyl
Grignard reagent via their parent acetylene during
the reaction (eq. 3.59) [102]. However, the rela-
tively low regioselectivity of deuteration (77:23)
in this reaction is somewhat puzzling.

A recent study by Gao and Sato showed
evidences for the half-cycles {A] and [B] in
Scheme 3.12 to reinforce the probability of the
proposed reaction mechanism in Scheme [11}.
Generation of Cp,Ti-H by the reaction of Cp,TiCl,
and 2 equiv of i-PrMgCl has been established [12}.
Hydrotitanation of 6-dodecyne by this titanium
hydride generated in siru from Cp,TiCl; and
i-PrMgCl affords the alkenyltitanium species,
the presence of which was confirmed by
deuterolysis to give Z-6-deuterio-6-dodecene in a
quantitative yield (eq. 3.60). That the metal in the
alkenyltitanium species was titaniwm (magnesium

was an alternative though unlikely possibility) was
checked through a reaction with benzaldehyde,
which afforded hydrobenzoin in 42% yield as a
sole detectable product (eq. 3.60). Hydrobenzoin is
a unique product in the reaction of alkenyltitanium
compounds with benzaldehyde [103], which is in
stark contrast to the reaction of alkenylmagnesium
reagents that affords the normal adduct, (E)-
1-phenyl-2-pentyl-2-octen- 1-ol (compare reactions
in eq. (3.61)). Thus, the path proposed in
Scheme 3.12 (the half-cycle [A]) to generate the
alkenyltitanium species has been confirmed. .
The next stage is the examination of the
half-cycle [B] involving a titanium/magnesium
exchange step (Scheme 3.12). Treatment of the
alkenyltitanium species, generated as above, with
1 equiv of i-PrMgCl followed by the addition of
benzaldehyde afforded the normal allyl alcohol in
78% yield, showing the formation this time of the
alkenylmagnesium species rather than the tiranium
compound (path a in Scheme 3.13). This means
that the titanium/magnesium exchange reaction,
in fact, has occurred. Interception of another
product, Cp, TiPr-i, which spontanecously collapses
to Cp,Ti-H as described above with 4-octyne.
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SiMe; ) ]
BuMgBr MC3S| C5H 11 MB]SI CsHy,
| | Cp.TiCly .
BrMg H H MgBr
CsHy, J,_y
MC}Si C5H1| MC;Si C5H]]
+
El H H El (3.59)
El* El Total yield (%) Composition
D-O D 100 77 23
Me;SiOTf Me;Si 80 72 .28
HO
0O
H 33-44 81-88 : 12-19
OY% CHO OY% CH(OH)-
couey vl 65 94 . 6
Od b
CBry Br 82 98 : 2
Hy Cs CsHpy
D-O H D
HyiCs CsHyi ant
Hy Cs—==—CsHy; + Cp,TiCl, + 2 i-PrMgCI — quant.
H TiCp» OH
PhCHO

Ph
o

OH

42
% (3.60)
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further confirms this process. Thus, when 1 equiv
of 4-octyne was added to the reaction mixture, the
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the complete cycle proposed in Scheme 3.12 has
been confirmed.

hydrotitanation of this acetylene proceeded with Cf.
Cp>Ti-H generated in sire, and, eventually, four OH H,Cs CaHy
alkenylmetal species were formed by successive Phj/‘\l’h LS ):,< )
rapid cquilibrations (path b of Scheme 3.13). OH H M
The alkenylmagnesium species were verified via
reaction with benzaldehyde to give the normal S
addition products in a ratio of 45:55 in 72% o .""”'"
combined yield. By affording almost quantitative
recovery of deuterated olefins, deuterolysis showed
the presence of only alkenylmetal species which HuCs Cstn
therefore include titanium as well as magnesium H Ph
compounds. These observations are in agreement HO
with the half-cycle [B] in Scheme 3.12, and hence (3.61)
HyCs CsHy, Pl HuGs CsHy, . M CHn
e (+ cprin) DO
path @ H Ph
H TiCpa H MgCl
(1 equiv) . — J HO
(0.78 equiv)
path b P:l eq;: Fr
H,,Cs CsHyy  pr Pr H,,Cs CsHy, Pr Pr
N i >=< "
H MgCl H TiCpa H TiCp H MgCl
NG /
e
D0 PRhCHO
(reacting with mf(\v_rdmg allyl aleohol with magnesivm
all metallic .s];ccics) species only)
HyCs CsHyy Pr Pr Hy Cs CsHyy Pr Pr
/‘ : + : i +
H b H D H Ph H Ph
{0.93 equiv) (0.96 equiv) HO 1555 HO
—

SCHEME 3.13. Confirmation of the half-cycle {B].

(0.72 equiv)
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To clarify how the high regiosclectivity
is attained in the hydromagnesiation of sily-
lacetylenes, the regioselectivity of the primary
hydrotitanation  was  examined by deuterol-
ysis [11]. The regioselectivities  change  with
temperature as shown in eq. (3.62). There was
actually no change of composition observed at
room temperature and at the reflux temperature of

101

95:5 (eq. 3.63). This discrepancy s most likely
cxplained by Scheme 3.14: transmetallation of «-
sifylalkenyltitanium species is much faster than
that of B-silylalkenyltitantum species. leading to
formation principally of one alkenylmagnesium
reagent, whose reaction with hexanal is responsible
for the high regioselectivity.

cther. Thus under equilibrium conditions, the ratio Me;Si Cotlis N Me;Si Coths
must have a value around 83:17-85:15. . )
] CpoTi H H TiCp,
o i-BuMgBr MesSi CoHis 83 : 17
MeySi—=—CeHiz 75 .
CpaTi H . 30 min
i-BuMgBr
+ N
(1 equiv)
MesSi CoHia
MC}Si C(,Hl] MC}Si C(,HH
H  TiCp +
’ 3.62 o
Temp. (°C)  Period (h) (‘ompnsilion( ) BrMg H H MgBr (3.63)
0 1 60 : 40 (>95:5)
It 1 83 : 17
ELO, reflux 2 85 : 15 779 /CHuCHO
. Me;Si CeH
However, upon addition of i-BuMgBr to 3 ers
this 83:17 mixture of regioisomeric alkenylti-
. . . . HO H
tanium species followed by quenching with
R P CsHy)
hexanal, the regioselectivity observed in the
allyl alcohol was dramatically increased to >95: 5 regioselective
Me;Si CHyy oo Me;Si CoHs o .
i-BuMgBr : t CHICHO MeaSi CoHys
CpoTi H \ 3
Cp,TiCl Pt BrMg H HO H
h CpaTiBu-i CsHy,
‘ FBuMehe >Y5: S regioselectine
SiMey MesSi CoHys MesSi CeHpa
CpaTi-H i-BuMgRo
l 1 H TiCp: \ H MgBr

CeHys Cp.TiBu-i

SCHEME 3.14. On the regioselectivity of the hydromagnesiation of 1-(trimethylsilyl)- 1-alkyne.
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MgX H H

AN

/N

H MgX

.
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\

H H
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A H MgX H H

SCHEME 3.15. Hydromagnesiation of various unsaturated bonds.

As can be seen in the above experimental data.
the nature of the hydromagnesiation is not neces-
sarily simple and straightforward, because there
are many equilibriums between the intermediate
species. However, keeping such aspects in mind
may be helpful in understanding the nature of
the hydromagnesiation reaction, especially with
respect to the issue of selectivities.

3.7 CONCLUDING REMARKS

The hydromagnesiation technique to prepare Gri-
gnard reagents from olefins and acetylenes not only
complements the conventional methods, but also
opens up new aspects of chemo-, regio-, and stere-
oselective formation of Grignard reagents, which
is strongly required in modern organic synthesis
where selectivity, which is not necessarily attain-
able by routine methods, is particularly empha-
sized.

Hydromagnesiation is not limited to carbon-
carbon multiple bonds as discussed above, but also
occurs with carbon-heteroatom unsaturated bonds
as shown in Scheme 3.15. The hydromagnesiation
of a carbon-oxygen double bond can be
seen in reduction of ketones to secondary
alcohols [104], esters to primary alcohols {1051,
and carboxylic acids to aldehydes [106] with i-
BuMgBr in the presence of a catalytic amount

of Cp,TiCly. The efficient, direct conversion of
carboxylic acids to the corresponding aldehydes
is noteworthy. Cp,TiCly-catalyzed reduction of
imines to amines with BuMgCl represents the
hydromagnesiation of carbon—nitrogen double
bonds [107].

As far as the role of the transition metal
catalysts in the hydromagnesiation is concerned,
other hydrometallation reactions such as hydroa-
lumination [108] and the recently reported hydro-
zincation [109] are catalyzed by the same class
of titanium complexes, so all of these reactions
can be grouped together. In fact, these reac-
tions show quite similar applicabilitics to particular

unsaturated compounds and similar regioselectivi-,

ties with unsymmetrical substrates (egs. 3.64 and
3.65).

HAIX,

_ HAlR AlX
R/\ TiCls or CpaTiCly RN (3.64)
R MC}SI R
HZaX
/\/ or H Cp-TiCl, in\/l\v
R or
Me;Sij/ZnX
R
(3.65)
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4.1 INTRODUCTION

Alkyl- and arylmagnesium halides represent a
useful and important class of reagents to synthetic
organic chemists. Perhaps the most significant
reason for such prominence is due to the ability
of Grignard reagents to reuact readily, and often
stercoselectively, with a wide range of carbonyl
functional groups. In contrast. addition of alkyl
metals to alkenes is not expected to occur readily
under most circumstances. Nonetheless, addition
of Grignard reagents to alkenes is a process that
bears significant promise in chemical synthesis.
This is because such a process would afford a C—C
bond, and the devetopment of catalytic C—C bond
forming reactions that proceced under mild condi-
tions in a regio-, diastereo- and enantioselective
fashion (>95%) remains a critical and challenging
task in chemical synthesis {t].

A number of rescarchers n the sixties and

seventies  reported  that in the  presence  of

appropriate  Lewis basic  functional groups. a

Civignard Reagenis: New Developrenis Bdited by Heoman G, Richey,

select number of Grignard reagents do add to
alkene units; the scope and efficiency of these
reactions rematned somewhat limited, however.
More recently, several investigations have focused
on the development of related metal-catalyzed
processes, where Grignard reagents react with
various olefinic systems. In addition, during the
past six ycars, there have been more reports that
indicate that uncatalyzed alkylations can occur on
a wider range of substrates, under mild conditions
and with appreciable stereochemical control.

This article preseats a review of etforts that
have been directed on the selective addition of
Grignard reagents to alkenc-containing substrates.
Reactions that involve conjugate addition reuc-
tions (processes involving unsaturated carbonyls)
are not included [2]. As will be described below.
these transformations provide efficient and selec-
tive routes to the synthesis of a wide variety of
chiral non-racemic organic molecules that can be
used in the fabrication of a number of highly func-
tionalized molecules.

00 John Wiley & Sens Ll
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4.2 HETEROATOM-DIRECTED
ADDITION OF GRIGNARD
REAGENTS TO ALKENES

In 1965, Eisch and Husk reported that, in their
attempt to prepare allyldiphenyl carbinol by the
reaction of benzophenone with  allylmagnesium
bromide. they also isolated 10-20% of 3.
which is the product of the addition of the
Grignard reagent to the desired product 2 [3].
These rescarchers proposed  the  intermediacy
of T (Scheme 4.1). implying the intramolecular
delivery of the alkylmetal by the resident
hydroxyl unit [4]. Subsequent studies involved
the stereoselective addition of allylmagnesium
halides to cyclic unsaturated alcohols (4 — 5); the
observed stereochemical outcome clearly implies
the involvement of the alcohol function as a
directing unit |5].

Felkin and co-workers reported in 1966 that
certain allylic alcohols react with allylmagnesium
bromide to afford the corresponding addition
products in high yield. The example shown in
Scheme 4.2 (6 — 7) is illustrative {6]. Felkin’s
subsequent mechanistic work included kinetic
studies, suggesting that the presence of MgBra, in
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addition to the alkylmagnesium halide. is required
for efficient alkylation [7}. The mechanistic
proposal put forth by these workers is depicted
in Scheme 4.2, Reactions  with  other  allylic
magnesium  halides, such as benzyl  Grignard
reagents, were reported 1o be significantly more
sluggtsh: incorporation  of allylic  substituents
within the substrate structure was indicated to
result in notable diminution in reaction cfficiency.

In addition to the work of Eisch and Felkin,
another set of key studies was reported by Richey
and co-workers. who demonstrated that phenolic
hydroxyl units and internal amine groups can direct
the addition of Grignard reagents to alkenes [8].
As depicted in Scheme 4.3 (8 — 9).
with allylic amines, similar to those mentioned
above, are regioselective but relatively inefficient
and limited to allylmagnesium halides as alkylating
agents {91, As is also depicted in Scheme 4.3,
with phenolic substrates (10 — 11 and 12). reac-
tion regioselectivity is diminished. These results
indicate that the relatively remote and non-Lewis
basic heteroatom is still capable of promoting

reactions

C—C bond formation, as removal or protection of

the carbinol unit resulted in significantly slower
transformations.
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4.3 Zr-CATALYZED
DIASTEREOSELECTIVE
CARBOMAGNESATION OF
ALLYLIC AND HOMOALLYLIC
ALCOHOLS AND ETHERS

4.3.1 Zr-Catalyzed Diastereoselective
Ethylmagnesation of Allylic
Alcohols and Ethers

In 1991, inspired by

Dzhemilev {10].

pioneering  studies  of

we investigated  the possibility

ol using a  zirconocene  catalyst  to effect
the diastercoselective ethylmagnesation of chiral
allylic aleohols and cthers [11]. Thus. as illustrated
in Table 4.1, in the presence of 5 mol %
Cp2ZiCly (EGO. 22°C) allylic alcohols readily
undergo reaction to aftord the corresponding diols
diastercosclectively. Although excellent selectivity
is attained with the majority of allylic alcohol
substrates (such as in reactions of 13 and 15).
the data depicted in Table 4.1 illustrate  that
with bulkier substituents, sclectivity and reaction
cefficiency suffers (17 — 18 in Table 4.1).
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Table 4.1. Zr-Catalyzed Diastercoselective Ethylmagnesation of Allylic Alcohols.”

Selectivity
Entry Substrate Product Syn:anti Yield(%)
! oH OH  OH 95:5 70
n-nonyl & /z~l1«v(1)l’/
13 Et
14
2 OH OH OH 95:5 72
oYV
15 It
3 Ol OH OH 75:25 47
Pz
£t
17

YReaction condition: 4 cquiv. EtMgCL 5 mol% CpoZrCla, 12 h; O, at 0°C. All yields are
tor materials obtuined after silica gel chromatography.

Allylic ethers also undergo catalytic ethylmag-
nesation with excellent selectivity and in good
yield (Table 4.2). However, there are several not-
able differences between the reactions of allylic
ethers and alcohols: (1)} Zr-catalyzed reactions of
allylic ethers afford the anti diastereomers predom-
inantly (vs. the syn isomers observed for alco-
hols). (2) As the size of the w-alkyl substituent
increases, reaction selectivity is also increased,
which is also in contrast to the reactions of
allylic alcohols. Needless to say, the complemen-
tary levels of selectivity observed in reactions
of allylic alcohols and ethers represents a useful
attribute for applications in organic synthesis.
Finally, it is also worth noting that with stericatly
bulky oxygen substituents. reaction efficiency can
suffer significantly: allylic silyl ethers (TBS (rers-
butyldimethylsilyl)) afford <5% products under
identical conditions.

Another notable difference between the Zr-
catalyzed ethylmagnesations of allylic ethers and
alcohols is the influence of solvent Lewis basicity
on reaction selectivity. Thus, as illustrated in
Table 4.3, whereas reactions with allylic ethers
are entirely insensitive to variations in solvent
structure, those of allylic alcohols are strongly

influenced. These observations led us to conclude
that in the case of allylic alcohols (allylic alkox-
ides after rapid deprotonation by the Grignard
reagent) there is chelation between the Lewis basic
heteroatom and a metal center (Zr or Mg); this
association, which gives rise to transition state
organization and high diastereocontrol, is altered
in the presence of Lewis basic THF, thus causing
a diminution in selectivity. There is less chela-
tion interruption with the 2,5-dimethylfuran (2.5-
DMF) as solvent, because of the less accessible
heteroatom. When the least basic solvent, Et-O, is
used, reaction selectivity is at its maximum. Such
associations may be absent with the less Lewis
basic ethers, thus accounting both for the oppo-
site sensc of stereocontrol and the insensitivity to
solvent polarity.

Extensive mechanistic studies led us to propose
the mechanistic paradigm shown in Scheme 4.4
[12]. Some of the notable features of the
proposed pathway include the involvement of two
zirconocene units (f — @ - fii ), internal chela-
tion between the resident metal alkoxide and the
bound zirconocene (i), and heteroatom-directed
cleavage of the intermediate zirconacyclopentane
(iv. — vi viav). These mechanistic hypotheses can
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Table 4.2. Zr-Catalyzed Diastercoselective Ethylmagnesation of Allylic Ethers.*

Sclectivity

Entry Substrate Product Syn:anti Yield(%)
1 OMe OMe OH 89:11 80
P
n-nonyl n-nonyl
.
19 Lt

5]

21
3 OMe
7
23
4 MEMO MEMO
7
25

OMe OMe OH 83:17 90
=

96:4 90

OH ~99:1 40

“Reaction condition: 3 equiv. EtMgCl, 5 mol % CpaZrCl>, 12 h: O» at 0°C. All yields are for
materials obtained after silica gel chromatography. MEM (2-methoxyethoxymethyl).

Table 4.3. Influence of Solvent on Diastercoselectivity of Zr-Catalyzed Ethylmagnesation of Allylic
Alcohols and Ethers ¢
Selectivity
Entry Substrate Product Solvent Syn:anti Yield(%)
! OH OH OH Et,O 95:5 70
P 2.5-DMTHF 85:15 50
n-nonyl n-nonyl THF 67:33 85
B3 Et
14
2 OMe OMe OH ELO 11:89 80
THF 11:89 70
n-nonyl # n-nony! -
19 I-l
20

“See Tables 4.1 and 4.2 for reaction conditions

also account for variations in both the levels and
trends of selectivity observed in reactions of allylic
alcohols and ethers.

The catalytic and diastereoselective ethylmag-
nesation reaction was later used in our laborato-
rics to assemble the fragment of the antifungal

agent Sch 38516 (Scheme 4.5) [12]. Thus, chiral
non-racemic Grignard recagent 28, obtained from
ethylmagnesation of 27, was treated with 5 mol %
CuBreMe,S and six equivalents of tosylaziridine to
afford 29 in 40% isolated yicld and 95:5 ratio of
diastercorners.
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4.3.2 Zr-Catalyzed Diastereoselective
Ethylmagnesation of Homoallylic
Alcohols and Ethers

The Zr-catalyzed carbomagnesations of cyclic
and acyclic homoallylic substrates were inves-
tigated as well. As shown in Table 4.4, anti-
homoallylic alcohol 30 is an excellent substrate
for ethylmagnesation. In THF or Ei:O, good
vields and high levels of diastereoselection are

2 1Nl

obtained. The less Lewis basic 34 (compared to
30) affords 35 in 60% yield and 92:8 diasterco-
selection: in the presence of a competing ligating
solvent (THEF), fitle reaction occurs. In contrast
to cthylmagnesation of 32, where the anti-isomer
is produced with 85:15 selectivity (55%). carbo-
magnesation of derived cther, 36. is non-selective
and affords 37 in 35% yield. With 36 as substrate.
<104 of the product is obtained when the Lewis
basic THI 1s used.
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Table 4.4, Zr-Cutalyzed Diastercoselecuve Ethylmagnesation of Homoallylic Alcohols and Ethers.

Solvent Ratio!
Entry Substrate Major product (% cat) (yield)”
I Me Mc OH EO (5) >95:5 (75)
n-nonyl P n-nonyl THF (5) >95:5 (75)
OH OH Fi
30 3t
: Me Me OH ELO (5) 85:15 (55)
n-nonyl P n-nonyl < THE 5) 85:15 (55)
OH OH ;{!
32 33
3 Me Me OH EGO(5) 92:8 (60))
nononyl \v/'\\//,» n-nonyl \/‘\\/‘ THE (5) (210
(;)MliM 5\1115\'1(:) fl
34 3s
4 Mo Me  OH ELO (5) SO0 (35
nenanyl ~F oyl A S THE () A1)
OMIEEM AMEMO f:l
36 37

“Conditions: Three equiv. EtMgClL 5 mol % Cpa. 25012 hi BIOMe);. H:0;. Plsolated vields of purificd producis
after silica gel chromatography, Mass balance @ 907 in all cases. “Diastercomeric ratios determined by GLC
anadysin of the derved lactone.
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In contrast to allylic cthers, homoallylic ethers
undergo ethylmagnesation with the same sense of
stereoselection as the parent metal alkoxide, indi-
cating that heteroatom—metal chelation is perhaps
more facile from the homoallylic position than
from the allylic site (see below for further discus-
ston). Since the carbon—carbon bond is formed
anti to the methyl group. irrespective of the f-
oxygen stereochemistry. it can be concluded that
the o stereogenic center is primarily responsible for
stereochemical differentiation. Consistent with this
hypothesis, ethylmagnesation of 39 occurs without
diastercoselection (80% yield).

n—nonyl\r/\/
OH
39

The enhancement in reactivity and selectivity
induced by an internal Lewis base is such that
n-PrMgCl and n-BuMgCl, normally significantly
less reactive than EtMgCl, can be used in
the metal-catalyzed process with the more
reactive bicyclic homoallylic alcohols and ethers
shown in Table 4.5. Whereas reactions of exo-
5-norbornen-2-ol with n-PrMgCl and n-BuMgCl
yield <15% of the two exo alkyl isomers
non-selectively, endo-5-norbornen-2-ol (4 equiv
of n-alkylMgCl, 10 mol % Cp-ZrCly, 25°C)

Grignard Reagents: New Developments

affords 41a or 43a in >99% regiosclectivity and
>85% yield (Table 4.5). With n-BuMgCl two
secondary carbon stereogenic centers are formed
with excellent stereocontrol (43, >95%). When
the hydroxyl group is protected as its MEM
ether, (2-methoxyethoxymethyl), or with THF as
solvent {13}, chelation is altered and inferior yields
and selectivities are obtained. Similar results are
obtained with EtMgCl as the alkylating agent.
The data in Table 4.5 are similar to those for
reactions of acyclic homoallylic alcohols and
ethers (cf. Table 44). These findings further
support the contention that internal chelation
is central to reaction cfficiency and selectivity
in transition metal-catalyzed carbomagnesation.
Mechanistic paradigms discussed above have been
used to account for the data in Table 4.5 as well.

4.4 ZIRCONOCENE-CATALYZED
ENANTIOSELECTIVE
ALKYLATION REACTIONS

4.4.1 Catalytic Enantioselective
Alkylation of Alkenes with
Alkylmagnesium Halides

As illustrated in Table 4.6, in the presence
of 2.5-10mol % non-racemic (EBTHI)ZsCl,
(45) (or (EBTHD)Zr-binol (46)) and EtMgCl
as the alkylating agent, five-, six-, and seven-
membered unsaturated heterocycles undergo facile

Table 4.5. Diastereoselective Zr-Catalyzed Carbomagnesation of Bicyclic Homoallylic Alcohols and Ethers

e
Me
¢ Me
- Me
RO RO RO H
40 42

41 2

Me

RO. RO
40 43

Substrate R Solvent  Yield(% )" 41:42

Substrate R Solvent  Yield(%)” 43:44'

40a H ELO 88 >99:1 40a H EL,O 86 >99:1
THF 83 97:3 THF 80 98:2

40b MEM  E;O 40 96:4 40b  MEM  EuO 30 96:4
THE 40 75:25 THF 27 67:33

“4 equiv. n-alkyIMgCL 10 mol % CpyZrCl. 30 he 10 % HCLat 0°C. "Tsolated yields of purified products. Mass balance > 95
G in all cases. “Ratios determined by GLC analysis (of acetates in case of 41a).
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Table 4.6. (EBTHDZr-Catalyzed Enantioselec-
tive Ethylmagnesation of Unsaturated Hetero-

cycles.”
ce  Yield
Entry Substrate Product (%) (%)

I — CH, >97 65
< > |

H
HO

2 = CH, >95 75

T
n-nonyl
HN

n-nonyl
3 (\/I CHy 95 73
H |
0 Z
HO.

4 — CH, 92 75

“Reaction condition: 10 mol % (R)-45, 5.0 equiv.
EtMgCIl, THF. 22°C for 6-12 hours. Entry | with
2.5 mol% (R)-45

0.4 mol% ($)-(EBTH)Zr-binol =
l EtMgCl: ~70 wrnovers

(0]

OH

I 3mol% Cp,TiCl,.
n-PeMeCle

3 mol% (Pl’ll‘]zNiCIZ
/\Br: 72%

2. S mol% TPAP:
NMO, H,0 65%

SCHEME 4.6

OH

asymmetric ethylmagnesation (EBTHI: ethylene-
histetrahydroindeny!) {14]. The rate of the catalytic
alkylation of the product terminal alkenes is
sufficiently stower, so that unsaturated alcohols
and amines can be isolated in high yield (the
sccond alkylation is not gencrally diastereoselec-
tive). Zr-catalyzed asymmetric alkene alkylation
thus affords non-racemic reaction products that
bear an alkene and a carbinol unit, functional
groups that are readily amenable to a wide range
of subsequent derivatization procedures.

We have utilized the stereoselective ethylmag-
nesation shown in entry 1 of Table 4.6 as a key
step in the first enantioselective total synthesis of
the antifungal agent Sch 38516 [12a]. As illus-
trated in Scheme 4.6, further functionalization of
the Zr-catalyzed ethylmagnesation product through
three subsequent catalytic procedures (Ti-catalyzed
hydromagnesation,  Ni-catalyzed  cross-coupling
and Ru-catalyzed oxidation) delivers the requi-
site carboxylic acid synthon in >99% ee. This
synthesis route underlines the utility of the Zr-
calalyzed carbomagnesation protocol: the reaction
product carries an alkene and an alcohol function
and can thus be readily functionalized to a variety
of other non-racemic intermediates.

o Me

HN
N

Sch 38316
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The catalytic cycle that we have proposed to
account for the enantioselective ethylimagnesation is
illustrated in Scheme 4.7. Asymmetric carbomagne-
sation is initiated by the chiral zirconocene-cthylenc
complex (R)-47, formed upon reaction of dichlo-
ride (R)-45 with EtMgCl [Eq (a): the dichloride
salt or the binol complex may be used with equal
efticiency] [15]. Coupling of the alkene substrate

N\, ..Cl MgC
Zrl 2 EtMgCl

(R)-45

An important aspect in the carbomagnesation
of six-membered and larger heterocycles is the
exclusive intermediacy of metallacyclopentanes
where a C—Zr bond is formed « to the hetero-
cycle C—X bond. Whether the regioselectivity
in the zirconacycle formation is kinetically non-
selective and rapidly reversible. where it is only
one regioisomer that is active in the catalytic cycle,

2 equiv .
FiheCl

(R)-45 (R)-47

L.= EBTHI }
X = 0, NeHym-nony |
nem

SCHEME 4.7
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with (R)-47 leads to the formation of the metallacy-
clopentane intermediate i. In the proposed catalytic
cycle, reaction of § with EtMgCl affords zirconate if.
which undergoes Zr—Mg ligand exchange to yield
iii. Subsequent S-hydride abstraction, accompanied
by intramolecular magnesium-alkoxide elimination.
leads to the release of the carbomagnesation product
and regeneration of 47 [16].

\
\Zrﬁ\ (@)

&

(R)-47

or whether formation of the metallacycle is kinet-
ically selective (stabilization of electron density
upon formation of a C—Zr bond by the adjacent
C—X) {17]. has not been rigorously determined.
However, as will be discussed below, the regio-
selectivity with which the intermediate zirconacy-
clopentane is formed is critical in the (EBTHI)Zr-
catalyzed kinetic resolution of heterocyclic alkenes.
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It is plausible that the (EBTHDZr system indu-
ces high levels of enantioselectivity as a result of
minimization of unfavorable steric and torsional
interactions in the complex that is formed between
47 and the heterocycle substrates (Scheme 4.7).
The alternative mode of addition, illustrated in
Figure 4.1, would lead to costly steric repulsions
between the alkene substituents and the cyclo-
hexyl group of the chiral ligand. Thus, reactions
of simple terminal alkenes under identical condi-
tions result in little or no enantioselectivity. This is
presumably because in the absence of the alkenyl
substituent (of the carbon that bonds with Zr in /)
the aforementioned steric interactions are amelio-
rated and the alkene substrate reacts indiscrimi-
nately through the two modes of substrate-catalyst
binding represented in Figure 4.1.

These alkylation processes become particularly
attractive when used in conjunction with the pow-
erful catalytic ring-closing metathesis protocols.
The requisite starting materials can be readily
prepared in high yield and catalytically {18]. The
examples shown in Scheme 4.8 demonstrate that
synthesis of the heterocyclic atkene and subsequent
alkylation can be carried out in a single vessel
to afford unsaturated alcohols and amides in good
yield and >99% e¢e (judged by GLC analysis) [19].

Catalytic alkylations where higher alkyls of
magnesium  are used (Table 4.7) proceed less

Favored Dispavored

’

Fig. 4.1. Substrate-catalyst (47) interactions  favor a
specilic mode of alkene insertion into the zirconocene —
alkene complex.

efficiently (35-40% isolated yield) but  with
similarly high levels of enantioselection (=>90%
ce). A number of issues in connection to the data
illustrated in Table 4.7 merit conument. (1) With
2.5-dihydrofuran as substrate, at 22°C a mixture of
branched (48 or 50) and 1-alkyl products (49 or 51
is obtained. When the reaction mixture is heated
to 70°C. the branched adducts 48 and 50 become
the major product isomers. In contrast. with the
six-membered heterocycle, reactions at 22°C are
selective (entries 3 and 6, Table 4.2). (2) With n-
BuMgCl as the alkylating agent. high levels of
diastereoselection are observed as well (entry 6).
The aforementioned observations carry signif-
icant mechanistic implications. As illustrated in
eq. (b)—(d). in the chemistry of zirconocene-alkene

g 3]
[UREEN 1l
CI7r el CH,
Ph 1 H
2 mol% L THIE o
iy -
Sy \()/\\/\/ FiMeCl, I
10 mol (RY-TRBTHNZCE S ot
736 vield
SN e
POy
(‘j ool .
e P R ERTHIZE binl g U
PCy, Ph - 10 ol i [
2ol ! EiMaCt -
m e BN . B i p - :
~T T CH,CL,. 45 ¢ . / THE 70 € . NIT
N . NN
Ts 8% vield N 776 viehd T
Ts
Y8 e

O pot process (CH
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diasteroselectivity

Regioselectivity ee. %
99(48), 99(49)

RMgCl
n-PrMgCl

Major product(s) Temp("C)

Substrate

Table 4.7. (EBTHI) Zr-Catalyzed Enantioselective Carbomagnesation of Unsaturated Heterocycles with Longer Chain Alkylmagnesium Chlorides.*

Entry

04(48)

NS

n-PrMgCl

CH,

CH,

.

—_
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13:1

15:

98
>99(50),>99(51)
90(50)

2:1
15:1

>25:1
>25:1

n-PrMgCl
n-BuMgCl
n-BuMgCl
n-BuMgCl

22
22
70

OH
49
CH,
OH

CH,
; CH, M/\/\
- ’ CH,

CH,
CH,
CH,
CH,
OH

OH

48

&

“Reaction conditions: 5 equiv alkyIMgCL 10 mol % (R)-45, 16 h; all yields: 35-40% after silica gel chromatography.
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complexes that are derived from the longer chain
alkylmagnesium halides several additional selec-
tivity issues present themselves: (1) The derived
transition metal-alkene complex can exist in two
diastercomeric forms, exemplified in ¢q. (by—(¢)
with (R)-52 anri and syn: reaction through these
stereoisomeric complexes can lead to the formation
of different product diastercomers (compare eq. (b)
and (¢), or eq. (¢) and (d)). The data in Table 4.7
indicate that the mode of addition shown in eq. (b)
is preferred. (2) As illustrated in eq. (¢) and (d).

- T
P
Y £t

RSN

(R)-52 syn

S

H
2 v — Mi
(R)-45 ——”;‘;‘agu - x $Zr Y MINOT

0\ Et

(R)-52 anti

\__ (R)}52anti

Detailed studies from these laboratories shed
light on the mechanistic intricacies of asym-
metric catalytic carbomagnesations, allowing for
an understanding of the above trends in regio-
and stereoselectivity [16]. ITmportantly, our mech-
anistic studies indicate that there is no pref-
erence for the formation of either the anni
or the svin (EBTHDZr-alkene isomers (e.g..
52 anii vs 52 svny. it is only that one
metallocene —altkene diastercomer (svn) is more
reactive. Our mechanistic studies  also indicate

\Z r ,Y Major
N H

the carbomagnesation process can afford cither the
n-alkyl or the branched product. Alkene substrate
insertion from the more substituted front of the
zirconocene~alkene system affords the branched
isomer {cq. (c)], whereas reaction from the less
substituted end of the (EBTHI)Zr-alkene system
leads to the formation of the straight chain product
leg. (d)]. The results shown in Table 4.7 indicate
that, depending on the reaction conditions, prod-
ucts derived from formation of the two isomeric
metallacyclopentane formation can be competitive.

&) Me
!

N )

N
ZrH H E— .

o 50
Me
< - - :
ZIH By - - Na (©
- Et z
@;\ZA HO”
% 53

)
< B i
K;’/Zr ,,,,, - '.A“‘\/Et (@
@ Et

51

that  zirconacyclopentane  intermediates (7 in
Scheme 4.7) do not spontancously eliminate to
the derived zirconocene- alkoxide: Zr—Mg ligand
exchange is likely a pre-requisite for the alkoxide
climination and formation of the terminal alkene.

4.4.2 Zr-Catalyzed Kinetic Resolution
of Unsaturated Heterocycles

The high levels of enantioselectivity  obtained
in the asymmetric catalytic carbomagnesation
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reactions (Tables 4.6 and 4.7) imply an organized
(EBTHI)Zr-alkene complex interaction with the
heterocyclic alkene substrates. It therefore follows
that if chiral unsaturated pyrans or furans are
cmployed, the resident center of asymmetry
may induce differential rates of reaction, such

that after ~50% conversion once cnantiomer of

the chiral alkene can be recovered in high
enantiomeric purity. As an example, molecular
models indicate that with a 2-substituted pyran.,
as shown in Figure 4.2, the mode of addition
labeled as I should be significantly favored over
Il or IIL. where unfavorable steric interactions
between the (EBTHDZr-complex and the olefinic
substrate  should lead to significant  catalyst-
substrate complex destabilization.

As the data in Table 48 indicate, in the
presence of catalytic amounts of non-racemic
(EBTHDZrCly, a variety of unsaturated pyrans
can be resolved eftectively to deliver these
synthetically useful heterocycles in excellent
enantiomeric purity [20]. A number of important
issues in connection with the catalytic kinetic
resolution of pyrans are noteworthy: (1) Reactions
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I R =H R, =alk Il R =alkvi

U R, =alkyl. Ry=H

Fig. 4.2. Preferential association of one pyran enan-
tiometer with (R)-(EBTHI)Zr-cthylene complex.

performed at elevated temperatures (70°C) afford
recovered starting materials with significantly
higher levels of enantiomeric purity, compared
to processes carried out at 22°C. For example.

the 2-substituted pyran shown in entry 1 of

Table 4.8, when subjected to the same reaction
conditions but at room temperature, is recovered
after 60% conversion in 88% ce (vs 96%
ee at 70°C). (2) Consistent with the models
illustrated in Figure 4.2, 6-substituted pyrans

Table 4.8. (EBTHDZr-Catalyzed Kinetic Resolution of Unsaturated Pyrans.”

Conversion Unreacted subs.
Entry Substrate (%) mol% cat. config.. ee(%)
! (M 60 10 R. 96
07 Me
2 o 60 10 S04
6
(o]
3 Mo N a R = MgCl 56 10 R.>99
N
k‘* k() b R = TBS 6 10 R. =99
OR
3 i L
4 !\m 58 20 R. 99
O .
5 Me a R = MgCli 63 10 R.>99
=3 OR
m) b R = TBS 01 10 R. 94

“Reaction conditions: indicated molt (R-45 5.0 equiv of EtMeCL 70 COTHE, Mass recovery inalb reactions is > 85%.
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(Table 4.8, entry 2) are not resolved effectively
(C6 substituent should not strongly interact with
the catalyst structure; see Figure 4.2); however.
with a C2 substituent also present, resolution
proceeds  with - excellent  efficiency  {entry 3).
(3) Pyrans that bear a C5 group are resolved
with high selectivity as well (entry 4). In this
class of substrates, one enantiomer reacts more
slowly. presumably because its association with
the zirconocene —alkene complex leads to sterically
unfavorable interactions between the C5 alkyl unit
and the coordinated cthylene ligand.

The Zr-catalyzed resolution technology may
be applied to medium ring heterocycles as well
(Table 4.9); in certain instances (e.g., Table 4.9,
entries 1-2) the recovered starting material can
be obtained with outstanding enantiomeric purity.

Comparison of the data shown in entries | and 3 of

Tuable 4.9 indicates that the presence of an aromatic
substituent can have an adverse influence on the
outcome of the catalytic resolution. That the eight-
membered ring substrate in Table 4.9 (entry 4) is
resolved more efficiently may imply that the origin
of the adverse influence is more due to confor-
mational preferences of the heterocycle than the
attendant electronic factors (« phenoxy group is a
better leaving group than an alkoxy unit).

Avaitability of oxepins that carry a side chain
containing a Lewis basic oxygen atom (entry 2,
Table 4.9) has further important implications in
cnantioselective synthesis: The derived alcohol,
benzyl cther or MEM-ethers, where resident Lewis
basic heteroatoms are less sterically  hindered.
undergo diastercoselective uncatalyzed alkylation
reactions readily when treated to o variety of Gri-
enard reagents [21] The examples shown below
(Scheme 4.9) serve 1o demonstrate the excellent
synthetic potential of these stercosclective alkyla-
tion technologies.

Thus, resolution of the TBS-protected oxepin
54, conversion (o the derived alcohol and diastere-
oselective alkylation with nBuMgBr aftords (§)-
56 with >96% c¢e¢ in 93% yield. As shown in
Scheme 4.9, alkylation of (5)-57 with an alkyne-
bearing Grignard agent (——— (5)-58). allows for
a subsequent Pauson—Khand cyclization reaction
to provide the corresponding bicycle 89 in the
optically pure form (NMO: N-methylmorpholine
N-oxide). In connmection with the facility of these
alkene alkylations, it is important to note that the
asymmetric Zr-catalyzed alkylations with longer
chain alkylmagnesium halides (sec Table 4.7)
are more sluggish than those involving EtMgCL
Furthermore, when catalytic alkylation does occur,

Table 4.9. Zirconocene-Catalyzed Kinctic Resolution of 2-Substituted Medium-Ring

Heterocycles.”

Conversion Unreacted subs.
Entry Substrate Time contig., ce(%)
30 mi =96
I A Me 30 min R. =99
O Me
2 <N 100 min R. 96
()/k/()’nss
3 \7 % h R. 60
07" Me
4 | e It h R.79
P \
0— Mo
~

“Reaction conditions: 10 mol % (8145, 5.0 cquiv of EMeCL 70 CoOTHE. Mass recovery in

reactions iy ~85%



Grignard Reagents: New Developments

RN 1. (R) (ERTHEZr-binol /"“ HO
' A (10 mol%)
2. n-Bu,NF Mo~ Mebr OH
OTBS - OH = H
e} >99% n'(]h"],) SUG. e 1935
S e
54 ($)-5 (556
BnO
N |
Me — == Mals
k /Q/OB o~ OH
o T S H
07 : 22°C, THFE. 24 f
H 77% vield ™~ Mo
(5)-57 (5)-58
Me |

:‘)\ 7 3
78% vield, >96% ce O -
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BnO

SCHEME 4.9

the corresponding branched products are obtained,
that is, with n-PrtMgCl and n-BuMgCl, iso-Pr
and sec-Bu addition products are formed, respec-
tively [16]. The uncatalyzed alkylation reaction
described here thus complements the enantioselec-
tive Zr-catalyzed protocol.

Zirconocene-catalyzed kinetic resolution of
dihydrofurans is also possible, as illustrated in
Scheme 4.10 {22]. Unlike their six-membered ring
counterparts, both of the heterocycle enantiomers
react readily, but through distinctly difterent reac-
tion pathways, to afford—in high diastereomeric
and cnantiomeric purity—constitutional isomers
that are readily separable. A plausible reason for
the difference in the reactivity pattern of pyrans
and furans is that, in the latter group of compounds.
both olefinic carbons are adjacent to a C—O bond:
C~—Zr bond formation can take place at either end
of the C—C n-system. The furan substrate and
the (EBTHDZr-alkene complex (R)-47 interact so
that unfavorable steric interactions are avoided,
leading to the formation of readily sepuarable non-

1. CogCO hex | 2 NMOSH,O
h.23°C I OCH(C 22 ¢

,

OH

racemic products in the manner illustrated in
Scheme 4.10.

Subsequent to our studies, Whitby and co-work-
ers reported that the enantioselective alkylations
of the type illustrated in Scheme 4.10 can also be
carried out with the non-bridged chiral zirconocene
62 [23]. Enantioselectivilies are, however, notably
lower when alkylations are carried out in the pres-
ence of 62. As an example. the new chiral metal-
locene atfords 60 and 61 (Scheme 4.10) in 82% and
78% ce. respectively.
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2 (/()47 T Me
1
j A Y5 vield Yo% o
Ph o
1.1MeCl (R)-60
) -

. Tl 7
b o (R4S

0 (R)-47 g T Me
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3 Zr-Catalyzed Kinetic Resolution
of Cyclic Allylic Ethers

As depicted in eq. (e)-(g). kinetic resolution of

a variety of cyclic allylic ethers is effected by
asymmetric Zr-catalyzed carbomagnesation. fmpor-
tantly, in addition to six-membered ethers, seven-
and eight-membered ring systems can be readily
resolved by the Zr-catalyzed protocol. It is worthy
of note that the powerful Ti-catalyzed asymmetric
epoxidation procedure of Sharpless [24] is often
used in the preparation of optically pure acyclic
allylic alcohols through the catalytic kinetic reso-
lution of easily accessible racemic mixtures [25].
When the catalytic epoxidation is applied to cyclic
allylic substrates, reaction rates are retarded and
lower levels of enantioselectivity are observed.
Ru-catalyzed asymmetric hydrogenation has been
employed by Noyori to effect resolution of five-
and six-membered allylic carbinols [26); v this
instance. as with the Ti-catalyzed procedure, the
presence of an unprotected hydroxyl function is

required.
OPh OPh
R1-EBTHDZr-binot
~ 20 mol %
S cquiv BMeCl
70°C
Me Me

>Y8% ce @ 55% conversion (e)

{racemic

- .
- / g vt 595
N s

r 95 S diastereoselection
HO

{R.5)-61

OBn OBn

(R}-(EBTHEZr-binot
10 mol %
S equiv FiMeCl
0°C

99% ce @ 60% conversion (1)

Ol’h

OPh
(RHEBTHHZr-binol
!ﬁ mol %
i equiv EtMgCl
70°C

81% ee @ 59% conversion

D

Modes of addition shown in Figure 4.3 are
similar to those shown in Figure 4.2 and are
consistent with extant mechanistic work [19]; they
accurately predict the identity of the slower
reacting enantiomer. It must be noted. however.
that variations in the observed /evels of selectivity
as a function of the steric and electronic nature
of substituents and the ring size cannot be
predicted based on these models alone: more
subtle factors are clearly at work. In spite of
such mechanistic questions, the metal-catalvzed
resolution protocol provides an attractive option
in asymmetric synthesis. This is because. although
maximum possible yield 1s ~40%. 1t requires
easily accessible racemic starting materials and
conversion levels can be manipulated so  that
truly pure samples of substrate enantiomers are
obtained.
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Addition pathway availuble 1o

Fig. 4.3. Various modes of addition of cychic allylic ethers 1o

The synthetic versatility and significance of
the Zr-catalyzed Kkinetic resolution of cyclic
allylic ethers is readily demonstrated in the
example provided in Scheme 4.11. Optically
pure starting allylic ether, obtained by the
above mentioned catalytic  kinetic  resolution,
undergoes a facile Ru-catalyzed rearrangement
to afford chromene in >99% ee [27]. Unlike
unsaturated pyrans discussed above, chiral 2-
substituted chromenes are not readily resolved
by the Zr-catalyzed protocol. However, optically
pure styrenyl ethers. such as that shown in
Scheme 4.11, are readily obtained by the Zr-
catalyzed kinetic resolution, allowing for the
efficient and enantioselective preparation of these
important chromene heterocycles by a sequential
catalytic protocol.

To examine and chalienge the utility of the
two-step catalytic resolution-chromene synthesis
process in synthesis [28], we undertook a conver-
gent and enantioselective total synthesis of the
potent antihypertensive agent (S,R.R,R)-nebivolol
(63) {29]. As illustrated in Scheme 4.12, the two

ErMeCl
60 con. \

R T S9G ee

SCHEME 4.11

N sy
[§] N — Q
i | (R-(EBTHOZr-binol - H
J M 0malg) : Ny
e

Addition pathways availuble 10
the faster-reacting enantiomer the

slower-reacting enantiomer

a (EBTHI)Zr-alkene complex.

key fragments (R.R)-66 and (K.5)-68, which were
subsequently joined to afford the target molecule.
were prepared in the optically pure form by the
catalytic resolution technology discussed above.
Importantly, efficient and selective methods were
established for the modification of the chromene
alkenyl side chain. These studies allowed us to
enhance the utility of the initial methodological
investigations: they demonstrate that, although the
carbocyclic system may be used as the framework
for the Zr- and the Mo-catalyzed reactions, the
resulting 2-substituted chromene can be function-
alized in a variety of manners to afford a multitude
of chiral non-racemic heterocycles [30]. Another
interesting feature of this total synthesis is that,
whereas the preparation of (R, S )-66 requires the use
of the (R)-Zr(EBTHI) catalyst, synthesis of (R,S)-
68 is carried out by catalytic kinetic resolution
with (S)-Zr(EBTHI) complex. Thus. the recently
developed procedure of Buchwald {31] is used to
resolve rac-(EBTHI)Zr 1o obtain (R)-Zr(EBTHI)-
binol and ($)-Zr(EBTHI1)-biphen to accomplish this
total synthesis in an efficient manner.
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4.4.4 Related Catalytic
Enantioselective Alkylation of
Alkenes with Alkylaluminums

The zirconocene-catalyzed cnantioselective carbo-
magnesation accomplishes the addition of an alkyl-
magnesium halide to an alkene. where the resulting

KR.Ry-nebivolol

\B}

product is suitiable for o variety of additional func-
tonalization reactions (sce Scheme 4.5). Excellent
enantioselectivity is obtained in reactions with Et-,
n-Pr- and n-BuMgCl. and the catalytic resolution
processes allow for preparation of a variety of
non-racemic heterocyeles. Nonetheless, the devel-
opment of reaction processes where a larger variety
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of olefinic substrates and alkylmetals (c.g.. Me-,
vinyl-, phenylmagnesium halides, etc.) can be
added to unfunctionalized alkenes efficiently and
enantioselectively, stands as a challenging goal in
enantioselective reaction design.

As illustrated below [eq. (h)—(i)]. recent reports
by Negishi and co-workers, where Erker's non-
bridged chiral zirconocene 69 [32] is used as cata-
lyst. constitute an important and impressive step

towards this end [33]. An impressive range of

alkylaluminum reagents can be added with high
efficiency and excellent enantioselectivity (>90%
ee). A remarkable aspect of this work is that.
through a change in reaction medium (1.1,1-
trichloroethane is used as solvent), catalytic alky-
lations proceed through carbometallation of the
alkene (direct addition of cationic alkylzirconium
to the alkene, followed by Zr—Al ligand exchange)
rather than involving the formation of a metal-
lacyclopentane; under conditions that zirconacy-
clopentanes serve as intermediates, selectivities
are notably lower. Another notable aspect of the
Negishi work is that the use of Erkers® system
appears to be imperative: with the aforementioned
(EBTHD)Zr as catalyst, alkylations are not as effi-
cient or stereoselective.

(@)
~|
Zr

CI 7 ™~
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In 1997, Whitby reported that treatment of 2.5-
dihydrofuran with Et3Al in the presence of 5 mol

% 62 leads to the enantioselective formation of

70, rather than the product obtained from catalytic
carbomagnesations (71) [34}. This outcome can
be rationalized based on Dzhemilev’s pioneering
report that with EGAL in contrast to EIMgCl (see
Scheme 4.7), the intermediate aluminacyclopen-
tane (i) is converted to the corresponding alumi-
naoxacyclopenatane (ii). To ensure the predomi-
nant formation of 70, however, catalytic alkyla-
tions must be carried out in the absence of any
solvent.

4.5 Ni-CATALYZED
STEREOSELECTIVE
ALKYLATION OF ALKENES
WITH GRIGNARD REAGENTS

In the Zr-catalyzed enantioselective alkylation re-
actions discussed above, we discussed transfor-
mations that involve the addition of alkylmag-
nesium halides and alkylaluminum seagents to
olefins. With the exception of studies carried out
by Negishi and co-workers, all other processes

69

T~

Me = 8 mol4;
equiv Me,AL 22 Co

Me 0.
N F
‘ 1equiv FGAL 2D G
\7/ 0.

Me

- W\OH (h)

Me  Me
92% yicld, 74% ee

069% yicld. 93% ce
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mvolve the reaction of a C—C 7 system that is
adjacent to a C—0O bond. Also with the excep-
tion of the Negishi study (eq. (h) and (1)), where
direct alkene carbometallation occurs, all enan-
tioselective alkylations involve the intermediacy
of a metallacyclopentane (cf. Scheme 4.7). In this
segment of our discussion, we will examine the
Ni-catalyzed addition of hard nucleophiles (€.g.,
alkylmagnesium halides) to alkenes that bear a
neighboring C—O unit. These reactions transpire
by neither of the above two mechanistic mani-
folds (metallacyclopentane intermediacy or direct
carbometallation). Rather. these processes take
place via a Ni-m-allyl complex.

Allylic ethers and alcohols have long been
known to react with Grignard reagents in the pres-
ence of an appropriate Ni-based complex contain-
ing phosphine ligands {35]. These reactions are
related to the well-studied Pd-catalyzed allylic
substitution reactions that utilize soft nucleophiles
[36]. and a number of important mechanistic
studies on the stereochemical outcome of this class
of transformations have been carried out [37].

In general, the catalytic cycle for the transition-
metal  catalyzed  allylic  substitution  reactions
involves inttial attack of the metal at the double
bond followed by oxidative insertion into the

C\ O

~ Al

OH 70

antiperiplanar C—O bond to afford the sr-allyl
system. At this point, depending on whether
soft or hard nucleophiles are used, however. the
alkylation reaction proceeds through distinctly
different pathways. As shown in Scheme {4, with
soft nucleophiles, where Pd is often the metal
center of choice, reactions proceed by the backside
addition of the nucleophile to the m-allyl system.
to afford the new C—C bond with net retention of
stereochemistry. However. with hard nucleophiles.
where Ni can serve as an effective transition metal
template. the reaction usually involves the initial
addition of the alkylmetal to the transition metal
center. followed by a reductive elimination to
lead to the generation of the C—-C bond. Such
reactions, as a result. take place with net inversion
of stercochemistry.

From a catalytic enantioselective reaction design
point of view. the latter class of reactions present a
more attractive strategy for the transfer of chirality
from chiral ligands on the metal to the C--C
bond forming event. Indeed. a number of research
teams have developed ingenious ligands that over-
come the geometric distances that exist in the
anti addition of soft nucleophiles to metal-7-allyv]
systems—a factor that is expected to dimimsh
the asyinmetric induction that may be caused by



128

OR
: M@
\/\ Ml )>
RO
RO -
net inversion Nuc Reductive
Elimination
AN ~
¥
M ()
Nuc

SCHEME 4.14

the metal’s chiral ligands [38]. With the reac-
tion of hard nuclcophiles, since the alkyl group
adds from the same environment inhabited by
the metal’s chiral ligands, the influence of such
ligands in transfering their chirality should be more
pronounced.

4.5.1 Diastereoselective Ni-Catalyzed
Addition of Grignard Reagents
to Allylic Ethers

4.5.1.1 Directed Ni-Catalyzed Addition of
Grignard Reagents to Allylic Ethers

In 1995, we began a systematic investigation of
directed Ni-catalyzed addition of Grignard reagents
o allylic ethers [39]. As illustrated in Table 4.10.
when allylic ether 72 is treated with S mol %
(PPh:):NiCl> and 5 equiv PhMgBr for 3 hours
(THF, 22°C). products 73 and 74 are obtained in
only 10% total yield and in equal amounts (3:1
trans:cis). tn contrast. when phosphine-containing
allylic ether 75 is used (entry 2, Table 4.10). 76
is formed regioselectively (76:77=8 : 1) within
3 hours. Whereas ether 72 provides 73 and 74
in 10% vyield, allylic substitution products from
75 (76 and 77) are obtained in 70-75% isolated
yield. When the tether length is increased by one
methylene unit (entry 3; 78 as substrate). C-C
bond formation is more sluggish (24 hours for 78

N

\

H
"y

A2
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vs 3 hours with 75). but somewhat unexpectedly.
regiosclectivity is enhanced to >99:1.

The influence of the resident Lewis basic phos-
phine is especially evident in reactions where
MeMgBr is used as the alkylating agent. As
depicted in Table 4.11, with substrate 72, <2%
product is detected after 18 hours. In contrast,
when 75 is subjected to 5 equiv MeMgBr and
5 mol % (PPh3):NiCl; (THF, 22°C), 80 is obtained
in 74% isolated yield. Moreover, C—C bond forma-
tion occurs with complete control of regiochem-
istry and the product alkene is exclusively cis
(compare to entry 2 of Table 4.10 for related reac-
tion of PhMgBr).

The data in Tables 4.10 and 4.11 demonstrate
that the presence of a Lewis basic group within
the substrate structure plays a critical role in
determining both the reactivity and selectivity of
the catalytic substitution reactions. A telling sign
ot the purported P-Ni association is that local

chirality plays a crucial role in the outcome of

this class of reactions. Results of our studies
on the Ni-catalyzed reactions of allylic cthers
81, 82 and 85 are summarized in Table 4,12,
Silyl ether 81 is recovered unchanged after treat-
ment with 5 mol % (PPh3)>NiCl> and five equiv
PhMgBr (12 h). In contrast, phosphine-containing
allylic ether 82 reacts smoothly to afford 83 in
85% isolated yield and with excellent control
of regio-. diastereo-. and olefin stereochemistry
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Table 4.10. Regiosclective Ni-Catalyzed Allylic Substitution of Acyelic Ethers with PhMgBr
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Yicld(% !

Entry Substrate Product Regioselec.” Time
| OMe - Ph 73:74 = 11 10,
o ] 3h
A “a-butyl Ty Tonband
— Me [\\/ Mo 73
P’h
72
T~ \'//,Vbz"ll'hlll}]
M 74
2 OMe PPh, ' Py, 1677 =811 70
J\ ; ) 3h
e X (\ N
k/ Me M 76
75
[/N 5 Ph
Ty “pPh,
Me 77
3 >99:1 70
24 h

78

“Conditions: 5 mol % (PhaP):NiCl, 5 equiv aryb MgBr, THE. 22°C. "Regioselectivity determined by GLC or 'H NMR analysis.
in comparison with authentic materials. * Alkene isomer rutios determined through analysis of 300 MHz 'H NMR spectra. “Isolated
yield after purification through silica gel chromatography

Table 4.11. Ni-Catalyzed Allylic Substiwution of Acyelic Ethers with MeMgBe

Yield(%

Substrate Product Regioselec.” cit Time
OMe - A ) -
L N s e == N() REACTION 18 h
S byt
Me
72
(JNL- Prh, Me ]( “Peh 99 P 17:i
i 8h
S \\) N
P Me Me
75 80

4 dSee Table 4010,
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(entry 2). Similarly, catalytic reaction of 82 with
MeMgBr proceeds with complete control of selec-
tivity. When allylic cther isomer 85 is treated to
Ni-catalyzed reaction conditions with PhMgBr. an
equal mixture of regio- and diastercoisomers is
obtained in 85% yicld after chromatography. As
the data in Table 4.12 show. in spite of the low
levels of selectivity observed with 85, this reaction
occurs at a rate superior to those of 82, suggesting
that lack of phosphine-Ni association may not be
responsible for the diminished levels of regio- and
stereochemical control.

It is plausible that directed Ni-catalyzed alkyla-
tion reactions described herein proceed through a

Grignard Reagents: New Developments

metal-rr-allyl complex, such as I or IE (Scheme
4.15). The stereochemical principles on which this
proposal is based, are: (i) anti insertion of the tran-
sition metal into the aliylic C—O bond; (1i) syn
reductive elimination of the resulting m-allyl-Ni-
alkyl complex [40].

The stereochemical preferences suggested above
are supported by Ni-catalyzed allylic substitution
reactions of cyclic ethers 88 and 90 (Scheme 4.16).
Whereas reaction of 88 affords 89 in 70% yield
in one hour with > 95% diastereo- and regio-
selectivity (5 mol % (PPh3),NiCl,. 22°C. THF),
subjection of 90 to the same conditions results in
the complete recovery of the starting material.

Table 4.12. Ni-Cutalyzed Reactions of Functionalized Allylic Ethers with Ph- and MeMgBr. Effect of Local Chirality

on Selectivity”

Grignard Yield(% )/
Entry Substrate reagent Product Regioselect.” ¢ : 1 ds time
1 OMe PhMgBr . NOREACTION ————— T
. Me I2h
TBSO
81
2 OMe PhMgBr >99:] >49:1 10:1 85
. Me 6h
Me
PhoP
82
3 OMe MeMgBr Me Mec >99:1 >49:1  >49:1 75
Me i 12h
AN Ve
Me
Phap
82
4 N PhMeBr > . it 1:1 85
(l)_’\l y g ‘/ I‘IV Mo Ih
\:'/\\3\; S N | /”‘ ‘\/A\‘x:./
7/ .
NMe P Pt N Mo . PPh
Phep” j 86
< “; N\ e Me
l
|

Pho PPh,

«dSee Tuble 4 41
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S mol %
PPh,  (PPh)LNICL PPh,
PhMeBr
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38 70% afier 1 h g 89
OMe
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PPh, N NO REACTION
PhMgBr
THF, 22°C
90
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Intermediates 1k and IV in Scheme 4.15 are
proposcd. since positioning of the internal phos-
phine in the apical site of the square pyramidal
complex, where the PPhs is trans to an alkyl
group. is in accord with the previously suggested
mechanistic paradigms [41]. It is tenable that the
observed trends in regioselectivity, as suggested
by molecular models, are due to unfavorable steric
interactions i complex HI between phenyl groups
of the tethered diphenylphosphine and the bound
PPhx group: such interactions exist to a lesser
extent mn L

PPh,

aS

I’h\l,,l’h
- l’h;l"m\\k)c
o ]
Me 1-lienyd
|
Ph ) Ph
RN
=~ Mco, N P
NI

-
PhiP n-heay

PP,

4.5.1.2 Ni-catalyzed Addition of Grignard
Reagents to Bicyclic Allylic Ethers

More recently, Lautens and Ma have reported
stereoselective Ni-catalyzed addition of Grignard
reagents to oxabicyclic substrates [42]. Thus, as
depicted in Scheme 4.17. treatment of 91 with
MeMgBr in the presence of 2 mol % Ni(cod), at
(COD: cyclooctadiene) 22°C for nearly a day leads
to the formation of 92 as a single stereoisomer in
709 yield after chromatography. These workers
illustrate that the choice of Ni precatalyst and
solvent is critical to the outcome of these C—-C
bond forming reactions. As an example, as is also
illustrated in Scheme 4.17, when 91 1s subjected to
McMgBr but in Et:O and in the presence of HMPA
and 2 mol % (dppp)NICl> (dppp: diphenylphos-
phinopropane). a mixture of 93 and 94 is formed:
in contrast. when THEF is utilized as solvent.
93 is formed exclusively in 64% isolated yield.
These reactions. which likely also involve the
intermediacy of Ni s-allyl complexes, represent
a potentially usetul catalytic procedure, since the
resulting products are highly functionalized unsat-
urated carbocycles that are formed with excellent
stereocontrol. Future developments that allow the
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formation of the alkylation products in the opti-
cally pure form, should significantly enhance the
utility of this method.

4.5.2 Asymmetric Ni-Catalyzed
Addition of Grignard Reagents
to Allylic Ethers

As illustrated in Scheme 4.18, Consiglio and co-
workers have shown that in the presence of an
appropriate chiral Ni catalyst, the addition of
EtMgBr to cyclic allylic phenyl ethers occurs
with high enantioselection and excellent yield
(>84%) [43]. Thus, in the presence of 2 mol % Ni
dibromide or dichloride complexes of (+)-(R,R)-
cyclopentane-1,2-diylbis(diphenylphosphine) (99).
reaction of cyclopentenyl ether 95 with EtMgBr
results in the formation of 3-ethyleyclopentene (S5)-
96 in 92% yield and with 83% ec. Higher levels
of enantiocontrol are observed when (R)-6.6"-
dimethylbiphenyl-2.2"-diyl)bisdiphenylphosphine
(biphemp, 100) is used as the chiral ligand: (5)-96
is obtained in 939% ee and 90% yield. Variation of
catalyst structures demonstrated that the enantios-
clectivity is dependent on steric rather than elec-
tronic factors; in contrast, the nature of the leaving
group. solvent, or halide of the Grignard reagent
proved not to affect the outcomes of catalytic
alkylations.
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Catalytic allylic substitutions with cyclohex-
enyl substrate 97 proceed following similar overall
trends but with generally lower levels of enantio-
selection (Scheme 4.18). Consiglio has suggested
that this difference in enantiofacial selectivity
may be attributed to the more rigid allyl moiety
in the five-membered ring starting material 95.
The present catalytic enantioselective C—C bond
forming reaction is only appreciably enantiose-
lective when EtMgBr is used (e.g.. 12% ee with
MeMgBr and 71% ee with n-PrMgBr). Nonethe-
less this study represents a critical first step towards
the development of this class of catalytic asym-
metric reactions and does allow ready access to
various optically enriched cyclic hydrocarbons.

More recently, RajanBabu has reported that
in the presence of appropriate chiral Ni-based
catalysts. enantioselective addition of Grignard
reagents Lo acyclic allylic ethers may be effected
(Scheme 4.19) {44]. Within this context. a system-
atic study of the eftect of reaction solvent, leaving
groups, chiral ligands and nucleophiles was under-
taken. As shown in Scheme 4.19, treatment of
allylic ether 101 with EtMgBr in the presence of
5 mol % of (5.5)-chiraphos-Ni complex (formed
upon treatment of Ni(cod)> with (§,5)-chiraphos
102} results in the formation of (R)-103 in 79% ee
and 78% yield.

A signiticant corollary to the RajanBabu study
is that the Ni-catalyzed allylic substitution may be

[ ——
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used in the catalytic kinetic resolution of related
chiral allylic cthers. That is. under the same reac-
tion conditions as described above, the allylic cther
substrate is recovered in 79% ce (26% vyicld);
furthermore, the alkylation product is isolated in
749 ee and 64% yield. These data in relation to
Ni-catalyzed kinetic resolution of acyclic allylic
ethers are particularly noteworthy in light of the
fact that Consiglio had originally reported that
i the catalytic alkylation of racemic !-phenoxy-
cycloalkenes. there is little or no rate difference
between the transformations of the two substrate
enantiomers {45]. Since a Ni-r-allyl intermediate
is lfikely to be formed in these reactions, such
kinetic resolution data suggest that, at least in
certain systems, the ionization step can be enan-
tioselective and could be exploited for control of
stereoselectivity.

4.5.3 Asymmetric Ni-Catalyzed
Addition of Grignard Reagents
to Allylic Acetals

Research in our laboratories has been directed
towards the development of Ni-catalyzed and
enantioselective addition of Grignard reagents
to allylic acetals. In the presence of appro-
priate Ni complexes (e.g., (dppe)NiCly), (dppe:
diphenylphosphinoethane) these reactions proceed

Grignard Reagents: New Developments

with excellent regioselectivity. As illustrated in
Scheme 4.20, we recently established that when
cyclopentenyl acetal 105 is treated with EtMgCl
in the presence of (S5.5)-chiraphosNiCl, (§)-107
is obtained in 53% ee and 85% yicld [46]. When
the chiral catalyst is prepared in siw, by premixing
of (PPh3):NiCly and (8.5 )-chiraphos, enantiose-
fectivity drops to 15%, as there is ~25% back-
ground reaction in the presence of (PPh;)>NiCls.
When cyclohexenyl acctal 106 is treated with
(5,5 )-chiraphosNiCl,. 108 is obtained in only 11%
ce and 80% yicld. Remarkably, when the in situ
method is utilized. (5)-108 is formed in 85%
ee (90% yield). Control experiments clearly indi-
cate that it is the excess PPhy present in the in
sitt method which is responsible for the dramatic
improvement in enantioselection. That there is no
diminution of selectivity with the in sine method
is consistent with the fact that six-membered ring
acetals are inert towards atkylmagnesium halides
in the presence of (PPh;»:NiCi>. The notable
enhancement in selectivity is intriguing and unex-
pected, however.

A better understanding of the above mechanistic
dilemma will require future detailed mechanistic
studies. Nonetheless, as shown in Scheme 4.21,
a variety of Grignard reagents can be used in
these Ni-catalyzed enantioselective alkylations to
afford a range of non-racemic materials in excel-
lent yield.

Me, P
NiCls O
R P
Me Ph.  Smol %
oM ($)-107 n=] 53 % ec
MeOL [ FIMgCl THE, 22°C - (1108 n=2 1% ce
H(" Et
- [¢]
3 mol% (PP )>NIC],
105 =1 5 mol% (S.5)-chiraphos
106 n=2 ($-107 0=1 15 % ce

EiMgClL THE, 22°¢C
HO!
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(5)-108 n=285 % cc
Et
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MeO. OMe O reach this goal, metals other than Zr, Ni, Mg and
S mol % (PPhyNICL Al may have to be brought into the fold. There
5 ol % ($.8)-chiraphos is thus little doubt that future exciting discoveries
Grignard reagent, THE, in the arca of design and development of useful
2 HOT R asymmeltric catalytic C—C bond forming transfor-
106

Grignard Reagent ce, vield 1)

nBuMgCl 85.83
PhMgBr 83.67
PhCH>CH:MgBr 84, 81

SCHEME 4.21

4.6 SUMMARY AND OUTLOOK

The chemistry described in this articlke demon-
strates that chiral metallocene and Ni-phosphine
complexes can be used to effect an important
reaction that is largely unprecedented in clas-
sical organic chemistry: addition of alkylmag-
nesium halides to unactivated alkenes. Although
EBTHI metallocenes have proven to be effective
at promoting the above enantioselective transfor-
mations, the equipment required to prepare such
catalysts (glovebox and high-pressure hydrogena-
tion apparatus), as well as costs associated with
the required metallocene resolution (non-racemic
binaphthol = $45/1 g) suggest that more attrac-
tive catalyst alternatives may be desired. Promising
advances toward more facile syntheses of inex-
pensive and chiral (EBTHHMX; equivalents may
eventually provide more practical alternatives to
this powerful class of transition metal catalyst. As
discussed above, recent advances in the usc of non-
bridged metallocenes, where a resolution step is
obviated, may also provide attractive and effective
solutions to this problem.

The chemistry reviewed in this article demon-
strates a variety of formerly-inaccessible protocols
which are now available that afford C—C bonds
in an enantioselective manner. However. we are
a long way away from having reached a point
where sufficiently diverse protocols are available
that will allow us to catalytically and enantiose-
lectively alkylate a considerable range of alkenc
substrates with almost any alkylmetal system. To

mations arc in the making.
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Stereoselective Additions of Chiral
Grignard Reagents to Aldehydes:
Stereochemical and Mechanistic
Principles, with Examples Using
a-Amino Grignard Reagents

Robert E. Gawley

Department of Chemistry, University of Miami, USA

5.1 INTRODUCTION TO
STEREOSELECTIVITY IN
GRIGNARD ADDITIONS!

In general, the steric course of addition of a nucleo-
phile to a carbonyl can fall into one of several
categories.> From the stereochemical standpoint.
the most simple is the addition of an achiral
nucleophile to a carbonyl whose faces are homo-
topic, in which casc the product is achiral. The
addition of phenylmagnesium bromide to acetone
(Scheme 5.1a) falls into this category. If the two

! Another review on stereoselective udditions of chirad o-
aminoorganometallics, which includes a literature review of
a-aminoorganolithivm additions, along with mechanistic ratio-
nales and synthetic applications. will appear separately {11

2 For detailed glossaries of stereochemical terminology. see
pp. 15-40 of rel. [2] and pp. 1911210 of ref. |3}
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carbonyl faces are enantiotopic. addition 10 (he Re
or 8i faces affords transition states that are ¢hijpal
and enantiomeric. The addition of phenylpaepe-
sium bromide to acetaldehyde (Scheme 3 1h) iy
an example of this type of reaction. In an ychijral
solvent, the two transition states will be Ligeper-
getic (i.e. AAGF = 0), and the two enantioners of
the product will be formed in equal amougs ¥ [
order for the product ratio to be 5 1. the energieg of
activation must be different. To render the (rynsi-
tion states diastereomeric (AAG* # 0). thess nyst
be an additional element of chirality. Thit y(di-
tional element could be in either of the reicrants

I some cases. there may be only one product. For “Qample.
the addition of methyllithium to acetaldehyde atfords G (me
product by addition 10 either theterotopic) carbonyl Fiee The
transition states are nevertheless enantiomeric due 10 Giferine
bond lengths between the carbonyi carbon and the two wmh\l:
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(a) 0 (h) 0

PhMalr- -7 - T PhMgBr

S

Me

Ph

Me Mo

Re Eiadl AR Si

PhMgBre =" T phMule

e CHONTONIC TS —]

Ph Ph

SCHEME 5.1. (a) Addition of phenylmagnesium bromide to either of the homotopic faces of acetone affords
identical transition states. (b) Addition of phenylmagnesium bromide to the enantiotopic faces of acetaldehyde aftords

enantiomeric transition states.

(organometallic or carbonyl). the solvent, or a cata-
lyst, as illustrated by the following examples.

In the early 1950s, several groups began to
analyze the factors affecting the stereoselective
addition of a nucleophile to faces of carbonyl

compounds that are diastereotopic by virtue of

4 proximate stercocenter. Principal among these
were the efforts of Curtin [4]. Cram {S] and Prelog
[6]. These types of additions may be generalized
as shown in Scheme 5.2, If the addition is irre-
versible (i.e.. under kinetic control), the difference
in free energy of activation, AAG?, determines the
product ratio. Often. the factors that influence the
Re/Si fuce-selectivity are complex. For example. in
the case of Cram’s rule [5]. it has taken 40 years
to derive a mechanistically sound rationale for the
steric course of the addition.*

F o a history o the evolution of Cram's rule, from 1952 10
1993, see pp. 121130 of ref. {2},

Another way to render the carbonyl faces dia-
stereotopic is by complexation of a chiral Lewis
acid to the carbonyl oxygen. This is the approach
taken in, for example. the asymmetric diethylzine
reaction. as shown in Scheme 5.3 {7]. For reviews
of such processes, see ref. [8—12]. Chapter 5 in
ref. [13] and pp 137~141 of ref. [2].

Yet another way to render the transition states
diastereomeric is to employ a chiral nucleophile
(Scheme 5.4). One such class is organolithivm and
organomagnesium (Grignard) reagents in which
the carbon bearing the metal is sp* hybridized and
stereogenic. Although many secondary organo-
lithium and Grignard reagents are chiral (e.g. see-
BuLi). much of the progress in stereoselective
reactions of chiral organometallics has occurred
in species containing a heteroatom in the posi-
tion alpha to the metal. The heteroatom may be
a first-row element such as nitrogen or oxygen. or
main group clements such as phosphorus. sulfur.

i
1
t
H
H
|
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O
Re [T F U Vi

PhMgBr - " Phdeh

(R* contamns a stercocenter)

Ph OMeBr BrMgO Ph

SCHEME 5.2. Addition of phenylmagnesium bromide to a chiral aldehyde affords diastereomeric transition states.

selenium. or tellurium.” In this review, 1 will focus details of such additions. one must ask the follow-

on nitrogen as the heteroatom. mg questions:

1. Is the Grignard configurationally stable at the
metal-bearing carbon? I so. what is the abso-

5.2 TRANSITION STATES AND
MECHANISTIC RATIONALES 2

lute contfiguration?

Does the addition ocewr by a polar pathway or
asingle electron transter (SET) redox reaction,
followed by u radical coupling?

3.1t polar. does the addition to a carbonyl occur
with retention or inversion at the carbanionic

[t is of interest 1o analyze the possible transition
state assemblies of additions of chiral Grignard
reagents having a stercogenic metal-bearing car-
bon. with the aim of rationalizing the steric course

) iti ideri istic carbon?
) > addition. In considering the mechanistic ) o o
ot the ad ) 4. Is there a preferred topicity for the addition?
(i.c.. Docs the R organometallic add to the Re

For numcrous reviews of ficteroatom-stahilized carbanions, ) . . R
fuce or 87 face of the aldehyde™?)

see volumes T and 2 of ret. {144,
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SCHEME 5.3. Addition of diethylzinc 10 benzalde-
hyde, catalyzed by chiral Lewis acids [7].

These considerations are illustrated in Scheme 5.5
for a-aminoorganometallics in general. Depending
on the method of metalation, the configuration of the
a-aminoorganometallic (boxed) may not be known.
and its configurational stability may not be imme-
diaicly obvious. Nevertheless, in reacting with an
electrophile. there are two major pathways that can
be followed: a polar addition and a radical mech-
anism involving oxidation of the carbanion by the
electrophile (SET). Scheme 5.5 illustrates an alde-
hyde as an electrophile because analysis of the
ratio of the four possible diastereomeric products
may provide an opportunity to determine the mech-
anistic pathway(s) being followed. For example.
i the organometallic is configurationatly stable. a
polar pathway proceeding with retention of config-
uration at the carbanionic carbon would give o

Grignard Reagents: New Developments

O
LU A A R U
R*MgBr-~ Ph 1t T~ R*MgBr
(R contains & stereocenter)
OF *

Ri= - - /

L —— diastereomers -+
Ph K

Ph 1
s R

SCHEME 5.4. Addition of a chiral Grignard reagent to
benzaldehyde affords diastercomeric transition states.

mixture of the R,R and RS addition products. If
the configuration of the organometallic is known,
then one can deduce the steric course at the carban-
ionic carbon. Conversely, a configurationally labile
carbanion that adds with a given topicity, might give
a predominance of the R.R/S.S pair over the R,S/S.R
pair (or vice versa). but the steric course (inversion
vs. retention) may not be discernible.

For a radical pathway. two assumptions can be
made: (1) pyramidal inversion (and translational
motion in the solvent cage) of a free radical is
faster than coupling to the aldehyde ketyl, and
(2) radical coupling will show poor selectivity in
adding to heterotopic carbonyl faces.® Under these
conditions, an SET path would give an equimolar
mixture of all four products.

© Stereoselective radical couplings are currently being devel-
oped. For reviews, see ref. [15-17).

. . o I 4
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R R ~ R R
R R : R/\/ R
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! + RCHO
d R-N T vt
H R pyramidal inversion! - H SET Oxidation
=S T AL
+RCHO
NR- NR:
/‘\7 pyramidal inversion? J\ M = Li. MaX, etc
R M M R
+ RCHO
retention nversion retention Polar Addition
NR; NR; NR» NR:
R : R R
RJ\rR R/‘v_ R/\/ R/\‘/
oM oM OM OM
REK RS 58 SR
SCHEME 5.5. Mechanistic possibilities for the polar addition of a chiral a-aminoorganometaliic to an aldehyde.
1 7
Two final points should be made clear. First, 5.3 TOPICITY AND
the anatysis outlined above is only complete if the TERMINOLOGY
organometallic is not racemic: otherwise, using the _ o )
steric course of the reaction to clucidate mecha- Before proceeding further, it is necessary 10 ddpu
nism is limited. Second. this analysis assumes a the terminofogy that will be used 1o deseribe
monomeric species; Schlenk cquilibria and other relative configuration and topicity in these reac-
aggregation phenomena may complicate matters. tions. In 1982, Preiog and Helmehen proposed the
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Fig. 8.1ty Seebach—Prelog definition of retative topicity. illustrated by addition of
that wpicity is independent of enolate geometryy; (by A second way 1o view the Sech
of relative wpicity for A-amino alcohols based on relative configuration.

an enolate 10 an aldehyde (note
ach~Pretog concept: () Delinition
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descriptors [ and u (for like and unlike) to describe
relative configuration (18], and this terminology

will be used here. Thus, R.R and 5.5 pairs of

stereocenters have the 1 relative configuration and
RS and S,R pairs are «. Following this precedent,
Seebach and Prelog proposed that the steric course
of rcactions between two trigonal atoms could be
classified topologically as [k (like) for reactions
in which the Re.Re or Si,5¢ heterotopic faces are
joined. and as wl (unlike) for reactions in which
Re.Si or Si,Re faces were joined. as illustrated
in Figure 5.1a [19]. These protocols are based on
the CIP sequence rules [18.20} and are unam-
biguous in all respects when trigonal atoms arce
involved, because even in the transition state the
reacting atoms are still only tetravalent. However,
the same rules are not directly applicable to the
reaction of a chiral, stereogenic nucleophile such
as &t Grignard, since the carbanionic carbon is tetra-
hedral in the ground state and pentavalent in the
transition state and (with reference to Scheme 5.5)
the reaction may occur with either retention or
inversion of configuration (see also Figure 5.2 and
the accompanying discussion, below). Neverthe-
less, examination of the products of the reaction
of two trigonal atoms (Figure 5.1b) illustrates how
the topicity may be detined based on the relative
configuration of the products.” Thus, for an aldol
addition, the three ligands of each of the former
trigonal atoms form the bases of two tetrahedra,
with the fourth vertex being the nucleophilic or
clectrophilic carbon of the other reactant. It can
be easily seen that this fourth vertex is sitting on
cither a Re or Si face of a triangle and that these
descriptors match the relative topicity according
to the Seebach—Prelog definitions. Extending this
congept to the B-amino alcohol product of addi-
tion of an a-aminoorganometallic to an aldehyde
is straightforward, as shown in Figure S.1c.

The illustrations in Figure 5.2 demonstrate why
it would be impossible to try to define relative
topicity for these reactions based on the reactants.
The reaction at the metal-bearing carbon is an ;.2
process, which may occur with either retention or

inversion of configuration {21al. In reactions of

“This is not unlike the rationale for the pref/parf ~system of
ussigning relative configuration {211,

0 AR 0 :
R

S1.2 with retention

B It B
H ( R H H
\
S22 with inversion

Fig. 5.2. Transition structures of 8§42 reaction with re-
tention and inversion at the metal-bearing carbon,

chiral organolithiums with carbonyl compounds.
both pathways are known [212.22,23]. Thus, the
steric course of a reaction such as this must be
specificd with respect to both topicity and reten-
tion/inversion at the metal-bearing carbon. Note
that the two structures in Figure 5.2 have the same
topicity as defined in Figure 5.1c.

»

5.4 ADDITIONS OF
CONFIGURATIONALLY
STABLE GRIGNARDS TO
ALDEHYDES

All of the examples which follow are metallated
nitrogen heterocycles, in which the nitrogen is part
of either an amide or amidine group. These species
have been called “dipole stabilized” {24], because of
the partial positive charge on the amide or amidine
nitrogen. In a saturated heterocycle, such Gri-
enard species are probably contigurationally stable
for stereoelectronic reasons [25-28], although no
detinitive experiments have been done. Table 5.1
lists two examples of additions of dipole-stabilized
Grignards to benzaldehyde. Example 5.1 is a test of
Grignard selectivity reported by Seebach in 1984
[29]. although the formamidine auxiliary was devel-
oped by the Mevers group to facilitate lithiations
130]. The sccond example is from our own work
{31]. and Hlustrates the power of stereochemistry o
probe mechanistic detail in this field. Recall from
Scheme 5.5 that a mixture of four diastercomers
would be expected it SET is an important mech-
anistic pathiway. In this case. only three are formed.
indicating competing mechanisms.

Originally [31]. we suggested that this mixture
was due to competing polar and radical pathways.
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Table 5.1. Diastercosclectivity in the addition of configurationally stable, chiral «-amino Grignard reagents to

benzaldehyde
Products
Entry Organometallic Conditions ul wopicity Ik topicity Reference
I THE /\ [29]
] ~78 ! !
N h
B i
BrMg — - - Nr-Bu Nz-Bu ! Nr-Bu
Ph™ OH Ph™ " OH
. racemic [ racemic
06 34
2 cther after auxiliury removal: {31}
—100 — RT
N o]
\[D NH NH
BrMg——-N s
presumed /;— Ph OH OH
configuration R
1. 280% ec 1. S0% ee
290 t0er 75:25er
50 : 50

but further analysis leads me to believe that the
competing mechanisms are both polar. It SET
occurred, coupling of the ¢-amino radical with the
aldehyde ketyl ought to be stereorandom and four
diastereomers should be formed in approximately
equal amounts; indeed. this was found in the
addition of the corresponding lithium reagent
to benzaldehyde {31]. The ditfering amounts of
each diastereomer in the Grignard addition. and
in particular the near absence® of the R.S
diastereomer suggests that radicals are probably
not involved.

5.5 CONFIGURATIONAL LABILITY
OF BENZYLIC GRIGNARDS

When the metallated carbon is allylic or benzylic.
the barrier to inversion is lowered relative to satu-
rated systems. This was demonstrated by carbon-13
NMR experiments that we reported in 1996 [32].
The system studied was a tetrahydroisoquinolylox-
azoline, metallated in the 1-position. The oxazoline

¥ <5G. uncertainty due to inaccuracies of polarimetry on the
oity addition product.

ring had a stereocenter, so the two C-1 epimers
were diastereomers. Carbon 1 was enriched in
carbon-13, and the C-1 region of the spectrum
1s shown in Figure 5.3. This complex spectrum
for a single carbon conforms with earhier find-
ings that pyramidal inversion and Schienk equilibria
complicate the NMR spectra of organomagnesium
species [33~38]. Nevertheless, two regions can
be discerned: a low-field, temperature-independent
region, and a higher field region. near 47 ppm.
where a dynamic phenomenon is observed, with two
peaks coalescing at —65°,

In 1965, Whitesides and Roberts showed that the
'H NMR spectra (in ether) of dialkylmagnesium
species change little below 4+-30° and that Grignard
species do not change below temperatures of =70
[35]. Further. the position of the Schlenk equilib-
rium (R-Mg + MgBr, == 2RMgBr) is affected
by both the concentration of magnesium halide,
solvent, and temperature. Relevant to our work
is the fact that in THF at low temperatures, the
cquilibrium s shifted towards the dialkylmag-
nesium side (relative to its position in cther).
and that the Schlenk equilibrium is slow [39].
Control experiments on our system showed that, as
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Fig. 5.3. Low-tcmperature partial C-13 NMR spectrum of the equilibrating Grignard diastercomers shown at top. Only
the signals due to C-1 are shown. Sce text for explanation and assignments.

the magnesium bromide concentration was varied
petween 0.2 M and 0.5 M (equilibration at %), the
population of the upfield (temperature dependent)
region increased at the expense of the downfield
region. We interpret this as a shift of the Schlenk
equilibrium toward the Grignard, RMgBr.

Thus. the upticld. temperature-dependent region
wis assigned to the Grignard monomers, and the
two peaks near 47 ppm were assigned to the two
diastereomers epimeric at C-1. Interestingly, inte-
oration of these two peaks in the —80° spectrum
corresponds exactly to the isomer ratio found in
the addition 1o benzaldehyde (vide infra).

Whitesides ef al. found that the (Arrhenius) bar-
rier to inversion of primary Grignard reagents was
11+ 2 keal/mole (A = exp9.5 £ 1557 [34] In
1971, Fracnkel concluded that the mechanism of
inversion involved a dimeric species and that alkyl

bridging is assoctated with the transition state for
inversion [40]. FEarly attempts at observation of
inversion of secondary organomagnesium reagents
(4—6 membered saturated rings) showed that the
barrier to inversion was quite high [35.41.42].
although Macrcker showed that 3-cyclohexenyl
Grignard undergoes somewhat more rapid inver-
sion. with a lower harrier in THF than in ether {371
The high barrier is generally attributed to difficulty
in bridging of the saturated secondary Grignards,
while the lower barricr in the cyclohexenylsystemis
probably due (o assistance by the double bond {391

The coalescence data from Figure 5.3 corre-
spond 1o free energies of activation (AGY) in the
9.8-10.1 keal/mole range at —65°C. with AG" =
0.3 keal/mole for the two C-1 epimers [41.42].
This fow barrier suggests that chelation. dipole-
stabilization. and benzylic activation combine 1o
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lower the inversion barrier. although further exper-
iments on simpler systems will be necessary to
cstablish this conclusively.

The low barrier prevents us {rom determining
the steric course of the reactions of these species
with electrophiles, but our working hypothesis is
that addition o a carbonyl takes place with reten-
tion of configuration at the metal-bearing carbon.
Even though there is a low barrier to inversion.
benzylic Grignard reagents have been developed
that are highly stereoselective in their additions to
heteropic carbonyl faces, as outlined below. and
useful synthetic methodologies have ensued.

5.6 ADDITIONS OF BENZYLIC
GRIGNARDS TO ALDEHYDES

In 1984, Scebach discovered that transmetalation
of a lithiated tetrahydroisoquinoline pivalamide to
a Grignard reagent increases the simple diasterc-
oselectivity (il relative topicity) to 100%, as
shown in Table 5.2 [29,43]. As discussed in a later
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section. the Zirich group used this high selectivity
in efficient syntheses of several (racemicy hydroxy-
benzyl isoquinoline alkaloids, a strategy that paved
the way for a subsequent chiral auxiliary-based
approach developed in Miami.

Two approaches have been taken to capitalize
on the diastereoselectivity observed in the addi-
tion of isoquinoline Grignards to aldehydes found
by the Seebach group (Table 5.2). The Seebach
group used the chiron approach (chiral tetrahy-
droisoquinoline pivalamide). and Kelly Rein and
Pingsheng Zhang in my group developed oxazo-
line chiral auxiliaries (Table 5.3). 1t 15 important
o note that in neither case did the corresponding
tithium reagents afford useful diastereoselection.

As shown in entries | and 2 of Table 5.3, Sce-
bach found that a relatively simple Grignard
reagent was 100% diastereoselective i its addi-
tion to benzaldehyde (entry 1), but a more
complex system showed relatively modest selec-
tvity (entry 2). The latter example was used in a
synthesis of (4)-corlumine (vide infra). and stands
out as a rare exception to the usually exclusive u/

Table 5.2. Simple diastereoselectivity in the addition of configurationally labile, racemic, chiral -aminoorganometal-

lics to benzaldehyde

Products
Entry Organomctallic Conditions wl topicity Ik topicity Reference
1 THF 12943
\”/[< —78 = RT
N
BridMe---0

2 MOy / THF [44]

) ﬁ J< -78 — RT | |

\IL()/\/ ﬁ/ W *]/ Ny
BiMg---0 N

~ 0
SO OH
P »

rac-u rac

1% 0
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Table 5.3. Diastereosclectivity in the addition of contigurationatly lubile, nontacemic, chiral e-aminoorganometaliics
to d‘d(.hydL,\ Of the four possible diastereomers, only those found are illustrated

Organometallic

Entry and Aldchyde Conditions Products Reference
1 -~ Lo THE o €Ol 1451
| —80 U l |
S N "k NN /k
BeMg---0 ~ ]/ 0
o
+ \
=
PhCHO
ul topicity
HO% ds tpresumed configaration)
2 MO CO LI THE CO.H CO.H |45}
‘ X Y . _80 \h() \(&( Mc()ﬁ
i
N - . .
MeO ~ ‘ \ J\/\z(( MeO e _NCOR
i - M)
BiMg ---0
+ ) O
CHO P \\( 5
CO, o N 0
o ul topicity k topicity
o 60 10
3 R THF 132]
\ -78
= 0 0
J
o= N~/ N
BrM N s ‘ N o~
R - R
+
PhCHO il topicity 1l topicity
R = Me X
S0 : 50
4 —Va THEF ul opicity ul topicity |32
| l -78 62 : EYS
S -0
BrMyg--- N\J/’,
®
PhCHO
R =K

(continued overleat)
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Table 5.3. (continued)
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Organometallic
Entry and Aldehyde Conditions Products Reference
5 THF [32.46]
QO O O,
BfMg’“NJ : I~/ N\>
OH % OH %
R R R
¥
PhCHO ul topicity ul topicity
R=ipr 66-71 34-29
6 THF wl topicity l topicity 132]
=70 55 45
O
BrMg--- N\)
R
+
PhCHO
R=i-Pr
7 THF ul topicity ul topicity [32}
—60° 42 58
O
Bng-**N\)
R
+
PhCHO
R=i-Pr
8 THF ul topicity ul topicity {32}
—45° 58 42
0O
BrMg--- N\)
R
+
PhCHO
R=ipr
THF ul topicity ul topicity {32}
—78 71 29

BiMg---N

x“?

4

PhCHO
R =Ph
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Organometallic
Entry and Aldchyde Conditions Products Reference
10 Ry THF ul wpicity il topicity [32]
L —78 70 10
F 0
BeMg--- N\)
R
+
PhCHO
R =Bn
1 THF S [32]
-78 | j
O, Me -0, M Ny \T/ 0 Me
|
BrMg---N Me J\ N—/ afe
OH
i-pr b
+
PhCHO ul wpicity ol wpicity
20
12 X THF 1321
—78
“ 0
BrMg--- N—3%
+
PhCHO . .
ol topicity ul topicity
33 : 67
13 THF [32]
—65

0O,

XMg---N
: @

‘Ph(‘ HO

0 “ e

1l s
N3 N
OH O O

ul topicity

wl topicity

20 840

topicity cxhibited by magnesiotetrahydroisoquino-
lines in addition reactions [45].

In 1989, Kelly Rein began an investigation into
the use of an oxazoline chiral auxiliary to effect
diastereoselective additions of Grignard reagents
based on the Seebach discovery. The initial effort
[46] used an oxazoline auxiliary derived from
valine (Table 5.3, entry 5), one that we had used

previously in studies of asymmetric alkylations of

fithiated tetrahydroisoquinulines [47.48]. Although
the selectivity provided by this auxiliary was
modest. it was used in the asymmetric synthesis of
several hydroxybenzy! isoquinoline alkaloids (vide
infra), partly motivated by a need o establish
the absolute contiguration of the addition prod-
ucts. Later, after we became convinced that the
approach was worthwhile, Pingsheng Zhang under-
ook a more systematic investigation of the effect
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(h)

Fig. 5.4. Probable conformation of the magnesiated tetrahydroisoquinolyl oxazoline. based on analogy to the X-ray
crystal structure of a magnesiated tetrahyrdoisoquinoline pivalamide [43}. The aldchyde probably coordinates to one
of the ligand sites cis to the isoquinolyl carbon prior to reaction. (a) Conformation of isopropyl in S-unsubstituted
auxiliary; (b) Steric crowding produced by rotation of isopropyl in the 5.5-dimethyl derivative: (¢) Similar crowding
in a camphor-derived auxiliary (enantiomer of that drawn in Table 5.3. cntries 12 and 13).

of auxiliary structure and reaction temperature on
selectivity [32,49], as summarized in entries 3—-13
of Table 5.3.9

With oxazolines substituted only in the 4-posi-
tion, the selectivity peaked at about 70% with
cither R = {-Pr, Ph, or Bn (c.f. entries 3-5. 9. and
10) 132]. Note that in all these examples, the alde-
hyde appears to approach the Grignard from the
side opposite R (i.e., B-face as illustrated, assuming
chelation of the magnesium by the oxazoline
nitrogen).This is in contrast to the chirality sense
of the reaction of the lithium analog with alkyl
halides. where approach of the electrophile is from
the u-face {48]. Although this came as a surprise.

?For the analysis of w/ selectivity, NMR is the method of

choice. since the two diastercomers are easily distinguished by
the coupling pattern of the two methine protons: the coupling
constant for the erythro isomer is typically 3-5Hz. whereas the
threo pair is typically 7-9 Hz [44.50 =53], To assign absolute

conbiguration. chiral stationary phase HPLC bs the method of

choice {54

we thought we might be able to increase the
propensity toward f-approach by making the -
face more crowded. The first approach was to
methylate the oxazoline at the 5-position. which
torces the isopropyl group Lo rotate into a confor-
mation that places a methyl group closer to the
ligands on the magnesium (Figure 5.4a, b)."" The
modification achieved the desired effect, boosting
the diastereoselectivity to 80% (entry 11). The
second approach used a different auxiliary, this
time onc derived from camphor quinone. In this
instance (Figure S4¢). we were also hoping to
find a structure that would facilitate separation
of the two diastercomeric addition products. The

" Chelation of an octahedral magnesium (with the bromine
trans to the chelating atom) as shown in this figure is based on
analogy to the X-ray crystal structure of a pivatamide Grignard
(Table 5.2, entry 1) obtained by the Seebach group {43]. The
rationale also assumes that the aldehyde replaces one of the
THFE ligands tcis to the carbanionic carbon atom on the magne-
siuny prior to addition,
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camphor auxiliary proved useful in that regard
(entries 14, 15), since 1t afforded 80% diasterco-
selectivity, and one recrystatlization of the crude
product mixture yielded a single diastercomer [49].

After doing the NMR experiments described
above, Pingsheng Zhang noticed a coalescence
at —65" {32]. Prompted by this observation. he
varied the temperature of the addition. with some
unusual results. As outlined in Table 5.3, entries
S-8. the selectivity fell from about 70% to 55%
between —78° and —70°; at —60" the chirality
sense was reversed. then reversed again at —45°.
With the camphor auxiliary, raising the tempera-
ture from —78° to —65° increased the selectivity
from 67% to 80% (entries 10-11)[32}! This bizarre
behavior underscores the point made previously
(Scheme 5.5) about seeking mechanistic insight
when the carbanion is not configurationally stable.

(#) o-OH: ophiocarpine  HO

(%) B-OH: epiophiocarpine
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Nevertheless, the camphor auxiliary provided a
single diastereomer in the synthetically useful yield
of 50% (isolated, analytically pure, single diastere-
omer), which compares favorably to the isolated
yield of 58% of the single diastercomer obtained
using the chiron approach (entry 1). As described in
a subsequent section, the auxiliary approach proved
useful for several synthetic applications as well.

5.7 APPLICATIONS TO ALKALOID
SYNTHESIS

Secebach'’s 1984 discovery of 100% diastereosclec-
tivity in the addition of tetrahydroisoquinoline Gri-
gnards (Table 5.2) to benzaldehyde led to efficient
syntheses of several rac-hydroxybenzylisoquino-
line alkaloids, all via « hydroxybenzylisoquinolines
(Scheme 5.6). This strategy is similar to that used

O
0 U < N--COr-Bu
< o
NMe
[6) < O
< N-COr-Bu ==
f— O "
6}
ARARAARAAAAAAAS
/K ATCHO
MO 0 Ar oH
AMeO)
(£) B-hydrastine ﬂ
(o) \‘
< NMe
O
(+) 0-OH: ushinsunine OH

(+) B-OH: oliverolin

SCHEME 5.6. The Scebach group's retrosynthesis plan for the synthesis of isoquinoline alkaloids by diastereoselective
addition ot tetruhyvdroisoquinoline Grignard reagents to aromatic aldehydes {44.59].
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(at about the same time) by the Meyers group in
the synthesis of a number of isoquinoline alka-
loids, where the key step was alkylation of a
tetrahydroisoquinoline tormamidine with an alkyl
halide (1 new stereocenter) (reviews: {55.56]). It is
worth mentioning that two of the primary tenets of
retrosynthetic analysis [57.58] are to make a bond
disconnection that results in the greatest simpli-
fication, such as between two stereocenters, and
to cleave a bond that divides a target into two
halves of approximately equal complexity. In this
instance (Scheme 5.6), the addition of the metal-
lated tetrahydroisoquinoline to the aldehyde accom-
plishes this nicely.

Scheme 5.7 details the execution of this plan as
it was applied to the synthesis of B-hydrastine,
ophiocarpine, and epiophiocarpine [44]. Lithia-
tion of the methylenedioxytetrahydroisoquinoline
pivalamide 1 and transmetalation with magnesium
bromide gave the Grignard 2, which added to a
functionalized benzaldehyde with 100% stereose-
lectivity, giving a hydroxybenzyl derivative that
lactonized spontaneously to 3 in 63% overall
yield. This key intermediate was then converted
into the alkaloids as shown. Saponification of the
lactone was accompanied by amide hydrolysis;
the resulting amino acid cyclized spontaneously to
lactam 4, which could be reduced to the protober-
berine (X)-epiophiocarpine in 81% yield. Alter-
natively, hydrazinolysis of the crude lactam and
acid-catalyzed hydrolysis of the hydrazide gave
the depivaloylated amino lactone 5, which was
methylated in 83% yield to give (&)-g-hydrastine.
In these two alkaloids, the relative configuration
of the two stereocenters is u (erythro). To obtain
the / (threo) relative configuration, pivalamide 6,
obtained by reduction of lactone 3, could be treated
with trifluoroacetic acid/trifluoroacetic anhydride.
which effects N to O acyl migration with inversion
of configuration at the carbinol carbon [44,59].
Hydrolysis (86% yield) and ring closure (51%)
then gave (%)-ophiocarpine [44].

The obvious extension to the strategy outlined
in Scheme 5.6 and Scheme 5.7 was (o apply it
to the synthesis of enantiopure alkaloids. The
Secbach group tried the approach outlined in
Scheme 5.8, which began with S-dopa as the
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chiral educt [45]. Mecthylation of the phenolic
hydroxyls and Pictet—Spengler cyclization gave
the tetrahydroisoquinoline pivalamide 8. Dilithi-

ation and transmetalation with one equivalent of

magnesium bromide afforded a Grignard specics
that added to a functionalized aldehyde similar 0
that used previously (Scheme 5.7). As has already
been indicated (Table 5.3, entry 2), this reaction
failed to reproduce the high diastereoselectivity
found in simpler examples. In fact, this is was a
rare example of the failure of this method to afford
exclusively u (erythro) addition products. The «//-
9 mixture was reductively decarboxylated to give
u/l-10, which could be separated chromatograph-
ically. Removal of the pivaloyl group from u-10
and methylation then gave (+4)-corlumine.

Since only two of the four possible addition
products (9) were formed. one may surmise that
SET was not responsible for the low selectivity.
The minor isomer was the [ (threo) addition
product. The reasons for the loss of selectivity afe
not known, but undoubtedly involve very subtle
differences in Grignard structure, possibly caused
by the lithium carboxylate and the two methoxy
substituents, although neither of these components
on their own caused a loss of selectivity (cf.
Table 5.2, entry 2 and Table 5.3, entry 1).

In our group, we decided to use a chiral aux-

iliary in a scheme such as this, with the hope of

avoiding some of the problems encountered by the
Seebach group. Note that the loss of selectivity
encountered in the corlumine synthesis occurred
when the tetrahydroisoquinoline carried methoxyl
groups in the 6 and 7 positions. Therefore. an
issue that had to be addressed was the sclec-
tivity of addition of oxygenated isoquinolines. As
shown in Scheme 5.9, Pingsheng Zhang found that
the bromomagnesium derivatives of tetrahydroiso-
quinolines 11a and 11b were selective in their addi-
tions, affording only the two u (erythro) diastere-
omers of 12. In contrast. the dimethoxy analog
11c was not erythro selective. When magnesium
bromide was used in the transmetalation, both
ervthro and threo products were produced with the
dimethoxy compound |32 49]. Transmetalation with
magnesium chloride restored the erythro selectivity.
and was equally effective with T1a and 11b as well.
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~
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SCHEME 5.7, Secbuch’s synthesis of (£)-hydroxyhenzylisoquinoline alkaloids {44].
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COM e COH
HO . Mo AN : 12 eBuli, 78
2 MgBr. o
NH; T - N-COrBu 3 ACHO, 75
HO MeQ) R
S-dopa 8
MeO) COH MeO (OH
AN
N-COr-Bu N-CO-Bu
McO MeO 7
1. anode. MeOH
. NBH;. McOH
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9 u-9

68% combined yield
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23% (isolated yields) 554 (7% overall)

SCHEME 5.8. Seebach’s synthesis of (+)-corlumine using a chiral tetrahydroisoguinoline educt [45).

R R .
v 8 . I LAH , :
R NT() T a R Nego o NTM
3. PhCHO). —65
N T O

Ph OH

{Np = naphthoyl) Ph OH
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Isolated yield cnantiomers
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a H Clor Br 80 50%
b -OCH0- Clor Br 78 53¢%
¢ MeO i hi Rhits

S(?HEM 3_5.9. Generality of the camphor-derived oxazoline chiral auxiliary [32.49) and analysis of the enantiomer
ratio by chiral stationary phase HPLC |54).
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The reason for these subtle differences is not
known. but may involve an interaction between
the halogen and the 7-methoxy substituent that
causes a slight change in gcometry of the magne-
stum complex, that i turn affects the relative
energies of competing transition states 132,491
Scebach had determined the X-ray crystal struc-
ture of an unsubstituted tetrahydroisoquinoline
pivalamide Grignard [43]. In it, the bromide is
trans to the chelating pivalamide oxygen, as indi-
cated in Figure 5.5a. Assuming that the oxazoline
takes the place of the pivalamide as indicated in
Figure 5.5b, a methylenedioxy substituent would
not affect the structure significantly (Figure 5.5¢).
However, the most stable conformation of the two
methoxy groups has the methyls oriented away
trom each other. and—in this conformation—the
methyl group of the 7-methoxy substituent might
encounter the bromine. as shown in Figure 5.5d.
Such an interaction could disrupt the geometry
of the reagent in the ground state and cause a
change of mechanism, or could destabilize the
transition state leading to the erythro products.
It may be that the smaller van der Waals radius

{(a)

-Bu

structure of crvstal

el

(b}

157

of chlorine (181 pm for vs. 195 pm for bromine
{601) simply relieves the crowding sufficiently 0
allow the stercoselective transition state to prevail.
It is worth mentioning that the absolute configura-
tions of both the crythro and threo diastercomers
of hydroxybenzylisoquinolines can be determined
by HPLC of naphthamide 13 on a Pirkle column.
after removat of the oxazoline from 12 and deriva-
tization with naphthoyl chloride {54}

For synthesis targets, we chose the phthalide
isogquineline lactones bicuculline and corlumine
[61]. and the hemiacetals cgenine [62] and
corytensine [63.64]. shown in Scheme 5.10. These
targets were chosen for several reasons. First, the
refative and absolute configuration of bicucultine
(and its threo diastereomer adlumidine), as well as
their diol reduction products arc firmly established
|65], so that a synthesis of either (or both)
would place the configurational assignments for
13a—-c on a firm footing. Second. synthesis of
egenine and corytensine would  contirm  their
structures. (There appeared to be some confusion
regarding the difference in structure of egenine
[62] and corytensine [63]. As a result of an

O

Br— Mg——nN

Fig. 5.5, (a) X-ray strucware (43]: (b—d) Presumed structure of Grignard monomers, based on analogy to the crystal

structure {3249,
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OH

egenine corylensine /

MeQy 0]

N
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Ox = oxazoline chiral auxiliary

0 S CHO

Ox O A

SCHEME 5.10. Synthetic targets and retrosynthetic analysis for phthalide isoquinolines using the camphor-oxazoline

chiral auxiliary {32.46.67].

error in transcribing the X-ray crystal structure
from ORTEP to a two-dimensional drawing [64].
it was originally concluded that the difference
between the two was the configuration at the
hemiacetal carbon {63]. Since both alkaloids had
been isolated by chromatography on silica gel, this
struck us as unlikely.) Third. shorly before we
began this work. two new alkaloids were reported

[66], decumbensine and  epi-a-decumbensime
(Figure 5.6). and we were interested in confirming
their structures as well. Fourth, the synthesis
of corlumine could be compared directly to the
Seehach effort (Scheme 5.8) [45]. Finally, it was
presumed that synthesis of these targets would
suffice to demonstrate feasibility of this strategy
oward the other alkaloid classes outlined in
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0] O AN
we
o NMc o = NMe
Ol ‘ ST T on
o
QO 0 [
\-——() O
decumbensine epi-g-decumbensine

Fig. 5.6. Reported structures for decumbensine and epi-
a-decumbensine {66}

Scheme 5.6, since phthalides can be converted
to such other classes by known routes (sce
Scheme 5.7, and refs. [44.55.56]. and references
cited therein).

Note that the approach outhined in Scheme 5.10
uses piperonal as the aldehyde component and
requires functionalization at the 6™-position of
14-16 after the key addition step and auxiliary
removal. Kelly Rein tried a more direct approach
initially, as shown in Scheme 5.11, but reduction
of the aldehyde was the major pathway [68]. No
addition product was found. but the isoquinolylox-
azoline could be recovered in 30% yield. Grignard
reagents may reduce carbonyls by either 8-hydride
elimination or electron transfer. Since there are
no B-hydrogens in this Grignard, SET is the
only possible alternative for the production of the
observed lactone.

She then developed a successful approach using
the valine-derived oxazoline auxiliary (§-4-iso-
propyloxazoline: Table 5.3. centries 5-8) [46.67].
Later. Pingsheng Zhang optimized the process with
a better auxiliary as indicated by the examples in

MeO

MeO \H/

mMu — N )
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Table 5.3 [32.49]. and used the auxiliary derived
from camphor quinone to synthesize the key hy-
droxybenzylisoquinoline intermediates 19, 20, and
23 shown in Scheme 5.12 [32]). The absolute
configuration of the new stereocenters of the addi-
tion products from these two auxiliaries (derived
from S-vahne and 1-R-camphorquinone oxime)
are opposite. In the schemes and accompanying
discussion below, the camphor-derived auxiliary
is 1lustrated (Scheme 5.12), but the rest of the
synthesis of all the alkaloids except corlumine was
actually executed on the enantiomer of that drawn.
because it was done with the product of addition
using the valine-derived auxiliary. The references
in the discussion refer to the relevant papers for
cach step.

The methylenedioxyisoquinolvioxazoline 17 and
the dimethoxyisoquinolyloxazoline 21 were depro-
tonated  with butyllithium, transmetallated  with
magnesium halide, and added to piperonal with
~80% diastereoselectivity, as shown in Scheme
5.12a and ¢. The major isomers, 18 and 22, respec-
tively, were isolated by flash chromatography in
the yields indicated. Hydride reduction cleaved the
auxiliary and afforded the enantiomerically pure
erythro amino alcohols 14 and 15 [32]. Methyla-
tion was achieved by cyclization with phosgene and
reduction [32,46,67]. To obtain the threo compound
16, erythro amino alcohol 15 was inverted by acyla-
tion and rearrangement, affording enantiopure 16
after reductive cleavage of the pivaloate group
(Scheme 5.12b). and methylation to 20 was accom-
plished as before {67].

The two N-methyl (bis)-methylenedioxy com-
pounds (19 and 20 Scheme 5.12a. b) corresponded
to the proposed structures for decumbensine and
epi-a-decumbensine (Figure 5.6 {66]). and we hud

COulx o O

11 A convergent synthesis is side-trached by SET [6K]
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SCHEME 5.12. Synthesis of key intermediates for phthalide isoquinoline alkaloid synthesis [32,46.67].

hoped to confirm the original structural assign-
ments and establish the configuration of our com-
pounds. but their NMR spectra did not match.
Rozwadowska had noticed the same thing. and
suggested that epi-o-decumbensine might in tact
be corytensine [69.70]. We thought that if epi-
a-decumbensine and corytensine were the same.
then decumbensine and egenine were also prob-
ably identical. So, we decided to make them both
1o settle the matter. But, it was around this time
that we noticed the mistake about the structure of
corytensine [63.64], along with some misassigned
signals in the spectra of both egenine and cory-
tensine (summarized and corrected in ret. [46.671).

and therefore concluded that we would have t
choose different targets for comparison to establish
configurations. For this. we decided on bicuculline
diol and adlumidine diol {65]. made by reduction
of egenine and corytensine,

Scheme 5.13 shows Kelly Rein’s dirccted meta-
lation strategy for functionalization of the 6-posi-
tion. In all three cases, metalation and acylation
failed to go to completion. In each case, the product
of acylation was accompanied by significant am-
ounts of recovered starting material. Thus the yields
are low, but look better if based on unrecovered

starting material. Nevertheless. the NMR spectra of

the products largely matched literature data (vide
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SCHEME 5.13. Dirccted metalation and acylation of hydroxybenzylisoquinotines for the synthesis of egenine.
bicuculline. corytensine. and corlumine [32.46,67]. Yiclds in parcnthests are based on unrecovered starting material.
Reduction of egenine and corytensine vielded bicuculline diol and adiumidine diol. whose rotation and spectral duta

matched literature values [65].

infra) |67]. Reduction of egenine and coryten-
sine afforded bicuculline diol and adlumidine diol
[67]. and comparison of rotation and spectral data
matched hterature values [65]. These correlations
contirmed that the chirality sense of the addition
was as indicated, and as independently established
by chemical correlation (reductive deoxygenation)

and chiral stationary phase HPLC |54, Pingsheng
Zhang fater tried a number of approaches to improve
on this last step. including use of better directing
aroups on the benzylic oxygen. but nothing seemed
1o help. Although the goal of improving this metal-
ation was not achieved. Pingsheng did discover
variant of the Snieckus rearrangement {711,
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The identity of egenine with decumbensine, and
of corytensine with epi-a-decumbensine deserves
some comment. In their report, Zhang e al. rec-
orded the proton NMR spectrum of both alka-
loids. but the carbon spectrum of only decum-
bensine. which showed 19 carbons (egenine has
20y [66]. Our synthetic egenine showed 20 lines
at 100 MHz. but only 19 at 20 MHz: signals at
12399 and 124.11 merged at lower field [46.67].
The carbon spectrum recorded by Zhang er ol.
was obtained at 22.63 MHz. Insufficient epi-o-
decumbensine was available for a carbon spec-
trum. In the proton NMR, the hydrogens at C-7'
ol egenine and corytensine come at 6.34 and 6.25.
respectively, and were mistaken for aromatic peaks
by both Shamma {62} and Zhang et a/. [66]. With

our synthetic samples, we used a combination of

COSY. HETCOR, off-resonance, and NOE tech-
nigues 1o establish the correct assignments [46].
Under EI conditions, neither egenine nor coryten-
sine showed a molecular ion in the mass spectrum
[62.63.72], although both do under DCI conditions
[67]. The mass spectra of decumbensine and epi-a-
decumbensine were obtained under CI conditions
[66], but apparently no molecular ion was observed.
So between the absence of a molecular ion in the
MS, the low-field methine hydrogen in the proton
NMR, and the merger of two signals in the carbon
NMR. Zhang et al. were honestly misled.

The total synthesis of corlumine by the chiron
route beginning with S-dopa (Scheme 5.8) and
the auxiliary route (Scheme 5.12¢ and 5.13c¢) can
now be compared directly. Beginning with the
tetrahydroisoquinoline species that is metallated
and added to the aldehyde, the chiron route pro-
ceeds in 7% overall yield, while the auxiliary route
is 17% (30% based on unreacted starting material
in the last step). The comparison neglects the steps
nccessary for the conversion of S-dopa into the
dimethoxytetrahydroisoquinoline pivalamide and
for the synthesis and attachment of the chiral auxil-
iary, but the steps that are compared cover compa-
rable transformations.

5.8 SUMMARY

The addition of stercogenic metal-bearing carbons
to prochiral carbonyls is a complex process that

Grignard Reagents: New Developments

may proceed by polar or radical pathways. Deter-
mining the steric course of the reaction is only
possible with configurationally stable carbanions.
but mechanistic understanding 1s not necessarily
a prerequisite to development of useful methods.
An auxiliary-based protocol for the synthesis of
hydroxybenzylisoquinolines is the most efticient
method currently available for the synthesis of
enantiopure a-hydroxybenzylisoquinolines such as
the phthalideisoquinolines bicuculline, corfumine,
cgenine, and corytensine, and also of the other
alkaloid classes available from them, such as apor-
phines and protoberberines.
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Grignard Reagents — Industrial
Applications and Strategy

Frank R. Busch and David M. De Antonis

Central Research, Pfizer inc., Connecticut, USA

6.1 INTRODUCTION

Grignard chemistry is one of the most useful
synthetic tools available to the organic chemist to
assist in the assembly of complex structures useful
in the preparation of pharmaceuticals, food addi-
tives, and other industrial chemicals. Yet Grignard
chemistry can be difficult on an industrial scale.
Grignard reagents and the solvents used are flam-
mable and in some cases may be pyrophoric when
exposed to air, thus a number of engincering issues
must be considered. With suitable preparation, this
powerful bond-forming reaction can be utilized
in large-scale operations. This chapter summa-
rizes some of the safe handling and engineering
issues with the use of these reagents, and considers
equipment set-up, exclusion of moisture, solvents.
exothermic reactions, and induction of the reac-
tion, all of which make industrial-scale Grignards
challenging.

This chapter is intended to provide an introduc-
tory view of industrial applications of Grignard
reagents. [tis not designed to be a complete guide
to conducting large-scale reactions, but instcad

Crignard Reagents: New Developmenrs Edited by Herman G- Richey, i«

is aimed at the industrial chemist who wants to
consider the issues relating to Grignard chemistry.
Neither does it attlempt to review the vast varicty
of reactions of Grignard reagents, which have been
reviewed extensively elsewhere [1,2,3.4].

Consideration of process equipment configura-
tion. equipment preparation, process hazards, and
reaction safety are introduced first. Operational
issues related to industrial scale production, inclu-
ding heat of Grignard reagent formation, and
control of the exotherm are discussed next. Initi-
ation of the Grignard reagent formation along
with a summary of magnesium forms are then
reviewed followed by a summary of methods
to initiate the preparation of Grignard reagents.
Several examples of industrially useful Grignard
reactions are summarized. Finally, waste disposal
considerations and a summary of the industrial
applications conclude this chapter.

Grignard reagents are known to exist as an equi-
librium mixture of the organomagnesium halide
(RMgX) and the diorganomagnesium (RoMg) forms
and often exist as dimers or higher oligimers (all
of which are further complexed with solvent). For

2000 John Wiley & Sons Lid
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simplicity, throughout this chapter the Grignard
reagent is written as RMgX.

6.2 SAFETY AND ENGINEERING
CONSIDERATIONS SPECIFIC
TO INDUSTRIAL
APPLICATIONS

6.2.1 Typical Equipment
Configuration

Industrial Grignard reagents are typically manu-
factured using the batch method of production.
Common features of a batch Grignard plant have
been previously reported [5,6.7.8]. A simplified
equipment flow diagram depicting a typical batch
plant configuration is shown in Figure 6.1. A contin-
uous system for production of Grignard reagents
was first patented by Hoftman LaRoche in 1965
[9] and subsequently other continuous systems
have been proposed [10]; however, the continuous
system is typically not used on an industrial scale.

THF ¢

Organic
Substrate

Legend:

R = Reactor
T = teed Tank
'R = Condenser
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The material of construction for the Grignard
reactors and feed vessels R-1, R-2, T-1, and T-2 is
typically stainless steel, carbon steel or glass-lined
carbon steel. (For convenience the charge tanks
and the reactors are numbered in Figure 6.1. so that
T-1 refers to Tank 1 and R-1 refers to Reactor 1.)
The use of carbon steel must be considered care-

fully, however, due to the potential introduction of

tron which can be a problem in some reactions.
The material of construction for R-3 and T-3, the
quench equipment, can be glass-lined steel or an
acid resistant metal alloy such as Hastelloy C.
Following preparation of the equipment. and
establishing an inert atmosphere (typically nitrogen
or argon) to exclude oxygen and atmospheric mois-
ture. the first step in the manufacturing process
involves the preparation of the organic halide
substrate/solvent mixture in feed tank T-1. the
organic  substrate/solvent mixture in feed tank
T-2, the acid/water quench mixture in feed tank
T-3, and finally the magnesium/solvent mixture
in reactor R-1. It is critical that all Grignard
processing equipment be thoroughly dried to less

Acid
Water

To further
processing

Fig. 6.1. Typical Bateh Grignard Plant Equipment Flow Diagram,
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than 0.02 w/w% water [11] prior to commencing
processing (see Section 6.3.1).

After all of the ingredients have been charged,
the magnesium/solvent mixture in R-1 is heated
to the desired reaction temperature and an initial
charge (5-10% of the total organic halide mixture)
is made from T-1 1o R-1. After the initial charge.
the mixture in R-1 is held until initiation of reac-
tion o the Grignard reagent is observed. This is
the most critical part of the Grignard process, for
it is absolutely necessary that initiation occur prior
to feeding additional substrate (see Section 6.3.4).
Failure to do so could lead to a high concentra-
tion of unrcacted organic halide in R-1, which
could result in o runaway reaction. Therefore.
the equipment must contain the necessary instru-
mentation (1) to accurately measure the amount
of organic halide delivered. and (2) to assist in
the detection of initiation. Afier reaction initia-
tion is observed. the remainder of the organic
halide/solvent mixture is added to R-1 at a con-
trolled flow rate while maintaining R-1 at the
desired temperature. The temperature is controfled
by applying cooling to the R-1 jacket and/or by
controlling the flow rate of the organic halide/sol-
vent mixture.

The Grignard rcagent is then reacted with the
organic substrate to form the product. Typically,
the Grignard reagent is transferred from R-1 to R-
2 where addition of the organic substrate/solvent
solution from T-2 begins. Reverse addition, i.e.,
first charging the organic substrate to R-2 followed
by the addition of Grignard reagent from R-1, may
be desired depending upon the chemistry of the
particular Grignard reaction.

Following reaction of the Grignard reagent with
the organic substrate. the product is formed as
a complex with magnesium. For example, in the
case of the addition of a Grignard reagent to a
ketone. a complex of the product alcohol with the
residual magnesium salts is formed. A quench of
the product-magnesium  alkoxide complex using
aqueous acid is required to liberate the desired
product. The product complex is transferred from
R-2 1o R-3 and the acid/water mixture is then
transferred from T-3 to R-3 to quench the product-
complex. In contrast o a laboratory procedure in

which water may be added to the reaction, the
preferred method on a larger scale is to transfer
the condensation product from R-2 to R-3. This
transfer offers significant enhancements to produc-
tivity by maintaining the reaction tank as a dry tank
and the quench tank as a wet tank. On industrial
scale the time and effort to ensure that a reactor
is dry prior to processing (drying. boil-out. and
maintaining an inert atmosphere) more than offsets
the expense associated with the use of an addi-
tional tank. Water alone is sufficient to quench the
complex; however, the resulting magnesium salts
produce a gelatinous mixture which is difticult 1o
stir. Introduction of an acid converts the gelatinous
basic salts to water soluble magnesium salts.

6.2.2 Choice of Solvent

Solvents which are utilized in the preparation and
use of Grignard reagents require two main char-
acteristics: first. the solvent must not be a proton
donor nor reactive with the magnesium metal prior
to the formation of the Grignard reagent. and
second, the solvent must be stable in the presence
of a strong and nucleophilic base after the rea
has been prepared.

The most common solvents used in the prepa-
ration of Grignard reagents arc ethers, typically
diethyl ether or tetrahydrofuran (THF). Ethereal
solvents offer the advantage of stabilizing the
Grignard reagent. The stabilization of phenylmag-
nesium bromide by two diethyl cther molecules
was proven by the crystailization of the complex
[12]. Due to the low flash point of diethyl ether.
THF is frequently the solvent of choice on an
industrial scale.

gent

6.2.3 Process Hazards Analysis

Prior to start-up of a production campaign, a pro-
cess hazards analysis (PHA) should be conducted.
A common and generally accepted PHA technique
is the HAZOP (Hazard and Operubility) method.
although alternate techniques can be equally effec-
tive [13.014,15]. The purpose of the PHA is to
evaluate the manufacturing process o identify and
address potential safety issues prior o start-up.
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Equipment must be analyzed in comjunction with
the process to study the potential for deviation
trom normal conditions. The probability and conse-
quence of the deviation are considered together
to determine the appropriate safeguards to have
in place prior to production. Some safety issues
that require attention prior to production are given
below.

The reactor vent sizes must be large enough to
effectively relieve pressure in an upset condition
(sce Section 6.2.4).

The delivery of the organic halide to the
Grignard reactor must be accurately measured
and controlled (o prevent an overcharge (see
Section 6.2.5).

Reactor cooling capacity must be sufficient to
control the heat of reaction (see Section 6.2.5).

Accurate detection of reaction initiation is neces-
sary to prevent a build-up of unreacted organic
halide in the Grignard reactor (see Section 6.3.4).
e Use of safety interlocks is necessary to
prevent and/or mitigate an upset scenario (see
Section 6.2.5).

Safe handling of magnesium is important to
avoid hazardous conditions (see Section 6.2.7).

Note that this list is not meant to be exhaustive
but instead serves to highlight some common areas
of concern when handling Grignard reagents in a
production environment.

6.2.4 Vent Sizing/DIERS Calculations

Prior 1o running a Grignard reaction on an indus-
trial scale, it is necessary to ensure that the vent
area is large enough to effectively relieve pressure
in an upset condition. Inadequate pressure relief
could lead to severe explosions, extensive equip-
ment damage. and personal injury. The following
upset conditions. and the subsequent tempera-
ture/pressure rise should be considered.

1. Overcharge or uncontrolled addition of the
organic halide. the worst-case scenario being
100% of the organic halide charged prior to
inititiation.

Grignard Reagents: New Developments

2. Ingress of cooling fluids to the Grignard reactor.

3. Loss of cooling.

4. Uncontrolled addition of the organic substrate
to the Grignard reagent.

To cffectively evaluate the scenarios mentioned
above, it is reccommended that laboratory calorime-
try experiments be conducted to obtain  data
specific to a given process. Commercial bench
scale equipment is available to perform such
experiments [16,17]. Typically, the exotherm asso-
ciated with the formation of the Grignard reagent
(~80 kcal/mol Mg) is significantly larger than the
exotherm associated with either the subsequent
reaction with the organic substrate or the reaction
of the Grignard reagent with water. Due to the fact
that there is an induction period prior to reaction of
the organic halide with magesium, upset scenario |
is usually chosen as the worst case. Vent-sizing
calculations are performed to mitigate and control
the associated hazards [18].

The DIERS (AICHE Design Insttute of
Emergency Relief Systems) method is typically
used to estimate the required vent area to
adequately relieve pressure for a given scenario.
Several papers have been published detailing
calculation methods [19-25]. One published cal-
culation method is described in the box below.
The equations are given to highlight the variables
which must be considered for proper vent size
design. The sizing of industrial equipment is
conducted by engineers who specialize in reactor
design. It existing equipment is going to be used
to run Grignard chemistry, then an cngineering
analysis should bc conducted to ensure that
adequate venting is available in the event of aun
upset condition.

6.2.5 Grignard Reagent
Formation—Process Controls
and Interlocks

6.2.5.1 Control of Exotherm

Following an induction period. the formation of a
Grignard reagent is typically fast and exothermic.
After the reaction is initiated. the organic halide
is usually consumed quickly, allowing the reaction

Grignard Reagents— Industrial Applications and Strategy
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For a tempered®® system, assuming homogencous, two phase venting, vent area based on the DIERS
method as developed by Leung® can be expressed as:

m,q

A=
\%
FG [l av
m, dT
where,
dT
= (.5C, —
q P [( dt
and,
dp
G=09—

dT

in which the variables are

A = vent area necessary for a desired overpressure (m?)

AT = temperature at the maximum overpressure condition less the

T

(ﬁ

G

)

dT
dt

2

temperature at the relief pressure (K)

m, = mass of the reactor ingredients (kg)

C,, = specific heat of reactor ingredients (J/kg K)
. V = volume of the reactor (m*)
T

= temperature of vessel contents at relief set pressure (K)

= rate of change of vapor pressure with temperature at relief set

pressure (N/m*K)

F = dimensionless turbulent flow friction factor which accounts for

friction losses in the vent piping

G = vent flow capacity per unit arca at relief set pressure (kg/m>s)

12
J + (C,AT)!/2

)+

).

¢ = heat evolution rate per unit mass (W/kg)

corresponding to the maximum overpressurization

dT
(—) = self heat rate ("C/s) at the relief set pressure

dT . .
<~> = self heat rate (*C/s) at the maximum temperature
m
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exotherm to be controlied by controlling the rate
of addition. Calculations should be made to ensure
that the cooling capacity of the reactor and the
condenser are properly sized to permit control of
the reaction exotherm.

6.2.5.2 Safety Interlocks

Process safety interlocks can be used to prevent
and/or mitigate an upset condition. Safety inter-
locks consist of outputs from process control
systems, such as programmable logic controllers or
distributed control systems. which trigger an action
designed to compensate for an upsct condition and
thus avoid an accident even in the event of human
or computer error. An example of a safety inter-
lock would be the introduction of full cooling if the
temperature of a reaction exceeded a safe level.
Safety interlocks are used in Grignard reagent
preparation to prevent a build-up of unreacted
organic halide. Redundant instrumentation, such
as a flow meter in the feed pipe from T-1 to
R-1 (refer to Figure 6.1) and weigh cells on T-
1 and/or R-1, should be in place to accurately
measure the amount of organic halide delivered to
the Grignard reactor. The instrumentation should
be interlocked to the R-1 inlet valve to stop the
flow once the predetermined initial amount of
organic halide has been added. A second approach
to avoid an overcharge of the organic halide during
the pre-induction period (refer to the equipment
flow diagram in Figure 6.2) is to employ an addi-
tional feed tank. T-4. Instead of charging the halide
direcily from the organic halide feed tank T-1
to the Grignard reagent reactor R-1. an interme-
diate holding tank is employed such that the pre-
determined safe initial chuaige is oaae Lo T
to T-4, the quantity of the charge verified in T-4.
and then the contents of T-4 are transferred to
R-1. This equipment configuration climinates the
chance of operator. softwarc. or instrumentation
error resulting in an overcharge of organic halide.
which could happen if T-1 is connected directly to
R-1. A third, administrative, approach is to require
a supervisor 10 observe the production operation
and to initial the batch record to signify that the
appropriate charge was made. To mitigate oo rapid
addition of the oreanic halide. o flow meter with a
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THF

Legend:

R = Reactor

T = Feed Tank

CR = Condenser
FE = Flow Element
+C = Flow Controller JN
FV = Flow Valve

To further processing

Fig. 6.2. Use of Intermediate Holding Tank to Deliver
Organic Halide to the Grignard Reactor.

high flow interlock set to automatically close the
R-1 inlet valve can be employed to minimize the
risk of feeding the halide too fast once the reaction
has started. ‘

A higher than expected temperature would be
a sign that the cooling capacity is not adequately
controlling the exotherm associated with the for-
matton of the Grignard reagent. The use of a high-
ramnoratie o T result
in the closure of the R-1 inlet and/or T-1 outlet
valve is an example of a safety interlock that
should be implemented to guard against insuf-
ficient reactor cooling. Similar high-temperature
interlocks should be used on R-2 during the reac-
tion of the Grignard reagent and on R-3 during the
quench of the Grignard complex. For reactions run
under reflux conditions, a high reflux temperature
could signal an overload of condensing capacity
and could also be interlocked to slow or stop the
flow of substrate.
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6.2.6 Reactivity of Grignard
Reagents— Water,
Heating/Cooling Fluids

The introduction of water or heating/cooling fluid
in the processing equipment raises  additional
issues for plant-scale operations. In the laboratory.
the introduction of water to a Grignard reagent
results in a ‘quench’ of the reagent. The quench
ruins the rcaction and generates the hydrocarbon
analog of the respective Grignard reagent. Such
reactions are typically exothermic [28].

RMgX + H,0 —- RH 4+ Mg(OH)X
+ heat evolved (20-40 kcal/mol)

The heat generated from an adiabatic quench of

a large-scale reaction may be sufficient to boil
the solvent (in combination with the generation
of hydrogen gas [29]) and over-pressurize the
equipment. Therefore, water should be avoided as
the cooling medium in the jackets of production
equipment. Where it is not practical to eliminate
water as the cooling medium, equipment integrity
testing must be performed to ensure that water
infiltration will not occur. In addition, all water
lines to the equipment should be blanked off (a
blank is a physical barrier inserted into the line
to prevent flow) or preferably, the line physically
disconnected. All equipment should be pressure
tested to ensure no leaks exist prior to starting any
processing. Some other common heating/cooling
fluids are shown in Table 6.1.

6.2.7 Safe Handling of Magnesium

The arcas in the vicinity of solid magnesium
handling need to be kept clean, dry and free of
materials which would react with magnesium it a
small portion were to spill when being charged to
the reactor. Magnesium reacts with water and acids
10 form hydrogen gas. In addition. magnesium can
be easily ignited from an open flame. Burning
magnesium chips need o be extinguished using
special Met-L-X [32] fire cextinguishers. Water
should never be used on burning magnesium chips.

6.3 REACTION INITIATION

There are many factors that are important to the
successful initiation of the Grignard reagent forma-
tion. The control of the exotherm typical of this
chemistry is dependent upon the reaction initiating
smoothly. Following the initial charge of organic
halide, the reaction must start prior to the contin-
uation of addition. One of the most important
factors, the dryness of the system, 1s discussed in
Section 6.3.1. Other factors. however, should also
be considered.

The selection of the organic group and the
particular halogen in the organic halide are critical
factors in the preparation of the reagent. The indus-
trial chemist, of course. ordinanly is presented with
a particular R-group to be used in the Grignard
reagent: the selection is frequently decided long
before any consideration is given to conducting

Table 6.1. Common Heating/Cooling Fluids and Reactivity with Grignard Reagents

Reactivity with

Grignard
Heuting/Cooling Fluid Reagents Comments
Water yes Heat of reaction = 20—40 keal/mol
Dowtherm A no 73.5% diphenyloxide [30] 26.54% dipheny!
Dowtherm J° no Alkylated aromatics (311
Syltherm”™ no Dimethylpolysiloxane
Ethvicne/Propylenc yes Reactive with glycol: additionally. these cooling
Glyeol fluids typically contain 50% water.
Mineral Oil shight Liquid hiydrocarbons from petroleum.
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the reaction on an industrial scale. The selection of
the R group has been covered by Silverman from
the viewpoint of the structure activity relationship.
There is frequently a choice of halogen, although
for reasons of cost, avatlability, and reaction efti-
cieney. the halide is usually limited to chlorine or
bromine for industrial processes.

Additionally, many other factors need to be
considered in the preparation of Grignard reagents
on an industrial scale. Four key factors are summa-
rized below. First, equipment drying is discussed in
Section 6.3.1. Second, the magnesium form affects
the surface area and ease of reaction initiation and
is discussed in Section 6.3.2. Third. initiation of
the Grignard reagent formation can be influenced
by addition of initiators to the reaction; this topic is
discussed in Section 6.3.3. Fourth, the importance
of detecting the initiation of the reaction. along
with miethods to detect the initiation, are sumni-
rized in Section 6.3.4.

6.3.1 Equipment Drying

Water appears to be the largest impediment to
the initiation of reactions on a production scale.
Improper equipment drying can result in a reactor
containing a mixture of solvent, magnesium. and
unreacted organic halide with which it is difficult
or impossible to initiate the reaction [33].

On a laboratory scale, ensuring that the Grignard
reaction is conducted in dry glassware does not
present a significant challenge. For example. in the
laboratory, a flask may be dried under a strcam
of dry nitrogen gas by heating the apparatus with
a Bunsen burner [3c]. However, on commercial
scale equipment, drying is much more difficult
because the equipment is larger and the piping is
more complex. In addition, it is important to kecp
in mind that the surfaces of equipment. even if they
appear to be completely dry, arc often covered with
a flm of water.

The last step in an industrial equipment cleaning
procedure typically involves a large volume water
flush of the equipment. The objective of the drying
process is then to displace any water residues tfrom
the cleaning operation that is left behind on the
cquipment surfaces. including tank and pipe walls.
fittings. and valve components. The equipment
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drying process involves a solvent rinse through all
associated piping. reactors, and feed tanks that will
be involved in the process. For vessels equipped
with a condenser, it is very important to dry the
overhead equipment and piping as well. This can
be accomplished by heating the solvent to its
boiling point and refluxing for a period of time.
This operation effectively rinses out the vapor
column, condenser. and reflux piping and carries
water back to the reactor where it can be removed
from the vessel. The solvent is then cooled to
ambient temperature and transferred to the next
vessel in the equipment tramn. This sequence is
repeated until the level of water in the solvent, after
passing through the equipment, is less than the
required amount. To dry equipment down to less
than 0.02 w/w% water, multiple solvent rinses arc
usually necessary. Once it is determined to be dry.
the equipment is often baked or blown dry with an
inert gas for an extra level of protection. Finally,
a slight positive pressure of the inert gas can
be maintained on processing equipment to further
ensure that the equipment, once dry, remains dry.

Prior to performing the above drying opera-
tions, it is necessary that the ingoing solvent
meets the final water specification. Dry THF can
be purchased (water content <0.01%); however,
without special precautions, the solvent often picks
up moisture to a level of 0.1%, an unacceptable
level in most Grignard reactions. To reduce the
level back to 0.01%. recycling the solvent through
molecular sieves is effective. The heat generated
by the adsorbtion of water into the sieves is signif-
icant, however, and should be considered when
performing this operation.

6.3.2 Different Forms of Magnesium:
Advantages and Disadvantages

Magnesium can take a variety of different phys-
jcal forms: turnings. powder. chips and finely
divided metal {such as "Rieke-magnesium’). Each
of these forms offers advantages and disadvan-
tages, as summarized in Table 6.2. This scction
also considers the issues with mechanical activa-
tion of the magnesium metal, while the next section
discusses the use of chemical initiators.

Grignard Reagents— Industrial Applications and Strategy 173

Table 6.2. Advantages and Disadvantages of Magnesium Forms

Magnesiunm Form Advantages

Disadvantages

Turnings Fase of Use

Powdered More Reactive

Chips (from sublimation) Higher purity

Ricke-magnesium More reactive

Concern about abrasiveness to glassware and
elass-lined reaction vessels.

Finely divided powder gives faster oxidation of
the surface upon exposure Lo air, can be
pyropheric.

Lower surface arca results in less reactivity than
powdered or turnings.

—Requires exira step in preparation.

— Residual magnesium halide present in reaction.
Residual potassium may be present.

— Difficult preparation on a large scale.

The most commonly used type of maguesium
on an industrial scale is magnesium turnings.
These are readily available and casy o use. On
a laboratory scale. activation of the turnings may
be accomplished by the dry stir method [34].
This method is not usually practical in produc-
tion equipment due to the low stir volume of
the magnesium charge; however. the higher shear
forces present in a commercial process reactor are
helpful in mechanically abrading the surface of
the magnesium turnings. Thus, a stir period for
the magnesium turnings in the solvent prior to the
addition of the reagent permits exposure of fresh
magnesium metal on the surface of the turnings.
Magnesium powder has higher surface area but
is more difficult to handle on an industrial scale.
Magnesium chips, which are obtained from subli-
mation, are more expensive and fess available than
magnesium (urnings.

One of the more interesting methods o activate
magnesium is the preparation of Ricke-magnesium
{35]. This involves precipitation of highly active
magnesium {rom a magnesium halide  solution
by reaction with potassium metal. The resulting
magnesium  precipitate is highly activated  and
has cnormous surface arca. both factors leading
to cnhanced reactivity. In addition to requiring
an extra step for the preparation of the magne-
stum, handling of potassium metal poses suffi-
cient hazards to make this procedure less attrac-
tive on a commercial scale. A possible further
disadvantage of this method is that potassium ion

remains in the product mixture. A recent variation
of the Rieke procedure involves preparation of the
powdered magnesium by reduction with lithium
metal catalyzed with o small amount of naphtha-
lene as an clectron carrier [36].

Ultrasound has also been used to activate the
reaction with magnesium |37]. The induction time
was reporled to be very short under uvltrasonic
irradiation. Luche and Damiano suggest that the
activation results from cavitation, although surface
effects due to abrasion of the magnesium particles
cannot be ruled out.

6.3.3 Initiators—Advantages and
Disadvantages

A useful strategy for reaction initiation is the
addition of an agent to both dry the reaction
medium and 1o activate the magnesium  metal
through interaction with the metal surtace. There
are many methods of initiation of the Grignard
reagent formation; these have been summarized
previously [381 with emphasis on application to
laboratory work. In this section the discussion
focuses on the industrial application of scveral
common initiators.

6.3.3.1 Vitride®

Vitride™ is a reducing agent that can be used 1o
initiate formation of Grignard reagents. Vitride " is
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sodium  bis(2-methoxyethoxy)aluminum  hydride,
65-70% in toluenc. This method is primarily
effective due to the removal of water from
the system. but also involves surface etfects on
the magnesium metal. Vitride reacts with all
compounds containing active hyvdrogen and can be
used for removing trace levels of moisture {39}
The two step reaction of Vitride® with water is
shown below.
NaAlH2(OCH>CH>OCH: ) + H,0 —

NaAlIO(OCH,CH>OCH3), + 2H»
NaAIO(OCH-CH,OCH3); + H.0 —
NaAlO, 4+ 2CH;0CH>CH>OH
Vitride® also activates the magnesium.
NaAlH>(OCH.CH,OCH;)> + Mg —
active Mg + H»

Vitride® is less toxic than some of the other
activating agents. It offers the advantage of both
drying the reaction medium and initiating the reac-
tion. Unfortunately, it does leave a residue of
aluminum salts in the reaction which must be
removed as part of the rcaction work-up. The
second by-product, 2-methoxyethanol. reacts with
the Grignard reagent and resuits in a slight yield
loss. It should be noted that 2-methoxyethanol is
classified as a teratogen.

6.3.3.2 Small portion of Grignard Reagent

An excellent method for drying the system is
the addition of a small portion of the reagent
being prepared. either a lab sample, or more
commonly. a small portion of Grignard reagent
retained from the previous batch. This method of
initiation has the advantage of being indigenous
to the process. theretore new chemical impurities
are not a concern. A disadvantage of retaining a
portion of the previous batch is the potential for
one out-of-specification batch to affect multiple
lots from a production campaign.

6.3.3.3 Chemical Initiators
Surface Initiators: Another strategy for the
activation of magnesium is to cteh the surtace
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of the magnesium metal. Such activators added
for this purpose include elemental iodine, mer-
cury metal, transition metal salts, methyl iodide
and 1,2-dibromethane. The primary mode of
action is chemical modification of the magne-
sium surface. The use of other metal salts. such
as zinc chloride, to activate the magnesium have
the disadvantage of leaving transition metal ions
which may participate in side reactions.

Iodine: Addition of iodine generates pits on
the surface of the magnesium metal. Addi-
tionally. the initial formation of magnesium(l)
todide serves as a start for the attack on the
alkyl halide, which then continues as a chain
reaction. Instead of adding iodine, preformed
Gilman catalyst (prepared by heating with
iodine) can be used.

Mercury: Addition of a small amount of
elemental mercury may also form an amalgam.
which affects the surface of the metal. and at
the least cleans the oxide or water film off of
the magnesium surface. Use of mercury is not
recommended for either laboratory or industrial
scale reactions due to both the toxicity of this
metal and the difficulty created for the disposal
of the resulting waste streams.

Organic Halides: Addition of methyl iodide or
1.2-dibromoethane is useful in initiation of the
Grignard reagent formation [3b,40]. In each
case a small portion of the organic halide 1s
added so that the magnesium starts to react
with the more reactive alkyl halide, providing
reactive sites on the magnesium metal surface
where a less reactive organic halide may react.
Additionally, the initial formation of a smal
amount of Grignard reagent may serve 1o
completely dry the reaction medium. giving
improved reactivity. The obvious disadvantage
with the use of methyl iodide is the gener-
ation of a small amount of methyl Grignard
which may give a competing reaction when the
Grignard reagent is used. This can be a partic-
ular problem in the pharmaceutical industry
where the purity of the reaction products is
critical. This problem is overcome with the
use of [.2-dibromocthane. The initial reagent
clinunates to give magnesium bromide and

Grignard Reagents— Industrial Applications and Strategy 175

ethylene, which is lost from the reaction as a
gas. An additional disadvantage with methyl
todide or 1,2-dibromocthanc is that both are
suspected carcinogens and must be handled
with great care.

6.3.4 Detecting Initiation of Reaction

As previously stated, accurate detection of reaction
mitiation is of critical importance to ensure a safe.
well controlled reaction. As with any cxothermic
reaction, an increase in temperaturc, or an increase
in cooling required to maintain a constant temper-
ature, is a reliable indicator of reaction initia-
tion. Redundant, calibrated temperature probes are
recommended (o ensure accurate temperature read-
ings. However, for Grignard reactions run under
reflux conditions. the temperature remains rela-
tively constant and therefore cannot be used to
determine initiation. In the laboratory. initiation
of a reaction run at reflux is often confirmed by
observance of increased foaming and/or vigorous
bubbles emanating from the magnesium chips in
addition to a darkening in color associated with
the dissolution of magnesium. These visual obser-
vations are often difficult to ascertain in large
industrial equipment. An increase in reflux rate
will occur upon initiation of reaction: therefore,
measurement of the reflux rate can provide a guan-
titative method of confirming reaction inititiation.
However, the lag time between an increase in boil
rate and a subsequent increase in reflux return
rate must be considered. Recently. real-time online
analytical analysis such as FTIR has been shown 1o
provide valuable information regarding the disap-
pearance of the organic halide and the formation
of the Grignard reagent {41].

6.4 EXAMPLES OF INDUSTRIAL
GRIGNARD CHEMISTRY

Although many examples of Grignard chemistry
appear in the literature, processes run on a com-
mercial scale are frequently not reported. Several
processes are discussed below as examples of
chemistry indicated by the patent literature o be
run on an industrial scale.

6.4.1 Tamoxifen

Famoxilen citrate is a non-steroidal estrogen antag-
onist 424 used in the treatment of advanced breast
cancer. Grignard chemistry plays an important role
inthe synthesis [42.43]. Key starting materials in the
production of tamoxifen (5) are bromobenzene and
[-4-]2-dimethylaminoethoxyphenyl]-2- phenyl-1-
butanone (2). Following preparation of the Grignard
reagent of bromobenzene. 1, the condensation reac-
tion shown in Scheme 6.1 is key to this synthesis,
allowing the two large portions of the tamoxifen
molecule to be joined together. Further treatment
with acid results in the dehydration of the carbinol
(3) 1o the mixed isomers of tamoxiten (4). The
climination produces the desired Z-olefin as the
major product. This chemistry provides the tetra-
substituted olefin in a convergent manner. Further
processing ol the E/Z mixture {431 (4) gives pure
tamoxifen (5).

6.4.2 Droloxifene

Droloxifene [44]. a hydroxy-derivative of tamox-
ifen, is currently under development by Ptizer and
Klinge Pharma for the treatment of osteoporosis.
The key starting materials in the production of
droloxifene are the THP-ether of 3-bromophenol
(6) and 1-[4-[2-dimethylaminoethoxy)phenyl]-2-
phenyl-1-butanone (2). As with tamoxifen. Gri-
gnard chemistry plays an important role in the
synthesis. This example illustrates the use of a
THP protecting group during a Grignard condensa-
tion, Scheme 6.2 {451 THP cthers are particularly
elfective in protecting groups for Grignard reac-
tions because the group is very base stable. but
is cleaved by acid treatment. which is typically
included as part of the reaction work-up,

As shown in the tamoxifen example. following
condensation, the intermediate tertiary alcohol 8 is
actdified leading 1o elimination and removal of the
THP-protecting group. The elimination gives the
olefin as a mixture of the E and Z isomers (9 and
10 respectively). with the desired E-isomer (9) as
the predominant product. Further processing of the
/7, mixture converts 7 isomer (10) 10 the desired
products 9.
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SCHEME 6.1. Preparation of a tetra-substituted olefin—tamoxifen.

6.4.3 Veltol® and Veltol Plus®

Although quite different from the examples above.

the use of Grignard chemistry in the synthesis of

flavor enhancers is similar to that in the pharma-
ceutical industry as the food industry must also
meet high standards of purity and low residues
of synthetic by-products. Veltol" and Veltol Plus”
arc the Cultor trademark names for maltol and
cthyl maltol, respectively. Unlike ethyl mualtol.
maltol is a naturally occurring substance found in
the bark of young farch trees. pine needles. and
chicory [46]. Since it is not economically practical
to extract large quantities of maltol from nawrally
occurring substances, both substances are syathet-
ically manutactured. One of the reported industrial
syntheses utilizes Grignard chemistry.

Furfuryl aldehyde (12) is reacted with the Gri-
anard reagent of an alkyl chlorde (11, R = M

or Et) to yield the corresponding alcohol (13).
which is a key intermediate [47} in the produc-
tion of maltol/ethyl maltol (14) {48}, shown in
Scheme 6.3.

6.4.4 Use of a Grignard Reagent as a
Base (Formation of Magnesium
Enolates)

One example of the use of Grignard reagents
as a base to produce magnesium enolates is the
synthesis of the animal health quinolone antibiotic.
danofloxacin (20). Advocin® [49]. The synthesis
of B-ketoesters from acylation of magnesium malo-
nates generated from hydrogen methytmalonate by
treatment with magnesium ethoxide or isopropyl-
magnesium bromide was initially described by
Irclund and  Marshall {301, Several refinements
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A, Grignand reaction and quench
Q
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B, Preparation of maltol/ethyl maliol

SCHEME 6.3. Preparation of maltol/ethyl maltol.

have been made to Ireland’s method over the years:
cach has shown that magnesium plays an impor-
tant role in the stabilization of the malonate-anion
while giving selectivity for C-acylation {51]. The
literature suggests that good methods to prepare
magnesium malonate anions are by addition to the
malonic ester of magnesium chloride (along with
an added base). magnesium ethoxide, or a Gri-
gnard reagent. Experience has shown that use of
the Grignard is preferred [49].

The use of methylmagnesium chioride offers
several advantages over other methods to
prepare B-ketoesters. The magnesium malonate
is both more soluble and more stable than the
corresponding di-lithium malonate prepared from
hydrogen ethyl malonate and two equivalents of n-
butyllithium [52]. Generation of two equivalents
of the dilithio monoethyl malonate dianion
requires four equivalents of n-butyllithium; thus
the magnesium malonate offers considerable
advantage for the preparation of f-Ketoesters.

The magnesium enolate is prepared from 2.1
equivalents of potassium ethyl malonate (16) by
treatment with ~2.0 equivalents of alkyl Grignard
(usually methyl or cthyl since these are commer-
cially available). The resulting dianion, shown in
Scheme 6.4 as 17, has strong nucleophilicity at the
carbon,

Following preparation of an activated acid (acid
halide or acyl-imiduzole). the two reagents are

R-MgCl e F & M
Mo R mme—
i L ,\7/ \
i3
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combined. When the acid chloride s used. two
equivalents of 17 are required due o one equiv-
alent of the malonate anion being consumed as a
base. The resulting S-ketoester (19a & b) exists
as a pair of ketol-enol isomers. These are in a pH
dependent equilibrium. To complcte the synthesis,
several steps are required to claborate the f-
ketoester to danofloxacin, 20.

6.4.5 Naproxen

The final two examples demonstrate the usefulness
of Grignard chemistry in the synthesis of analgesics.
Naproxen® (23} is a product discovered and
marketed by Syntex {53]. The compound is a non-
steroidal anti-inflammatory (NSAI). Just prior to the
expiration of the patent in 1993, Syntex reported
annual sales of Naproxen® of $1.05 billion. The
synthesis is shown in Scheme 6.5. Several synthetic
routes were investigated prior to the development
of the commercial route. Following the generation
of the Grignard reagent. the magnesium anion is
alkylated. giving the desired structure with the
entire carbon skeleton in place {S4]. Alkylation
with the magnesium salt of 2-bromopropionic acid
instead of the cthyl ester, used in an carlier
synthesis. saves the step o hydrolyze the ester.
Resotution is conducted with N-alkyl glucamine
which is prepared initially from D-glucose but then
is recovered and reeyeled within the process.

e .
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SCHEME 6.4. Generation of magnesium malonate for f-ketoester synthesis.
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SCHEME 6.5. Naproxen”™.

6.4.6 Propoxyphene

Eli Lilly introduced a major medical advance i
the treatment of pain in the late 1950°s with the
introduction of Darvon® (propoxyphene, 26) [55].
This demonstrates the application of the Grignard
reaction (o provide a tertiary substituted alcohol.

A. Grignard reaction

Following resolution ol g-dimethylamino-a-
methyl-propiophenone with dibenzoyl-(+)-tartaric

acid, the chiral ketone is added to a solution of

benzylmagnesium chloride in diethyl ether |56].
see Scheme 6.6. Liberation of the alcohol product.
25, provides the product with the carbon backbone
and stereochemistry in place. The tertiary alcohol

N
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is then converted to the propionate ester, and the
active drug is isolated as the hydrochloride salt.

6.4.7 Additional Examples

There are many other examples of the industrial
application of Grignard chemistry. This section is
not meant to be exhaustive, but is an overview
of the many applications that have been devised
for Grignard reagents. The synthesis of B-carotene
was described in the early 1950°s; this utilized
Grignard chemistry [57]. A highly convergent
route was developed, based upon the symmetry
of B-carotene, in which two equivalents of the
acetylenic Grignard reagent are condensed with a
diketone, 4-octen-2,7-dione, to provide the entire
carbon backbone of g-carotene.

Several examples of the use of Grignard
reagents for the synthesis of perfumes are given
by Walker [58]. Walker notes that one of the
carly patents on the industrial application of
Grignard reagents was to Victor Grignard, for
the development of a process to prepare primary
phenyl cthyl alcohol. Grignard's preparation from
phenylmagnesium  bromide and ethylene oxide
gave a purer product than previous methods.

Grignard reagents are also used in the synthesis
of organo-stlane compounds; treatment of silicon
tetrachloride or an alkylsilyl chloride with a
Grignard reagent introduces the alkyl group of
the Grignard onto the silicon. A review of
the preparation of alkylsilyl chlorides (useful in
protecting groups), alkylsilanes (useful as reducing
agents), and silicones (used as lubricants and for
heating/cooling fluids) is beyond the scope of this
chapter. The reader is referred to an overview
given by Waugh [59].

Although Grignard reagents are frequently reac-
ted with ketones to provide alcohols or elaborated
1o other products, there is a variation where the
Grignard reagents are used 1o prepare ketones as
the product of the reaction. The Grignard reagent is
reacted with cadmium chloride to give the organo-
cadmium reagent, which is in turn reacted with an
acid chloride or anhydride to produce the desired
ketone. For example, the synthesis of methyl 4-keto-
7-methyloctanoate is known. starting from isoamyi

bromide. Following formation of the Grignard re-
agent, treatment with cadmium chloride forms di-
isoamyl cadmium. which in (urn is treated with
B-carbomethoxypropionyl chloride. This gives the
desired product in high yield [60]. The organo-
cadmium adds 1o the acid chloride but not to the
ester or the product ketone. The organocadmium
reagents are reporied to be superior for the prepa-
ration of ketones {61}, due to this increased selec-
tivity. However, the use of cadmium reagents has
largely gone out of favor due the toxicity of this
clement and the difficulty of disposal of waste
produced by this chemistry.

6.5 WASTE DISPOSAL

All toxic materials should be disposed of in accord-
ance with all local, state. and national environmental
(EPA) guidelines. Laboratory waste should be han-
dled und disposed of in accordance with “Prudent
Practices in the Laboratory™; National Academic
Press; Washington, DC. 1995 [62]. Waste gener-
ated from industrial processing is highly regulated:
it is beyond the scope of this chapter to summa-
rize the efforts needed to comply with the many
different local regulations. However, one strategy
is to minimize the volume and number of waste
streams produced. For example, when processing on
a large scale, and while the equipment is prepared to
handle the off-gasses from the process, it is helpful
to rinse drums with the appropriate solvent and to
quench any excess reagent present into the reac-
tion mother liquors prior to sending those mother
liquors for waste disposal. Following separation of
aqueous and organic waste layers, it is often prac-
tical to recover the organic solvent by distillation
(frequently through a packed column). although
consideration must be given to the removal of
water and the reintroduction of inhibitors into ether
solvents. For example. THF should be stabilized
(butylated hydroxy totuence is often used) to prevent
the formation of peroxides upon storage.

6.6 SUMMARY

The wide range of uses and the industrial appli-
cation of Grignard chemistry is a tribute 1o the
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genius of the discovery made by Victor Grignard a
century ago. The examples and discussion summa-
rized in this chapter show that the initial discovery
has undergone years of refinement to provide a
powerful synthetic tool for today’s chemist. Euch
use of the chemistry to solve a synthetic problem or
to improve upon an older synthetic route is not just
an example, but frequently a refinement, of the tech-
niques and methodology. The examples provided
above are just a few of the reactions conducted on
a production scale that utilize this chemistry.

The increased availability of tetrahydrofuran
(THF) as a solvent in the 1960"s greatly increased
the production-scale usefulness of Grignard chem-
istry by avoiding the handling of large quantities
of diethyl ether. Although many industrial appli-
cations of Grignard chemistry are not published.
those discussed in this chapter illustrate the usetul-
ness of this chemistry to the pharmaceutical. food.
and chemical manufacturing industries.

Notice: The publisher and authors do not on the
basis of this article warrant the use of this chem-
istry for any specific application. The handling of
materials in a chemistry lab or production plant
should only be conducted by trained individuals in
accordance with safety and environmental regula-
tions. The user accepts complete responsibility for
conducting experiments and plant operations in 4
safe and environmentally acceptable manner.
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7.1 INTRODUCTION
7.1.1 Grignard Reaction

In the common method of preparing a Grignard
reagent, a magnesium metal surface Mg, (Z
denotes the surface) is allowed to react with an
organyl halide RX in a suitable aprotic solvent SH
[1-3]. Our subjects are the mechanisms of this
Grignard reaction.

RX + Mgy AR RMgX + by-products

typical SH
DEE (diethyl ether)
THF (tetrahydroturan)
typical by-products
coupling/disproportionation: RR. RH + R(—H)
(alkene)
solvent attack: RH + S residues
(RS, SS. ete))

Despite nearly a hundred years of work {4,5],
this field remains rich in speculation and short on
discriminating fact, a disturbing status for what
may be the most-often-used non-trivial reaction
| 1-3]. This chapter focuses on the most significant
results.

7.1.2 Basic Facts [1-3]

Mgy is used as turnings. chips, powder. or special
preparations (e.g.. Rieke Mg). Solvents other than
DEE and THF. especially other ethers and aprotic
solvents (e.g.. tertiary amines), are sometimes
used. Lindsell has summarized the influences of
various factors [6].

By-products are often dominated by RR. RH, and
R(—H) (alkene). which may be formed in yields as
high as ~50%. By-products of solvent attack, such
as S8S and RS, are significant in unusual cases.

Suitable substrates include alkyl. benzyl. allyl.
cycloalkyl. vinyl. and aryl iodides, bromides, and
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chlorides (rarely, under special conditions, fluo-
rides). The halogen rcactivity order is RI > RBr >
RCI > RFE. However, because reactions of iodides
and bromides occur at or near the diftfusion-control
limit, they react at similar rates.

‘RMgX" represents a mixture of RMgX. RoMg.
MgX> (Schlenk equilibrium) and their aggregates
and related ions. These equilibria are not consid-
ered here.

Mgz is very reactive (standard reduction poten-
tials: Li. —3.045 V; K, —2.924 V; Na, -2.711 V;
Mg, —2.375 V). It reacts rapidly with components
of the air to develop a surface layer commonly
called ‘oxide’, implying MgO, but now known
(Section 7.3.3) to be largely Mg(OHj. A suffi-
ciently well-developed MgO or Mg(OH), adlayer
passivates Mgz toward further reaction with gas-
eous O, or the atmosphere.

A typical Grignard reaction begins with an
induction period during which initiation processes
occur. Little appears to happen, and few products
are formed, but eventually the induction period
ends and the main reaction begins.

If the hydroxide layer is passivating toward the
Grignard reaction, then it is responsible, at least
partly, for the induction period. Some additives
lengthen the induction period (inhibitors) while
others shorten it (activators).

Typically, the main reaction, giving Grignard
reagent and by-products, is rapid and exothermic.
Cooling may be required to maintain control.

Solvent choice can be significant. Initiation can
be promoted by a more polar ether. Thus, reactions
of some halides (e.g., vinyl or aryl chlorides)
initiate in THF (dielectric constant 7.4) but not in
DEE (dielectric constant 4.2).

‘Reluctant’ halides may fail to react—initiation
does not occur (e.g.. aryl chlorides in DEE).
In other instances, reactions occur but by-
products dominate (e.g., adamantyl bromide,
Section 7.2.17). Both cases can be addressed
by activation, onc or more special measures
taken to promote reactivity, increase the yield of
RMgX, or both.

Methods of activation include treating Mgy
with an acid (e.g.. aqucous HNQO;). stirring 1t
dry i an inert atmosphere. preparing it in a

Grignard Reagents: New Developments

special form (e.g.. Rieke Mg), and pre-treating it
in situ with I, CHil, CHiCH:Br, BrCH,CH-Br.
Vitride {NaAIH2(OCH,CH,OCH3),|. RMgX solu-
tion {rom a previous reaction, an alcohol, etc. The
same substances that are used in pre-treatments are
sometimes simply included instead in the reaction
mixture along with RX. The inclusion of reactive
alkyl halides (CHzl, CH3CH:Br., BrCH,CH,Br)
with a reluctant RX is called “entrainment.” In the
unusual case of adamantyl bromide, nor stirring is
a method of activation (Section 7.2.17).

7.1.3 Overview

There have been several recent brict reviews
[7-9]. In longer works, the pre-1954 history of
mechanistic studies of the Grignard reaction is
summarized by Kharasch and Reinmuth in their
comprehensive treatise [1] and recent work is
covered by Hamdouchi and Walborsky (1996) [10]
and van Klink (1998) [11]. On some important
points, we differ with interpretations offered by
each of these authors.

Mechanisms of Grignard reactions can be divi-
ded into two parts, organic and inorganic. The
organic mechanism traces R from RX to RMgX
and by-products containing residues of R and S.

Organic Mechanism

RX —— —— —— RMgX + organic by-products

The inorganic mechanism traces Mg from Mgy
to RMgX and deals with surface films, inhibition.
initiation, and activation. The organic mechanism
has received far more study than the inorganic.

Inorganic Mechanism
Mg, —— —— —— RMgX + MgX, + other
Mg species (if any)
plus initiation, activation, and other matters
concerning the inorganic chemistry of the Mg
surface
Patlnway R. For at least part of the organic

mechanism of many Grignard reactions. over-
whelming evidence supports intermediate radicals

Mechanisms of Grignard Reagent Formation

Pathway R

¢, RRorRH+R(-H)

R
RX -—> R- — RMgX

MUN RH4se TR

Re (*Grignard radicals’) and pathway R (Section
7.2.3).

Hereinafter r. e, and s denote radical reduction.
coupling/disproportionation, and solvent attack.
respectively.

Secondary  reactions  giving  by-products.
Although reactions of RMgX with RX to give RR
or RH + R(--H) are known, special conditions are
required. In typical cases, secondary reactions are
not sources of by-products [1,10,12}.

Adsorption of R-. In pathway R, R- remains
adsorbed at Mgy until it undergoes r [A (adsorp-
tion) model] or it doesn’t [D (diffusion) model}
(Section 7.1.4). Compelling evidence supports the
D model and disproves the A model (Sections
7.2.8-7.2.9).

Lifetime of R-. For a typical alkyl halide, the D-
model characteristic lifetime of R« in DEE or THF
is ~1077 s (Section 7.2.8). Since the rate constant
ks (for s) for a primary alkyl radical in DEE is
~10*s7' [13]. s is predicted to be insignificant. as
is found.

Mg,‘>_< Mgz+
RX %7
Mg, Mg, X (or -MgX)

P Ay
RX

Intermediate RX*. RX® may or may not be
an intermediate. In reductions of alkyl halides at
inert electrodes. there is consistent and persua-
sive (but not compelling) evidence for dissociative
clectron transter (Section 7.2.21). In similar reduc-
tions of aryl halides, an intermediate RX* is well
established [ 17.18].

187

SS or SH + S(-H)
RS or RH + S(~H) or SH + R(-H)

7y SMgX or other reduction product

Concentration of R-. For a typical alkyl halide,
the D-model concentration of Re near the surface
is 1074 - 107 M (Sections 7.2.7-7.2.8). I the rate
constant ke (for ¢) were 3 x 10" M st aypical
near-diffusion-control value, the specitic rate for ¢
(tkcIR+]) would be (3 x 10%)=(3 x 10°) 57!, high
enough for ¢ to be significant. as 1s found.

Chain Reaction. Under the usual reaction condi-
tions. a chain mechanism is not viable (Section
7.2.19). Trapping intermediate radicals has little,
it any. eftect on the rate [14-16}.

Mg(1) Intermediates. Although they are often
proposed [ 1.10,11], there is no compelling evi-
dence for discrete Mg(l) intermediates  such
as ‘MgX and RMg: (Section 7.3.8). An inter-
esting possibility is that Mg enters the solution
as hypovalent clusters Mg,™" (m < 2n) such as
Mg%* . leading to species such as ZMgMgZ (Z =R
or X).

Initial Step. Initial electron transfer has not been
distinguished from initial halogen-atom transfer
(Section 7.2.21).

Electron transfer. [RX <[ may be an

T RXF] —» R+ + X~ intermediate ora transition structure.

Halogen-atom transter.

fe |

RX - > Re 4+ X7 (dissoctative electron transter)

[ R
RX —— RX* —— R« + X (clectron attach-

ment followed by dissociation)

Extent of Pathway R R may be the exclusive
pathway for Grignard reactions of typical alkyl
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halides. There may be another pathway, X, espe-
cially for cyclopropyl, vinyl, aryl. and possibly
allyl/benzyl halides. Pathway X may dominate
sometimes. Only scattered results are relevant to
the extents to which pathways R and X compete for
various organyl halides (Sections 7.2.8-7.2.12).
Patlnvay X. The nature of X is uncertain (Scc-
tions 7.2.9-7.2.11). Possibility Xa implies the
absence of by-products. In Xb any by-products

Pathway X (some possibilitics)

(a) RX %— RMgX (one step)

Mgy

Grignard Reagents: New Developments

would have to arise from RX*. Xc is a portion of
a version of R in which there is a sub-population
of very short-lived radicals R-. X¢ might be, for
example, a geminate reaction (Section 7.2.5) at
an active site, that is, a reaction of Re at the
active site where 1t was formed (Section 7.3.11).
Xd is a solution reaction involving a ‘di-
Grignard reagent” RMgMgX or related species
(Section 7.3.8). If the mechanism involves radical

(b) RX > RX" M7, RMgX (two steps —no R-)

(¢) RX Moz, g Mw, RMgX (timescale = 10" soriess) X

SH

My,

R+ —=» RMgX (timescale

1077 5) R

n

(d) RX + XMgMgZ — RMgX + ZMgZ (Z=RorX)

RX + ZMgMgZ — [Z,Mg,X R-] — RMgX + MgZ, (geminate reaction with

N

partial retention)

Z-Mg X + R- (escape and racemization)

intermediates, then a geminate reaction of a pair
such as {Z;Mg,X R-] could give partial retentton.
Alternatively, R+ would not be an intermediate
in Xd.

Step r. Metallic corrosion theory suggests elec-
tron transfer from Mgz (Figure 7.1, Section 7.3.7).

Mg + Re —— Mgi" +[R7]

MeX,
—— RMgX + X~ (q = charge)

This could be concerted or stepwisc. In some
cases. there is evidence of a carbanion or
carbanionoid intermediate (Section 7.2.20). Step
r is often written instead as the following
radical combination {1.10,11]. Electron transfer
from Mg,

Re ++MgX —— RMgX

has the advantage of including the Grignard reac-
tion in a consistent treatment with other metallic
corrosions.

Elecirochemical Corrosion. In a classical model
of metallic corrosion, reductants are reduced by
electron transfer from the metal at cathodic sites
while the metal undergoes oxidative dissolution at
anodic sites (Figure 7.1).

Combining this with the D model provides a
simple description of both the organic and inor-
ganic mechanisms for pathway R.

In the Grignard reaction. the medium is poorly
conducting. The requirement of effective conduc-
tion o prevent the build-up of excessive charge
imbalance implies that the cathodic and anodic
sites cannot be very far apart.

Corrosion by Reactions of M gy with Species in
Solution. It is often proposed that transient species
in solution remove Mg atoms as Mg(D) species. As
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21X
'i—" MeX,  anodic sites

(metat dissoluation

ioaic conduction

RX !

Q R-+ X
(> R —=——» RMgX + X

MgX,

cathodic sttes
(no metal dissobution)

CULLUCLERE T L b

Fig. 7.1. Electrochemical  corrosion  hypothesis. At
anodic sites, atoms are lost from Mg as Mg, Al
cathodic sites, electrons are lost from Mg. lons are
highly aggregated in ether solvents. Their representation
here as individuals is schematic. not literal. The fow
conductivity of the medium requires that anedic and
cathadic sites be close to one another. possibly on the
atomic scale.

noted earlier, there is no compelling evidence of

Mg(l) intermediates (Section 7.3.8).
Mgy,
RX —— R« +:MgX

Mg,

R- — RMg-

Adventitious ‘Oxide’ Laver. The layer that forms
on Mg when it is exposed to the atmospherc
under ambient conditions is principally Mg(OH),
(Scction 7.3.3), with small but significant amounts
of bicarbonate, HCO3™. in the outermost layers.
Mg(OH); can be converted to MgO by baking.

Induction period. The existence of the induction
period shows that there is initial passivation. inhi-
bition, absence of activation. or some combination
of these.

Initiation. Initiation may consist of the penetra-
tion by RX to Mgy. the removal of Mg(OH)», the
consumption of inhibitors. the formation of activa-
tors, ete. (Section 7.3.4).

Activation and  Inhibition.  Activation  may
(1) remove the passivating  Mg(OH)> layer,
(2) promote its penetration,  (3) catalyze  the
reaction of RX at Mgz, (4) increase the effective
Mgy surface arca. (5) increase the number of Mgy
active  sites, (6) remove inhibitors. (7) promote
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initiation or inhibit termination of chain reactions,
or (8) involve some combination of these and
possibly other effects. Inhibition may be the
opposite (Section 7.3.5).

7.1.4 D and A Models

The D and A models are alternative non-chain
versions of pathway R, differing in whether Re
diffuses in solution (D model) or remains adsorbed
at Mgz (A model) (Figure 7.2). The Walborsky
mechanism (Figure 7.3) [7,10}, which was gener-
ally accepted for about 20 years (beginning in the
mid-1960s) included the D model at first (.. .the
loose radical pair may become solvent separated
to give a planar R group which could return to the
surface of the magnesium or react with solvent. . .")
[19] but was later changed to an exclusive A
model [20].

For the following reasons, the distinction be-
tween D and A models is of major importance.
Independent of the Grignard reaction. there is a
large body of data on reactions of radicals in solu-
tion. Solution data on radical reactivities can be
used with the D mode! to make useful quantita-
tive predictions. There is no such body of data
for radicals that are adsorbed at a magnesium-
solution interface. The possibility of useful quan-
titative predictions from the A model appears to
be remote. Indeed. the A model does not provide

Mg I|RX
- ditfusin - K
My IR e Meoo R o Dol
. —
r separation s
Mg ) RMgX P

A model

Fig. 7.2. A and D models for pathway R. ¢ and s are
not shown. In the D model ¢ and s occur at all distances
from the surface. Different A models mvoke different
combinations of surface and solution steps for ¢ and s,
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coupling, disproportionation, cic.

(/(
8 SH

. S
R —— Re——= RH+S-

T

MeX (in solution}

ret rac
4 / 7

Mg =] RMgX

MgXa + Mg!

Fig. 7.3. The Walborsky mechanism [7.10]. The bracketed intermediate at left is a “tight radical anion-radical cation
pair.” proposed initially as an intermediate {19] but later supposed to be a transition state {21.22}, in which case step
3 vunishes. The bracketed intermediate at right is an adsorbed “loose radical pair.’ In Walborsky's lTater figures. the
Mg ot a pair is represented in a way that suggesis that it may remain embedded in the surface. Steps 1 =4 occur with
retention. Step 5 occurs with racemization. All steps oceur al the magnesium surface Mgy execept solvent attack. which
is the incvitable fate of a radical that leaves Mg, and enters the solution. Desorption (step 8) and subsequent solvent
attack are described by Walborsky but not included in his figures.

many definite predictions, qualitative or quanti-
tative. Since prediction is a duty of a scientific
theory, the D model is far more promising, a priori,
than the A model.

Of course, such is not evidence. Nature might
have dealt a cruel hard and followed the A model.
Fortunately, this is not the case (Section 7.2).

Regarding evidence, it is important to realize
that evidence against the D model is nor neces-
sarity evidence for the A model. Much of what can
be cited as evidence against the D model could be a
consequence of pathway X and therefore cannot be
construed as evidence against the D model. which
describes pathway R.

7.1.5 Occam’s Razor

For Grignard reactions, a multitude of hypotheses
(often conflicting) have been presented. This is
desirable—hypotheses are targets for testing — but
such complexity has generated confusion {10.11].
Occam’s Razor can be a guide to an eflicient and
effective research pathway. The simplest viable
hypothesis is chosen as the current working hy-
pothesis, which is then modified or rejected only
as required by new evidencee,

Data are commonly overinterpreted by incorpo-
rating unnecessary details into a hypothesis. This
happens in at least two ways: (a) compatible alter-
native hypotheses are included where one would be
sufficient to explain the data; (b) other unsupported
details are included. .

Confusion can arise from compatible alterna-
tives if the data are seen as support for all of them.
For example, the Walborsky mechanism provides
three possible explanations of partial retention of
configuration, (1) pathway X. (2) adsorption of R-.
and (3) geminate reaction of pairs [R- -MgX] (not
proposed by Walborsky, but an obvious possi-
bility). It is a logical error to cite observed retention
of configuration in a Grignard reaction as evidence
against the D and for the A model. Instead. it is
evidence of 1. 2, or 3. where [ and 3 are compar-
ible with the D model.

Walborsky’s writings arc illustrative. In 1964,
Walborsky and Young stated. “The observation
that the cyclopropyl Grignard reagent does retain
some of its {optical] activity would indicate that
the radical intermediate is not entirely free...the
radical may be held on the surface of the magne-
sium® (the figure illustrates -Me-X with dashes
o R+) [19]. Clearly. they viewed the tight radical
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pair as an adsorbed R- and the loose radical
pair as a species ‘in which R- is sufficiently
separated to permit rotation thereby resulting in
racemization.” Nine years later the tight radical
pair is "a radical anion in close association with
a univalent magnesium cation” (the tigure illus-
rates R—X* with dashes to -Mg%) and “the
processes pictured. . .are assumed to take place on
the surface of the magnesium’ [20]. Thus, the
loose radical pair became an adsorbed species in
which racemization occurs —the idea that retention
is a result of radical adsorption was abandoned.
In 1990, it was resurrected: the product from
the loose radical pair became ‘largely racemic
{71 In 1993 the tight radical pair ceased to be
an intermediate and became a transition state for
an clementary reaction, in effect a two-electron
transfer [22].

These variations involve unsupported hypothet-
ical details. Occam’s Razor requires that such
details be omitted where possible, but sometimes
they are necessary for the construction of a predic-
tively competent model. In that case, Occam’s
Razor specifies that the simplest such model should
be taken as the working hypothesis. Walborsky’s
postulate of a ‘loose radical pair’ violates this
principle. Its properties are not described. Is it
supposed to be like an ordinary radical pair in
solution, with a similar lifetime and with possi-
bilities of geminate reaction or escape? Or is
it something eclse? Why is it included at all?
Similar considerations apply to the ‘tight radical
pair.’

The fundamental aspects of the Walborsky
mechanism are an A-model pathway R and a
competing pathway X. The rest is unsupported and
superfluous.

In applying Occam’s Razor, it seems appropriate
10 take into account weak evidence favoring a more
compiex option. Pathway Xc¢ may be the simplest
viable mechanism that explains partial retention
of configuration, since it is in the framework of
pathway R. However, there are hints that the
extent of isomerization correlates inversely with
conjugation in RX (Sections 7.2.8-7.2.12). Taking
this into account, onc might choose another version
of X as the working hypothesis.
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7.2 ORGANIC PART OF THE
MECHANISM

7.2.1 Experimental Techniques

These techniques are used in our laboratorics.
Grignard reactions are conveniently performed on
one- 1o five-mmol scales using custom-made glass-
ware. Because RMgX is prone to oxidation and
protonation, dry. oxygen-free conditions must be
established and maintained. Glassware is dried in
an oven at 120—140°C and the pieces greased and
assembled while hot. Silicone grease is suitable.
The air in the assembled apparatus is replaced by a
dry. oxygen-free inert gas (e.g., argon or nitrogen)
by several pumping and filling cycles, using a two-
way stopcock. Traces of oxygen and water are
removed from the inert gas by passing it through
a 30/1200 mm column of active copper (such as
BTS catalyst R 3-11) and a 30/400-mim column
of drying material (such as Drierite and granulated
P,4Oyg). For a general reference see Shriver and
Drezdzon [23].

Dry, oxygen-frec ether solvents can be obtained
by distilling them from their blue-colored ben-
zophenone ketyl solutions immediately before
starting an experiment. A stainless-steel cannula
or a TLL-type syringe is a convenient tool for
transferring the solvent from one flask to another
through silicon-rubber-capped stopcock adapters.

Organic halides are dried over molecular sieves
(4A), distilled under inert-gas atmospheres, and
protected from light and air before using them in
experiments. For the transter of the dry, oxygen-
free organic halides. argon- or nitrogen-purged
TLL-type syringes are used.

For reproducible results. magnesium  turnings
must be either air-dried (r.1.) or oven-baked
(120-140 C). Surring rates should be held con-
stant, since they can, in principle. affect product
distributions.

Magnesium bromide ctherate. a good reaction
medium, can be prepared in sitn from magnesium
turnings and 1.2-dibromoethane. but such solu-
tions contain small magnesium particles and some
undissolved MgtOH)>» and Mg(HCO:z0> (from the
magnesium surlace). By filiering under argon or
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nitrogen through a porosity-4 sintered-glass frit. a
clear solution of anhydrous MgBr, in ether (ca
2.6 M) can be obtained. On diluting this solu-
tion with ether. a second liquid phase is formed
in which the magnesium bromide concentration is
only about (.18 M. Saturated solutions of MgCl,
in tetrahydrofuran (ca 0.5 M) can be obtained simi-
larly from Mg turnings and 1,2-dichloroethane. For
details see Gmelins Handbuch {24).

The yield of RMgX in a one- to five-mmol-scale
experiment is determined by direct titration of the
reaction mixture with neat sec-butyl alcohol from a
microburette (2/0.01 mL) under argon or nitrogen
in the presence of ca. 0.1 mg 2,2"-biquinoline or
1,10-phenanthroline as an indicator according to
the method of Watson and Eastham [25]. The titra-
tion is not affected by metallic magnesium, basic
magnesium compounds, or magnesium halides.

In a small-scale experiment using an ecthereal
solvent, the reaction of an organic halide with
magnesium is carried out in a thermostatied reac-
tion vessel fitted with a reflux condenser (0°C) and
a silicon-rubber-capped stopcock, using a Teflon-
coated magnetic stirring bar. By connecting the
reaction vessel through the top of the condenser

v 8
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with a mercury-filled, thermostatted gas bureltte
and an n-undecane-filled U-shaped auxiliary mano-
meter. the gas volume change at constant baro-
metric pressure during the reaction and during the
accompanying titration with sec-butyl alcohol can
be followed (Figure 7.4). To ensure accuracy, the
reaction vessel and the connecting parts are purged
and filled with the gas that will be evolved (e. g.,
cyclopropane. methane, ethane, propane) instead
of argon or nitrogen. Thus, the solution remains
saturated in the gas and the composition of the gas
phase remains constant throughout the measure-
ments.

After quenching a sample of the product mixture
with a minimum amount of brine, or after distilling
oft all the volatile components into a cold (—79°C)
receiver, the composition of the reaction mixture
is analyzed by gas chromatography on a fused
silica capillary column, using n-octane (usually)
as an internal standard. Samples to be analyzed
are conveniently stored in small vials closed with
a Mini-inert valve made of Teflon.

The procedures above are adequate for studies
of competitive product formation but not for those
of the overall reaction kinetics. In the latter case,

vacuum p-

=79 °C

Fig. 7.4. Apparatus for studies of Grignard reactions.

Ar
R g‘;&vucuum
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the rate is sensitive to the thickness of the hydrody-
namic layer. inside which diffusion controls mass
transport and outside which stirring is eftective.
This thickness is atfected by stirring. Morcover.
in order to provide a wefl-defined situation, some
appropriate geometry of the Mg, must be chosen.
Commonly, a partially-immersed disk is rotated at
a constant, controlled rate. The hydrodynamics is
well-detined and well-known. The thickness of the
hydrodynamic layer can be controlled by varying
the speed of rotation {26-28].

Whitesides has pointed out that the polarities
of cthers containing polar solutes such as RMgX
and MgX, are much higher than those of pure
cthers and, consequently, that these solutes can be
expected to affect Grignard reactions [29-31]. In
particular, these solutes and the effective polarity
of the medium can, both in principle and in specific
cases noted later (Sections 7.2.8-7.2.11, 7.2.15,
7.2.17.7.2.20, 7.2.23, 7.3.1, 7.3.4-7.3.10), affect
both the rate of disappcarance of RX and the
product distribution. If the initial reaction mixture
consists only of solvent and RX, the polarity will
rise rapidly as the reaction proceeds, due to the
formation of RMgX and MgX-. Initial excesses
of one or both of these solutes can maintain a
nearly constant polarity of the medium as reac-
tion proceeds.

7.2.2 Rate Law

For a heterogeneous reaction, flux and rate are
distinguished. Gross rate refers o the total amount
and has units mol s7!. Specific rate (or simply
rate’) 1s the usual volume-based chemical rate,
customary units mol L™ s "' Flux is area-based.
mol em™s 1

Larly measurements of Kilpatrick indicated that
the rate of toss of RX in the Grignard reaction,
atter the induction period, is proportional to the

arca ~ of Mgz and the concentration [RX] of

RX ]1.32.33]. This has been verified in careful
studies under hydrodynamically controlled condi-
tions. using a rotating assembly of Mg cylinders
1293 1] or a rotating Mg disc {26-28]. The global
tobservable) flux constant k¢ ncludes a possible
influence of diffusion (Equations 7.1-7.3. where
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v is the flux of reaction and U/ 1x the volume of the
reaction mixture). Indeed, 1t appears that most

flux = v = kg [RX] (molem 7“5 1)

(7.1

ross rate = Ko [RX] (mol s ' (7.2)
&

rate (speciticy = (kg/U) [RX]  (mol L Fahy

(7.3)
organyl bromides and all iodides react at necarly
diffusion-controlled rates [26-28]. The meaning
of diffusion control is discussed in the Appendix.

Under hydrodynamically controlled conditions,
the yields of RR and RMgX are sensitive functions
of [RX]p {28,34]. Higher [RX], give larger rates of
formation and thercfore steady-state concentrations
of R, favoring ¢ relative to r because ¢ is second
order in R+ while r is first.

When ordinary Mg chips or turnings arc used
with normal stirring methods. product distributions
may be independent of a sufficiently high [RX],
(typically >0.1 M), suggesting that the reactions
are zeroth order in RX [16.34]. A zeroth-order
rate law has been confirmed by Whitesides and co-
workers for the reaction of cyclopentyl bromide in
DEE at 20°C [15]. Possible explanations include:
(a) that the growth of the arca ~ during the reaction
compensates for the depletion of [RX]: (b) that
changes in the medium adjacent to Mgz (e.g.
changes in [RMgX] or {MgX,] or the thickness
of a viscous layer) compensate for the depletion
of [RX]: and (¢) that some event not depending
on [RX] (c.g.. desorption of a product such as
RMgX or MgX-) governs the rate of RX trans-
port to active sites on Mg,. Whatever the reason.
it appears that zeroth-order kinetics of typical
reactions s an artifacl. a consequence of not
providing a hydrodynamically defined intertace at
Mgz [15.34.35].

7.2.3 Radical Intermediates—
Pathway R

Radical intermediates  and  pathway R are
suggested by studies of typical alkyl. cyclopropyl.
vinyl. and aryl hatides. The intermediucy of R+ was
suspected in the 1920s. being strongly sugeested
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by the nature of the by-products, which are consis-
tent with ¢ and s and which closely resemble the
products formed in oxidations of RMgX. Pathway
R was generally accepted by the 1950s |1]. The
1960s and subsequent years brought a stream of
definitive evidence. including occurrences of char-
acteristic radical tsomerizations |19,36-45] obser-
vations of CIDNP [12.46-51}, further delincation
of products of coupling/disproportionation and
solvent attack {16,26,28.48,50,52], and successful
trapping of radicals by TMPO and DCPH
[14-16].

Reactions  of  i-iodo-1-methyl-2,2-diphenyl-
cyclopropane and S-hexenyl bromide are among
those exhibiting characteristic radical isomeriza-
tions.  l-lodo-t-methyl-2,2-diphenylcyclopropane
gives ncarly racemic RMgl, which does not itseif
racemize (Equation 7.4) [20]. Similarly, along with
RMgBr, 5-hexenyl bromide gives the cyclized
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product QMgBr. which is not a product of RMgBr
cyclization (Equation 7.5) [38,53-58].

Although trapping by DCPH is inefficient {16].
the efficiency of trapping by TMPO-, which is much
more reactive. can approach 959 (Equation 7.6)
[14.15]. Not only does this support alkyl radical
intermediates. but also it indicates that pathway R
accounts for a very large fraction of the reaction.
probably 100%.

CIDNP in RMgX further demonstrates that it
is formed from an R- intermediate (Figure 7.5)
[12.46-51]. CIDNP results from nuclear-spin se-
lection in reactions of radical pairs [59,60].

Since RMgX does not react with RX under
most ordinary conditions [1,10.12]. the formation
of RR, accompanied by RH and R(—H), points
to ¢ and pathway R. So docs the agreement
of the yield ratios 2(R{—HJ]/RR with other
radical reactions where ¢ occurs. For example, for

Ph I Ph Ph CH,4 Ph Mgl
WA e | WA e A YAV, -
THE
Ph CH, Ph CHa: Ph Ph CH;
98% racemic
MgBr
Q—‘ — E>—J (QMgBr) 3-10%
Br T % (7.5)
/\//\J e MgBr
DEE ™S /\/\/ —_— N\/ (RNgBr)
/
\ >l/j< OH TMPO
— Br + ~ + e .| ——» TMPOR
/ NS s T = DT 76

o
RBr TMPO'
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65 cps

Fig. 7.5. CIDNP in CH, protons of CH:CH>Mgl from
the reaction of ethyl iodide with Mg in di-n-butyl ether
{46]. Top: normal spectrum. Bottom: CIDNP spectrum
(E/A multiplet effect). This is the expected spectrum for
CIDNP in RMgl formed in step r from radicals Re that
have escaped from pairs [R+ R} formed when indepen-
dently diffusing radicals meet [47]. There were no indi-
cations of net effects, which would have been expected iff
diffusing radical pairs {R+ «Mgl] were significant gener-
ators of CIDNP [47]. Reprinted from Bodewitz ef al.
[46]. Copyright 1972, Page No. 283, with permission
trom Elsevier Science.

the Grignard reaction of cycloheptyl bromide in
DEE this ratio is 0.89. agreeing closely with a
literature value of 0.95 for cycloheptyl radicals
{15}, Similarly, the ratio is 0.13 for the reaction
ol n-hexyl bromide in DEE. a typical value
tor a primary alkyl radical {32]. Similarly good
agreement is found for the reaction of 7-butyl
bromide [35].

Although s is negligible in Grignard reactions
of typical alkyl halides [32]. it is significant
in some other cases. Notable among these are
reactions of cyclopropyl bromide (in DEE and
THE) [52]. phenyl bromide tin DEE) [61.63]. 1-
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cthoxy-7-norbornyl bromide (in THF) |64}, and
adamantyl bromide (in DEE, THF, and di-si-butyi
cther) [65]. Solvent attack is a definitive indi-
cation of radical intermediates. especially when
the solvent dimer SS is detected 152.64). It is
hard (o imagine how SS could arise in any way
other than the coupling of radicals S+ generated
by s.

l>wBr ~,§—ﬁ-‘> [>'MgBr + D

3
RBr RMgBr RH
0.18 M 5% 1%
+
O\/ O\/ !>_<:
+ + | !
0 ™
SS RS RR
18% 5% 3%

*Adjusted for a small systematic error.
The value in the original publication is 15%.

These and similar facts firmly establish pathway
R as an important part of mechanisms of Grignard
reactions. For typical alkyl halides, especially, R
may be the only pathway (Section 7.2.8).

7.2.4 Models, Rates, and Rate
Constants

I R« is formed and reduced at Mgy. there remains
the question. "Does R- remain adsorbed at Mg, [A
(adsorption) model| or not [D (diffusion) model]”
Discussion of this issue requires an understanding
the behaviors ol surface—molecule pairs ZB. such
as [Mg; Re] the intermediate in the D model.
Much of what follows is based on the work of
Brian L. Swift {66].

Superticially. ZB appear to be simifar to mole-
cule-molecule pairs AB (c.g.. radical pairs [R-
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Fig. 7.6. Transformation of an AB into a ZB as the radius of spherical A increases so that R — o6 (open arrows).
For spherical molecules. the figure also defines the contact radius K. the actual radius r, and the separation s for ZB

and AB. r = R + 5.

R-]), the behaviors of which are well known.
Each consists of a molecule B diffusing near its
partner. Further, a ZB is the limit approached by
an AB as the radius of A increases so that R —
oo (Figure 7.6). These similarities encourage the
assumption of similar ZB and AB behaviors, but
actually there are critically important differences.
As examples, we describe behaviors of model pairs-
of both types. Ignoring or misunderstanding the
behavioral differences can lead to fundamental
logical errors in interpretations of data [10].

We compare and contrast ZB and AB
dynamics through treatments based on those of
Smoluchowski-Collins—Kimball (SCK) [67.68]
and Noyes [69-72]. Except where otherwise
noted, we treat ideal cases. Molecules A and B are
modcled as hard, spin-frec. isotropicully-reactive
spheres: surfaces Z are hard, uniform planes:
media are structureless. uniform. and isotropic:
surfaces and media extend to infinity in all possible
directions; and Fick's Laws govern diffusion.

Fick’s First Law is the fundamental diffusion
equation [72].

J = —D(iB)/dv)y  (Fick's First Law in

one dimension) (7.7

Here D is the relative diffusion coeflicient. the
sum of the diffusion coefficients of the diffusing
particles; x is the coordinate in the direction of
diffusion; and J is the net flux of B

D=Da+ Dy (for A and B) (7.8)
D = Dg (for Z and B) (7.9}

across a plane (at some particular value of x).
The negative sign reflects the fact that a positive
gradient corresponds to diffusion in the negative
direction. The diffusion of A and B relative to
one another is identical with the diffusion of B
alone. with A held fixed, provided that the relative
diffusion coefficient D is assigned 1o B.

The flux of an elementary heterogeneous
reaction of B at a reactive surface Z is described
by ecquation (7.10), where « is the activation-
control flux constant (heterogencous rate constant)
and |B], is the concentration of B in solution at
Z (v =0).

1

,38, )

(7.10)
By Fick’s First Law, the flux of reaction is also
Da([B]/iv)y. Equating the wwo flux expressions
gives equation (7.11) and shows how the reactivity

flux of reaction = «{B], (mol cm’
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parameter 8 arises naturally.

B/ v =818, 8 =«/D) (7.11)
Equation (7.11) expresses the ‘radiation boundary
condition” that is applied in solving SCK
diffusion—reaction cquations. The gross rate and
specific rate are given by cquations (7.12) and
(7.13), where ~ 1s the contact area (area of the
locus of the center of B when B is in contact with
Z) and U is the volume of the solution.

aross rate of reaction = «[Blo~

(mols™h (7.12)
specitic rate of reaction = k[Blow/U
(mol L™ s7')(7.13)
For an activation-controlled bimolecular reac-
tion between A and B. ~ is 47R*N 5. where 47R?
1s the contact arca of a single molecule A and N5
is the number of molecules A. This translates into
equation (7.14) for the specific rate,
specific rate of reaction = K(471R3)L(,[A]|B]
ka [AlIB}  (7.14)

I

where Ly is the Avogadro number and ku is
the conventional activation-control rate constant,
allowing the identification of k4 (equation 7.15).

ka = 4TR’ Lok (7.15)

For molar concentrations, € in cm s~'. and R in A,
cquation (7.16) relates ka to « and R.

ka = (7.57 x 10°kR* (L mol~'s™"y  (7.16)

For a diffusion-controlled bimolecular reaction
between A and B. the rate constant kp is related
to R and D (equation 7.17) [72].

kyy = 47RDLy (7.17)

For molar concentrations, R in A, and D in
em” s equation (7.18) relates & to R and D.

kp = (7.57 x 10"HRD (L mot 's™')y  (7.18)

The  global rate constant kg is  observed
in most experiments {73-77]. For the ideal
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case of spherical, isotropically reactive, spin-
free molecules, k¢ is related w0 Ay and &y by
equation (7.19). Sec the Appendix. Equation A7.4.
for a corresponding general expression [74-771.

ki = kakp/ika 4+ kpy o Gdeal case: not general)
(7.19)
To facilitate iHustration. we select a standard
model ZB and a standard model AB. Both are
chosen to be initially in contact (s = 0). For the
standard ZB. we choose parameter values that fit
data for the Grignard reactions of primary alky!
bromides in DEE at ~4( C (Section 7.2.8).

D=30x10 em 57!
K=30cms!

R = o (Figure 7.6)
1

fere]
I

- 0.010 A

For the standard AB. we¢ choose parameter
values that might characterize a pair of smalj alkyl
radicals {[R- R-]. Such a pair is fully characterized
by values of D. k, and R, which lead to values of
kA- /\'[), and I\'(;.

D=60x 10" e’ s
800 cms™!

K =
R=5A
5=0.13A"

ky=1.5%x 10" Lmol "<
ky =23 x 10" Lmot P!

ko = 9.1 x 107 Lmol™ 'y~

The standard value of D s typical for small
molecules in a fluid hquid medivm. (For cyelo-
pentyl bromide in DEE at 37 Coa value of 9.8 x
1075 em® s~ ! has been reported (28]
Considerations of inert ZB and AB are also
instructive, so standard parameter values are cho-
sen for these as well. In cach case. thev are
the same as those for the corresponding standard
reactive pair except that & = O for the inert pair.
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7.2.5 Kinetics of ZB and AB

Many of the relevant mathematical results are
well known and are not derived here. The present
focus is on physical meaning. To enhance this
focus, we present figures illustrating quantitative
differences between the standard AB and ZB.
Some mathematical details and equations  that
generate these figures are in the Appendix.

The thermal displacement motions of a molecule
in solution can be factored into oscillations about
mean positions and net displacements. The net
displacements constitute diffusion, which can be
defined mathematically as the limit of a random
walk as the step size approaches zero.

diffusion trajectory a pathway of infinite length
that is followed by inert
molecules that diffuse in the
same way as real (possibly
reactive) molecules.

When a diffusing molecule reacts, it stops
following its trajectory. However, the trajectory
itself continues, describing the way the molecule
would have diffused if it had not reacted.

contact trajectory a diffusion trajectory that

brings the partners into

contact eventually.

non-contact trajectory a diffusion trajectory that
never brings the partners
into contact.

ZB asurface—molecule pair—
a planar surface Z and
a molecule B that are in
contact or on a contact
trajectory.

AB a molecule—molecule
pair—rmolecules A and B
that are in contact or on
contact trajectory.

Figure 7.7 iHustrates a part of a diffusion trajec-
tory that returns 7 and B. but not A and B. to
contact. It is not clear whether or not this is a
contact tajectory for A and B. As will be seen
shortly, a 7 and B are always in coMact or on a
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O

Fig. 7.7. Left: Purt of a contact trajectory of a Z and a
B. Lvery trajectory returns (hem to contact an infinite
number of times. Right: The same partial trajectory for
an A and B. showing that they do not return to contact
at the same time after separation as the Z and B.

contuact trajectory, so they always constitute a ZB,
but this is not true of an A and B.

geminate pair AB, an AB whose partners
were born simultaneously
from the same precursor
molecule C [78].
non-geminate pair AB, an AB arising at the first
contact between a non-
geminate A and B.
partners members of a ZB or AB.
pair reaction reaction between part-
ners.
geminate reaction geminate pair reaction.
non-geminate reaction non-geminate pair reac-
tion.

Polyd's Recurrence Theorem dictates one of the
most important differences between ZB and AB.
It states that every random-walk trajectory in one
or two dimensions passes through every point in
space but that this i1s not true in three dimensions

[79.80]. The Recurrence Theorem is the subject of

a famous (among mathemuticians) joke.

A mathematician encounters a4 drunk staggering
randomly in the streets and moaning 1 wanna go
home.” The mathematician thinks for a moment,
then offers the following helpful advice: “You're
doing fine. Just keep going like vou are, but try
1o stay out of three dimensions.”

For an AB. diffusion in cach of three dimensions
has consequences, but for a ZB the only ditfusion
ol consequence is in the dimension (v) perpendic-
ular 1o the plane of the surface. Because effective
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ZB diftusion is one-dimensional. the Recurrence
Theorem guarantees that every Z and B constitute
a ZB. since they always have a contact trajectory.
As a consequence of the three-dimensional nature
of effective AB diffusion. the same theorem guar-
antees that some AB will gain non-contact trajec-
tories.

to escape . 1o gain a non-contact trajec-

tory.
escape . the act of escaping.
escaped molecule A or B after escape.
p probability ol a contact trajec-

tory when A and B have sepa-
ration s; f is related to R and
r (equation 7.20: Berg gives a
simple derivation, pp. 38-39)
[81].

B=R/r=R/R +s)
(7.2
Bz probability of a contact trajec-
tory when Z and B have sepa-
ration s.

Bz = 1 (Recurrence Theorem)
(7.21)

The timescale of escape is significant. If the
escape-limited lifetime of an AB were comparable
to or longer than the lifetime of a ZB, then some
aspects of the behaviors of AB and ZB might be
similar. [{" the escape-limited lifetime of an AB
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AB and ZB behaviors would necessarily be very
difterent.

A pair survives if it is in contact or has a contact
trajectory. Pairs are destroyed by both pair reaction
and escape.

S(t) pair survival probability. a function of time 7.

For the standard AB, the escape-limited lifetime
is quite short. In Figure 7.8, the survival proba-
bilities S(r) of the standard inert ZB and AB are
plotted as a function of time. The AB half-life is
2.5 x 107" 5 and the escape probability is ncarly
90% by 1077 s. Once A and B become separated
by a few multiples of R, the escape probability
(probability that escape has occurred) is high. but
escape is not possible for a ZB, no matter how far
Z and B are separated.

escape probability (AB)=1-8 (7.22)

escape probability (ZB) =1 -f,=1-1=0
(7.23)
An inert ZB lasts forever. Reactive AB and ZB
have shorter lifetimes than their inert counterparts.
Some propertics of reactive AB such as gemi-
nate radical pairs arc commonly probed with traps.
In principle, two types of trapping can occur.
pair trapping  a non-pair reaction of a member
of a surviving pair.
escape trapping a reaction of an cscaped mole-

were much shorter than the lifetime of a ZB. then cule.
ZB
|8 o
0.9 l)]“.l]:\li\ﬂ Curves for reactive
0.8 vquations 7B fall below that
0.7 maynet AB for an inert one
apply at
0.6
N very short
S O05= e
0.4 -
0.3 L Curves for reactive
0oL AB full below those
for similar inert ones
0.1
[1X0) .
1o e 1 -0 [ o "

Fig. 7.8. Survival probability S(7) as a function of tme ¢ for o standard inert AB and ZB (Equation 7A22, Appending
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geminate reaction products

wap

AMB M [A- B} [—» pair trapping products (ncgligiblc)}

Usually only escape trapping is observed—or-
dinary radical traps are sufficiently reactive tor effi-
cient escape trapping but not for pair trapping [78].
When the escape trapping efficiency approaches
100%, the overall trapping efficiency | — @ is inde-
pendent of the concentration of trap. provided that
it is high enough to trap nearly all of the escaped
radicals (Figure 7.9).

A Kkinetic analysis gives the basis of such trap-
ping experiments. Let a trap for B be present at
I M and let &t be its second-order rate constant for
reaction with B. Pair trapping must occur within
~10710 g otherwise, AB will have disappeared
through either pair reaction or escape. In order
for pair trapping to be significant, k1 has to have
a value near 10'® Lmol™' s~!. The reactivities of
most ordinary radical traps fall short of this by
orders of magnitude. Consequently, pair trapping is
rare. Escaped radicals, on the other hand. can have
far longer lifetimes, allowing them to be (rapped
efficiently.

Geminate reaction is often called ‘cage’ reac-
tion, even though it may include events in which

A+ B- (escaped radicals) S, escape trapping products

v
= !
o {trup] —=

Fig. 7.9. Schematic diagram illustrating typical trapping
when radical pairs arc gencrated geminately. At sulfi-
ciently high trap concentrations, the overall trapping
efficiency 1 — @ is invanant with trap concentration; «
is the probability of geminate reaction.

the radicals diffusively separate, return to contact.
and react. In some usages, a ‘cage’ reaction is that
of radicals that have remained in adjacent positions
in solution (essentially in contact), surrounded by
a ‘cage’ solvent molecules, until they react. In
Noyes’ nomenclature, this is a primary geminate
reaction; other geminate reactions are secondary
[78]. Where geminate radical pairs are formed in
non-adjacent positions in solution (perhaps with a
small molecule M, e.g., CO» or N,, between), all

geminate reaction products

ke

RN

AMB —%» [A: ‘B]

geminate pair reaction is secondary. Primary gemi-
nate reaction can occur only when the members of
the pair are created in adjacent positions in solu-
tion.

In the literature. pair reaction and cscape are
represented frequently as first-order processes with
constant rate coefficients (e.g.. kp for pair reaction.
ke for escape). This is an approximation. If diffu-
sion is important, then kp and kg actually vary with
time. Unless their time-dependencies are treated. it
iy betier to use probabilitics @ and 1 — @ instead of

(escaped

. trap .
radicals) —— escape trapping products

rate coefficients. Of course, it is inumaterial if. as
is frequently the case, the only use to which p and
ky are put is to express (erroneously) @ and | — a:
a=kp/lkp +kg), 1 —a@ = kg/(kp + k).

Figure 7.10 illustrates the differences between
conventional first-order and SCK diffusion—reac-
tion decay curves, normalized to the same half-lite
ty.2. The SCK curve applies to either an AB or a
7B, with the partners in contact at time zero. For
an AB. both pair reaction and escape contribute to
decay. but only pair reaction contributes for a ZB.
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Fig. 7.10. SCK (equation 7A.22, Appendix) and con-
ventional tirst-order decay curves for the same halt-life.

If its disappearance were exponential, an AB
would almost certainly disappear before 10 half-
lives. For the standard AB, 7> = 107" s, 50 10
half-lives is ~107'% s In contrast. a ZB still has
a survival probability of a few percent after 1000
half-lives. For the standard ZB, 7/, ~ 107% s, so
1000 half-lives is ~107%s. An SCK pair also
disappears more rapidly at the beginning (relative
10 7y,2) than one governed by conventional first-
order Kinetics.

The long disappearance tail for an AB plays an
important role in the development of CIDNP. In
addition, it can be important in allowing observa-
tions of “second-order” CIDNP, i.e., CIDNP due to
spin evolution in daughter radical pairs that result
when once (or both) of the original members reacts
(e.g.. by decarboxylation) [50]. The reaction(s)
leading to daughter pairs can be relatively slow and
sull lead to detectable, signature CIDNP because
some pairs survive so long. Second-order CIDNP
would be scen much less frequently if radical pairs
disappearcd exponentially. Because CIDNP is so
sensitive. only a few percent of the original radical
pairs have o give daughter pairs to generate a
signature signal. The long decay tail also implies
that there can be some pair trapping with ordinary
radical traps—in most cases, however, the fraction
of the pairs trapped is too small to be noticed.

In the absence of pair trapping. a ZB disappears
by pair reaction only. There being no escape.
there can be no escape trapping. The conventional
AB trapping method that determines the extent of
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escape and geminate reaction i not applicable to
a ZB. for which all trapping is pair trapping. Since
i ZB can have a very long lifetime. trapping can
occur over a much longer pair lifetime than for
an AB.

Figure 7.11 gives the survival probability $(r)
for the standard AB and ZB. along with an indica-
tion of the timescales of ordinary radical trapping.
There can be no significant AB trapping but signif-
icant ZB trapping is quite possible.

Solvent attack by a radical is a trapping reaction.
[f a standard AB diffuses to a radius r of 5R, that
is. s = 4R = 20 A then the probubility that escape
has occurred is 0.80 {equations 7.20 and 7.22). In
the absence of more reactive traps than the solvent
(for typical alkyl radicals. ks = 10" s='), escape
trapping by s will compete with escape trapping
by c.

For a standard ZB that reaches the same separa-
tion, s = 20 A. the escape probability is zero and
the probability ¢, (Equation (7A.25). Appendix)
of returning to the surface before reacting with the
solvent, as given by equation (7.24). is 0.9988.

Oz =" ag = (D/ks)'? (7.24)

For ¢ to be as small as 0.50, s would have to be
12006 A. Here og is the s-limited characteristic
diffusion distance.

In summary, the following arc important differ-
ences between surface—molecule pairs ZB and
molecule—~-molecule pairs AB. Perhaps the most
important lesson here is that the absence of solvent
attack in & Grignard reaction is not evidence that

1.0
0.9

0.8 N

07} N\

\
0.6

standdard AB A standard ZB
Si6s

03 timescales of

: ordinary radicat
0.2 trapping
(VAN o

0.0

T YU TR T e o

/s

Fig. 7.11. Survival probabilities St7) for the standard
AB and 7B (Equation TA 220 Appendin.
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intermediate radicals R+ do not separate from the
surface Mgz.

Property AB 7B Comment

escape yes no

lifetime ~10"'"" s uptooc standard AB

trapping  escape only pair only ordinary traps

solvent  yes no alkyl radicals
attack

7.2.6 Infinite-Dilution D Model [52.83]

At infinite dilution, there are no radical-radical
reactions. For the case in which the only reactions
of R~ are r and a competing (pseudo-)first-order
trapping reaction q (which could be s) giving
product Q and governed by rate constant kg, the
D-model solution for the yield A of RMgX has
simple form. equation (7.25),

ke v Q

Mgz q

RX = R- (infinite-dilution case)

r

8N RMeX

A =3800/(1 +30g) (infinite dilution) (7.25)

where 0 = (D/kQ)”:, the g-limited characteristic
diffusion distance. Since the only fates of R+ are r
and q, the yield (Q)is 1 — A and the ratio of yiclds
(QY(RMgX) also has a simple form.

@ _um 1k Wk
(RMgX) A ba, D' K
(7.26)

These equations can be further simplitied by
defining r- and g-limited characteristic lifetimes 1y
and 1 of Re. Let 1 be 1/kq. the average lifetime
of Re as limited by q. Let 1y = 1¢ when (Q) =
(RMgX). Also, define the r-limited characteristic
diffusion distance og:oy = (Dt~ Then (from
cquation 7.26)

= DjN" (7.27)
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ox = 1/8 (7.28)
Sog = (ro/ )7 = 1/(1\'QTR)”1
- (7.29)

A= 1/ 4 ko)1 (7.30)

and (Q)/(RMgX) = (/\'QTR)]”2 = (TR/TQ)”2
= ”R/(’Q (731)

Thus. the infinite-ditution D model predicts thu}
the ratio (Q)Y/(RMgX) will be proportional to k(') N
provided that g is constant, a condition that is
met when D and 8 (or ) are constant. This
prediction provided the first test of the D model
(Section 7.2.8).

The infinite-dilution D mode! allows us (o
address some fundamental questions by comparing
and contrasting the standard ZB and AB. The
reader should recall that the standard ZB has the
D-model properties of the {Mgy R-] intermediate
in a Grignard reaction of a primary alkyl bromide
in DEE and that the standard AB has properties
similar to those of a typical pair of small alkyl
radicals (e.g.. methyl). Thus, the calculations for
the standard ZB are really those for the Grignard-
reaction intermediate [Mgz R-].

(1) How far from Mgz do intermediate
radicals R- get during the Grignard reaction?
Equation (7.32) provides the answer. Here X is
the excursion probability. the probability that the
[Mg, R-]. or any other ZB initiaily in contact, will
reach a separation s. at least. and then suffer pair
reaction. For an AB, the corresponding relationship
is equation (7.33).

1/¢1 +3s5) = 1/(1 + s/or) (7.3
Bl +Posy 1+ (RO
[B. = R/(R + s)equation 7.20)] (7.33)

I

X

i

X

where B, is the probability that escape has not
occurred when r = R+ sand [ | + OR)™! ]‘1 is the
pair reaction probability a (non-geminate pair) or
«a (geminate pair). which have the same value in
this case [spin-free. isotropically reactive, spher-
ical molecules (equation 7A.8. Appendix)|. Equa-
tion (7.33) is general. reducing 10 equation (7.32)
foraZB (Bo =1 a=1).

Mechanisms of Grignard Reagent Formation

La

T T Y T
9+ —
s 7B with \ standard /B n

K= 800 cm a7t K=30cmy ! 4

0.7 - 4
0.6
1 05 stndarnd AB =
K= 800 cins ! 1

0.4 —
03 f\ n
0.2 ]
01 ]

0.0 l I3 ] i

[T 1 o 10t a0t !

SIA

Fig. 7.12. Infinite-dilution D-mode!l  excursion proba-
bility x as a function ol the separation s tor the standard
ZB and AB. For comparison with the standard AB, o
illustrate the role of escape. a ZB like the standard ZB,
exceptin that it has an activation-control flux constant
K with the same vulue as the standard AB. is included.

Figure 7.12 shows how x varies with s for
the standard ZB and AB. The ditferences are
dramatic—the values of x (1000 A) are 9.1% and
0.12% for the ZB and AB, respectively; x (100 Ay
are 50% and 1.2%: x (10 A) are 91% and 9.2%. Of
the AB that suffer pair reaction (40% of the total),
only 50% reach a separation of 3 A. but 97% of
the ZB do so.

Two factors account for these differences, (a) the
standard AB is more reactive (k = 800 cms™')
than the standard ZB (x = 30 cms™") and (b) the
AB suffers escape but the ZB does not. Figure 7.12
also includes calculations for a ZB that has the k-
value of the standard AB but is otherwise like the
standard ZB. A comparison with the standard AB
Hlustrates the influence of escape.

(2) What is the average lifetime of a Grignard
radical R-? For typical alkyl bromides in DEE.
this is the same as the average lifetime of the
standard ZB.

It is tempting to assume that 1 is the average
lifetime of a ZB (as limited by r). but this is incor-
rect—in fact the average lifetime is infinite (see
Berg's equation 3.1 p. 43, with h — oo [8ID! Tt
Is infinite for an AB as well.

This rather non-intuitive random-walk property
arises as follows. Fora small number of trajectories,
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s becomes extremely large. approaching infinity.
Although s will return 0 zero eventually, the
maximum time required has no limit and is. in that
sense, infinite. An infinite lifetime along a single
trajectory is enough to make the average lifetime
infinite.

The halt-life (median lifetime) 7; 5 (as lmited
by 1) is useful as a characteristic lifetime. It is
simply related to 1y (Equation 7.34).

Ty = 0.59148/D8° = 0.59 1481y (7.34)

For the standard ZB. 1,2 =20 x 108§ 14 =
3.3 % 1078 s, and o, = 100 A.

7.2.7 General D Model [s4]

General D models include v, ¢, s, and q. Several
cases are distinguished here. Tn the R case. the
most complex, intermiediate radicals R+ isomerize
10 Q-+, both R- and Q- attack the solvent (forming
S+ and RH or QH). coupling/disproportionation
occurs among all radical intermediates (forming
RR, RQ, QQ, RS, QS. and S8). and all radical
intermediates are reduced to corresponding Gri-
gnard reagents (RMgX. QMgX. and SM¢gX).

In the most general treatment. the values of
the rate constants governing similar reactions of
different intermediates would be different. but here
we adopt the simplification that they are the same.
as illustrated below. This is an excellent approxi-
mation when R- and Q- are very similar and S- is
negligible. In this approximation. the solutions for
the simpler P and T cases are steps in the solution
for the R case.

In the P case. groups R and Q are not distin-
guished. They are lumped into P. This is also the
case of a halide PX whose radical P+ does not
suffer q.

In the T case, groups R, Q. and § are fumped
into T. This is also the cuse of a halide TX whose
radical T+ suffers neither s nor q.

The T case has a refatively simple steady-state
solution [84]. equations (7.35-7.37). where F s
dimensionless, equation (7.37) detines k¢ v is the
flux of formation of R+ at Mg,. and the vield of
each product is the fracton of R groups accounted
for by that product. Unless otherwise specitied. this
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is the yield basis throughout.

(RMgX)* 3D*

[1RMgX)]?  4Dkev

=F (7.35)

(RR) = I — (RMeX)  (7.36)

—(d[R-]/dt)c] = 2kc[R-F (7.37)

Figure 7.13 shows the calculated variation in
(RMgX) with #. For the parameter values that
fit reactions of a primary alkyl bromide RBr
in DEE at ~40'C. F =225, corresponding to
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Fig. 7.13. Yield (RMgX) as a tunction of the dimen-
sionless parameter £ (equation 7.35).

an RMgX vield of 84%. This is for experi-
ments with [RBr],, & 1.5 M [48]. Since higher
concentrations are unlikely, the accessible yield
region is predicted to be 84-100%, with higher
yields resulting for more dilute reaction mixtures,
provided that v is proportional to [RBr]. Lower
yields could result, in principle. under conditions
where the value of « (or 3) is smaller.

The steady-state concentration profile for Re
is shown in Figure 7.14. where R is a scaled
concentration [R¢] and X 1s a scaled distance
from Mgz (84].

R=(=Y)Rr (7.38)
Akg
I3 172

x:(i> s (7.39)
D

The right and upper axes show unscaled values
for reactions of primary alkyl bromides in DEE at
~40"C (standard ZB with v = 2 x 107 molem™?
s7h 2o =3x 10 M7 s and kg =44 x
10° 571y, (The experimental value of kg is necar
10° s The exact value is of no consequence here
since s is not signiticant.)

There are two striking features. (1) The steady-
state values of {Re] are greater than 10 M at
distances up to ~ 1000 A from Mgy, and even at
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Fig. 7.14. Steady-state concentration profile of R« in the T case (Equations 9 and 10 of Garst. Swift. and Smith) [84].
Parameters that fit data (or Grignard reactions of primary alkyl bromides in DEE at ~40°C [83} tead to the unscaled

values at the top and right.

10000 A they remain significant. (2) The steady-
state value of [R-]; (concentration of R+ at Mgy)
is nearly 10™% M. “Intuition’ based on radical-pair
behavior might not have suggested either such a
long tail of significant radical concentrations or
such high concentrations near Mg;.

Where does most of the ¢ occur? This may
best be answered by giving some points on
reaction profile: 1% occurs within 3.5 A of Mgy.
10% within 37 A, 50% within 269 A. 90% within
1196 A, and 99% within 3773 A.

The P and R cases arc more compicx. Since
solvent attack is negligible in reactions of primary
alkyl bromide in DEE at ~40°C. the P case reduces
to the T case. leaving only the R case to be
considered further here.

Although there are six experimental parameters
in the R case, the product distribution is completely
determined by only three dimensionless ones. V.
A.und G? - |,

4/\'(‘\'
Ve —— (740
TpNe
DU
A= (7.41)

1.2

kg

G — | = ky/ks (7.42)

The solutions for the concentration profiles are
complex (sce the Appendix). We illustrate them
with the parameter values used above for the T
case plus & =4.4 x 10° s=', the value for the
cyclization of the 5-hexenyl radical. Thus. the
calculations presented here for the R case are D-
model predictions for the Grignard reaction of 5-
hexenyl bromide in DEE at ~40°C.

Figure 7.15 shows steady-state concentration
profiles for the R case (We=R-. Q-. or S-).
Solvent attack and [S-] are insignificant. [S-]y is
~24x 1077 M and [S] reaches its maximum
value of ~~ 1.3 x 1070 M at a distance of ~4130 A,
[R-]y is high, ~3.4 x 107 M. but |R-] decreases
rapidly with distance from the surface. {Q]o is
much lower. ~1.8 x 107° M, and [Q-] initially
increases with distance from the surface. reaching
a maximum value of ~6.6 x 107° M at a distance
of ~660 A. The fraction [Q+]/[P+] ([P-] = [R-] +
[Q-]) increases steadily with distance from the
surface. reaching 0.5 when [R-] and [Q-] are both
~6.0 x 107" M at ~1200 A from the surface.

Two striking predictions emerge. (1) The frice-
tion I of isomerized alkyl groups Q in PMgX
(RMeX + QMgX) is caleulated to be much lower
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Fig. 7.15. Concentration profiles for the R case, in which R isomerizes to Q- and both Re and Q- attack the solvent
(Equations 9. A33, and A44 of Garst. Swift. and Smithy {84]. W is R or Q. The parameters are those that fit data for
Grignard reactions of primary alkyl bromides in DEE at ~40 C (sce text).

than that (/p) in the dimer PP (RR + RQ + QQ):
I = 3.3%; Ip = 22%. The reason is that Grignard
reagent is formed only at Mgz but PP is formed
everywhere. Since [Q-]/[P-] is minimal at Mgy,
relatively less Q is incorporated into PMgX than
into PP. (2) The calculated value 1.1 of the yield
ratio H, equation (7.43), is nearer 1 than 2. For
a homogeneous solution, H = 2 is expected. The
steady-state rates of formation of RR, RQ. and
QQ arc ke [R]%, 2ke [Re] [Q-]. and ke [Q-F.
respectively, leading to Equation 7.44 for homo-
gencous solution (or homogeneous surface reac-
tions.
(RQ)

H=— (7.43)
[(RRYQQY|'"

L HeRAQ]
= (/\'(IR']:/\'(*IQ']Z)'/E =12 10MOECNeous)

(7.44)
The fact that dimers are formed at all distances
from Mgy is again responsible for the unusual
result. For the PP formed atany particular distance.
H =2 is calculated. but H = 1.1 results when the
vields are summied over all distances.

7.2.8 Typical Alkyl Halides

Since mechanisms of other reactions vary among
classes of organyl halides (alkyl, allyl, benzyl.
cyclopropyl, vinyl, aryl, etc.), this can be expected
of Grignard reactions as well. Accordingly. we
consider the classes individually.

“Typical® atkyl halides are monochloro. bromo.
or iodo derivatives of simple alkanes or cyclo-
alkanes. Allylic and benzylic halides, «o-haloke-
tones, etc., are excluded, as are cycloalky! halides
with cycloalkyl ring sizes less than five. Cyclo-
propy!l halides, in particular, are treated separately.

There are no data on Grignard reactions that
suggest mechanistic  differences among  typical
alkyl chlorides, bromide, and iodides or among
typical primary, secondary, and tertiary halides.
All react at similar rates, with chlorides being
somewhat slower than bromides and 1odides, and
all give similar distributions of products of r
and ¢.

An explicit search for solvent-attack products in
the Grignard reaction of n-hexyl bromide (RBr)
in DEE revealed no detectable SS or RS [52].
The yield of RH in excess of R{(—H) was no
areater than 0.5%. placing the upper limit on
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the extent of s at 0.5% and confirming many
other reports suggesting  that solvent attack 1s
negligible in Grignard reactions of typical alkyl
halides.

The diversion by TMPO- of up to 95% of the
reaction of cycloheptyl bromide suggests that R
is the dominant. probably exclusive, pathway for
Grignard reactions of typical alkyl halides [15].
The dominance of pathway R is also supported
by the agrecment between observed yields and
quantitative D-model predictions [83].

In the first test of the D model, the infinite-
dilution form was applied to Grignard reactions
of primary alkyl bromides 1-3 in DEE at ~40°C
[82]. The intermediate radicals isomerize, rate
constant &, forming both RMgBr and QMgBr.

Br Br
/\/\ [
Br
1 2 3
~En QMgBr
RMgBr

R- — Q-

g
g
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The data conform to the prediction of cqua-
tion 7.26 (Q = QMgBr, Ay = k) that a log—log
plot of the yield (QMgBri/(RMgBr) against &
will have a slope 1/2 (Figure 7.16). The fit is
satisfactory, and the derived value of 1y is 3.33 x
107 s (corresponding t0 8 = 0.010 A ' A better
fit for 1 is obtained, with the same value of 1y,
when o general D model is used [83].

When there is little q or when its extent far
exceeds that of r. (Q)/(RMgBr) cannot be deter-
mined accurately and plots like that ot Figure 7.16
are uscless. However, plots off A, equation (7.23).
are significant.

Figure 7.17 shows data for nine reactions of
typical atkyl halides and five reactions of vinyl,
aryl. and cyclopropyl halides. The points for typical
alkyl halides tall close to curves for equation (7.25)
with 1, near 1077 s, but those for vinyl, arvl, and
cyclopropy | halides fall distinctly off these curves,
For the typical alkyl halides. the range of values
of kg. spanning a factor of 10", is impressive. So
is the variety of reactions q: included are solvent

10 ey
e
¢
3
! o ]
{QMehn / > ]

(RMeBn

! /

Fig. 7.16. Tost ol the intinite-dilution D model for
Grignard reactions of primary alkyl bromides in DEE w
~30 . Fach bromide RBr provides a radical Re that
Isomerizes trale constant &) to Qe which are reduced
1o RMgBr and QMgBr. The slope of the line is 172, as
required by equation (7.26). Point 1 is shown here as
plotted originally (k) = 1.8 x 107 <710 A refined esti-
mate of the value of & for the S-hexenyl radical s
44« 107 < 1 Reprinted with permission from Garst
Deutch. and Whitesides [82]. Copyright TORO Amcerican
Chemical Society
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Fig. 7.17. Yield A of RMeX as a function of ko. The ploted curves are determined by equation (7.25). Dut for

all mine reactions of typical alky! halides (solid ovals) conform 1o this equation for t near 10

" s but the data for

vinyl, aryl, and cyclopropyl halides (open ovals) do not. This plot is redrawn and augmented from Root. Hill. and

Whitesides |85].

attack and inversion at a chiral center as well as
several other radical rearrangements.

In judging the quality of fit for typical alkyl
halides. several points should be considered.
(1) The data are from a number of workers using
a variety of reaction conditions and methods.
Variations in initial concentrations, identities and
concentrations of solvent may all affect A. (2) The
effects of ¢ on product distributions are ignored.
(3) A variation of a factor of 10 in TR (curves
plotted in Figure 7.17) corresponds to a smaller
variation, a factor of 10Y2, ~3, in the corre-
sponding value of k or 8.

Reaction g can be radical trapping. For Gri-
gnard reactions of typical alkyl bromides, trap-
ping by TMPO- and DCPH have been reported
[14—16]. The curves in Figure 7.18 are identical
with those of Figure 7.17, and the data are plotted
in the same manner. A being the yield quotient
(RMgBry/{(RMgBr) + (trapping product)| and &
being the pseudo-tirst-order rate constant for trap-
ping. The data for DCPH and TMPO- are consis-
tent with one another and with the data of
Figures 7.16 and 7.17: all imply tg & 1077 .

A potential problem with intermolecular trap-
ping should be noted: the lrap concentration can be
depleted near Mgy cither by the trapping process
or by direct reaction of the trap with Mgy, leading

to less effective trapping than would be observed
it the trap were distributed homogeneously. This
may be responsible for the trend with [TMPO-]
seen in Figure 7.18. Intramolecular trapping. i.c.,
radical isomerization, is not subject to this effect.

For reactions in DEE using Mg turnings and
ordinary stirring, several workers have noted that
product distributions are insensitive to the initial
concentration of RBr when it is higher than ~0.2 M.
On the other hand. when a rotating disk of Mg
(345 rpm) partially reacts with nn-hexyl bromide
(RBr) in DEE at 0°C, the yields of RMgBr and
products of ¢ vary systematically with the average
concentration IRBr];,\g during  the recaction
(Figure 7.19) | 34.35]. The curves in Figure 7.19 are
caleulated from equations (7.35) and (7.36) using
V= v = Krig [RBrL (following the established
rate law for hydrodynamically-controlled condi-
tions). Under these assumptions, equation (7.35)
becomes cquations (7.45)and (7.46). To obtuin the
plotted curves. € was varied 10 achicve a best
it C =43M.

RMgX C
_RMeX) O (7.45)
[T — (RMgX)}? |RX]
st R
S T
Hhekpne Dok g,
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i rign adical trapping PH 'MPO-. A = g gBr) -+ (trapping product)]. kyis the
Fig. 7.18. Grignard-radical tapping by DCPH and TMPO-. A (RMgBr)/[(RMg ‘ rode .
psgud()—ﬁrshordcr rate constant for radical trapping. Open circles: trap = DCPH. Closed symbols: trap = TMPO-.

The curves are identical with those of Figure 7.17. 1

n-octyl bromide/DCPH/THF/22°C [16]. 2: S-hexenyl

hromide/DCPH/THF/22 C (16}, Closed squares: cycloheptyl bromide/TMPO-/DEE/-amyl 2llCU’hnl (5.0 MVLIBr
(0.05 M)20°C [15}]. Closed circles: cyclopentyl bromide/TMPO-/DEE/1-buty! alcohol (~0.8 M)/34-C [14].

ED=3x10""em?s™ ke =3 x 10" M~ Fs7l,
and kgp; = 1.14 x 1072 ems™! (as determined di-
rectly for the reaction of cyclopentyl bromide
under the same conditions) {26}, then this value
of C corresponds to & = 0.0060 A" and R =
9.2 x 107% 5, similar to the values determined
from radical isomerization and trapping data and
the infinite-dilution D model (Figures 7.16-7.18).

Thus, a hydrodynamically-controlled reaction be-
haves as expected. The fit to the curve is not strong
evidence supporting the D model because other
calculations show that the data are not sufficiently
precise to discriminate between the curves calcu-
fated from equation (7.45) and those for a homo-
geneous surface model. However. the agreement of
the fitted parameter with the value of Ty determined
from radical isomerization data is significant.

A similar variation in yields results from chang-
ing the rate of reaction varying the speed of rota-
tion of a reacting disk of Mg. A faster rotation
results in a thinner diffusional boundary layer and
a faster reaction. For the reaction of cyclopentyl
bromide in DEE at 25 C. the yield of RMgBr
varies from ~86% for slow rotation to ~36% al
7000 rpm, with products of ¢ varying in the oppo-
site way [28]

{00 == T T T
80 \ RMgBr ]

60 1

Yield %

L — 1
—

20 / KR + RH + R(-H) 1

20 R

0
0.0 [ 1.0 LS
[RBrl,,, /M

Fig. 7.19. Yiclds of Grignard reagent tupper) and hy L.fl'()—
carbons (lower) from partial reactions of magnesivm
(disk rotating at 345 rpm) with sr-hexyl bromide m DEL
at O C as functions of the average concentration ol -
hexyl bromide during the reaction [33.35] The lowest
concentration is 0.017 M. The curves are caleulated
from equation (7.45) (C = 4.3 M) and (7.36).

Bickelhaupt and co-workers have provided
extensive data scts for Grignard reactions  of
S-hexenyl bromide in DEE at ~30 C. camied
out in NMR iubes af high concentrations.
{RBrjy = 2.1 M [48]. They determined the yields
of RMgBr. QMgBr. RR. RQ. and QQ (Q =
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cyclopentylmethyl, which arises through the
cyclization of the intermediate 5-hexeny! radical
R+). The good precision of their results. over
a number of replications, demonsirates  that
Grignard reactions are reproducible. even when
the conditions are not casily controlled. These are
invaluable data for testing the D model.

In the general D model. R case. product distribu-
tions depend on values of six experimental param-
eters, v. 8 (or«). D, ky. k¢, and k. For calculations,
these values were chosen as follows. The value of
v is estimated from data of Rogers ¢i al. [29]

=2 1077 molem™ 57!
-1
5 =0.010 A
D=3x107 em’s™!
k=44 x10"s7!
2ke =3 x 10" M 's!
ks =44 x 10° 57!

and Bodewitz eral. {48). That of § is extracted
from the plot of Figure 7.16. A typical value for a
small molecule in a fluid solvent is chosen for D.
The value of k; has been carefully determined [86].
The selected kc-value is typical of radical-radical
reactions of reactive species in fluid solvents [87].
The value of ks has been determined (for a related
primary alkyl radical, octyl) as ~1 x 10* s=% [13].

T T T T

PMgBr
RMgBr
RR/PP
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T
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T
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Since the exact value of kg makes no difference
in the calculations (solvent attack is negligible), a
convcni'em value of &;/100 was chosen for calcu-
lations. Of these values, the most uncertain is v,
which was estimated for different conditions from
those used in Bickelhaupt's experiments.

When solvent attack is negligible, as here. the
value of ks does not atfect the product distribu-
tion, leaving five experimental parameters that do.
These combine into two dimensionless parame-
ters, Vi and Ay, that detenmine the entire product
distribution. For the parameter values listed above,
Vi =250 and A; = 8.26.

4/\( v

V= STy (7.47)
3k D2
D72
Ay = [\l’Q (7.48)
1

The parameter values above predict the product
distribution for the Grignard reaction of 5-hexe-
nyl bromide in DEE with startling accuracy
(Figure 7.20 left) |83]. The unusual values of /g,
Ip, and H (Section 7.2.7) are noteworthy, as is the
fact that the yields (PMgBr) and (PP) are correctly
predicted.

Experimentally, 2.8% (/) of the Grignard rea-
gent PMgBr is QMgBr while 22% (/) of the P
groups in PP are Q. Clearly, P groups are not

Ty T Ty

100 PMaBr

T

THF IS

SRR T HUVIE S

observed

T

h)
e
11 St

T
st

A Ao sl 4

i 10 100)

cafeulated

. .
1 10 166y
caleufated

Fig. 7.20. Observed [43) vs calculated {83] yields and yicld-based parameters for Grignard reactions of 3 3-hexenyl
bromide (initially ~2.1 M} in DEE (lefty and THF (right) at ~40°C. R = 5-hexenyl. Q = cyclopentylmethyl. P =R
or Q. 1, = Q in PMgBr. 7y = %Q in PP. H = (RQVJ(RRYQO) '
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taken randomly into PMgBr and PP from the same
pool of radicals P- (R-, Q-). Otherwise /; and
Ity would have the same value. The experimental
result is quantitatively predicted by the D model.
in which only radicals at Mg, form PMgBr while
radicals everywhere form PP, as described previ-
ously (Section 7.2.7).

The observed value of H is 1.3, but 2.0 is the
value that would be expected if the pseudo-steady-
state populations of R- and Q» were spread homo-
geneously in space or over a surface. The D-model
calculation gives H = 1.1. Values of H nearer 1.0
than 2.0 result from gradients in the pseudo-steady-
state concentration profiles of R- and Q- during the
Grignard reaction (Section 7.2.7).

These calculations are for a constant flux v
of reaction. If v is proportional to [RX]. as it
is under hydrodynamically-controlled conditions.
then v steadily decreases as a reaction proceeds.
The yields of ¢ products. in particular, are sensi-
tive to v. A more exact calculation would take
into account the variation in v as the reaction
proceeds. However, a computational test of this
effect showed that the product distribution obtained
with decaying values of v is closely approximated
by a calculation with a constant, effective value of
v [83]. There is also evidence that v does not vary
during reactions using Mg turnings and ordinary
stirring (Section 7.2.2), further justifying constant-
v calculations.

For the more polar and viscous solvent THF,
the values of V| and A; were adjusted and an
excellent fit to the experimental data was obtained
(Figure 7.20, right) [83]. For the less polar and
cven more viscous solvents DBE (di-n-buty! ether)
and DPE (di-n-pentyl ether). the quality of the
adjusted-parameter fits decreases but is still impres-
sive (Figure 7.21) [83].

For THF, whose viscosity n (0.389 c¢P) is
twice that of DEE (0.194 ¢P). the fitted values
of Vi and Ap are 15.0 and 12.7. respectively.
Since D and k¢ are expected to be affected
by n. and since v and « may be, it is not
surprising that the parameter values that give
the best fit for THF differ from those for DEE.
Correcting D and k¢ using Stokes™ Law gives
vt = (Vl/Vl(’)(ﬂ“/’l )12, K /R0 = (”u/” ‘Vz(Al/
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Fig. 7.21. Obscrved vy calculated  yields and  yield-
derived parameters for Grignard reactions of S-hexenyl
bromide (initially ~2.1 M} in DBE (solid circles) and
DPE (open circles) at ~340°C [83].

A% and 878" = (/") /(" /n). where superscript
zeroes denote values for DEE and unsuperscripted
values are for THF. For THF, v/v! = 0.85. a plau-
sible value. (The theoretical dependence of v on
n is complex—for a rotating disk, v should be
proportional to n°¥/*, which would lead 1o v/1" =
0.56.)

Table 7.1 contains derived rate parameters for
the preceding analyses of data for the Grignard
reaction of 5-hexeny! bromide in several solvents
[83]. Two shortcomings should be noted. First, the
viscosities used in the calculations are for the pure
solvents. They are not necessarily identical with
or proportional to the viscosities of the product
mixtures in which the major parts of the reactions
tuke place. Sccond. for DBE and DPE, the rela-
tively poor fit introduces considerable uncertainty
into V, values. Those of Ay are better determined
by the data.

The derived values of v/v" are similar for THF
and DEE. but distinctly smaller for DBE and
DPE. The characteristic radical lifetimes T appear
 be much longer in DBE and DPE than in
THEF and DEE. Both «- and §-values decrease
while tr-values increase along the series THF <
DEE < DBE < DPE. This is also the sequence of
decreasing solvent polarity, suggesting that effects
of polarity may dominate those of viscosity.
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Table 7.1. Fitted and Derived Rate Parameters for Grignard Reactions of S-Hexenyl Bromide in

Ethers al ~40°Cv

SH v, A nieP v 103t /s w/em 7! 10%/A"
THF 15.0 127 0.389 .85 P4 33 22
DEE 25.0 8.26 0.194 1.0 33 30 1.0
DBE 215 2.00 0.506 0.14 57 1.5 0.39
DPE (1.962 1.21 (.80 0.08 160 22 0.30

“Best it” values of Vi and Ay Other parameters are derived by applying Stokes™ Law |83},

Table 7.2. Cyclization in Reactions of 5-Hexenyl Halides in DEE and THF at 37°C

X SH [MeBry (RMuX )/ (QMeX /% 169 Ref.
cl THE 0 93 38 39 b
Br DEE 0 78 38 16 )
0.18 73 55 70 )
27 78 4.7 5.7 ¢
DEE 0 67 1.6 23 b
THF 0 90 S0 53 b
DEE 86 25 29 d
THF 86 25 29 d
I DEE 0 27 1.1 39 b

“UIg = QMgX)/IRMegX) + (QMeX0i. For ditute reactions, fwould be somewhat higher than these
values (approaching 10%). which are for initial concentrutions of RX in the runge 0.4-2.1 M. A
relatively large number of cyclized radicals couple/disproportionate. At sufficiently low concentra-
tions, they would form Grignard reagent instead.

Ashby and Oswald {16].
“Ungvary [88].
4Bodewitz, Blomberg. and Bickethaupt {48]

For Grignard reactions of S-hexenyl halides in
THF and DEE, I is not very sensitive to solvent.
halogen. or {MgBr ]y (Table 7.2). This contrasts
with the behavior of analogous aromatic halides in
the same media (Section 7.2.11).

To isolate the effects of polarity, Bickelhaupt
investigated the reaction in a series of mixtures
of THF and benzene (PhH) [48). These mixtures
have nearly constant viscosities (varying from
0.389 10 0.480 cP), but their polarities decrease
with increasing benzene content. It is found that
as the benzene content increases. several vields
follow the trends expected if k decreases with
polarity: (PMgBr) decreases (from 96 to 63%).
(PP) increases (from 4 to 18%), and /¢ increases
(from 3 10 26%). Surikingly, [, remains constant,
within experimental error, at ~34%.

Figure 7.22 shows how the fitted A varies
with the mole fraction Xppy of PhH under the
assumption that Vy varies only with viscosity.

using an averaged value of V. 8.00, corresponding
to the viscosity of pure THF [83]. Straight-line
segments connect fitted (Ay) or calculated (others)
values: plotted circles and squares represent exper-
imental values.

D-model calculations reproduce the observed
trends and notable features of the data. as well
as the anticipated variation of Ay, Ay decreases
with Xpyp. corresponding to an increase in tg from
23 % 107% 10 7.9 x 1077 s as Xppy increases from
0 1w 0.87. (PMgBr) decreases with Xpyyy. (PP)
increases, and /g increases in both the observed
data and the calculations. The calculations also
reproduce the observed, but perhaps counter-intui-
tive, insensitivity of /iy to Xpp.

As Lawrence and Whitesides observed [14].
Grignard radicals derived from typical alkyl halides
have properties that are strikingly similar 1o those
of radicals diffusing in solution. They: (a) are
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Fig. 7.22. Fitted values of A (top) and observed (circles and squares) and calculated yield parameters (lines) for
Grignard reactions of 5-hexenyl bromide in mixtures of THE and benzene. Xpny is the mole fraction benzene {83].
An averaged value of Vi, corrected for small viscosity variations, was used in the calculations.

trapped intermolecularly. sometimes with high effi-
ciency: (b) undergo characteristic 1somerizations;
and (c¢) generate CIDNP (Section 7.2.3). In addi-
tion. product distributions from isomerizing Gri-
gnard radicals can be accounted for quantita-
tively by assuming that they diffuse in solution
(1D modely and that their isomerization, coupling.
and diffusion arc all governed by parameters
with values appropriate for solution [82.83.85].
In Grignard reactions of 5-hexenyl bromide. the

observed incorporation of much larger fractions of

cyclopentylmethyl groups (Q) into alkyl dimers PP
than into Grignard reagents PMaBr makes it clear

that the radicals forming PMgBr and PP are not
drawn randomly from the same pool [48]. The D
model accounts for all of these observations quan-
titatively. An A model does not definitely predict
any of them and would require special ad hoc
postulates to accommodate them.

7.2.9 Cyclopropy! Halides

Having 60" C-C-C bond angles and a rela-
tively low-lving LUMO [89]. cyclopropane is
not a typical alkane. nor are cyclopropyl hahdes
and radicals typical atkyt halides and radicals.
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Some properties of the cyclopropyl group resemble
those of the vinyl group. Like the vinyl group,
cyclopropyl is capable of delocalizing interactions
(pseudoconjugation) with m centers to which it is
bonded [89.90].

Cyclopropy! is a bent o radical {91-93], not
a planar & radical like a typical alkyl radical,
and it is about 10* times as reactive as a typical
alkyl radical in atom-transfer reactions [94]. This
suggests that the solvent-attack rate constant kg
will be of the order 10° s™' in DEE. Indeed, a
measurcment for the 2-phenylcyclopropyl radical
gave ks = 1.6 x 10° s7! [95].

The partial s character of the singly-occupied
orbital also enhances the electron affinity of the
cyclopropyl radical {96]. If ¥ were to reflect the
electron atfinity of R-, a larger value would be
anticipated for cyclopropyl! than for a typical alkyl
radical. This does not appear to be the case [52,97].

Figures 7.23 and 7.24 give product yields for
Grignard reactions of cyclopropyl bromide (CpBr)
in DEE [98]. In these experiments, yields of
RMgBr were determined by titration, checked in
several cases by protonation and determination
(volumetric) of the cyclopropane evolved. Other
yields were determined by GC, using authentic
samples and GC-MS to assign GC peaks.

As noted in Section 7.2.1, the polarities of
ethers containing polar solutes such as RMgX
and MgX, are much higher than those of pure
ethers [30]. Such solutes can be expected to affect
Grignard reactions. Figures 7.23 and 7.24 show
that (CpMgBr) increases at the expense of (CpCp),
(CpH), (8S) and (CpS) as concentrations of polar
solutes increase. This suggests that polar solutes
enhance «, shift the mechanism toward pathway
X, or both.

Grignard himself suspected that in the earliest
stage of the reaction the products are those of ¢
(including MgX,), with RMgX being formed only
after the formation of a critical amount of MgX,
[1.99]). The present data conform to that scenario.
with s augmenting ¢ as the initially dominant
reaction.

Products SS and CpS represent solvent attack
unambiguously. In dilute solutions that do not
contain MgBr- initially. s is extensive, >20%. In
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Fig. 7.23. Yields of products of reactions of magnesium
with cyclopropyl bromide (CpBr) in diethyl ether (SH)
at 37°C as a function of the initial concentration of
cyclopropyl bromide ([CpBrly). Reprinted from Garst
et al. [98], Copyright 1994, Page No. 370, with permis-
sion from Elsevier Science.

concentrated solutions, or those containing MgBr»
initially, it is ~2-10%. In every case, the extent
of s is much higher than in a similar reaction of a
typical atkyl bromide (<0.5%) [52].
Interpretations are complicated by missing data.
No disproportionation/coupling ratios are known
for 2 Cp-, Cp- + S-, and 2 S-. Further. high reac-
tivities and ignorance of their fates prevent the
direct or indirect determination of possible dispro-
portionation products cyclopropene [Cp(—H)] and
ethyl vinyl ether [S(—H)]. Perhaps surprisingly. for
several experiments the balance of Cp groups is
close to 100%. suggesting that cyclopropene. if
formed, is accounted for in some form. (Is cyclo-
propene reduced by Mg/MgBr. to 1.2-di(bromo-
magnesio)cyclopropane?) [100.101]. The addition
of cthyl vinyl ether to a reaction mixture results in
the formation of a gummy deposit on the stirring
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Fig. 7.24. Yields of products of reactions of magne-
stum with cyclopropyl bromide (CpBr) in diethyl ether
(SH) at 37°C as a function of the initial concentra-
tions of magnesium bromide ([MgBr.]y) and cyclo-
propyl bromide ([CpBr]y). Symbols: as for Figure 7.23.
The curves represent the yiclds when [MgBr,]y =0
and are taken from Figure 7.23 "[MgBr.}y = 0.18 M.
*IMgBr, ]y = 2.6 M. Reprinted from Garst et al. [98].
Copyright 1994, Page No. 370, with permission from
Elsevier Science.

blade. probably a polymer. In one experiment,
cthyl vinyl ether was detected as a product in ~3%
yield [88].

When o polar solutes are present initially. their
concentrations build up quickly. At the high initial
concentrations of RX used in synthetic prepara-
tions, most of the reaction occurs in the presence
of polar solutes. They are further enhanced by
the use of BrCH>CHBr (a source of MgBra) as
a promoter. Accordingly. the data in Figures 7.23
and 7.24 that are most representative of synthetic
practice are for reactions in media that contain
RMgX, MgX,. or both.

Typical yiclds under these conditions  are
(CpMgBr) = 65%. (CpH) = 30% . (CpCp) = 5%,
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(SS) = 4%, and (CpS) = 2%. When there is no
radical isomerization, the D-model product distri-
bution is determined by two composite parame-
ters. V and A (equations (7.40) and (7.41)). The
observed product distribution is approximated by a
D-model calculation (Figure 7.25) with V = 2.58
and A = 2.71, corresponding to 8 = 0.0070 A
ks = 2.0 x 10° 57!, and all other parameters the
same as those used in D-model calculations for 5-
hexenyl bromide [102]. Taking disproportionation
into account will bring the observed and calculated
values of (CpH), (CpCp), (SS), and (CpS) even
closer. Thus, with plausible parameter values, the
D model can describe this product distribution.

It is noteworthy that the value of § is very close
to that for 5-hexenyl and hexyl radicals, despite the
more favorable energetics of reduction of cyclo-
propyl. This suggests that some other factor domi-
nates in determining the value of 8. This could be
a property of the medium or interface.

In Walborsky's version of the A model, s is the
inevitable fate of the few radicals that desorb and
enter solution. The CpBr data indicate that more
than a few desorb. Indeed, the agreement with

T
100 = -
F CpMgBr E
[ CpH e l
_é L
210 3
£ ]
r . ¢ CpCp E
L $S i
F L] C[)S q
L |
A I
t 10 100
calculated

Fig. 7.25. Observed vs calculated yields for Grignard
reactions of cyclopropyl bromide in DEE containing
polar solutes at 37°C. The calculations use V = 2.58
and A = 2.71 [102]. Calculated values of (CpCp). (SS).
and (CpS) include radical disproportionation producis
and arc consequently too large. The calculated value
of (CpH) is for solvent attack only (does not include
disproportionation) and is consequently too small.
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D-model calculations suggests that nonc of the
intermediate cyclopropyl radicals remain adsorbed.

Desorption and solvent attack arc cven clearer

for reactions of Mg turnings with 2.2.3,3-tetra-
methylcyclopropyl bromide in DEE. which are
interesting for other reasons as well [98]. This
bulky substrate does not react when stirred for an
hour in DEE alone. However, in 2.6-M MgBry/
DEE a smooth reaction begins immediately. It is
distinctly slower than reactions of typicat alkyl
bromides or of cyclopropy! bromide itself.

CH; CHs
CH; Br _L CH; MeBr
CHy gyt CH3 °
CH; CHs
0.16-0.18 M 28%
n
CH; CH; CH;,
CH; CH; CH;
CH; CHy, & CHs
CH; CH, CH,
2% 68%
n
CH;CH,0 CHCH;
| (SS)
CH;3CH,0 CHCH;
449

Yields (SS) and (RH) are astonishing, 44% and
68%, respectively. These data are not compli-
cated by disproportionation reactions of R-, which
are blocked by the absence of f-hydrogen atoms.
Part of the excess of (RH) over (SS) is probably
due to disproportionation reactions of Re with S-
and part to disproportionation reactions of 2 S-.
which give undetectable products S(—H) and SH.
The observed yiclds are approximated by D-model
caleulations (Figure 7.26) with V' = 0.075 (~0.03
of the value for CpBr) and A = 0.413 (~0.15 of
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T T T
[143]
E- CpH
SSe

CpMgBr
z g J
e CpCp 1
1 |
3 3
1 " 1 L3

1 10 . 100

caleulated

Fig. 7.26. Observed vs calculated yields for Grignard
reactions of tetramethyleyclopropyl bromide (initially
~0.17 M) in DEE containing 2.6 M MgBry at 37°C
[98]. The calculations use V = 0.075 and A = 0.413.

CpBr), consistent with decreases in v, k¢, and & that
could reflect steric effects not operative for CpBr.

Systems with extensive solvent attack permit
definitive tests of the question, ‘Do radicals R-
leave Mgy and then return and suffer reduction
to RMgX?" This is the defining question for the D
and A models (‘yes’ and ‘no.’ respectively).

More than one A model can be recognized.
Possible mechanisms can be distinguished by the
roles of adsorption and diffusion for each step, r.
c. and s. In an "A’ (adsorption) step, the radicals
remain adsorbed Mgy until they react. Otherwise,
the step is D" (diffusion), a reaction of radicals
that diffuse in solution. Specifying the nature of
the steps in the order res, three of the possible
mechanisms are AAD (Walborsky), ADD, and
DD (D model) [97].

Perdeuterating the solvent will reduce the value
of kg by a factor of ~3-10 (primary kinctic
isotope effect). allowing the AAD, ADD, and DDD
mechanisms to be distinguished (97]. The AAD
mechanism predicts that there wiil be no effect of
deuteration on the product distribution, the ADD
mechanism predicts that deuteration will increase
¢ at the expense of s, and the DDD mechanism
predicts that wt will increase r and ¢ at the expense
of s. Here are the findings of such experiments
with CpBr (Table 7.3).

Mechanisms of Grignard Reagent Formation

Mg

PPV R O YT

R A RN R AR AR AN

RMgX

Fable 7.3. Solvent Isotope Effects on Products of Reactions of Cyclo-

propyl Bromide {97]

Mg
CpBr — CpMgBr + CpCp + SS + CpS
SHil))
040 M S0
SH(D) MeX:lo %
DEE 0 52 3 7 3
DEE-d |, 0 54 14 1.2 3
DELE 2.6 M MgBr 71 2 5 2
DEE-d\, 2.6 M MgBr, 84 4 0.04 0.3
THF 0 58 - 16 10
THF-dy 0 70 - 03 3
THF 0.50 M MgCi» 68 - 4 6
THEF-dy 0.50 M MgCly 80 — 0.07 6
In DEE/MgBr,, THF, and THF/MgCls. solvent
RX deuteration gives a 12— 13% increase in (CpMgBr).

Watborsky Mechanism

AAD

RR
R A

SR e RH + S

RMgX
ADD
RN

N RR

N .
e
TSR U -RH s
RMgX

1> Modet
DPDD

If s is a solution reaction, this disproves the A
models (AAD and ADD) definitively.

The D model (DDD) is supported further by
agreement between the observed and predicted
effects of deuteration on yields. The experimental
yield of CpMgBr (71%) in DEE/MgBr; is matched
with 8 = 0.010 A", ks = 4.4 x 10° s™', and the
usual values of v, D, and k¢c. The observed yield
(84%) in DEE-d;¢/MgBr, is then matched by
decreasing ks by a factor of 6, that is, assuming that
ky/kp = 6, a plausible value. (A direct measure-
ment of ky/kp for this case has not been made.
Near matches of calculated with experimental
data are obtained with other plausible values of
ku/kp) [102].

In every case the datu contradict predictions of
the AAD mechanism. However, in DEE (CpMgBr)
is little affected by deuteration, while (CpCp)
increases substantially at the expense of (SS). the
kind of result expected for the ADD mechanism.
Perhaps that mechanism operates here, but it seems
unlikely that the mechanism in DEE would be
fundamentally different from that in DEE/MgBr.
THF, and THF/MgCl,. One possibility is that the
build-up of polar solutes creates a viscous and
polar layer adjacent to Mgy and that radicals. once
they escape this layer. have difficulty reentering
it. Alternatively. ¢ and s donmunate the carly part
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of the reaction, attenuating by dilution the DDD
effect of the later part [97].

Optically active 1-halo-1-methyl-2,2-dipheny!-
cyclopropanes in THF and DEE react with magne-
sium (powder was used in most experiments.
though a few with turnings gave similar results)

to give Grignard reagents with partial retention of’

contiguration (measured after carbonation, which
occurs with retention) (Table 7.4). Control exper-
iments exclude halogen—metal interchange as a
source of optical activity in RMgX [20].

The observation of nearly complete racemiza-
tion for RI militates against an adsorption expla-
nation of retention. Since the rate constants for the
inversion and rotation of the cyclopropyl radical
are estimated as ~10" s—1 [92,93], these data
suggest a retention pathway X in addition to
a radical pathway R. Although the D model,
with a sufficiently small value of tg, could also
account for the observed partial retention, the
required value of g is not consistent with other
data. The smallest value of (Q)/(RMgX) above
is 3 (75% racemization, 25% retention). From
equation (7.31) with kg = 10" 571, we find 1 =
9 x 107" s~ 1070 5, Similarly, for the largest
value of (Q)/(RMgX), 49 (98% racemization, 2%
retention), we find tg = 5 x 1010 5. These values
are less than those that describe data for typical

Table 7.4. Retention of Configuration in Grignard Reac-
tions of 1-Halo-1-methyl-2.2-diphenylcyclopropancs.
(201

Ph CH; Ph CH;
Mg
SH
Ph X Ph MgBr
1(0;
Ph CH,
Ph COOH
X SH TrC retention/%ce
Br DEE 35 14-21
Br THF 25-28 13
(@] THF 65 25-26
Br THF 63 15-19
[ THF [N 2
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alkyl halides (Section 7.2.8) by 2-3 orders of

magnitude.
Ph (‘H_z Ph CH]
VN o/
/ pathway X, relention / \
Ph Br Ph MgBr
Nh‘
Ph CH; Ph
<10 st N
. P —_
Ph Ph CHj3

pathway R, racemization

Ph CHj;
(1)
Ph MgBr

The values of & and 1z for D-model
descriptions of reactions of cyclopropyl bromide
are indistinguishable from those for typical alkyl
halides. For 1y = 1077 s and ko = 10" 57!, ~1%
retention of configuration is calculated. Thus,
the ideal D model does not account for the
observed degrees of retention of configuration
in Grignard reactions of [-halo-1-methyl-2,2-
diphenylcyclopropanes. Agreement would require
§-values higher by factors of 10-30.

More complete product analyses. using gravi-
metric methods and NMR spectroscopy. gave the
results below [20]. In evaluating these results. it
should be noted that gravimetric methods are prone
to losses and that NMR integration is not always
very accurate. Mass balances in these experiments
are often poor. Products RS and SS, which could
have provided checks on the inferred amount of
solvent attack, were not determined. nor were
possible effects of MgBr, investigated or taken
mto account.

Most of the by-products are those expected for
r. ¢. and s. The low yields of RMgBr and rela-
tively high yields of RR. RH. and R(--H) in

Mechanisms of Grignard Reagent Formation

Ph CH; Ph CH;
\ / Mg €O,
/A DEE
Ph Br ¢ Ph COOH
(+) or () 20-344%
209 retention
+
Ph Ph CH;,
)A—‘ CH>  + >A<
Ph Ph H
9% 23%

4% retention

n
Ph Ph CHx
cHy * Ph
Ph Ph <z
A CH; Ph
2%
n
Ph CH,
Ph
COOH H
1%
Ph CH: v, o Ph CH;
Ph Br ¢ Ph COOH

(+)
70-19%

16-19% retention
+
Ph CH;

Ph H

5-6%
4—-6% retention

DEE are striking. For a vatue of & that could

account Jor the observed degree of retention in
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RMgBr (300 cms™!, 10 times its value for a
typical alky! halide, 30 cms™'). a very high yicld
of RMgBr (98%) and a very low yield of ¢ prod-
ucts (0.16%) are calculated using the D model

yields. The observed by-product yields are consis-
tent instead with k-, 8- and tg-values similar to
those for typical alkyl halides and cyclopropyl
bromide.

For Grignard reactions of 1-bromo-1-methyl-
2.2-diphenylcyclopropanes in DEE-d; and THE-
dyg, the reported yields of RD arc very low.
indicating that there is little solvent attack. Ne-
glecting the possible effects of a kinetic isotope
effect on ks, Walborsky took this to imply that
solvent attack is negligible in the proton-containing
solvents as well [20].

Data for THF show otherwise [20]. Solvent
deuteration increases the yield of RMgBr by 15%.
decreases its enantiomeric excess. decreases the
yield of RH(D), and increases its enantiomeric
excess. These effects reflect a deuterium isotope
effect that diverts R- from s to r. The increase
in (RMgBr) indicates that ~15% of RBr gives R-
that are diverted in this manner. The discrepancy
between this value and the lower (RH), 5-6%.
found in THF is probably duc to quantitative
uncertainties in the analyses.

Walborsky and Aronoff offer the same interpre-
tation without noting that it invokes the D model
{20]. If s is a solution reaction. as they believed.
then these data require that at least ~15% of RBr
give radicals R- that leave Mgz and suffer subse-
quent reduction to RMgBr. The actual fraction
could be, and probably is, much larger.

As in the CpBr case (above in Section 7.2.9).
deuterating DEE has a different result. it has no
measurable effect on (RMgBr) or (RH). consistent
with the proposition that there is no effect on the
product distribution at afl {20]. This is probably
an illusion. If no products other than RMgBr and
RH had been determined for reactions of CpBr.
the results would have been similar and the effects
of solvent deuteration on yiclds (RR) and (SS)
would have been missed. For I-bromo-1-methyl-
2.2-diphenyleyclopropane. there was no analysis
for RR or SS [20}. Thus. it is likely that the
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Ph
(+)
Ph CH; )
: My 0.
THE-dy
Ph Br ¢
(+)

behavior of I-bromo-1-methyl-2.2-diphenylcyclo-

propane in DEE and DEE-d, is like that of CpBr

[97], which is not consistent with the AAD mech-
anism of Walborsky.

We are left with inconsistencies. A models are
not consistent with the data. but if pathway R is the
exclusive pathway, then the D model, alone, also
fails, since it does not account simultaneously for
the observed degrees of retention of configuration
and high yields of by-products.

A reconciliation requires another pathway,
X. either a pathway without an intermediate
radical R or with a subset of intermediate
radicals with lifetimes ty that are much shorter
than those of another subset. One possibility
involving (wo sets of radicals R+ (shorter- and
longer-lived) is that the initial intermediate pairs
could have a much higher reactivity than older
pairs. If active sites on Mgy were localized
on the atomic scale (Section 7.3.11), and if
both  formation and reduction of R- could

inate
reaction

. Mg
RN S5 IMgz Ry =10 s
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Ph CH; Ph CH;
+
Ph COOH Ph H(D)
25% 20% total
18% retention 5% retention
1.4% RD
19% RH
Ph CHaz Ph CH;
+
Ph COOH Ph H(D)

1.0-1.4% total
8-10% retention

0.3-0.4% RD

0.7-1.0% RH

88-93%
13% retention

oceur at the same site or adjacent ones. then
geminate reaction and escape (three-dimensional
phenomena, Section 7.2.5) could occur on very
short time scales (Figure 7.27), the former with
partial retention, the latter leading to radical
intermediates R+ of longer lifetime [103-108].

However, data suggest that extents of non-
isomerization (retention being one example)
correlate with the conjugation in RX (Scctions
2.8-2.11). It is not clear why this should be for
geminate reactions at active sites. This suggests
that the explanation lies elsewhere.

Initially, Walborsky invoked a retention pathway
X through an intermediate “tight radical pair’
described as [Re--=-MgX] [19], a ‘loose radical
pair’ being [R- -MgX]|. Later the ‘tight radical pair’
became a ‘radical anion in close association with a
univalent magnesium cation’ [19] or a ‘tight anion
radical-cation radical pair” [7] [RX7---Mg?|. Then
electrochemical measurements led him 1o consider

RMgX (with partial retention)

RMgX (with rucemization)

ERHEPE N M, R, T~ 10 s

by-products

2. 7.27. Retention as a consequence of geminate reaction (Section 7.2.5) at an active site (Section 7.3.11).

[ ——

Mecchanisms of Grignard Reagent Formation

this to be a transition state instead of an inter-
mediate, at least in some cases, including that of
I-bromo-1-methyl-2.2-diphenylcyclopropane [22].
We do not consider this clectrochemical evidence
to be compelling and believe that an interme-
diate anton-radical RX* best fits all of the data
(Section 7.2.21).

The presence of aromatic groups in the [-halo-
I-methyl-2,2-diphenylcyclopropanes suggests the
possibility that they could stabilize an intermediate
(or transition state) RX* . Walborsky addressed this
issue by examining Grignard reactions of an opti-
cally active cyclopropyl bromide lacking aromatic
rings {21]. There is partial retention of configura-
tion, but distinctly less than in the casc of {-bromo-
I-methyl-2,2-diphenylcyclopropane, consistent
with the proposition that RX* is stabilized by the
phenyl groups of [-bromo-1-methyl-2.2-diphenyl-
cyclopropane, the loss of which (in I-bromo-1-
methylspirof2.5]octane) decreases that stabiliza-
tion and leads to less retention. It also demonstrates
that aromatic rings are not necessary for partial
retention, suggesting that the cyclopropyl group
itself might stabilize RX~.

/ N\ _-Br_ M ,
SH
CH; RT.

: i('();

%A\-—COOH
CH;

SH = DEE: 25% (10% retention)
SH = THF: 58% (13% retention)

A more complete product analysis was obtained
for a reaction of racemic bromide in DEE contain-
ing t-butyl alcohol-O-d [21]. The products indi-
cate significant s, perhaps 12-23% {(0.5 — 1) x
(47% —-24%)}). In a reaction in DEE-dy (using
mechanically-activated Mg turnings, BrCH,CH,Br
as a promoter, and refluxing for 1 hr), the racemic
bromide gave 13% RD. implying 6.5-13% s.
These uncertainties reflect the fact that RH(D) can
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be both a direct and indirect product of s, arising
by disproportionation ol R with S-.

Ricke
LBr My

——=~ RMgaBr+ RH
C ih as RD

s o
(+)-RBr 234, 17%
+
[R(-H)] + SS +RR

as missing R
24% 3% 3%

There is much more solvent attack than was
claimed for 1-bromo-1-methyl-2.2-diphenylcyclo-
propane [20]. Instead. the extent of s agrees
with that for cyclopropyl bromide itself [52.98].
Together with the finding that there is less
than 0.5% s in a reaction of n-hexyl bromide
in DEE [52]. these finding disprove a set of
hypotheses suggested by Walborsky [109]: (a) the
only radicals that attack the solvent arc those
that desorb; (b) their inevitable fate is solvent
attack; and (c) fewer cyclopropyl radicals than
typical alkyl radicals desorb. These hypotheses
predict more solvent attack in reactions of typical
alkyl than cyclopropyl halides. opposite from
observations [52].

In some reductions of 1-halo-1-methyl-2.2-di-
phenyleyclopropanes, there appears to be a racem-
ization pathway through an intermediatc other
than R+ [96.110]. Although Walborsky recognized
this, he did not propose integrated mechanisms
of reductions of these substrates. These matters
are discussed further in Sections 7.2.15 and (espe-
cially) 7.2.21.

In summary. the data for cyclopropyl halides are
consistent with a major, D-maodel pathway R. For
reactions of cyclopropyl bromide in DEE/MgBr-.
THE. and THF/MgCl- {97]. and of 1-bromo-1-
methyl-2.2-diphenylcyclopropane in THE [20]. all
versions of the A model are disproved by findings
that deuterating the solvent increases (RMgBr)
by 12-15%. Deuterating the solvent has ittle
effect on (RMgBr) trom reactions ol cyclopropyl
bromide and  I-bromo-1-methyi-2.2-diphenyley-
clopropane in DEE [20.97]. but tor the former
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reaction, at least, it increases ¢ at the expense of s
[97]. suggesting the ADD mode! and eliminating
the AAD model (Walborsky mechanism). Obser-
vations of partial retention of configuration can be

accounted for by a pathway R with two groups of

diffusing intermediate radicals with very different
litetimes (~107"" and ~1077 %) ¢ c.g., the freckles
model with geminate reaction (Section 7.3.11)) or
by a minor retention pathway X along which
R- is not an intermediate. One possibility for
X is a pathway through an intermediate RX*
[10.19.20,22] that is stabilized by delocalization
over m or pseudo-m systems (cyclopropyl rings
have pseudo-m systems) [89,90}.

Me
Br powder
—

THE
5¢C

Mg
powder
———-
THF

¢
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7.2.10 Vinyl Halides

THF is commonly used for Grignard reactions of

vinyl halides because initiation often fails in DEE.
Reactions of optically active 4-methylcyclohexyli-
denebromomethane (RBr) occur with partial reten-
tion of configuration and provide evidence of
radical coupling (formation of RR, ~12%) and
solvent attack (formation of RH, ~9%) {111]. A
conirol experiment showed that racemization did
not occeur in the unreacted bromide.

The course of this reaction is similar to those
of Grignard reactions of cyclopropyl halides. with
the large amounts of ¢ and s again precluding a
value of ¥ (D model) that could account for the

H
/

. COOH
o \M

42% retention
H
/

9%

+

12%

observed large fraction of retention of configura-
tion in RMgBr. Similar results have been reported
for reactions of other vinyl halides [10,11].

The products are consistent with mechanisms
similar to those that are viable for reactions of
cyclopropyl halides (Section 7.2.9). If the D model
describes the non-geminate part of pathway R,
then the values of § and ¥ must be similar to
those for typical atkyl and cyclopropyl radicals
(Sections 7.2.8-7.2.9).

7.2.11 Aryl Halides

Stercochemistry is not an avaikble wol for ary]

halides, whose Grignard reactions have received

9%

little recent mechanistic attention. Studies of sub-
stituent effects on rates of Grignard reactions
of aryl bromides in DEE reveal acceleration
by clectron-withdrawing substituents  but  do
not permit a distinction between electron- and
atom-transfer initial steps  [31]. From phenyl
bromide in DEE, by-products biphenyl, benzene.
and I-phenyl-1-ethoxyethane are formed [61.63].
suggesting coupling and attesting to solvent attack
by intermediate phenyl! radicals.

These results might leave a reader with the
impression  that pathway R dominates.
studies suggest otherwise [112].

Aryl and cyclopropyl halides RX are similar
in some ways. They fose X to form o radicals

Recent
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Orr-Orm
O O

stmilar

MgBr

with clectroncgativities and reactivities

toward solvents {94]. It Grignard reactions of

phenyl halides were similar to those of cyclopropyl
halides, then similar D-model calculations would
be expected to predict product distributions from
phenyl halides.

ke=7x 108! S
ST .
[> SH.25°C +

O ==

Further, 5-hexenyl and 2-(3-butenyl)phenyl radi-
cals cyclize analogously, the rate constant for the

ky=6x 10"«
SH 25°C

SH =THF

X
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cyelization of the latier being 10% that of the former
186,113,114]. If the mechamisms of Grignard reac-
tions of 2-(3-butenyl)phenyl halides were similar
to those of 5-hexeny! halides. then similar D-model
calculations would be expected to predict product
distributions from 2-(3-butenyl)phenyl halides.

In fact, such calculations fail for phenyl and 2-
(3-butenyl)pheny! halides [112]. Cyclopropyl and
5-hexenyl halides are not good models for the corre-
sponding aryl halides. Grignard reactions of the aryl
halides give far fewer by-products than predicted
from their aliphatic models in D-mode! calculations
(equation 2.6.7) using g = 3 x 10° 5§, a value that
describes reactions in DEE and THF of cyclopropyl
and 5-hexenyl bromides (Sections 7.2.8-7.2.9).

For phenyl halides, this D model predicts 57%
solvent attack. For reactions of phenyl chloride.
bromide, and iodide in THF at 37 C and the
reaction of pheny! iodide in THF at 67°C. no
traces of SS or RS are found. despite the ability
to detect SS in yields as low as 0.03% by GC.
Reactions in THF give nearly quantitative RMgX
(95-106%). The D-model prediction is far from
correct [112].

Similarly, for reactions of 2-(3-butenyl)phenyl
bromide and iodide, D-model equation (7.31) pre-
dicts 78% cyclized Grignard reagent and 22%
uncyclized. Much less cyclization is observed.

Un

5-hexenyl halide

37°C

X

U: kj=4x 107!
P el

2-(3-buteny!)phenyl halide

. e K=

4 18
37C

s
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Indeed. for reactions of RBr in THFE. cyclic product
is hard (o detect. Control experiments demonstrate
that the Grignard reagents. once formed, do not
mterconvert. No SS or RS could be detected in
any solvent [the rate constant for the cyclization
of the 2-(3-butenyl)pheny! radical 1s seven times
that for solvent attack by the phenyl radical| and
only traces to small amounts of dimers RR, RQ,
and QQ are formed [112].

Even qualitatively, the results [or reactions in
THF, especially, are striking. In this system, the
rate constant for the cyclization of R« is a thousand
times that for S5-hexenyl halides, where 3-10%
cyclization occurs. Despite this, from 2-(3-bu-
tenyl)phenyl bromide and iodide in THF, >98%
yields of RMgX are obtained, with <1.5% QMgX
[112]. This seems inconsistent with a dominant
pathway R of any Kind.

Using equation (7.31) to calculate tp from the
experimental data for the 2-(3-butenyl)phenyl ha-
lides gives values corresponding to a few bond
vibrations or less. The corresponding diffusion
distances are >1 A-—pseudo-oscillatory motions
would dominate diffusion. Equation (7.49), with
simple first-order rate laws describing the compe-
tition, might be appropriate. Using this equation,
the values of tg calculated from the data are up to
4 x 1071 s, still very short lifetimes indeed.

(QMgX)/(RMgX) = ko Tk (7.49)

Although it may be conceivable that tp could
be this short, it seems unlikely, especially in view
of the evidence from reactions of typical alkyl and
cyclopropyl halides that the structure of R seems
to have little effect on 14, which may be deter-
mined by properties of the medium or the surface.
It is more likely that pathway X operates [112].

Indeed. X appears to dominate. Suppose that
1 were 3 x 107% s (value for 5-hexenyl bromide
in DEE) for the pathway R (D-model) contri-
bution in reactions of aryl halides and that the
only product of pathway X were RMgX. Then
the implied extent of pathway X for the reac-
tons of 2-(3-butenylphenyl halides would be
>97% [112].

Electrochemical reductions of arvl halides occur
through anion-radical intermediates RX*. which
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fragment to give radicals R+ that are then further
reduced. either at the electrode or by RX*. in
competition with coupling and solvent attack
[17,18]. Perhaps this is the substantive difference
between Grignard reactions of typical alkyl and
aryl halides. In the former case. there is no inter-
mediate RX*, in the latter there is.

Conceivably, R+ could be reduced by RX*. In
clectrolyses, such reductions arc believed to be
significant only when RX* has a relatively long
lifetime {17,18). For phenyl bromide, the lifetime
is very short, estimated as ~107!" s (extrapolated
from data of Savéant) [17], making the reduction
of R- by RX* unlikely. Indeed. kinetic analyses
of approximate models indicate that steady-state
concentrations [RX*] will not be high enough to
allow the reaction of RX* with R+ to compete
with the fragmentation of RX*, the coupling of R..
or the reduction of R« by Mgy (with 1g = 107" s
or less) [102]. Unless there is something special
that stabilizes RX* (e.g.. the low polarity of the
medium, association with counterions, etc.), this
hypothesis can be discarded.

Absent some other reaction of RX*, fragmenta-
tion would be its only fate in a Grignard reaction.
If so, the resulting mechanism would be kinetically
equivalent to pathway R. If RX*® invariably frag-
ments to R- and X, and is thus not a branching
species, its transient intermediacy (or lack thereof)
will have no influence on the kinetics of competi-
tive product formation. Based on its successes with
typical alkyl and cyclopropyl halides, the D model
would be expected to apply.

Since it does not. other possible reactions of
RX* must be constdered. In some reductive cleav-
ages of some substituted cyvclopropyl halides, an
electron transfer o RX*® appears to be required.
leading to a dianionic fragmentation transition state
(composition RX*™. with associated counterions)
[110,115]. Pathway X could be such a dianionic
pathway. However, no precedent for this pathway
for an aryl halide is apparent. According to the
literature, aryl intermediates RX* either fragment
or lose an electron. regenerating RX {17.18].

This prompts two questions. (1) Could a dian-
jonic cleavage pathway have escaped detection
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in the electrochemical experiments [17,18]7 It
appears that the answer could be ‘yes.” A dian-
ionic pathway might not have been considered or
might not have been distinguished from other path-
ways. (2) Could a dianionic pathway be absent
in the electrochemical reductions but present in
the Grignard reaction? “Yes’ is again a possible
answer. In Grignard reactions, a dianionic transi-
tion state for fragmentation would be stabilized.
perhaps greatly, by its association with Mg**
(Figure 7.28). lonic aggregation is favored by the
relatively low polarity of the medium and high
charge densities of Mg™* and RX"" . lonic aggre-
gation can have powerful effects in less polar
media [116]. The dianion pathway might not play
a role in reductions in the more polar media and
with the different countercations used in electro-
chemical studies. These matters require further
study.

7.2.12 Benzylic and Allylic Halides

Benzylic and allylic halides have received little
mechanistic attention, probably because their Gri-
enard reactions are complicated by secondary reac-
tions. The reaction of RMgX with RX is faster

for benzylic and allylic halides than for others [1].
It is customary 1o use dilute solutions and large
amounts of specially activated Mg to minimize
secondary reactions.

RMgX + RX —— RR + MgX,

Success has little mechanistic significance because
these measures will minimize ¢ as well. Although
experimental determinations of the separate contri-
butions of ¢ and secondary coupling are feasible.
they have not been pursued.

The reaction of Mg powder with (+)-(R)-1-
chioro-1-phenylethane in DEE in the presence of
t-BuOD gives 88% (+4)-(S)-1-deuterio-1-phenyl-
ethane with net inversion (6.2% optical purity)
[117]. Although net retention appears to be the
more common case, net inversion is also observed
in RH formation, presumably by protonation of
RMgX. in the Grignard reaction of 1-chloro-1-
methyl-2.2-diphenyleyclopropane in THF [20].

It is not clear whether or not the intermediate
Grignard reagents are formed with retention in these
reactions. They could be, provided that the stereo-
chemistry of protonation were inversion. Conceiv-
ably. the stereochemistry of protonation might vary
with organic structure. halogen, and medium though
effects of aggregation and solvation.

The authors of the work with (+)-(R)-1-chloro-
|-phenylethane consider their findings to be evi-
dence that “this reaction proceeds on the magne-
sium surface within a solvent cage. If it were
not so. we would expect only a small amount



226

of deuterium in [the product RH]| because of the
disproportionation of the 1-phenylethy! radical and
its reaction with solvent.” Since the premise is
false (Sections 7.2.6-7.2.9). the conclusion is not
justified.

They also conclude that ‘racemization of benzyl-
magnesium halide takes place. through fast struc-
ture inversion, just after its formation.” No reason
for discounting the possibility that RMgCl was
mostly racemic as formed is given [117[—none
is evident.

Reasonable conclusions are that RMgCl may be
formed (~85%) in 6.2% optical purity. perhaps
with net retention, and that ¢ (10-15%) compeltes
with RMgCl formation. The ideal D model can
describe the bulk of the reaction but perhaps not
the reported small optical purity of RMgCl. If the
reported optical activity is not an artifact, then it
might indicate a pathway X.

7.2.13 Area of the Magnesium Surface

If the rate of a Grignard reaction is proportional
to the area « of Mgz, then increasing ~ will
increase the rates of formation and reduction of
R-. Naively, this might be expected to affect the
product distribution.

Actually, D-model product distributions are
independent of «. If the rate of consumption of
RX and formation of R- is proportional to «,
then doubling = doubles the gross and specific
rates (Section 7.2.2) but does not affect the flux
of reaction. In the D model, the flux (not the rate)
determines the steady-state concentration profiles
in solution that in turn determine the product distri-
bution (Sections 7.2.6-7.2.7).

The situation s similar for an A model in which
r and ¢ occur at Mgz. Increasing ~ will again not
affect the flux of reaction. Consequently. it will not
affect the steady-state surface densities (mol cm™)
of intermediates. Since these determine the product
distribution. a change in «~ has no effect on that
distribution.

For reactions of S-hexenyl bromide in THF at
22°C with sonication, for example. these predic-
tions have been confirmed. The molar ratio Mg/RBr
was varied from 10:1 to 1:1. with {RBr}y constant,
without affecting the product distribution | 16].
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There are cases where «~ can affect product
distributions. If a secondary reaction of RMgX
with RX occurs at a rate that 1s competitive with
that of the overall reaction, then removing RX from
solution rapidly. using a high <, will minimize the
secondary reaction. This is the rationale for using a
high ~ of reactive Mgz in reactions of benzylic or
allylic halides [ 118]. where RMgX + RX is faster
than usual. Secondary reactions of this type might
also be important in reactions of iodides under
some conditions (solvent, temperature). For this

reason, Kharasch and Reinmuth advise: “The use of

iodides, either as Grignard reagent co-reactants or
as starting materials for the preparation of Grignard
reagents, in general, is to be avoided’ [1].

A second case involves Mg that is so fincly
divided that the sizes of individual pieces are
comparable to those of molecules. In this case. the
D-model approximation that Mgz is “infinite’ (so
large that edge effects are insignificant) fails—R-
may escape from the Mg, cluster at which it
is formed. The rate of its subsequent reaction
with another Mg, would be enhanced by higher
concentrations of Mg, so that surface-area effects
would be expected (Section 7.2.18).

7.2.14 Concentration of Halide

In hydrodynamically-controlled reactions, the flux
of reaction is proportional to [RX] [26-28].
Consequently, the yields of ¢ products increase.
at the expense of RMgX, with increasing [RX]
(Figure 7.19) [34,35] and with increasing speed of
a rotating disk of Mg [28].

In reactions in DEE with Mg turnings and ordi-
nary stirring, the effect of [RX] on the product
distribution is small to non-existent over a range
down to ~0.2 M, at least (Section 7.2.13). imply-
ing that the flux and rate of reaction remain
constant as [RX] varies. Explicit zeroth-order in
RX has been found for the reaction of cyclopentyl
bromide in diethyl ether containing LiBr [15] and
for reactions of adamantyl bromide, where a thick
deposit (largely biadamantyl) forms on the Mg
early in the reaction (Section 7.2.17) [65].

An increase in the effective arca ~ of Mgy,
during the reaction could compensate for the effect
of the simultaneous decrease in {[RX] [ 15}, This can
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explain the rate observations but not the insensi-
tivity of product distributions to [RX] that is some-
times observed. The latter requires instead a flux of
reaction that is independent of [RX], and the flux
is independent of « (Section 7.2.13). In the case of
adamantyl bromide [65], the variation with time in
the thickness of the biadamantyl layer could have
an effect on the rate and flux that compensates for
the variation in [RBr]. It is not clear how such an
explanation could be adapted to cases where there
is no deposit (presumably) at Mgz. In any event,
where there is no evidence of a surface deposit, the
apparent insensitivity of rates and fluxes appears to
be an artifact of the lack of hydrodynamic control,
since it disappears when hydrodynamic control is
present (Figure 7.19) [26-30,34,35].

Where secondary reactions of RX with RMgX
are important, dilution of RX should enhance
RMgX yields. Of course, this is not particularly
useful synthetically. where high concentrations
are desired. Therefore it is better to address the
problem of sccondary reactions by using large
amounts of reactive Mg and attendant high surface
areas « (Section 7.2.13).

7.2.15 Halogen

Optical purities of RCOOH (from the carbona-
tion of RMgX) formed in Grignard reactions of

pathway X7
Ph CH; A( Ph

\ / N
S | i
Ph X M o

pathway R
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optically active I-halo-1-methyl-2 2-diphenylcy-
clopropanes in THF at 65 'C vary in the order RCI
(25%) > RBr(17%) > RI(2%). the same order as
RMgX yields |RC) (85% ). RBr (75%) Rl (38%)|
and opposite the order of RH yields [RE (19% ).
RBr (6%), RCIl (1%)] {20}. There is a straight-
forward explanation in terms of cffects of bond
strengths on the pathway to Re. Howcever. aspects
of this explanation are puzzling and other possible
sources of halogen effects must be considered.
(1) Effects of bond strengths and the case of bond
breaking. In gencral, rates of carbon —halogen bond-
breaking steps vary in the inverse order ot bond
strengths, C—1 > C—Br > C—Cl > C—F. This is
order of the extent of racemization (vs retention
of configuration) in Grignard reactions of optically
active I1-halo- I-methyl-2.2-diphenylcyclopropanes.
and it is consistent with a retention pathway X
in which the C—=X bond does not break to form
R-, plausibly a pathway through RX*. If pathway
X were more important for stronger C—X bonds
(C—C1 > C--Br > C—I),extents of retention would
vary in the order RCl > RBr > Rl. as observed
[10.20]. The small size of the observed effect. espe-
cially between Cl and Br, is surprising. indicating
that this explanation should be viewed with caution.
In other reductions of the same substrates,
the opposite order of variation ol retention with
halogen is observed [96.110.115]. In reductions

o RMgX with retention

- - - - -
I [+M27] of conhiguration

CHjy

w(CH 7 —— ritcemic RMgX
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of optically active 1-halo-1-methyl-2.2-diphenyl-
cyclopropanes by alkali naphthalenes (M* Naph®)
in homogencous solutions, retention of configu-
ration is an irregular function of solvent, metal
ion. concentration. and halogen — K*: Br > 1>
Cl;Nat: Br=13» CLLi*.1> Br» Cl[96,110].
Although it has been argued that the mechanisms
of these reactions are different from those of Gri-
gnard reactions, an integrated mechanism covering
all of these reactions would be more satisfying.
In principle. complex competitions involving bond
breaking could lcad to any order of variation of
cxtents of retention with halogen. This subject is
discussed further in Section 7.2.21.

(2) Eftects of MgXo, RMgX, or both. (a) X~ at
Mgz could affect reactivity there. It affects, for
example. the manner of corrosive pitting [119].
(b) Solutes containing X~ could enhance the pola-
rity of the medium and affect reaction steps [98].
(c) There could be specific roles of aggregates
containing X~ in some reaction steps. In all of
these cases. the effects could vary with X.

X
NaNaph

W DME

/\/\/

NaNaph =

Na*

mixing. Initially. reaction occurs at the inter-
face between the solutions of NaNaph (black
circles) and RX (open circles) as they come into
contact (upper left). This depletes the mixing
zone in both rcactants (lower left). Initially, R- is
formed in the neighborhood of a relatively high
concentration of NaNaph, with which it reacts
at a diffusion-controlled rate (upper center and
right)y. Theretore it has a relatively short lite-
time 1. Later, after concentration gradients have

. NaNuph
—— -

NuNuph
———
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(3) Effects of diffusion. These originate with
high reactivities of RX and inefficient mixing
during the period of reaction.

Effects of diffusion are obhserved for reactions
of sodium naphthalene (NaNaph) with 5-hexenyl
hatides {120,121}, which give intermediate 5-hex-
enyl radicals that cyclize i competition with
their further reduction [122-124]. Using ordinary
mixing methods. reactions of 5-hexenyl chloride
and bromide (RX) with ~0.05-M NaNaph (sodium
naphthalene) in DME (1.2-dimecthoxyecthane) at
room temperature give different yield ratios (1-
hexene)/(methyleyctopentane) [RCH (8). RBr (4)]
[120]. When the same reactions are carried out
by evaporating RX and condensing it on the
surface of a stirred, ~0.1-M solution of NaNaph,
(I-hexene)/(methylcyclopentane) = ~16 for both
RCl and RBr (as well as RF and Ry [121].

Figure 7.29 is a schematic diagram illustrating
the ditfusion—reaction phenomenon that gives rise
to the halogen effect that is observed with ordinary

DME

NN TNt T AT

.. M
T Nat

- (.

Na™

been set up in the mixing zone. R+ is formed
in the neighborhood of a lower concentration
of NaNaph. Therefore its lifetime v is longer,
allowing it more time to cyclize to Q- [120].
Most of the reaction occurs in the depleted mixing
zone (lower row). This effect does not operate for
a slow reaction. where mixing is faster than re-
action.

Since the order of reactivity of RX is RI >
RBr = RCI > RF, the lifetimes v of R- and the
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Fig. 7.29. Depletion of reactant concentrations in the mixing zone, leading to a longer lifetime 1 of the intermediate
radical R+ and consequently a higher probability of its cyclization to Q- before being reduced. Upper row: initial

events. Lower row: fater cvenls.

yield ratio (QH)(RH) are expected to vary in
the same order, as is observed. When dittusion
effects are removed (evaporation experiments), the
halogen effect disappears, also as observed [121].

Bunnett has detailed the phenomenon for reac-
tions of RX with (Li,Na.K)/NH; [125.120]. Rvs
[127] has discussed related matters and Andrieux
and Savednt have given a quantitative treatiment
[128,129].

In principle, such effects could operate in
Grignard reactions if the reducing species (e.g.,
solvated electron) were streaming out of the
metal. This seems very unlikely, especially for
DEE. Similar phenomena might also operate if
the sizes of Mg particles were extremely small
(Section 7.2.18).

7.2.16 Solvent

In general. more polar cthers promote initiation.
Thus THF (dielectric constant 7.4) may succeed
where DEE (4.3) does not. especially for vinyl and
aryl halides [6,130]. Sec Section 7.3.4 for possibie
explanations.

Grignard reactions often fail to initiate in dio-
xane (DXN). This could be due to its very low
dielectric constant (2.2), but there is another possi-
bility. MgX5 is insoluble in DXN—it is commonly
used to prepare RaMg by pouring a solution of
RMgX into DXN, precipitating MgX. If the pres-
ence of MgX, were required for inttiation. then
DXN would not support that process.

The dielectric constants of 1.2-dimethoxyethane
(DME. glyme) and THF are nearly the same
(7.2. 7.4). Nonetheless. solubility problems limit

the usefulness of DME for Grignard reactions.
Although there is little in the literature at this time.
commercial advertisements indicate that deriva-
tives of diglyme (CH3;OCH,CH,OCH-CH-OCH3;)
can be useful solvents for Grignard reactions. The
solvents permit reactions at higher temperatures
than DEE and THF, which can sometimes be
advantageous.

7.2.17 Adamantyl Bromide

Reactions of Mgy with adamantyl halides are
among the most unusual to be considered in the
recent literature. 1-Bromoadamantane (adamantyl
bromide, AdBr) has received the most atten-
tion [65].

Rieke magnesium reacts with 0.25-M AdBr in
a stirred DEE solution to give 60% AdH and 30%
AdAd but no AdMgBr. A procedure without stir-
ring, using ordinary magnesium chips or turnings.
gives up to 60% AdMgBr [65]. The disappear-
ance of AdBr is zeroth-order after the early part of
the reaction, during which a precipitate consisting
largely of AdAd forms on Mgy.

According to one explanation [65], stirring caus-
cs the desorption of transient intermediates (Wal-
borsky's [AdBr® -Mg*}. [Ade -MgBrl. or bothi
before they have a chance to form AdMgBr at
Mg,. Among several serious problems with this
is the fact that stirring is unlikely to affect the
layer of solvent adjacent to Mgy (or any other
solid surface). so it cannot sweep away adsorbed
transient intermediates. When Mgy is shielded by
an AdAd deposit. stirring surely has no effect at
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the solid—liquid intertace. Thus, this explanation
of the effect of stirring. which has been cited as
evidence supporting the A model, is not viable.

By adjusting V and A, D-model calculations
can reproduce the data [66]. For the unstirred
reaction of AdBr in DEE, reasonable agreement is
obtained with V = 5.06 and A = 2.55 (compare

=2.50 x 10" and A = 82.6 for 5-hexenyl bro-
mide). The relatively small values for AdBr could
reflect the high viscosity of the AdAd deposit.

For the stirred reaction, the observed vyields
require A < 0.01 in D-mode! calculations [66].
That stirring decreases A suggests that it decreases
8 and « and eliminates some condition required for
r. For example, MgBr,» might be required at Mgz.
Stirring might leach it out as the AdAd deposit is
formed. In the absence of stirring. this refining of
the AdAd layer would not occur and the formation
of AdMgBr could be possible.

Another possibility is that stirting reduces the
thickness of the AdAd layer to the point that
radicals invariably escape from it into the bulk
solution, They do not return to Mgy due to the

RX + Mg"

RMgX-\‘

RX — RMg- +==
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barrier presented by the high viscosity of AdAd
(Section 7.3.10).

In any event, Grignard reactions of AdX offer
no support for the A model. They appear to be
consistent with the D model.

7.2.18 Slurries of Small Magnesium
Clusters

Reactions of small Mg clusters with RX in
THF have been reported recently by Négrel and
co-workers [131,132]. This method has synthetic
promise and its results have a bearing on
mechanism as well.

Slurries of finely divided Mg are prepared in
THF at —110°C by vaporizing Mg in a rotary metal
atom reactor. The resulting pyrophoric Mg clusters
are ‘clean. alkali halide free, and extremely reac-
tive” [131]. In their Grignard reactions, there is
immediate initiation. Reactions tend to be complete
in short times (in the case of isopentyl bromide in
THF at 20°C, a ‘minimum time’ for the addition
of RBr to the Mg slurry plus <! min) and they
give 100% yields of RH [from isopentyl bromide
or endo-5-(2'-haloethyl)-2-norbornene}, after quen-
ching with 10% aqueous HCI, in reactions at
temperatures from —80 to 20°C [131}]. In no case
have products of ¢ (e.g.. RR) been found.

Reactions of isopentyl bromide in THF at —80°C
are completely inhibited by benzonitrile, m-di-
nitrobenzene, CCly. or CuCl> at molar amounts
10™*-1077 that of RBr. Since “the important num-
ber of active sites excludes the possibility that
small quantities of inhibitors might inhibit all the
sites’ [131], the authors propose that the additives
inhibit a chain reaction. the steps of which occur at

‘MgX (initiates another chain?)

- l{. i
\ mg!
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Mgz. The reversibility of the reactive capture of R-
by Mg" provides for the possibility that R+ could
migrate on Mgz or be transferred trom cluster to
cluster {132].

RX

/
A7 e dy

l :

RMgX ' RH QMeX ‘5= QH

endo-5-(2'-Haloethyl)-2-norbornenes  react in
THF at room temperature with pronounced effects
of halogen and the molar ratio Mg/RX on the
extent of cyclization [132]. A solution of | mmol
RX in 50 mL THF was added dropwise over
30 min to a stirred slurry of 4 mmol Mg in 10 mL
THF. The order of the extent of formation of QH
is Rl > RBr > RCl (Table 7.5).

To investigate the effect of the molar ratio
Mg/RX. the required quantity of Mg, slurry in
10 mL THF was slowly added to a solution of

Table 7.5. Yields from Reactions of Small
Mg Clusters with endo-5-(2’-Haloethyl)-2-
Norbornenes in THF at Room Temperature

[132)
X (RH) (QH) (QHM(RH)
ci 85.4 14.6 0.17

Br 63.7 36.3 0.57

| 439 56.1 13
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I mmot RX in 50 mL THF at room tempera-
ture (Table 7.6). Higher proportions of Mg give
less QH.

This is an unusual protocol for investigating the
cffect of the ratio Mg/RX. The slow addition of
slurries of various Mg, concentrations would dilute
them all in similar ways if reaction were not fast
compared with mixing, eliminating the possibility
of an effect. The observed effects are a clear
indication that the reactions are faster than mixing.

For reactions of bulk magnesium, the evidence
climmates the possibility of a chain mechanism
(Section 7.2.19). It is not clear why that should
change for reactions of small clusters of Mg
atoms. The evidence for a surface chain mecha-
nism should be examined critically.

{a) The number of active sites, or even active
particles. might be much smaller than assumed. as
van Klink notes {11131},

(b) van Klink also points out that what Négrel
and co-workers report is inhibition of initiation.
rather than inhibition of reactions in progress
[11,131]. Thus, they tacitly assume that there is
no initiation process (no induction periods are
observed) or that the chemistry of initiation and
the main reaction are identical.

(¢) Extremely reactive materials are notorious
for adventitious reactions, especially in solution.
This could greatly increase the effective amounts
of inhibitors over those assumed. For this reason, a
determination of the inhibition threshold for water
might be especially interesting. Since it is not
likely to interfere with a radical chain reaction, a
finding of a very small inhibition threshold would
invalidate this argument for a chain mechanism.

(d) Perhaps one inhibitor molecule could deac-
tivate a large area of Mgz, Indeed, the change

Table 7.6. Ettects of Molar Ratio Mg/RX on Reactions
of Small Mg Clusters with endo-5-(2'-Haloethy!)-2-
norbornenes in THE at Room Temperature. [132

X Mg/RX (RH)  (QH) (QHYARH)
Br 0.8 42 58 1.4

Br 4 63.7 36.3 0.57
Br 10 80.1 19.9 0.25

1 0.8 4.8 95.2 20

I 4 439 56.1 1.3
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brought about by the reaction of a small cluster

Mg, with onc inhibitor molecule could. in prin-
ciple. deactivate the entire cluster. This possible
effect is also noted by van Klink [11].

(e) The D model could apply—van Klink noted
that intercepting a chain carrier in solution would
have as much of an effect as at the surface.

(f) Indeed. plausible explanations of the effects
of halogen and Mg/RX in terms of the proposed
surface chain mechanism are not obvious. Accord-
ing to this mechanism, the lifetime of R-. and
therefore the extent to which it cyclizes, will
be halogen-independent. contrary to observation.
Also, if the intermediates remain at the surface, the
same mechanism predicts that the product distri-
bution will be independent of the area of Mg,
(Section 7.2.13). The observed effects suggest that
intermediates diffuse in solution.

To explore the implications of the D model.
we require the physical sizes of the clusters Mg, .
According to one report, n =5 to 30, corre-
sponding to spheres of radius 3.0-5.5 A if the
density is that of bulk Mg [132]. When aggre-
gates are stabilized by PVP [poly(N-vinyl-2-pyr-
rolidone)] and examined by electron microscopy,
the average radius is 16 A, ranging from 8 to 25 A
[133]. Aggregate size could be influenced by PVP
and the smallest clusters could be under the detec-
tion limit.

In any event, these are molecular sizes. The
usual D-model approximation that Mgy is ‘inti-
nite” (large enough to make edge effects insigniti-
cant) fails.

When Mg, reacts with RX by pathway R, the
result is a reactive geminate pair [ XMg, R-]. This
pair may suffer geminate reaction (probability )
or escape (1 — a).

Treating Mg, as if it were a molecule in solu-
tion, we estimate these probabilities. Let D, the
relative diffusion coefficient of Mg, and R-. be
5% 10" A5~ Let« for Mg, be 3 x 10Y As ',
the value derived from experimental data for
reactions of bulk Mgz with S-hexenyl bromide
(Section 7.2.8). For spherical reactant molecules.
the probability @ of geminate reaction is related 1o
these parameters by Equation 7.A.8 (Appendix ).
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If the contact radius R of Mg, with R- is 10 A,
then @ = 0.006: if R =20 A then @=0.11; and
if R =30 A then @ = 0.18. This suggests that the
great majority of geminate pairs [XMg, R-| will
escape geminate reaction. The tendency to escape
could be even larger it XMg,, (which might be best
regarded as X~ Mg ) has a lower reactivity toward
R+ than Mg,,.

keR+ RR
k:Mg,
RX ———— R.
kpMg
RVien RMgX

The result is an ordinary solution competition
between bimolecular reactions. From the parameter
values given above. with R = 20 A, the following
values result for rate constants kpy (diffusion con-
trol) and &, (activation control) for the reaction of
Mg, with R-. The large value of kp is a conse-
quence of the relatively large values R and D. The
actual (global) rate constant kg is related to k, as
follows (equation 7A.3, Appendix; kg = kg).

ka =9 x 10 M s! (from equation 7.15)
ky =8 x 10 M~ s~ (from cquation 7.17)
kp = (1 — @Dka

Since @ is small, kg has nearly the same value
as ha.

Since k¢ (3 x 10° M~'s1y and kg are nearly
¢equal. the yield ratio (RR)Y/(RMgX) will be ncarly
the same as the concentration ratio [R-]/[Mg,].
where [Re] is a steady-state value. From the data
given. [Mg,] is ~107* M. For ¢ to be compet-
itive with RMeX formation, [R+] would have to
be comparable with [Mg, . which is unrealistic.
It the rate of addition of RX to the mixture is
taken as the homogencous rate of formation of
R, and the system treated with ordinary steady-
state kinetics, then the calculated yield (RR) is
neghgible. explaining the observed absence of RR
[131.132].
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This crude caleulation ignores possible reaction-
mixing phenomena. If small Mg clusters are extre-
mely reactive toward RX, they may be important.

Andricux and Savéant have given a quantitative
treatment for such phenomena tor a reaction of an
organic halide with a reducing agent 12 to form
a radical R+ that is further reduced. perhaps in
comipetition with another reaction [128,129].

competitive
product

ki E
RX - R
reduction

e B product

A steady-state is established—au thin reaction
zone is cembedded inoa thicker diffusion zone
(Figure 7.30; sce Figure 7.29). over which reac-
tant concentrations vary from bulk values at the
outer edges to low ones in the reaction zone.

With no stirring. or moderate stirring. the thick-
ness ¢ of the diffusion zone is believed of the

diffusion
zone

[ S
. ,

concentration

reaction
zone

distance

Fig. 7.30. Schemutic  representation of  concentration
profiles at the mixing interface between solutions of
containing solutes £ and RX that are very reactive
toward one another 11281291, E may be a reducing
agent such as an alkall naphthalene, a metal supplying
solvated  clectrons. or a solvated-clectron  solution.
Reaction oceurs within a reaction zone that is embedded
in a diffusion zone.

i Ky Mg, .
RN MM g M ey

Y

Q-

- RH

ki Mg AR
- QMgX -—-—> OH
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order of 10771077 cm when 1) is of the order
1075 em?s™! [128]. I ¢ = (D1, where 1, s
the characteristic time for traversing the diffusion
zone, then 1, = 107110 s, It the lifetimes of E
and RX would be much less than this in the thor-

_oughly mixed solution. then mixing could not be
achieved before reaction.

The characteristic fifetime of RX is (kg[E] !
and that of E is (kg[RX])~'. If both concentrations
are ~107* M, then the homogencous-reaction-
limited lifetimes t,, are 107 /kg, which is at least
one order of magnitude less than 1, (1) < 1077 )
when kg > 10° M1 s~!. Thus. the minimum value
of the rate constant for a reaction that can exhibit
reaction-mixing effects is well below the diffusion-
control limit. Reactions of Mg, with RX might
well fall into the range for these effects.

If so, then bulk concentrations of reactants help
determine the steady-state concentration profiles of
reactants and intermediates in the reaction zone.
These in turn determine the product distributions.
Bulk concentrations are invariant with order of
mixing, explaining how effects of the molar ratio
Mg/RX could be observed. even with the slow
addition of Mg slurries to RX solutions.

To apply the treatment to the present case, we
assume: (a) that slurnies of molecular-sized Mg
clusters act {kinetically) like solutions: (b) that the
following mechanism (with R- escaping trom its
original Mg, partrer) applies: and (c) that Mg,
is deactivated (temporarily) when it reacts with
RX. This is Scheme I of Andricux and Savéant
[129]. shown at right using their symbols. The
yield of RMegX is governed by thetr competition
parameter o.

where Cy: is the bulk concentration of Mg,
It is assumed here that © o1s constant over the

K E N E A =RX
A —» —r D B=R-
w k=k C=Q-QMgX. QH
ki’ =k D = RMgX. RHi
E = Mg,

I
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experiments reported by Négrel and co-workers.
Thus, equation (7.51) applies, where superscript
zeroes denote an arbitrarily chosen reference reac-
tion, selected here as that of RBr with Mg/RX = 4.
Andricux and Savéant give graphs that relate the
yields (C) [(QH)] and (D) {RH)] to o [128,129].

22 I\'t 1 C(ll o
o) (a ey

Applying equation (7.51) to the data of Table 7.5.
for which CL/Ci: = 1, gives the relative values
of kg given in Table 7.7. Sensibly, the calculated
values of kg decrease in the order RI > RBr > RCl,
one or lwo orders ol magnitude at a time.

Applying equation (7.51) now to the data of
Table 7.6, using the previously obtained relative
values of kg (Table 7.7), gives predicted values
of o and (RH). as a function of relative values
of Cg. that is. Mg/RX. Calculated and observed
yields (RH) are compared in Figure 7.31.

Given the assumptions, these calculations should
not be taken too seriousily. However, the derived
relative values of iz for RCl, RBr, and RI are
plausible and there is excellent [(RBr)] to fair
[(RI)] agreement of predicted yields (RH) with
variations in Mg/RX, demonstrating that the D
model may be able to account for the observations.

This interpretation suffers from at least two
specific concerns. First. if k;, D, and Cg are given
measured or plausible values (k; = 107 M~ s~ !,
D=5x 10" cem?’s™!, Cp=10"°M) and the
upper limit of kg is taken to be 10'° M~'s~! then
for the reaction of RBr a value of kg sufficiently
large 1o justity the treatment is obtained only if £ <
~107* cm. less than estimated by Andrieux and
Savéant [128.129]. If ¢ were 107* cm, kg would
be 5x 10* M~'s ' for RBr, 3 x 10% for RCI,

Table 7.7. Retative Values of kg Derived from Yield
Data (Table 7.3) [132] for Reactions of Smail Clusters
Mg, (+ mmol Mg i 10 mL THE) with endo-5-(2'-Halo-
cthyl)-2-norbornenes in THEF at Room Temperature

X (RH) o a/o" ke /KD
al 85.4 0.040 0.18 0.0060
Br 63.7 0.22 L0 1.0

1 439 0.63 29 23
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100 | T T T T 7 T T T
_ sofF Mg/RBr=10 o N
o - ]
z i o/ Mg/RBr = 41
Z 60 c i
0 o Mg/Ri= 4 1
z T Me/RBr = 0.8 ]
5 - 3
£ w0} 3
- Me/RI = 0.8 4

() ’ 1 1 1 1 1 1 i 1 1

0 0040 60 %0 100

Caleulated Yield (RH) 7 %

Fig. 7.31. Observed [132] vs calculated yiclds (RH)
from reactions of small clusters Mg, with endo-5-(2'-
haloethyl)-2-norbornenes in THF at room temperature.
as o function of the concentration of the Mg shurry taken
for the reaction. The points marked “#™ are fited.

and 1 x 10° for RI. Since Andricux and Savéant
consider that rather large uncertainties affect the a
priori estimation of £ and D, and since the values
of Cg are also somewhat uncertain in this casc.
this may be acceptable [128].

The second concern is the assumption that
Mg, is deactivated when it reacts with RX. This
assumption aligns the D model for Mg, with
the reaction scheme treated by Andrieux and
Savéant [128,129], in which the reducing agent E
is consumed as it reacts. Otherwise, [Mg,] would
build up continuously in the reaction zone and not
reach a steady state.

The deactivation assumption may not be neces-
sary. The mixing-diffusion-reaction phenomenon
for Grignard reactions of Mg, (as E) may not be
exactly the same as that treated by Andricux and
Savéant. Gradients similar to those of Figure 7.30
could develop even when L is nor consumed by
the reaction. As E diffuses into the RX solution, a
diffusion zone develops over which its concentra-
tion decreases in the RX direction. even without
reaction. Reinforcing this gradient is a reverse
diffusion of the solvent from the RX solution into
the E solution. The diffusion zone and gradient
will be ever changing position. but if the reaction
of RX with E is faster than diffusion, then RX will
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react with E in the zone of the gradient. with less
penetration of more reactive RX toward the region
of higher [E] and consequently a lower local {E} at
the ime R- is formed. This could mimic the case
treated by Andricux and Savéant [128,129].

7.2.19 Chain Mechanisms

Several chain mechanisms have been proposed
{131,132,134,135}. For Grignard reactions under
ordinary conditions, they are ruled out on several
grounds.

(I) The rate law is simple. Under hydrodynam-
ically controlied conditions, the rates of Grignard

reactions are proportional to {RX] and the area of

Mgz (Section 7.2.2). Chain reactions often exhibit
more complex kinetics. While this does not exclude
all chain mechanisms, it does exclude some and it
is consistent with a non-chain mechanism.

(2) Reactions in which significant fractions of
the intermediate radicals are trapped by DCPH
or TMPO- occur without any large changes in
reaction rates (Section 7.2.8, Figure 7.3, Section
7.2.23). Chain reactions would be markedly inhi-
biting by trapping. This evidence is compelling.

(3) Under ordinary conditions, Grignard reac-
tions of atkyl bromides and iodides give significant
yields (up to ~50%}) of products of ¢ {Section 7.2.8).
which would be termination steps of a chain mecha-
nism. For chains of appreciable lengths. only minor
fractions of the products are formed in termination
steps. This is also compelling evidence.

(4) The D model, a non-chain mechanism.
accounts quantitatively for product distributions of
reactions of typical alkyl halides (Section 7.2.8).

A chain mechanism for Grignard reactions in-
volving slurries of small magnesium clusters has
not been ruled out, but there are plausible alter-
native interpretations of the evidence (Scction
7.2.18).

7.2.20 Carbanion Intermediates

Bickelhaupt and co-workers report evidence poin-
ting to an intermediate with properties of a carban-
ion R™ in reactions of aryl bromides [136.137].
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Although RMgX and R:Mg are themselves carban-
ionoid species. the intermediate must be some-
thing else.

By-products R(—H)Mg:Br> and RH are formed
in cqual amounts in the Grignard reaction of the
following crown cther aryl bromide RBr {136}
Analogous results, with a lower yield of Grignard
reagent (16%), are obtained for the homolog of
RBr with an additional —CH,CH-O— group in
the ring. The by-products appear to be formed in
a reaction of RMgBr with something present as
reaction proceeds. On this basis, the higher yield of
RMgBr than that from its homolog is explained by
the lower solubility of RMgBr—less is available
for by-product formation in solution during the
reaction.

RB1 RMgBr
806
+

o™ o™
¢} [N
Q H j + O MgBr

\ (o] OMgBr
o o]
RH R(~HMg,Br2
10% 10%

The final reaction mixture is stable, as is a
mixture of RMgBr and phenylmagnesium bromide
(PhMgBrj. When a ten-fold excess of PhBr reacts
with Mg in the presence of RH. RH is recovered
quantitatively. However, when a similar reaction
oceurs in the presence of RMgBr, followed by
quenching with D>0O and aqueous work-up. no
RMgBr survives and a deuterated derivative of
R(—=H)Mg,Br, is formed. These facts suggest the
following mechanism, where Ph™ is an interme-
diate in a rcaction of PhBr. In the reaction of RBr.
R replaces Pho.
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PhBr — e Ph" —--—» PhMgBr
(6] o~ O/\
-0 HY P . D20 1o 0.~
MgBr p, - = D + PhH
\‘Q) workup OH

Migrations of SnMesy in Grignard reactions van
of 2-bromo(trimethylstannylmethyhbenzene  can
also be interpreted as reactions of a carbanion
intermediate in Grignard rcagent formation from
an aryl bromide [11,137]. Here the Grignard
reagents RMgBr were determined as derivatives
RGeMe: obtained by treating product mixtures
with Me:GeCl.

Klink investigated this and analogous
systems fuarther in an effort to rule out rigorousty
the possibility that radical, instead of carbanion,
intermediates are responsible [11]. Toward this
end. to generate genuine aryl radical intermediates.
he allowed 2-bromo(trimethylstannyimethyl)ben-
zene to react with Sml, in a mixture of
THF and HMPA. The deuteration data indicate

S,
SnMes  mq SHMCJ
TThE SnM
SnMe
Br ‘ ! SnMe;
A

N
(I\SIIMC @%Mc; 1 MgBr
n Mg
oBr SnMe; " SnMe;
15% 29% 28% 29%
SnMey

SnMes iml Sm §11\1L~ L
THE e ’
Br 1-BuOD

Sm 1 tprobably

Y

Q/\g”““ C/@ -
- |
% SnMcey

H < (partially D when CD;OH is
present in reaction mixture
\ instead of r-BuOD)

CH-D(H)

SnMes

78% deuterated
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that  benzyltrimethylstannane  stems  from  the
2-(trimethylstannyl)phenyl radical and is consis-
tent  with  the anionic  origin  indicated  for
2-(trimethylstannyltoluene, although a rearrange-
ment of the radical folowed by reduction of the
rearranged radical (diagonal arrows) would give
the same result.

In some experiments no rearrangement was
found. Thus. the radical rearrangement is too
slow to compete with solvent attack. The yield
of rearranged product varied among experiments,
reflecting (it is believed) the amount of Sm adven-
titiously included in the Sml, preparation. This
variation is further evidence that it is the carbanion,
not the radical, that rearranges, since it appears
(surprisingly. perhaps) that Smly alone does not
reduce aryl radicals (as it does alkyl radicals)
[138,139].

Benzyltrimethylstannane is inert toward Smils,
but it may react to exchange the trimethylstannyl
group with Ph™ when PhBr is included in the
reaction mixture and a signiticant amount of Sm
is present. A similar exchange occurs when PhBr
reacts with Mg in the presence of benzyltrimethyl-
stannane. which is inert toward PhMgBr. Thus, the
behaviors of benzyltrimethylstannane in reactions
of PhBr with two different reducing agents, Mg
and Sml>/Sm. are similar [11].

Recent results indicate that R- is not a signifi-
cant intermediate in a Grignard reaction of phenyl
bromide or 2-(3-butenyl)phenyl bromide in THF
(Section 7.2.11H) [112]. This is additional support
for the hypothesis that the cleavages and rearrange-
ments described above. which occur in Grignard
reactions of aryl bromides in THF, are not reac-
tions of R-.

Thus far. no evidence has been presented for
carbanion intermediates in Grignard reactions of
alkyl halides. Tt is not known whether or not
Grignard reactions of atkyl halides have the same

exchadge. or

products  --——-

taster s

7

ow et

R o1 Hi

237

cffects as those of aryl halides in providing carba-
nion intermediates for reaction with RMgBr.

The apparent lifetimes and sclectivities of the
intermediate carbanions require comment. It may
be surprising that un R™ not intimately
ated with Mg(1l) can live long enough to undergo
Its association

ASSOCT-

bimolecular reactions selectively.
with Mg(11) in the solution might be expected to be
very fast and to lead to components of the Schlenk
cquilibrium (RMgX. R:Mg) that don't undergo or
promotc the observed rearrangements.

[t the carbanion hypothesis is correct. there must
be an effective barrier to the association of R™ with
Mg(1D). Conceivably. this could arise from the tight
binding of ligands. including solvent. in the inner
sphere of Mg(Il) in RMgBr, MgBr., and R-Mg.
The binding energies of DEE in complexes ZMgZ’
(DEE)> (Z.7Z" = Cl, Br. Et. Ph) have been caleu-
lated as ~10-14 kcalmol™' [11]. Those for THF
may be greater. Perhaps such tight binding could
sufficiently slow the Sx I-like conversion of R™ (o
stable components of the Schlenk equilibrium.

In any event, the carbanion hypothesis is consis-
tent with the view that the reaction of R+ at Mg is
an electron transfer, similar to a reduction at an
inert electrode, and the evidence supporting R™ as
an intermediate also supports the electron-transter
mechanism. In turn, this lends some support,
however slight. to the hypothesis that the initial
step is also an electron transfer. analogous with a
reduction of RX at an inert clectrode.

It may be that R™ only sometimes an interme-
diate with a sufficient lifetime to detect through
competitive product formation. Especially when
high concentrations of MgX: are present. its life-
time could be oo short 1o detect in this manner.
Indeed. the formation of RMeN under such condi-
tions could he o concerted or nearly
reaction among Mgy, Reoand MgXs.

concerted

G
R'M&0 |+ 0
B T T
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It is conceivable that the nucleophilic interme-
diate could be something other than R~, perhaps
RMgMgBr or RMgMgR (Section 7.3.8). The dis-
persal of positive charge over two Mg atoms
instcad of one could cause these to be more
reactive as carbanjonoid species than RMgBr and
RMgR. Nucleophilic reactions of such dimagne-
sium Grignard reagents would compete with their
reactions as reducing agents for RBr.

7.2.21 Anion-Radical Intermediates in
Reductions of Organic Halides

An electron-transfer reduction of RX can be disso-
ciative (no intermediate anion-radical RX®) or
non-dissociative (intermediate RX~). Where the
non-dissociative pathway is well documented (e.g..
aryl halides), only two reactions of the inter-
mediate RX® are generally posited, dissociation
and electron-transfer oxidation [17,18]. However,
product evidence suggests that R-X* may undergo
other reactions, including reduction.

There is strong evidence of intermediates RX~
in electrochemical and chemical reductions of aryl
and vinyl halides (17,18). For Grignard reac-
tions of these substrates, there are indications

. TPE . - + RX dissociation
before
H S e I TPE® R-
[ITPE® RX~]

escape

l TTPE® + RXI—‘/ I
S TPE

:TPE + R:~ (reduction)<—i..-J

steps. However, a halogen effect on the parti-
tioning between reduction and alkylation products
1s observed (RI. 60% reduction; RBr, 52%: RCI,
34, Once possible explanation invokes RX® as
an intermediate. If it has a longer lifetime for |
than Cl. giving the pair [RI* :TPE*] more time
to escape than the pair [RCl "TPE=* |, then more
reduction is expected for R1 than RCLL as observed.
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divsiatine R—X* —= R +X~
non Ah\\mmuy 5
¢+ R—X \ RX + AT

ddissoctativey

R+ X~

that anion-radical intermediates may be reduced
directly (Section 7.2.11). Analogous steps have not
been revealed in electrochemical studies.

For a reduction of a typical alkyl halide, it
remains unclear whether or not RX*® can be an
intermediate. Some theoretical calculations suggest
not. but reliability is uncertain and results vary
with assumed conditions and methods. Thus, in
calculations for electron attachment 10 CHsCl in
solution, no intermediate CH3C1~ is found for free
ions but one is found for ion pairs 1140.141].

Suggestive evidence of RX* is found in product
distributions for reactions of 5-hexenyl chloride,
bromide, and iodide with disodium tetraphenyl-
ethylene (Na*); :TPE:>~ in 2-methyletrahydro-
furan [142]. The initial step is electron transfer to
give a geminate radical pair, [R- :TPE<] or [RX~
‘TPE~]. In the former pair. X~ has departed and
may not influence subsequent, product-determining

R—TPE:™ (alkylation)

{TPE" + R-

/ k STPE: T

R:™ (reduction)

It 1s also possible that RX® could be reduced
directly. either in a geminate reaction with ;TPE*
or in 4 nongeminate reaction with :TPE:> . This
cvidence of RX® is not compelling because there
is a possibility that the mere presence of X~ in the
vicinity of the product-determining reactants could
influence partitioning enough to produce the small
cffects that are seen [142].
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ESR spectroscopic studies demonstrate that RX*
can exist, even for typical alkyl halides. under
some circumstances. RX+ has been detected at
low temperatures in special cases (e.g.. CRil*)
[143-145]. Low-temperature ESR also  detects
species that may be “complexcs™ of typical atkyl
radicals with halide tons, e.g., «CHy - - 17 [ 144,145].
Criteria for distinguishing these “complexes”™ from
anion-radicals are not clear. An anion-radical AB*
can be described by a three-electron A—B o bond.
oo™ and termed a “o** species [ 144,145], but delo-
calized MOs may be more appropriate in some
cases, at feast. ‘Complexes’ are thought to have
longer, weaker bonds than o™ species | 144.145]. but
quantum-mechanical descriptions of these species

could be similar. Indeed. lengths and strengths of

their C—X bonds may lie along a continuum of vari-
ation. Therefore we consider both *complexes™ and
o™ species to be union-radicals RX~.

For electrode reductions, the magnitude of the
observed transfer coefficient (symmetry factor) «
(dAG*/0AG") may distinguish dissociative (o <
0.5) from non-dissociative (o > 0.5) electron trans-
fers [17,18,146]. Under this criterion, a large body
of data has been analyzed consistently. However.
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no treatment such as this. based on energics. can
be rigorously definitive (Figure 7.32). In particular.
the o criterion. could not distinguish a reaction
giving a weakly-bonded anion-radical -R-.- X~
(*complex’) from one giving dissociated R-and X

Reductions of optically active I-halo-1-methyl-
2.2-diphenylcyclopropanes  are  especially inter-
csting (Tables 7.8-7.10). Under various condi-
tions, the extent of retention of conliguration in
reduction products ranges from 0 o 63%.

A comprehensive interpretation of these data is
hampered by uncontrolled variables. missing data.
and small magnitudes of some of the effects. Thus.
known temperatures range from —78 C (=30°C

energy function

Fig. 7.32. No analysis based on ¢nergies can distinguish
between reactions with and without intermediates (left
and right, respectively).

Table 7.8. Retention of Configuration in Reductions of |-Halo-1-methyl-2.2-diphenyleveloproanes at 20 C

196.147]
Ph CHy Ph CHy  M=LiNuK
> /\ ::,\3:‘:'(‘ >* =\ homogencous
Ph X Ph H solutions
Retention/%
X SH L Na K .
a o THE 02 <01 [100] 08 <01 (100} 3 <01 [100]
Br THF RN 15 125] 49 42 [100] 53 42 [25]
I THY 57 43 (1004 48 42 1100] 41 42 1100]
Br THF 32 49 5,:5
Br DME 17 31 43
Br HMPA 3 3 2
dicyclohexyl-18-
crown-6 ':nldcd_
Ci THF 3 L)
Br THE 53 /‘
I THF 41 18
L (0N Br
Reduction at a glassy carbon clectrode. ~ 22°C. — e

Br CH:CN ‘
Bracketed numbers are difution factors (from 0.9 My
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Table 7.9. Hulogen Effects on Retention of Configuration in Reductions of
I-Halo-1-methyl-2.2-diphenyleyclopropanes®

Red Solvent vC F Ci Br I
Li"" DEE 24226 63 45 36
Ca” NH; —30 29 1
(“bronze’)
Mg’ THF 63 26 17 2
Li¥ THEF -3 3 10
KNaph/ THF 20 3 53 41
NaNaph/ THF 20 0.8 49 48
LiNaph’ THF 20 0.2 32 57
KNuph’ THF/ 20 0 7 18
Crown’

Ca(Naph)a. THF -20 0 0

—78 0 0

“Tabuluted vaulues are opticat purities () in reduction product.

"Wzl]hor\ky and Aronoft [ 148.149].
* Walborsky and Hamdouchi {1504,
‘/\’\"ulhur.\ky and Aronoft |20]
“Walborsky and Powers {1151
"Boche er al. {96.110].
#Dicyclohexyl-18-crown-6.

Table 7.10. Retention of Configura-
tion in Reductions of I-Bromo-i-
mcthyl-2.2-diphenylcyclopropune by
Metals in Alcohols

Metal Solvent ret/%
Mg CH:0D 23
Li" i-PrOH 39
Li" 1-BuOH 47
Na"” CH:0D 17
Na* i-PrOH 7
Na® t-BuOH 16
Ko” i-PrOH RN
K" -BuOH 11

“Watborsky and Ruchon [109}
"Walborsky er ol J151).

Reaction temperatures are not reported in
etther of these works.

for reactions giving retention) to +65°C. halogen-
effect data are not available for Mg"/DEE and are
incomplete for Li'THF. and for Li%DEE the spun
of the ratio retention/racemization is only a factor
of 4 over CI-Br-I. Therefore we focus primarily
on the Largest effects. most consistent trends. and
most reliable principles.

Homogeneous-sotution  alkali  naphthalenes
(MNaph) reductions of 1-halo-1-methyl-2,2-diphe-
nylcyclopropanes in aprotic solvents occur with
retention of configuration up to 57% (Table 7.6)
{96,110,152). 1-Bromo- and l-chloro-1-methyl-
2.2-biphenylenecyclopropanes behave
[96,110].

In principle, there is a possibility that the
product carbanion R™ (or carbanionoid species)
could racemize to extents that vary with condi-
tions (solvent, metal, proton source, temperature).
However, for lithium, magnesium. and calcium
compounds, analogous reactions occur with com-
plete retention under the conditions that have been
investigated [10.96,150]. Following Boche and
Walborsky, we assume that racemization does not
occur once R™ or RM (M = Mg, Ca. Li, Na. K)
is formed.

In these reactions. reductive trapping is 0o slow
to compete with inversion of Re [110.152}. This
rules out a simple mechanism through Re.

Without offering supporting citations. Hamdou-
chi and Walborsky allege that Garst claims other-
wise | 10,21]. This allegation is falsc.

similarly
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Ph CHy Naph® Ph CH
SH. 2000 \\\l_x .
Nuph-
ol J )]
Ph X Ph o \\‘\
X=CLBr.1 M=Li,Na.K

SH = THF, DME, HMPA

The data provide other evidence against compe-
ting radical racemization and reductive trapping.
I trapping by MNaph were competing with the
racemization of any species, including Re. then
the optical purity of the product would decrcase
with decreasing [MNaph]. For (Br.1)/(Na.K)/THF,
this prediction fails—optical puritics are inde-
pendent of [MNaph] [96,110]. Also, retention in
KNaph/(C1.Br.)/THF reactions are independent of
the order of addition of reactant solutions [96,110}.

Further. if retention were a consequence
of reductive trapping of partially racemized
radicals R-. then similar reductions of other
substituted cyclopropyl halides. containing fewer
aromatic rings. would also be expected to be
stereospecific, but they are not [96.110.152].
In cases of fewer aromatic rings. including
cis- and trans-1-bromo- and i-chloro-1-methyl-
2-phenyleyclopropanes, product distributions are
independent of halogen and countercation as
well as reactant stereochemistry  [96,110,152].
In MNaph reductions of substituted cyclopropyl
halides. stereospecificity is sometimes accompa-
nicd by halogen and counterion effects. while non-
stereospectticity is not.

The facts militate against another possible expla-
nation of retention, geminate reactions of MNaph
aggregates. which could be significant at the high
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Seming
reaction

R

Ui
)
N

AR

241
Ph Ph CH;
CHy —» —»
Pho (1) Pho(+y H
Ph CH; Ph /(‘H_‘\
THE /

i ™ Ph H

Ph CH; H CHx

>Q< >A< X =Br.Cl

H X Ph X

concentrations  used (0.9 M), Consider  dimers

(MNapl)a. for example. A onc-clectron clectron
transter from one Naph® of a dimer would leave
a geminate pair [R+ MNaph|. Since other gemi-
nate reactions of initially chiral radical pairs occur
with partial retention of configuration [103-108].
so could the collapse of [R- MNaph].

Under this explanation, retention in reactions
with alkali naphthalenes would be expected for all
cyclopropyl halides. but it is found only for those
with geminate aryl groups. Evidently retention is
a consequence of conjugation.

By excluding reductive trapping of R- as the
source of retention in reactions of RX with MNaph.
these results show that RX® is an intermediate and
that it suffers fates other than fragmentation and
oxidation. There seems to be no other reasonable
alternative.

Scheme 7.1 combines clements from Walbor-
sky's mechanism of Grignard reagent formation
(pathways 1-2. 1-8-7. and 6-7) | 10] and Boche’s
mechanism (omilting some  possible intermedi-
ates)y for reactions of this substrate with MNaph

I
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SCHEME 7.1. [e~] = Naph®, metal, electrode. solvated electron, or RX*.

(pathways 1-2-5 and 1-3-4-5) [96,110.152]. It is
generalized with respect to reducing agent and
augmented by noting that electron spin factors
could be involved in steps 3 and 4. We attempt
to understand the data in terms of this mechanism.

A key point in Boche’s analysis is that the
odd electron in RX* can occupy an orbital that
belongs largely to diphenylcyclopropane. not to
C~X, whose antibonding orbital ¢*(C—X) may
be the target of electron transfer in the absence of
geminate aryl groups [96,110,152]. Walborsky and
Powers explain reductions of -fluoro-1-methyl-
2.2-diphenylcyclopropane, which are unusual in
giving large amounts of products of ring opening.
similarly [115]. The ring-opened products arc
believed to proceed from RX. Parallel reac-
tions of related hydrocarbons have been described
196,105,153,154).

The product of step 3 of Scheme 7.1 must be
regarded as an excited state *R™ of R™. "R can,
i principle. be an electronic singlet or wiplet.
In either case, it is a kind of diradical. having
a substantially localized electron at C-1 with a
partner (of cither spin) in the aromatic rings.

It is striking how often the extent of reten-
tion of configuration (Tables 7.6-7.8) is ~50%,
that is, in the range 35-65%. The variation from
35% or 65% to 50% retention is a factor of 1.4
or less in the relative rate constants for reten-
tion and racemization. corresponding to a variation
in AAG? of less than 0.21 kcalmol™! at room
temperature, a very small quantity. Retention is
~50% for a wide variety of reactions and condi-
tions, including reductions by alkali naphthalenes
in THF and DME, at a glassy carbon electrode in
CH:CN, by Li in DEE. and by Li, Na”, and K" in
alcohols. Tt is as if ~50% retention were a limiting
value governed by factors that are not very sensi-
tive to variations in reducing agent, solvent, metal,
homogencity/heterogeneity, or even temperature.

Maost of the competing pathways for racemiza-
tion and retention in Scheme 7.1 would not be
expected to produce such a limit. The pathway that
could best account for it may be the singlet version
of 1-3-4. Here partial racemization would occur in
step 4, where X7 has been lost from the reactant.
The rates of racemization and passage from the
initial excited state "R to the ground state could
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be (nearly) insensitive to spectator ions M* and
X~. solvent, temperature, ctc.

For step 3. the singlet version would apply
if there were an intermediate RX?™ (step 3a) in
which a delocalized aryl-group orbital contained
both added electrons. RX?™ would be a singlet
and would dissociate to the singlet excited state
*R™ (step 3b).

Other options for the ~S50%-retention limit
pathway have drawbacks. (a) For a triplet or mixed
singlet-triplet version of pathway 1-3-4, it is not
be clear why spin factors and intersystem crossing
would operate in the same way for reductions by
metals or electrodes as homogeneous reductions
by Naph®, yet the presumed limit is found for
these types of reactions. (b) Diffusion control of
competing steps 2 and 3 could describe reductions
by MNaph and solvated electrons but, again, it is
not clear how this would apply to reductions by
metals and electrodes. If this competition were not
diffusion controlled, then a significant step 2 would
introduce halogen effects on the limit.

Steps 6 and 8 are not part of the proposed limit
pathway. For MNaph reductions that approach the
limit, there is additional evidence that they are not
significant.

For MNapl/THF reductions with I/(Li*, Na®,
K*) and Br/(Na*. K*), halogen, metal-ion, and
concentration effects are small to non-existent.
If the competition of step 3 with step 8 were
significant, there would be a concentration effect.
Therefore step 8 does not contribute to racemiza-
tion, leaving 3 and 6 as possible racemization-
determining steps in the limit.

If step 1 were practically reversible, then step
6 would also be climinated by the absence of a
concentration effect. In addition, if step 6 (rever-
sible or not) were a significant factor in deter-
mining the extent of retention. halogen effects
would be expected. but in fact these are non-
existent to very small in the cases near the proposed
retention limit.

Thus, we are left with the singlet pathway 1-3-
4 (or 1-32-3b-4) for the imit of ~50% retention.
This applies to Naph</I/Li*/THF, Naph*/(Br.l)/
(Nat. K")THE. ¢ (glassy C/B/EUNT/CH:CN,
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Li%ACl, Br, I)/DEE, and (Li". Na", K")/Br/ROH(D)
(Tables 7.6-7.8).

For the remaining Naph< rcactions, CI(Li™.
Na® K*)/THF and Br/Li*/THF, not only is there
less than 35% retention but also the data exhibit
concentration, halogen. and metal-ion effects.
implying the incursion of at least one racemization
pathway that is excluded in cases of the® ~50%-
retention limit. Concentration effects suggest step
8. Retention is favored for higher [Naph®].
as expecled for a competition between step
3 (retention, first-order in Naph*) and step 8
(racemization, zeroth-order in Naph®).

The only other possibility in Scheme 7.1 for
a concentration effect on the extent of retention
is in the competition between steps 6 and 1-3.
provided that the reverse of step 1 is significant. It
the concentration of naphthalene is low, it may be
unlikely that the reverse of step | could compete
with other reactions of RX*. except as a kineti-
cally insignificant geminate reaction [77]. If step
| were otherwise practically irreversible, then the
competition between steps 6 and -3 would not
be concentration-dependent.

It 1s peripherally relevant that in reductions of
hexyl fluoride by NaNaph there is clear evidence
against a practically reversible electron transfer
to hexyl fluoride [155]. Thus. the reactions arc
cleanly first order in NaNaph and a large excess of
naphthalene has no effect on the rate. The possible
influcnce of excess naphthalene on reactions of 1-
halo--methyl-2,2-diphenylcyclopropanes has not
been reported [96,110].

Since step 6 is excluded for some of the reac-
tions of I-halo-1-methyl-2.2-diphenylcyclopro-
panes with MNaph and is not necessary to account
for data for others, we omit it. Reactions of MNaph
can be described by competing pathways 1-3-4
(singlet. ~50% retention) and 1-8-7 (0% reten-
tion).

Solvent and metal ijon effects in these reac-
tions can be analyzed in terms of established
general principles [156—164]. For organoalkah
compounds in ethers (and other aprotic solvents:
[116]. (1) *...solvent effects are expected to b
more predictable than cation effects” and (2) "more
polar solvents will. . favor, relatively. the anion ot
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smaller cation athinity” (principle of inversion of

solvent effects). where the cation affinity increases
as the cffective size of the anion decreases or
its negative charge increases. The anions being
compared are equilibrated and can be species or
transition states (equilibrated with reactants and
other entities. including transition states. equili-
brated with those reactants). Eftects of metal ion
solvation dominate in less polar, aprotic solvents,
where ionic aggregation is important. In more
polar, protic solvents, wherc metal cations are
mere spectators. effects of anion solvation domi-
nate. The directions of solvent effects are oppo-
site (nverted) for organoalkall reactions in these
classes of solvents [116].

More polar solvents (HMPA > DME > THE;
dicyclohexyl-18-crown-6 > THF)!*® favor racem-
ization (Table 7.6). Therefore the anionic transition
state for retention has a larger cation aftinity than
that for racemization. This fits the previous consid-
erations. The transition state for step 8 (racem-
ization) bears a charge —1 while that for step 3
(~50% retention) bears a charge —2, giving the
latter the larger cation affinity.

For MNaph/THF, there are irregularities in the
metal-ion trends. with retention favored in the
order Kt > Na¥ > Li* for RCl but Li" > Na® >
K* for RI at high [NaNaph]. Such inversions arc
common in organoalkali chemistry [116]. They
reflect the competition between gas-phase coulom-
bic interactions and metal-ion solvation, the effects
of which have opposite trends (coulombics favors
the anton of higher cation affinity: metal-ion solva-
tion, fower). It the transition state for retention has
a higher cation affinity than that for racemization.
as solvent effects indicate, then the data imply that
metal-ion solvation dominates gas-phase coulom-
bics for Cl/(Li~. Na7. K" ¥THF but not for I/(Li*.
Na™, K7VYTHEFE. This could be a consequence of the
refative importance of pathway 1-8-7 for RCI and
RI. Coulombics might dominate when the anionic
transition state of higher cation affinity is impor-
wnt (RO and metal-ion solvation otherwise (RCI).
Even so. the observed effects may be too small 1o
lend contidence o such a detailed interpretation.

The largest halogen effects in MNaph reactions
are between Cland Br. with retention tavored in
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the order Br > Cl (Table 7.6) for all metal ions.
For Li* (butnot Na* or K1), theorderis 1 > Br>»
CI. This implies, in terms of our analysis, that step
3 is favored (relative to step 8) in this order. There
is evidence of the same order of halogen effect
in reactions of Li" with 1-fiuoro- and 1-chloro-1-
methyl-2,2-diphenylcyclopropanes in THE: F gives
only 3% retention while CI gives 104 (Table 7.7).
This could also reflect the competition between
steps 3 and 8.

In Grignard reagent formation from 1-halo-
I-methyl-22-diphenylcyclopropanes. retention is
favored in the opposite order, Cl > Br > [10.20].
This can be accommodated by invoking pathway
6-7 as well as 1-3-4 and 1-8-7. with the halogen
effect favoring 1 (relative to 6) in the order Cl >
Br > I. This is not inconsistent with step 3 being
favored (relative 1o 8) m the order I > Br > ClL.

From Mg"THF/65°C to Li%DEE/(24-26 C).
the order of the halogen effect on retention remains
the same, but the sensitivity 10 halogen decreases.
as if the order were being tipped from Cl > Br > |
toward [ > Br > CL This effect is also indicated
by the data for Li% THF/(—3"C). where the order
is F > CL. Unfortunately, data for Mg"/(CL.I)/DEE
and Li%(Br,)/THF are not available.

Nonetheless, in going from Mg"/THF/65°C 1o
Li%/DEE/24-26°C) to Li% THF/(~3°C), the dirce-
tions of greater reducing powcr of MY, higher
polarity, and smaller number of available elec-
trons per metal atom, as well as lower temperature.
the data suggest a trend in the order of retention
from F>Cl>Br>1tol>Br>Cl>F. Since
all of these factors may correlate with increasing
reducing power, it could be a controlling ftuctor
We leave “reducing power” vague in the sense that
it could refer to ecither thermodynamic or kinetic
factors. By definition. increased reducing power
favors steps I and 3 over their competitors,

Variations in the temperatures of these experi-
ments could invalidate any conclusions based on
comparisons. However. it should be noted that
Czl“(hr()nze)/NH;/—.’v()'(‘ ¢ives retention in the
order Cl > Br. indicating that temperature alone
is not determining. since the reverse order would
have been expected. from the data for metal reac-
tions i cthers, i1t were.

Mechanisms of Grignard Reagent Formation

Thus, data for reductions of I-halo-l-mecthyl-
2.2-diphenylcyclopropanes  appear to  conform
rationally to a mechanism with competing initial
steps | and 6 and competing steps 3 and 8
subscquent to 1 (Scheme 7.1). More reducing
power favors 1 relative to 6 and 3 relative to 8.
When the halogen eftect is determined by the 3-
8 competition, retention varies in the order I >
Br > Cl > F. and when it is determined by the 1-6
competition, it varies oppositely.

The case of Li%/DEE/(24-26°C) is especially
interesting because retention is barely sensitive to
the nature of the halogen. This suggests that the
reactions are at the ~50%-retention limit. with
pathway }-3-4 dominating. The small variations
with halogen that are observed, however. are in
the opposite direction from that assigned here
to the 3-8 competition. In one possible explana-
tion, the CI reaction is at the [-3-4 Limit (63%
retention observed) while the Br and 1 reactions
involve successively more, but always minor, reac-
tion through 6-7.

Alternatively, pathway 6-7 could always be
insignificant. If so, the order of the halogen effect
on the 3-8 competition would have to be sensitive
to conditions.

It is plausible that it could be. In a reaction in
which C—X is cleaved, the nature of the halogen
probably plays an important role in determining
the cation affinity of the transition state, which
in turn influences both gas-phase coulombic and
metal-ion solvation energies [116]. It is likely that
there can be a strong association between the
developing ion X~ and the metal ion M™ or M,
Thus. there could be a complex set of interactions
among the transition state (both developing X~
and residual parts), metal ion. and solvent that
could lead to one order of halogen cttect on the 3-
8 competition under some conditions and another
under others. This may be the simplest theory that
can accommodate all of the data.

Is it rational that reactions ¢~ (glassy C)/Br/Ey
N*/CH;CN and (Li% Na®. K")/Br/ROH(D) be at or
near the 1-3-4 himit? Does this not violate the rule
that more polar solvents shift the reaction away
from the 1-3-4 limit? Possibly not. The principle
of inversion of solvent effects, which rationalizes
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that rule. applies to organometallic compounds
in aprotic solvents of low polarity. where
ionic aggregation and strong  specific solvation
of metal 1ons are both important. Neither the
tetracthylammonium/acetonitrile nor the M/ROH
combination falls into this category. In these cases.
the direct solvation of the anion may dominate.
Alcohols. in particular, solvate anions through
hydrogen bonding. Then the ‘normal,’ rather thun
the “inverted.” direction of solvent effects would
apply: more polar solvents would favor the anion
of higher, rather than lower, cation affinity. As
we have scen above, for the 3-8 competition the
transition state of higher cation affinity is that of
step 3. CH:CN and ROH may be polar cnough to
drive the competition almost entirely to step 3.

Is it rational that racemic products result
from the reaction of Ca(Naph), with I-
bromo- I-methyl-2.2-diphenylcyclopropane in THE
at —78C [150]7 Perhaps. The change from
partial retention (in reactions of alkali-metal
naphthalenes) 0 racemization could be due to
temperature (—78°C instead of 20°C) or the change
in metal ion. Ca®" might decrease the reducing
power of the associated Naph™, allowing step 6 or
8 to dominate (Scheme 7.1).

The reaction of Mg" in CH;OD appears to be
close 1o, but not at, the 1-3-4 limit. This could be
a consequence of a lower reducing power of Mg
(compared to Li and other alkali metals), allowing
some reaction through step 8 (or 6); lo a greater
tendency toward ionic aggregation for the diva-
lent cation Mg”* (than M*), which might increase
the influence of metal-ion solvation on stereochem-
istry: or to a specific interaction between Mg ™ and
the departing Br™. making it a better leaving group
in step 8 (or 6). The first and third of these factors
might also operate in ordinary Grignard reactions
of I-halo-1-methyl-2,2-diphenylcyclopropanes in
THE and DEL. which are close to the ~30%-
retention limit for RCl and RBr and not as close
for R1.

The o criterion does not detect an RBre inter-
mediate in the reduction of 1-bromo-1-methyl-
2 2-diphenyleyclopropane i acetonitrile  ((1.1-M
tetrabutylummonium tetrafluoroboratey at a glassy-
carbon clectrode (o = 0.3) [22]. Walborsky and
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Hamdouchi accept the implication of the « crite-
rion and propose that ‘a very fast second clec-
tron transfer leading to the configurationally stable
carbanion occurs at the surface.” accounting for the
observed 479% retention found in a similar reduc-
tion [147]. In this interpretation, the intermediate
R is reduced so rapidly that 47% retention resuits.
At the same time, these workers adhere to the
previous proposal that retention of configuration in
the Grignard reaction of the same substrate results
from a pathway through a tight radical anion-
radical cation pair [RBr® -Mgt]. They conclude
that that the tight radical anion-radical cation pair
must be a transition state, not an intermediate.
because the « criterion rules out RBr* as an inter-
mediate.

Even though they propose different mechanisms
for electrode and Mg" reductions, they transfer a
conclusion (no RBr* intermediate) from one case
(electrode) to the other (Mg), a logical step that
cannot be justified if the mechanisms are different.
If the mechanism of the electrode reduction were
similar to what they propose for the Grignard reac-
tion, then 47% of the electrode reduction would
be through a reaction that leads neither to R+ nor
RBr*, the cases treated by Savéant [17,18], but
instead to R~ and X, a case that has not been
considered. It is not clear what value of « should
be expected for the latter case.

It seems likely that similar phenomena (partial
retention) in similar reactions (electrochemical
and MNaph reductions of 1-bromo-1-methyl-2,2-
diphenylcyclopropane) have similar explanations.
If so. then RBr* is an intermediate in both, as
discussed earlier, and the « criterion fails.

in their electrochemical studies. Webb er al.
noted ‘that the stereochemistry can be influenced
by almost every parameter involved in the reaction.
i.e., solvent, electrolyte, electrode. leaving group
(Br, 1, HgX), extent of reaction, and substituents
at the reaction site’ [147]. Thus, reductions
of 1-bromo-1-methyl-2,2-diphenylcyciopropane in
DMEhtetra-n-butylammonium  perchlorate  give
high yields of racemic RH. while similar reactions
in acetonitrile and N, N-dimethylformamide give
~25% retention. The presence or absence of iodide
1on also affects the optical purity of RH.
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The direction of solvent effects here is expected
to be ‘normal,’ rather than ‘inverted,” since these
systems do not contain metal ions. Following the
conclusion reached earlier, that the retention tran-
sition state has a higher cation affinity than that
for racemization, it is predicted that more polar
solvents will give more retention. This predic-
tion is realized in the data of Webb er al. cited
above [147].

Several conclusions can be drawn.

(a) There is no compelling evidence against
RX* as an intermediate in reductions of any
organic halide. The tendency to form RX* increa-
ses from typical alkyl halides to vinyl and aryl
halides and others containing unsaturated groups.
It is well documented for vinyl and aryl halides.
If RX*® is an intermediate for a typical alky!
halide, it probably has such a short lifetime (as
limited by dissociation) that its only signiticant
processes are dissociation and escape (from a
geminate radical pair).

(b) Strong chemical evidence implicates RX"
as an intermediate in some reductions of 1-halo-1-
methyl-2,2-diphenylcyclopropanes. It may always
be an intermediate. There are indications that the
reducing electron can enter an orbital that is delo-
calized primarily over the aromatic parts of the
molecule.

(¢) For reductions of 1-halo-l-methyl-2,2-di-
phenylcyclopropanes, it is also clear that dissocia-
tion and oxidation are not the only fates of RX*.
For aryl halides, no other reactions of RX* have
been detected, even though electrode reductions
have been probed intensely.

(d) Because it is found in homogeneous reduc-
tions of I-halo-1-methyl-2.2-diphenylcyclopro-
panes, retention of configuration (per se) cannot
be regarded as evidence of surface adsorption of
an intermediate radical {7,10].

(e) The mechanisms of reductions of [-halo-
1-methyl-2,2-diphenylcyclopropanes are complex
and are not understood with confidence. It is
dangerous to use Grignard reactions of these hal-
ides as models for others or to generalize conclu-
stons drawn {rom their reactions. Until their reduc-
tions are better understood. these halides will

'&
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remain unsuitable as probes of the mechanism of
Grignard reactions of other types of halides.

(f) Even so, the known data on extents of
retention of configuration in reductions of -
halo-1-methyl-2,2-diphenylcyclopropanes can be
rationalized by a minimal mechanism consisting of
pathways 1-3-4 and 1-8-7 of Scheme 7.1. Pathway
1-6-7 may also be significant.

() On this basis, a minimal mechanism of Gri-
anard reactions of 1-halo-1-methy!-2,2-diphenyl-
cyclopropanes can be postulated (Scheme 7.2).

Here step 6 (dashed arrow) may not be neces-
sary. This resembles the mechanism of Walborsky,
differing from it mainly in introducing an interme-
diate *R™ (product of step 3) that partially race-
mizes and aflowing R- to diffuse in solution instead
of remaining adsorbed at Mgz.

7.2.22 Retention of Configuration,
Adsorption of R, and the D
Maodel

Retention of configuration could result from:

(a) u pathway X without an intermediate R+ (e.g.,
Xa or Xb. Section 7.1.3);

(b) a sufficiently short litetime of R-, as in a
geminate reaction at an active site (pathway
Xc. Sections 7.1.3 and 7.3.11):

a retention reaction of RX with a product (ruled
out in some cascs by control experiments;
Section 7.2.9):

[y

Ph CH;

a retention reaction of RX with an intermediate.
such as ZMgMeZ (Z = R or X) (pathway Xd.
Sections 7.1.3 and 7.3.8);

a viscous or ‘frozen’ environment adjacent to
Mgz. which could slow the rotational relax-
ation of R« (Section 7.3.10); or

(f) adsorption of R- slowing its rotational relax-
ation.

=

@

None of these has been ruled out rigorously in
every case. However, a pathway Xa or Xb may
best satisfy Occam's Razor.

Alternative (f) is among the least likely. This
conclusion merits detailed consideration.

In the A model, R+ remains adsorbed until
it suffers r. In a D model, transienr adsorption
is possible, although it has not been included
thus far in calculations. Provided that the only
processes of transiently adsorbed R- are r and
desorption. product distributions will be indepen-
dent of whether or not there is adsorption.

ldeal D-model calculations fail to account simul-
taneously for the extents of retention and by-
product formation (Section 7.2.9). The equivalence
of equations (7.25) and (7.53) shows that thix
defect in D-model calculations can be repaired
by assigning the initial encounter of R+ and Mgy
a higher reaction probability than later ones. as
in the freckles model with geminate reaction
(Section 7.3.11).

Even so. there are strong arguments against
a role for surface adsorption of R- in reten-
tion of contiguration. (1) Retention appears ¢
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correlale with conjugation in the substrate. Adsorp-
tion provides no explanation. (2) In the Grignard
reaction of I-iodo-F-methyl-2,2-diphenylcyclopro-
panc in THF (Section 7.2.9) there is almost com-
plete racemization (2% retention). An analogous
reaction of  |-fluoro-1-methyl-2.2-diphenyleyclo-
propane with Li also gives almost complete race-
mization (3% rctention, Table 7.7). Even though
the opportunity is presumed to exist for the adsorp-
tion of R- to inhibit racemization in these cases.
it doesn’t. Why should it in others? (3) Retention
is observed i homogeneous reductions, where
there is no solid surface for R- adsorption
(Section 7.2.21).

7.2.23 Arguments Against the D
Model

A number of arguments have been raised against
the D model |7.10]. None is both valid and
compelling.

(1) The ratio ¢/s in Grignard reactions does not
match expectations based on studies in which the
same radicals are ‘in solution.” Therefore Grignard
radicals do not enter the solution.

For typical alkyl bromides and iodides, ¢ domi-
nates over s. Kharasch and Reinmuth assumed that
intermediate alky! radicals R- in solution would
not live long enough to undergo much ¢ because
they would be consumed by s [1]. Accordingly,
they suggested that they remain adsorbed at Mgy.
where they are sufficiently mobile for ¢.

RR

I
souree — Ro
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This argument s vitiated by its fulse premise.
which is based on data for reactions in which
radicals are generated in homogeneous solutions.
where s is very tmportant. The ratio ¢/s is propor-
tional to [Re]. The argument of Kharasch and
Reinmuth does not take into account that {Re] for
diffusing Grignard radicals near Mg, can be larger
than for radicals generated homogencously by u
factor that can approach 10% [74.84].

Figure 7.33 shows the relevant reaction scheme
and the results of some steady-state calculations.
For the homogencous-solution values shown, the
rate ratio ¢fs is about L. If kg were larger. due to a
higher temperature or a more reactive radical. then
¢/s would be proportionally smaller—for kg = 10°
s~!, appropriate for cyclopropyl or phenvl. ¢fs <
3 x 10* [R-], smaller than values for typical alkyl
radicals by a factor of 1077, Further. an r-value
1073 M 57! (Figure 7.33) corresponds o a 1-M
first-order source with a half-life of ~12 min. I{'r
were smaller. ¢/s would also be smaller because the
steady-state [R-] would be smaller. Consequently,
for most homogeneous reactions of interest. 1.1 is
an approximate upper limit of ¢/s.

In contrast, in Grignard reactions {R] can
approach 107" M near Mg,. making ¢/s
tens to thousands of times larger than in
homogeneous-solution reactions (Figure 7.33). D-
Model calculations predict correctly that ¢ will

be significant, and s not. in Grignard reactions of

typical alkyl halides [74,84].
(2) The extents of first-order reactions of Re.
such as solvent attack and isomerizations, are much

I r=10 "My
2k = 3000 MY
Kg=10" " homogencous

then ¢fs = 35 10" R
and [Re] =37 10 M.

{R-}/M cls
3710 ; i1 homogencous
1.Ox10 30 ) Grignard reaction
1Loxio ? 300§ various distances

LOXI0 " 300 ] from Mgz)

Fig. 7.33. Kinetics of radical coupling/disproportionation ¢ and solvent attach s for radicals generated homogencously
in solution. The computations are for the indicated rate-purameter values: 1 is the rate of homogencous tormation ol

Re and ¢ and s arc vields. The table includes values of |Re] (10

typical alkyl halide. according to the D model.

—10 ° AN near Mgy ina Grignard reaction of
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less in Grignard reactions than for radiculs “in
solution.” Therefore Grignard radicals don't enter
the solution [7.10].

S-Hexenyl is one cxample of many. When
generated in an ether, the extent of cyclization
is near 100% [122]. In Grignard reactions of
5-hexenyl halides, the extent of cyclization is
~3—10% [38.53-58]. Thus. S-hexenyl Grignard
radicals behave differently trom those generated
homogeneously in solution.

This argument is also based on the false
premise that Grignard radicals that lecave Mgy
would behave like those generated homogencously
in solution. If the lifetime of a S-hexenyl
radical generated homogeneously in solution were
limited by its reaction with solvent DEE (kg =
10* s [13], it would be 1075 Since the
cyclization rate constant & is 4 x 10° s7! (at
~40°C) [86]. almost all radicals would cyclize
before attacking the solvent, as is observed [122].
The r-limited, D-model lifetimes of Grignard
radicals are 1077 s (Section 7.2.8). so little 5-
hexenyl cyclization is expected and little occurs.
For the same reason, s is insignificant.

A successful argument of type 1 or 2
must be quantitative—qualitative arguments can
be treacherous. For example. the inefficiency
of trapping of intermediate S-hexenyl radicals
by DCPH (efficiency <25%) has been cited
as evidence for the A model in the belief
that DCPH would trap radicals in solution
with ~100% efticiency [7.10]. Actually, the data
are quantitatively consistent with the D model
(Figure 7.18). Similarly. it has been suggested that
the product distribution from the Grignard reaction
of (2-phenylcyclobutyhmethyl bromide. studied by
Hill er al. [44]. might support the A model [11].
Hill finds 25-459% ring-opening in the Grignard
reagent formed in DEE and 60~80% in THF. From
these values and Figure 7.16, the implied values
of & (rate constant for ring opening in R+) are in
the range 107~ 10% s™'. This agrees with the valuc
8 x 107s™" determined by Hill er a/. at 80°C by an
independent method. Thus. Hill's results agree at
least semi-quantitatively with D-model predictions.
In fuct. Hill er «l. found other evidence of diffusing
radicals in their work {44
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For every casc of a typical alky! radical that has
been treated quantitatively, the D model accounts
well for the observed product distribution. We are
not aware of any case where the observed ditter-
ences in behavior between Grignard radicals and
those generated homogencously cannot be under-
stood in terms of the D model.

Even when a quantitative argument of type 2
is given, a D-model failure can merely indicate
that pathway R does not described the whole
reaction—the D model could sull apply to the
part through pathway R. There is confusion
in the literature over this and the Walborsky
mechanism. ‘[The A] model supposes that the
intermediate radical interacts with the surface of
magnesium to explain why the radicals generated
from optically active alkyl halides partially retain
their configuration’ [131]. Although Walborsky's
proposals have varied, in recent versions of his
mechanism he does not invoke adsorption of R- to
explain the majority of retention {7,10,20}]. Instead,
he supposes that adsorbed radicals racemize
and invokes a pathway X to explain most
retention.

For cyclopropyl, vinyl, aryl, and other unsatu-
rated systems, ideal D-model calculations fail in
one of two ways (Sections 7.2.9-7.2.11). (a) If it
is assumed that g = 1077 s (experimental value
for typical alkyl halides), then much more isomer-
ization is calculated than observed. (b) If ) is
adjusted to fit the data, then unrealistically small
values sometimes result. One possible explanation
is that a pathway X competes with a D-model
pathway R.

Legitimate arguments against the D model
must address the nature of pathway R, not the
question whether or not it accounts for the entire
mechanism. This principle has not always been
followed 17.10,20].

Thus, according to onc report [165], reactions
of evo- and endo-norbornyl bromides at —70 C
give different distributions of Grignard reagents.
contradicting the D model. which predicts the same
distribution. Even if these findings were correct.
they would point to a pathway X and not invalidate
the D model for the R part of the reaction.
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In fact. there are serious questions about the
findings. For similar reactions at room temper-
ature, experimental error can reasonably include
the observed product differences for exo and endo
reactants [165]. For the same reaction at 0°C, Root
found the same product ratio in reactions of exo-
and endo-RBr, different from the ratios reported
by Walborsky {85).

The Walborsky mechanism  provides  three
possible explanations of partial retention, adsorp-
tion of R-, pathway X, and ultrafast [R- -MgX]
collapse. Deciding among them, or partitioning
their effects, is a legitimate problem but not one
considered by Walborsky, who has opted recently
for a retention pathway X [7.10,20].

(3) ... strongest support for the A-model comes
from using a perdeuterated ether solvent or a
radical trap deuterated dicyclohexylphosphine. In
all cases, only a small percentage of the radi-
cals leave the surface of magnesium to yicld the
deuterioalkane’ [131].

Reaction of cyclopropyl bromides are especially
significant here, since cyclopropyl radicals are
much more reactive in H-atom transfer reactions
than typical alkyl radicals, so that extensive trap-
ping by DCPH(D) would be expected but is not
found {166]. Even so, this evidence is weak for a
number of reasons.

First, the extent of solvent attack in cyclopropyl
bromide reactions is quantitatively consistent with
the D model (Figure 7.25) [52,97].

Second. the notion that there should be solvent
attack if R- leaves Mgz is fallacious (argument 2).
It could be true that ‘only a small percentage of
the radicals . .. yield the deuterioalkane’ and false
that *only a small percentage of the radicals leave
the surface™ [131].

Third. in interpreting their data. Walborsky and
co-workers assume that solvent attack is the exclu-
sive and inevitable fate of radicals that leave
Mg [166). This is inherent in the Walborsky
mechanism. in which s does not compete with
r. c. or any other reaction. implying that the
yield of RD in a deuterated solvent will repre-
sent the extent of solvent attack in the corre-
sponding undeutcrated solvent [7,10,20]. Indeed.
the Walborsky mechantsm predicts that deuterating
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the solvent will have no effect at all on the product
distribution.
This is contradicted by experimental data [97].

including the findings of Walborsky and Aronott

for the reaction of |-bromo-I-methyl-2.2-diphenyl-
cyclopropane in THF [20]. The apparent support
provided by data for the reaction of the same
bromide in DEE [20] would probably have disap-
peared if RR and products containing S had been
determined.

In fact, deuterating the solvent reduces the extent
of solvent attack in every case that has been
examined and increases the yield of RMgX in most
cases [97]. Thus, the yield of RD in a deuterated
solvent is not a measure of solvent attack in the
undeuterated solvent.

In general, Walborsky's interpretations of trap-
ping and solvent attack are based on the “black-
and-white’ premise that they are exclusively and
inevitably reactions of radicals that leave the
surface and are not competitive with any other
reactions. This view is refuted by the experimental
data. Actually, trapping and solvent attack are
competitive with r and c¢.

Fourth, for reasonable values of kp/ky; for sol-
vent attack (~6), D-model calculations correctly
predict the magnitudes of solvent isotope effects
on product distributions (Section 7.2.9) [97].

Fifth, the experimental method used by Walbor-
sky and co-workers for determining CpD (and
CpH) is suspect [166]. The reported yiclds vary
by as much as a factor of two. For the following
reasons, they are probably significantly low.

CpD and CpH were determined by PFT 'H
NMR after gas-phase transter and trapping. Such
procedures are notorious for losses. Further, 5-
s delays between pulses. the method used. are
probably inadequate —small. rigid hvdrocarbon
molecules tend to have unusually long spin-tattice
relaxation times. No cxperiments validating the
method were reported [166]. We find increases
of a factor of two in the arcas of cyclopropane
peaks. relative to other components of reaction
mixtures, when the pulse delay is increased from
5 to 60 s [88].

These concerns apply to all of the determina-
tions of CpH and CpD reported by Walborsky
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[166]. not only those for CpD from reactions in
DEE-d . Specifically. they apply also to CpH
from reactions of CpBr in DEE and THF and
o CpD from similar rcactions in the presence
of DCPD.

Sixth. some of the data for DCPD trapping
are internally inconsistent. (@) Walborsky  and
Zimmermann report the formation of 22% CpH
and 4% CpD in reactions of CpBr in DELE
containing DCPD [166]. Their interpretution is that
only 4% of the reaction is through Cp- that leave
Mg, If this were true then DCPD would not
have interfered with CpMgBr formation. Yet they
find only 6% CpMgBr (compure 18-31% in the
absence of DCPD). Something is wrong with the
analyses, the assumed chemistry, or both. (b) The
reaction of 1-bromo-1-methylspiro[2.5foctanc in
DEE in the presence of DCPD is reported to give
I-methylspiro [2,5]octane with 6% incorporation
o deuterium. while the similar reaction in DEE-
dyg gives this product with 18% incorporation
of deuterium [21]. This implics that DEE-do
is a better radical trap than DCPD, which
is not consistent with other experience. These
discrepancies are a clear indication of problems
with these experiments.

Part of the problem may lic in the chemistry of
rapping by DCPH(D). We tind that cyclopropyl-
cyclohexylphosphine is a major product when Mg
reacts with CpBr in DEE containing DCPH [88].
However it may arise. 1t is not a product of a
simple trapping process. Until inconsistencies and
uncertaintics are resolved. interpretations ot DCPH
trapping data for Grignard reactions of cyclopropyl
hatides must be postponed.

My/DEL H TN
- - — BRI k
’%BI T ' ‘<;

Seventh. tor typical alkyl halides. radical trap-
ping data for both DCPH and TMPO- conform
o the D model with the value of i near 107 s
(Iigure 7.18). The complications that may inval-
idate DCPHD)-trapping results for evclopropy |
bromides may not oceur with typical alkyl hatides
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(4) "[Whitesides and co-workers} merely plotted
the yield of product from the reaction of cyclo-
heptylbromide [sic] with magnesium in the pres-
ence of TMPQO- and r-amyl alcohol as a function
of time. observed the formation of 95% TMPOc-
C5H 3. stated that these results were incompatible
with a surface-bound radical and concluded that
95% of the cycloheptyl radicals were free. thereby
ignoring processes that compete with (rapping by
the TEMPO [sic| radical. . . Mg" reduces TMPO- to
the anion. . .oxidation of Grignard reagents in the
presence of such agents is also well documented. ..
Consequently. one is left with the question of
what species has actually reacted with TMPO-
and these experiments do not answer the question
of what percentuge of radicals Jeave the surface
during Grignard reagent formation” (Hamdouchi
and Walborsky. pp 203 -204) [10].

This could be misleading. In fact, Whitesides
and co-workers considered the complicating pro-
cesses in great detail [15]. They did many control
experiments, and devoted considerable effort to
developing reaction conditions under which unde-
sired reactions leading to TMPOR were avoided.
Walborsky gives no explanation of how he thinks
these measures might have failed. Both the internal
consistency of the data and its consistency with the
D model and DCPH trapping results (Figure 7.18)
support Whitesides™ interpretation of the data.

(5) Photolysis of an azo compound RNNR
in solution in a slurry of Mg containing gives
evidence of the formation of radicals R+ but
does not yicld RMgX. even when MgBry i
present [167]. This shows that radicals tormed in
solution which do not diffuse to the Mg surface
sutfer ¢ there.

Such experiments would have been significant
it positive results had been obtained. However.
negative resulls are mcaningless. There s no
assurance that the conditions for RMgX formation.
some possibly unknown. are met.

One recognized condition is common to the D
and A models: Re must be at Mgy in order to by
reduced o RMeN. We can estimate the probability
that o radical reaches Mgz in experiments Ik

those reported.
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In four of five experiments reported, Mg powder

of unknown particle size was used [167]. In the
following calculations, we assume spherical parti-
cles of 25 um radius R, corresponding to a barely
visible particle and consistent with commercial Mg
powder examined in our laboratory.

For a radical of negligible radius at an initial
separation s from the surface of a spherical
particle, the probability ¢ that the radical will
reach that surface, instead of reacting with the
solvent. is given by equation (7.52) (Appendix.
Equation A.7.25)

&= R expl—stks/ D)7 (7.52)
R+s X

For s =10 A, ks=10"s"', and D =3 x
107% em? s71, ¢ = 0.0022 = 0.229%. Thus, at least
99.78G of the radicals that are formed 10° A or
more from the surface of the magnesium particle.
will never reach it. The slurries consisted of
1.25 mol Mg for 1 L solution. The total volume of
solution within 10° A of all of the Mg particles is
30.5 cm?®, about 3% of the total volume of solution.
Thus, at least 97% of the radicals are generated at a
distance of 10° A or more, and >99.78% of these
never reach the surface of a magnesium particle.
Continuing this calculation for larger shells leads
to the estimate that only 0.8% of the free radicals
generated ever reach the magnesium surface [102].
In addition, the data indicate that about half
of the radicals undergo geminate reactions and
are nol available for Grignard reagent formation.
Therefore the maximum yield of Grignard reagent
that could be formed in these experiments is
estimated as ~0.4%. It is not surprising that none

was detected.

One experiment (only) used Ricke magnesium.
assumed to have an average radius R of S x
107% cm (0.05 um) [167]. Calculations for this
case indicate that a significant. though not
necessarily large, fraction of the radicals could
reach a magnesium surface [102]. Rieke Mg was
used without additives, specifically, without added
MgBr,. Added MgBr. could be necessary for
RMgBr tormation in this experiments. or there
could be some other unmet requirement.
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The question “Can radicals diffuse to the surface
of magnesium and be converted to Grignard
reagents?” is answered firmly and affirmatively in
the literature. Triphenyhmethylmagnesium bromide
or todide in DEE can be prepared in high yield
by a reaction of triphenylmethyl with magnesium
in the presence of MgBr> or Mgl (Kharasch
and Reinmuth, pp 86-87) [1]. Definitive evidence
is also provided by solvent isotope effects
on RMgX yields (Section 7.2.9) [97]. Additional
highly persuasive cvidence is provided by the
excellent fits of experimental data to D-model
computations (Section 7.2.8) [83].

(6) "... carly i the reactions of alkyl
halides with magnesium. reactive sites are quite
smali and diffusion of reactants and products is
spherical. rather than lincar. As the sites grow
larger. convection and lincar diffusion contribute
significantly and mass transport is very complex.,
so it is remarkable that a model assuming
lincar diffusion can so accurately predict product
ratios” | 168].

These comments have been interpreted as a
basis for questioning the D model (Hamdouchi
and Walborsky, p 109) [10]. Actually, there is
nothing ‘remarkable’ about the ability of equations
of ‘linear diffusion’ to predict product ratios
in Grignard reactions. Even though the reactive
surface is surely not a uniform plane. this model
would be expected to give accurate predictions
of product distributions. provided the mechanism
were correct, for the following reasons.

In polycrystalline Mg. hemispherical corrosion
pits form. grow. overlap. and coalesce. all early
in the course of a typical reaction {119,168].
Although the characteristic diffusion distance oy of
R+ in a typical Grignard reaction is only ~100 A,
D-model calculations show that the region of
signiticant ¢ extends a few thousand A away from
the magnesium surface. with a large majority of
the products being formed within ~5000 A of

the surface. This suggests that a planar surface
approximation for a reactive pit can be expected
to be adequate when the diameter is ~30000 A or
greater, and perhaps for smaller pits. The fraction
of the products formed in reactions of such pits of
less than SO000 A diameter is probably very small.
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Indeed. the smallest pits observed by Koon e al.
were 300000-A diameter, and their observations
were clearly in the initiation phase of reaction. The
issue disappears when the magnesium is allowed
to react with 1.2-dibromocthane, etfecting some
chemical polishing. before the rcaction is carried
out, or as an mihiating co-reactant.

The 5-hexenyl-bromide experiments of Bickel-
haupt and co-workers |48, which are fit by D
model calculations (Figures 7.20 and 7.21). [83]
involve very high initial concentrations of RBr
(>2 M) and the inclusion of I.2-dibromocthane.
The fraction of products formed in pits smaller
than 50000 A is probably vanishingly small.

(7) Other arguments against the D model
have been based on experiments in alcohol
solvents [10.109.151). The relevant observations
for the reaction of Mg with (+)-1-bromo-1-
methyl-2,2-diphenylcyclopropane in CH:OD are
retention of configuration (23% optical purity) and
absence of products RH and RR of s and c
respectively.

Even if the reactions are precise analogs of
Grignard reactions in ethers, the data do not speak
to the issue for reasons given above. They may not
be precise analogs—it is reported that the presence
of an alcohol in a reaction in an ether can perturb
the product distribution [44]. Even so, reactions of
Mg with a simple alkyl halide in methanol give
both RH and RR. just as observed for a typical
Grignard reaction {34]. It is possible that the very
high polarity of CH;0D promotes pathway X for
cyclopropyl halides but that X is not available for
a typical alkyl halide.

7.2.24 Arguments Against the A
Model

The A model for pathway R 1 unnecessarily
complex. has weak predictive power, and is not
consistent with experimental facts. The D model
for pathway R is simpler, has quantitative predic-
{ive power. agrees (uantitatively with a large hnd‘_\'
of data, and is not inconsistent with any expert-

mental facts.

7.3 INORGANIC PART OF THE
MECHANISM

7.3.1 Optical and Scanning-Electron
Microscopy

Hill. Vander Sande. and Whitesides examined
Mgz after its reactions with RX. using optical
and scanning-electron microscopy {119]. Single
crystals, purity 99.999 + %. with selected planes
exposed, were used in most cxperiments. 'Thc
surface of a pure metal is a mosaic of atomic
and macro ledges and grain boundaries. Initally.
magnesium metal is also covered by a 111111
composed of magnesium oxide and magnesium
hydroxide. To remove the oxide fibm and Fo
decrease the density of defects generated
producing the surface, we polished the surface by
using 6% aqueous nitric acid at 0°C. This treatment
produced a surface having a low pitting factor”
(the ratio of the deepest metal penetration to the
average metal penetration).” -

We now know that the adventitious film s
largely Mg(OH)> and that polishing Mg with
aqueous HNO; leaves a reconstituted Mg(OH)2
surface (Section 7.3.3). Such polishing smoothes
the surface and probably reduces the densitics of
defects at both the Mg—Mg(OH), interface and the
Mg(OH), external surface.

A typical reaction follows a three-stage coursc.
(1) Corrosion pits form at a number of points.
(2) They grow and eventually overlap. (3} Further
reaction polishes the surface [119].

When single-crystal spheres of Mg were allowed
to react with 0.05 M ethyl bromide in THF at
0°C, clearly defined crystal planes and geometric
shapes did not develop. This shows that there is
no strong preference for reaction at any particular
crystal plane [119].

In reactions at defined crystal planes. RCH (more
than RBr) gives pits with planar sides. The basal
plane (0001), especially, gives hexagonal pits » ith
planar sides. The difference in pitting selectivity is
maintained even when RCI and RBr react at the
same rate. but it vanishes when MgBra is added
to the RCI solution. Thus. benzyl chloride/MgBr:
reacts pit in the same manner as benzyl bro-
mide/MgCly reactions. With polyerystalline Mg,
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there are no indications of reactivity differences
when pits span grain boundaries {119].

The pitting studies admit two conclusions. (1)
There is a small preference for loss of My along
crystal plancs. This shows that R- does not bond
permanently wherever it happens 1o collide with
Mgz, (2) The halide 10n in solution influences the
course of the loss of Mg, This is consistent with
the conventional metallic corrosion mechanism in
which metal cations are lost to solution at anodic
sites (Sections 7.1.3 und 7.3.7. Figures 7.1 and
7.39) [119].

Activation by by, Bra. or tetraethy! orthosilicate
affects the rate of initiation without aftecting the
initial pit density, indicating that these activators
do not introduce new sites for initiation. These
and other experiments suggest that initiation occurs
at surface defects {119, 1t 1s not clear whether
these are defects in the Mg(OH)> surface or in the
underlying Mg surface. Defects in the Mg(OH),
film could allow the penetration of the solution
to Mgz.

In related studies with mechanically polished
polycrystalline Mg strips. Teerlinck and Bowyer
made in situ photomicrographic observations in
flow systems in which cthyl bromide was allowed
to react in THF, apparently at ambient temper-
atures [169]. In some experiments, they used a
chemical indicator for RMgBr that requires the
presence of Oy. They also observed pit formation
without the indicator.
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After 4-8 min of reaction. pits grow but no
new ones form. Pit distributions cannot be distin-
guished from random. suggesting that there is
neither inhibition nor autocatalysis of pit forma-
tion near one that has already tormed {169]. These
observations are consistent with those ol White-
sides and suggest crystal dislocations or microcrys-
talline impurities as sites of initiation. Swrprisingly.
however, scratching the Mg surface with a stain-
less steel scalpel does not increase pit density.
cven though pits do form preferentially in the
scratches [169].

Chemically polishing  with aqueous  HNO;
incrcases the initiation time and decreases the
reactive sile  density [169]. As noted above.
this procedure leaves an Mg(OH)> surface. not
exposed Mg.

I3 is an especially good activator. When a strip
is spot treated with 2% 1> in THF. it is activated
in areas as much as 2 mm from the spot. reflecting
the diffusion of some activating species {169]. This
might be I, as suggested by Teerlinck and Bowyer,
but it also might be Mgl,, which is well known for
its activating influence (Sections 7.3.5-7.3.6).

7.3.2 Atomic-Force Microscopy
(AFM) [170]

Preliminary AFM studies show corrosion along
crystal planes (Figure 7.34) [171}. In these p-scale

Fig. 7.34. y-Scale AFM images. four minutes apart. of part of a single-crystal Mg, (0001 undergoing reaction with

n-hexyl bromide in THF 4t room temperature {1717

i
i
i

Mechanisms of Grignard Reagent Formation

images, taken in situ as the reaction of n-hexyl
bromide in THF was proceeding at a mechan-
ically and chemically (aqueous HNQ3) polished
basal plane (0001) of a single crystal of Mg, the
amorphous “hills” at the right side and upper left
corner of the left image could be Mg(OH), that
had not been completely removed by the Grignard
reaction. Four minutes later, another image (right)
shows distinct changes in the middle region. where
corrosion is occurring, but little change in the
*hills.” This could be a picture of the boundary
of a reactive site, showing exposed Mg (center)
and remaining Mg(OH)» (right and upper left). No
independent facts confirming this possible interpre-
tation have been obtained.

7.3.3 Surface Spectroscopy 1172}

XPS studies of polycrystalline Mg reveal ~OH.
but no O, on a surface that has been chemically
polished with 6% aqueous HNO; (Figure 7.35).
Baking at 450°C generates O° at the expense of
~OH, and subsequent exposure to air reverses this
change (complete reversal takes ~4 days). Similar
results are obtained for mechanically polished Mg
and Mg “out of the bottle.”

Mg turnings give XPS peaks for HCO3™ but not
CO;’~ (Figure 7.36).

Ols XPS of HNO,-Etched Polycrystatline Mg
—HNO -Etch
--- HNO,-Etchi 450 °C
— HNO-Eich:450 °C
30000 Air-exposed, 7,

40000

Oxide O/ Hydroayl O

200001

Counts

10000

4] -
525526 527 52% 329 530 531 532 533 534 533 330

Binding Encrgy (eV)

Fig. 7.35. Oxygen-1s XPS spectrum of polycrystathine
Mg foil after subsequent treatments: ¢1) 30-s exposure
10 6% aqueous HNO:: (2) baking at 450°C: and (3) 24-
hr exposure to air. From Abreu er of [172] Reproduced
by permission. Copyright 1998 Academic Press. Inc.
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Cls XPS Specrram of Mg Turnings
K000 b .
—— As Received COZ A
— Heated to 400 °C
a0 F = Solid NaHCO,
=== Solid Nu,CO,
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Fig. 7.36. Carbon-1s ~ XPS  spectra for NaHCO..
Na.COs. and polyerystalline Mg turnings. as received
and after haking at 450°C. *Adventitious C™ may be due
to hydrocarbons. From Abreu er al. {172]. Reproduced
by permission. Copyright 1998 Academic Press. Inc.

Quantitative measurements indicate that the
anions of the near-surface layers are no more than
25% HCO;™.

7.3.4 Initiation

The induction period is especially annoying when
it is erratic, prolonged, or apparently infinite. Plau-
sible hypotheses abound {1.2], but there is no
comprehensive, documented understanding of the
factors that create the induction period or consti-
tute initiation. The hypotheses in the following hist
are not all distinct.

(I) Initiation  consists  of the removal of
Ma(OH)>. which is passivating, thereby exposing
Mg tor reaction.

(A) Mg(OH), passivates by acting as a physical
barrier preventing RX/SH from reaching Mgy,

(B) Mg(OH), passivates through electronic
eftects resulting from its interactions with Mgz.

(C) Removal of Mg(OH); is by corrosive under-
cutting. 1 is not very soluble in ethers. so it flakes
off. possibly with some Mg metal attached. as
corrosion undercuts the Mg—Mg(OH)- interface.

(D) Removal of Mg(OH)» is by dissolution. Itis
promoted by polar solutes such as MgX>. RMgXN
and soluble atkoxides. Dissolution may be ver:



256

slow at first, but as the reaction proceeds it accel-
erates.

(D Initiation consists of the penetration of the
passivating Mg(OH), layer, thereby delivering RX
to Mgy for reaction. It is penetrated at weak points,
i.e., channels or other imperfections.

(A) Penetration 1s enhanced by the increased
polarity of the interfacial liquid due to polar solutes
such as MgX,, RMgX, and soluble alkoxides.
More polar liquids wet the Mg(OH)» layer better.

(B) Once penetration has occurred. Mg(OH)s is
removed by corrosive undercutting (Figure 7.37)
or dissolution (IA or 1B above).

(1) Initiation consists of autocatalytic active
site generation. An exposed arca of Mg could
constitute an active site, as assumed in 1. but
an active site could also be a more specialized
interfacial structure.

(IV) Initiation is an autocatalytic increase in the
exposed Mg surface area. Removing Mg(OH)»
increases the exposed surface area. but so could
corrosion of a clean spot on Mgz to form a more
convoluted surface.

(V) Initiation is the autocatalytic formation of

MgX,, RMgX, or both There is evidence in some
cases that the earliest stages of reactions may give
higher yields of MgX than later stages. MgX, and
RMgX could be catalytic in several ways.

penetration of
solution of RX RX

of MgX>. RMgX

RX RX

e poen

XX
s

corrosive undercutting and flaking off

corrosion with formation

—_— E MotOHi, 4 2

Mg:\ / M,
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(A) Their generation converts a less polar liquid
at the interface with Mgy into a more polar one.

(1) The rate of the reaction of RX with Mgy,
icreases in a more polar liquid environment.
(a) A more polar liquid environment increases
the reduction potential of Mgy by promo-
ting the dissolution of Mg,*.
(by A more polar liquid stabilizes the transi-
tion state for the reaction of RX with Mgy.
(2) A more polar interfacial liquid depassivates
Mgz by dissolving Mg(OH);.
(3) A more polar interfacial fiquid promotes the
penetration of Mg(OH); and its removal by
corrosive undercutting.

(B) There is a specific effect of MgX, or RMgX
as a catalyst.

(1) The reaction 1s initiated by -MgX, which is
formed from Mg" and MgXos.

(2) The reaction of a complex, e.g., RXMgX,. is
faster than that of RX.

(VI) Initiation is the removal of impurities that
consume RMgX as it is formed.

(VII) Initiation is the removal of impurities that
inhibit the radical chain reaction in which RMgX
is formed.

dissolution of Mg(OH),
in more polar medium

E_M"‘()H) ) Mg, in contact with sufficiently
) : polar medium for good reaction
- main reaction proceeds

Fig. 7.37. Penctration followed by dissolution or undercutting and flaking of MetOH); Layer. These events could be
antocatalvtic, increasing the number of reactive sites. their effective arcas. and the reactivity of RX at a site.
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Reactions with ordinary magnesium (*Grignard”

grade) may sometimes initiate better than those of

purer forms [ 1. Traces of transition-metal impu-
rities such as iron may be responsible. At low
levels. such impurities appear not to affect the
product distribution adversely. but at higher levels
secondary reactions can reduce yields of RMgX
11.16.173,174]. Surface mmpuritics could be sites
of initiation.

Tuulmets and co-workers have  investigated
quantitatively the extension of the induction period
by protic additives (water, alcohols) [175,176].
They take as the end of the induction period the
disappearance of the color of a trace of added L.

For reactions in DEE, the induction period is
extended by the same period of time for the same
infinitesimaltly small molar amount of any protic
additive. These additives are supposed 1o react
with RMgX as it is formed. adding to the burden
of other inhibitors. with similar actions, that are
present adventitiously. It is supposed that the rate
of the Grignard reaction is constant, or nearly so,
during the induction period. RMgX is supposed
to act to remove the ‘oxide’ |actually Mg(OH),]
layer. and as long as RMgX is being destroyed as
it is formed, no such action takes place, leaving the
active area of Mgy constant, and relatively small,
during the induction period [175,176}.

Although these hypotheses are plausible, the
data are also consistent with others. Whatever the
mechanism of initiation, RMgX will be formed at
the same rate at the end of the induction period,
provided that very small amounts of additives do
not interfere with or alter the normal initiation
processes.

Interesting results are  obtained  with larger
amounts of added protic compounds. [175,176].
Some additives. c.g., water and lower alcohols.
increase the induction period non-linearly, with
increased amounts having larger effects, per unit.
This effect is “obviously caused by the formation
of insoluble products’ [Mg(OH)Br. Mg(OR)Br] of
the reactions of the additives with RMgX. The
insoluble products “deposit on the surface of the
metal” and “can stop up holes in the oxide film.”

Some additives, ¢.g.. n-butyl alcohol, have the
opposite effect. Increased amounts effect smaller
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inereases in the induction period. This may indicate
that the soluble alkoxide products Mg(OR)Br/-
Mg(OR): ‘can, to some extent. dissolve magne-
sium oxide [really hydroxide] and thus promote
the initiation™ (Section 7.3.5) | 175].

7.3.5 Activation

The initial rate of a Grignard reaction is expected
to be increased by increasing the arca of Mgy,
cleaning it, and introducing reactive sites. These
considerations underlie the use of Mg in clean.
finely divided forms. Ricke magnesium  (pm-
scale particles) is formed by reducing MgX-
in a homogeneous solution [177.178]. Atomic
clusters Mg, (A-scale particles) are formed
by evaporating Mg and condensing it in
suitable solvent [133.179]. The efficacy of fincly
divided Mg in promoting stubborn reactions
and limiting secondary reactions of RMgX with
allylic or benzylic RX supports the underlying
hypotheses [131,132,177.178].

Mechanical activation of Mg by stirring picces
dry under an inert atmospherc is probably related.
Optical and electron microscopy shows that stir-
ring ‘causecs fragmentation and then further clea-
vage to form microcrystalline magnesium particles
which adhere to the surface. These processes
enhance the surface arca of oxide-free magnesium
when the dry-stir procedure 1s performed under
an inert atmosphere’ [[18]. Whether or not this
interpretation is correct in detail. Mg activated in
this way is especially useful for imiting secondary
reactions in preparations of allylic or benzvlic
Grignard reagents {118].

Sonication promotes initiation but does not
always influence yields [16,180~183]. It probably
involves cavitation at the metal surface. which
could have effects on surface-cleansing. locul
temperature and pressure. and ditfusion.

Rieke magnesinm contains MgX, [178]. Hts role
in promoting Rieke-magnesium Grignard reactions
is not clear. but it could be catalytic.

Among the carhiest methods of activation are
the addition of I» and the preparation ot Ma/Mgl,
(Gilman’s catalyst) [ 178 Tt was proposed that 1>
reacted with Mg o eteh it [ 1] thereby cleaning its
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surface. The fact that using a preformed solution
of Mgl in DEE has essentially the same effect as
adding 1> to the reaction mixture casts doubt on
the “doctrine of etching’ [1,184]. The efficacy of
Gilman’s catalyst may lie in the presence of Mgl..
In DEE MgBr; can have a similar effect [98], as
does MgClhin THF [88].

The effects of initially added MgBr> to DEE can
be dramatic [98]. Figure 7.38 shows that (.18 M
MgBr» in DEE eliminates the induction period
for the Grignard reaction of cyclopropyl bromide.
Other salts, such as FeCl3 [169]. can also promote
initiation (Section 7.3.4).

Where no reaction occurs in the absence of
MgXo-, its presence sometimes allows a useful
reaction. Thus. neither pentamethylphenyl bromide
nor 2.2,3.3-tetramethylcyclopropyl bromide initiate
in DEE. but in 2.6 M MgBr./DEE they
react  smoothly [98]. In the early twentieth
century. the former substrate was a lest case
for activation methods, particularly entrainment
(Section 7.3.6) [1].

The ‘doctrine of etching’ is further invalidated
by experiments with 2.2,3,3-tetramethylcyclopro-
pyl bromide [98]. (1) Reaction begins immediately
when a 2.6-M solution of MgBr. is prepared in
situ {from 1,2-dibromoethane and excess Mg) and
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Br
CH; CH;

CH; CH;
CH;

2.0-M .\lglir;/l?tﬁl{l Mg

MgBr
CH; CHs
CHy CH;
CH;
49809

RBr is then added. ‘Etched’ Mg and MgBr, are
both present initially. (2) The reaction fails to
initiate when MgBr> is prepared in situ, the MgBr>
solution replaced with pure DEE, and RBr added.
‘Etched Mg’is present initially, but MgBr; is not.
(3) The reaction begins immediately when MgBr

S0

30 -

CpH/mlL.

20 A

10

10 20

time/min

Fig. 7.38. Elfcet of MgBra on the progress. measured by volume of ¢cyclopropance evolved. of the reaction of magnesium
turnings with cyclopropyl bromide in DEL. under an atmosphere of cyclopropance at 37°C. Open squares: [MgBr,}, = (.
Closed dumonds: [MgBr.jy = 018 M. {CpBrf, = 0.18 M. Reprinted from Garst er al. [98]. Copyright 1994, Page

No. 368, with permission from Elsevier Science.
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is prepared in sine. the ‘etched” Mg replaced by My
‘out of the bottle.” and RBr added. "Etched” Mg is
not present initially, but MgBr> is. (4) Initiution
fails when Mg ‘out of the bottde™ is used with
pure DEE. Neither ‘ctched Mg’ nor MgBrs s
present. Thus, the presence or absence of MgBr»
is critical—it is both necessary and sufficient for
initiation —but it is immatenal whether or not the
Mg has been “etched.”

When a Grignard reaction initiates. it may be
observed that reaction first occurs at one picce
of many in the reaction mixture. This may be
especiatly true when one Mg turning is crushed
in sine, thus providing an cffect similar to dry
stirring but affecting only one piece. Reaction at
other picces follows shortly. The explanation could
lic in the spread of polar solutes (MgX,. RMgX)
generated at the initially reactive piece.

We have observed that the initiation period
can be prolonged when only a few Mg -
ings are taken for reaction [88]. With a small
number, getting one that is prone to initiate is
less likely than with a farger number. Also, in
stirred mixtures, abrasion of Mg pieces against one
another could generate reactive sites.

Blues and Bryce-Smith find that higher alcohols
react with Mg faster than RX. forming soluble
alkoxides Mg(OR),, which promote reaction [185].
They report that Grignard reagents form readily.
even 1n a solvent such as tolucne or excess RX
itself, provided that an alcohol such as isopropyl
or an afkoxide such as aluminum isopropoxide is
present. These soluble atkoxides may have etfects
similar to MgXs in promoting the dissolution or
penetration of the Mg(OH), layer or enhancing the
rate of reaction of RX at Mgy,

Grignard reagents formed 1n this way may
undergo typical reactions. but some have remark-
able properties. For example. methylmagnesium

iodide prepared in xylene in the presence of

Mg[AL(OiPr)y]> will dissolve in cthanol to give a
colourless solution. stable at 207 for an hour or
more” {185].

7.3.6 Entrainment

Grignard and others found that Grignard reagents
of reluctant halides. mostly aryl. could be prepared
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by mcluding in the reaction mixture a reactive
auxiliary halide, usually CHi:CH,Br but sometimes
another, such as CHsl [1.186]. Pearson and co-
workers improved this ‘entrainment’ method by
using BrCH>CH»Br as the auxiliary halide. thus
avoiding the formation of an unwanted Grignard
reagent along with the target [187].

Mg etching and surface cleaning are possible
explanations. However, the cfticacy of MgBr> in
promoting reaction in one of the classic test cases.
2.3.4,5,6-pentamethylphenyl bromide in DEE (Sec-
tion 7.3.5), suggests that entramnment is merels
a method of introducing polar solutes (MgX-.
RMgX) {98].

Trapping of intermediate radicals R+ (derived
from the reluctant halide RX) by the Grignard
reagent R'MgX (derived from the auxiliary halide
R’X) can sometimes contribute to enhancing viclds
of RMgX [188]. This is documented for the case
of CpBr (cyclopropyl bromide) as RX and #-
hexyl bromide as R'X. The relative electronega-
tivitics of the radicals indicate that the exchange
reaction is thermodynamically favored where R-
is cyclopropyl. vinyl, or aryl (a 7 radical) and
R’+ is alkyl (a ¢ radical). Indeed. most Grignard-
entrainment reactions in the literature are for
reactions of aryl halides using auxiliary alkyl
halides.

R- + R'MgX —— RMgX + R

Even so, it now appears that the major factor in
Grignard or Pearson entrainment is the formation
of MgBra. Where pathway X is significant. it may
be promoted by MgBr» [98].

7.3.7 Metallic Corrosion

The Grignard reaction may be a classieal metathe
corrosion reaction, like the rusting of iron in
acrated water [189). It so. then the local celt
hypothesis apphes—Mg>™  enters the solution
at anodic sites and electrons leave the metal.
heing transterred to reductants. at cathodic ~ites
tFlgure 7.10 p. 189).

This is consistent with observed eftects of pola
solutes such as MeXo (Sections 7.2.90 7350 and
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7.3.6) A less polar solution layer adjacent 1o Mg,
offers less solvation for ions Mg>"0 X . and R

and their aggregates. When MgXo tor another polar

solute) is present. Mg>™ enters an environment
where it is better solvated. so s loss from the
metal is more favored thermodynamically.

The formation of R could be synchronous.,
or nearly so. with its association with *MgX
(or MgXs) to form RMgX (or RMgXs, ', which
becomes RMgX by losing X 7). Bickelhaupt and
co-workers have presented evidence that in special
cases, at Jeast, R™ may be a distinet intermediate
(Section 7.2.20) [136,137].

The complete cireuit in local-cell corrosion
involves ion conduction in solution between the
anodic and cathodic sites (Figure 7.39). When the
solvent is very polar, e.g., water. ionic conduction
is excellent and the anodic and cathodic sites can
be mucroscopically separated. The conductivitics
of solutions of RMgX and MgXs in DEE. however,
are very low. It is doubtful that the requirement
for a complete electrical circuit will allow anodic
and cathodic sites to be separated by much more
than A-scale distances, if any, in DEE. In principle.
anodic and cathodic sites. il they exist. might
be detected by scanning electrochemical devices
or STM.

Other hypotheses invoke corrosion in Grignard
reactions by direct chemical action [1.10]. No
evidence that distinguishes local-cell corrosion
from direct chemical action is known 1o us.
However, there is only weak evidence of the
discrete Mg(l) intermediates that are required
by the hypothesis of direct chemical action
(Section 7.3.8). In addition, pitting is a character-
istic of local-cell corrosion. which may also be
casier 10 integrate with the D model than direct

Med T .y

! |

Mg —————— ¢
anodic cathodic

sile Sile

Fig. 7.39. Net ion conduction in the Tocai-cell model of
corroston in the Grignard reaction. 7= R or X.
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chemical action. Therefore local-cell corrosion is
a suitable working hypothesis.

RX + Mg, — Re+-MgX + (Mg, — Mg)
R + Mg, —-» RMg- 4 (Mg, — Mg)

7.3.8 Mg(l) Intermediates

The question of distinet Mg(l) intermediates is
vexing. They are commonly hypothesized [1.10]
but the evidence 1s slight.

Reaction steps such as the following are casily
written. Some  have treated «MgX and RMg-
as species in solution [S1]. while others have
regarded them as surface or metal-embedded
species [10,65].

RX + Mg —— R+ + -MgX
R- + :MgX —— RMgX

RX
R- + Mg —— RMg: —— RMgX + R-
2:MgX —— MgX, + Mg

Mg found at some distance from Mgy, embed-
ded in the precipitated layer of biadamanty! formed
in the Grignard reaction of adamantyl bromide, has
been interpreted as the result of disproportionation
of +MgBr at the surface, giving MgBra and Mg".
which is trapped. protected. and transported as the
precipitate forms [65]. However, it could also be
the result of mechanical abrasion of stirred Mg or
the corrosive undercutting and flaking off of the
passivated surface, with picces of Mg(0) adhering
to Mg(OH),.

There is substantial evidence that Re diffuses
in solution (Sections 7.2.8--7.2.9). Consider the
following mechanism in which -MgX also diffuses
in solution. Here the products are formed in
radical -radical reactions. Coupling/disproportio-
nation ¢ of Re is diffusion controlled or nearly so.
In order for ¢ not to dominate the products. the
cross-coupling rof R+ with -MgX would have to be
comipetitive with ¢, that is. also (nearly) diffusion
controlled. 1t all of these radical-radical reactions
were diffusion controtied. then the vield of RMgX
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would be 50%. less than what is often found.
A fower reactivity of «MgX in disproportionation
d would allow it to build up to higher steady-
state concentrations, promoting cross-coupling and
diminishing ¢ as well as d. However, a steady-state
analysis shows that the rate ratio ¢/r would then be
independent of the rate of the initial step. which is
not what is observed in rotating-disk experinments.
ruling out this mechanism.

Mg,
RX — R + -MeX
R+ +*MgX —— RMgX
IR+ —— R>lor RH + R(—H)]

d
2-MeX —— Me" + MeX,

The absence of CIDNP resulting from pairs
|R+ -MgX] speaks against -MgX as an interme-
diate in solution [S1}. The observed CIDNP reflects
multiplet effects from [R- R-] pairs only. [R- -MgX]
would have a non-zero value of Ag and would give
rise to net effects, which are not seen. However, it
is conceivable that [R- -MgX] pairs do not generate
CIDNP: Ag could be so large that CIDNP is atten-
uated, or +MgX could remain at the surface where a
metallic shielding effect prevents CIDNP, etc.

If +MgX remains adsorbed or embedded in Mgz,
then it could be present there as an active site for
the reaction of RX or R-. This modification of the
mechanism above would be a version of the D
model in which Mgy is ‘freckled” with active sites
(Section 7.3.11).

It RX were reduced by electron transfer from
Mgy in a Grignard reaction. then a naive presump-
tion would be that the metal would be left with
an electron deficiency (positive charge), corre-
sponding to the presence of a few *Mg(l) among
many Mg(0). however much metallic delocaliza-
tion there might be. Actually. the excess charge on
Mg might be negative, rather than positive. corre-
sponding to the presence of a few ~Mg(—I) among
many Mg(0) (Section 7.3.9).

Kleinberg and co-workers find a cluster of
phenomena pointing 1o Mga(h in clectrolyses at
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Mg clectrodes [190]. (1) Reductants are reduced
at the anode as well as the cathode. For example.
in the electrolysts of water with Mg electrodes.
H> 15 evolved at the anode. (2) The weight lost
from the anode is more than is caleulated from
the current passed on the assumption that Mgl
only. is lost. The "mean valence™ of the Mg lost
from the anode is generally in the range 1.3-1.7.
(3} Reduction at the anode continues for a period
of time after the current is stopped. (4) There are
reductions of species that are physically separated
from the anode by a filtering barrier of glass wool.
{53) A black powder with reducing propertics may
form at the anode.

ltem 4 suggests a soluble form of Mg(l), but
the others are accounted for by the hypothesis that
Mg is lost from the anode as either soluble or
insoluble Mg(1} as well as Mgdll). The evidence
may not be compelling. The weight loss could
include that of the original passivating layer of
Mg(OH),. Further, as the anode is cleaned by
electrolysis, it could corrode in ongoing reactions
with water (or other adventitious reductants) that
occur even at a positive Mg electrode. Corrosive
undercutting of the passivating layer could lead
to the loss of some Mg(0) stuck to the flakes of
Mg(OH)» (black powder with reducing properties).
which could be responsible for the reductions seen
at and in the vicinity of the anode. Alternatively.
those reductions could occur at active sites left by
clectrolysis. Reduction would eventually cease as
impurity reactions led to passivating products. If
a little flaked-oft Mg/Mg(OH)> got past the glass
wool filter. it could effect the very small amounts
of reduction observed in solution near the anode.

The involvement of some unexplained surface
process in clectrolyses of aqueous salt solutions
at Mg clectrodes s indicated by the observation.
at refatively high current densities. of "a peculiar
cyclic phenomenon: the alternate appearance and
dissofution. with gas evolution. of a superficial
black deposit on the anode™ [191]. Microscopic
examination. after washing and drying, of an insol-
uble black product that forms on the anode showed
it to consist of white Mg(OH)» and an unidentified
black substance that “did not appear to be metallic
magnesium’ (o turther explanation given).
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Mixtures of Mg(0) and Mgl,. often used in a
slurry with DEE and benzene, can bring about
reductions that Mg(0) alone will not {190]. Gom-
berg and Bachmann proposed that -Mgl, formed in
these mixuwres is the actual reducing agent or the
intliator to the reduction process | 184].

Mg(0) + Mgl, == 2-Mgl

However, the enhancement of the reducing
powers of Mg(0) by Mgl can be explained another
way. Mgls could provide a polar environment that
greatly stabilizes Mgy¥ as it is lost from Mg(0).
MgBr> and MgCly sometimes have similar effects
on the reducing power of Mg(0).

As far as is known, the Grignard reaction
appears 10 be a typical reduction by Mg. Like
others, it is enhanced by the presence of Mgls.
MgBr, or MgCl,.

Mg,"*. where m < 2n. is worth considering as
a possible soluble form of hypovalent Mg, For

(Z=Ror X)
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example, Mg might leave Mgz as Mgy** instead of

Mg**. Association with 2~ (Z = R or X) would
give ZMgMg7Z. Calculations indicate that the
formation of a ‘dimagnesium-Grignard reagent’
RMgMeX. under some circumstances, could be
cnergetically more  favorable than that of an
ordinary Gngnard reagent RMgX [11,192]. Once
formed, ZMgMeZ could deposit Mg" or Mg-" or
reduce RX or R+ in reactions like the following. Tt
is also conceivable that RMgMgX or RMgMgR
could have more nucleophilic reactivity than
RMgX or RMgR and could be the ‘carbanion’
species for which Bickelhaupt and co-workers
have given evidence from Grignard reactions of
aryl halides in THF (Section 7.2.20) [136,137].
Roles for Mg(l) intermediates in Grignard reac-
tions and other reductions by Mg(0) have not been
ruled out but no compelling case in their favor
been presented cither. They are omitted from our
working hypotheses as unnecessary complications.

ZMgMgZ —— MgZ, + Mg® —— MgZ, + Mg> + 2Je” J(reduces RX or R+)

2 ZMgMgZ —— 2 MgZ, + Mg," —— 2 MgZ, + 2 Mg*" + 4[¢ 7|

ZMgMgZ + RX —~> Z-Mg,X + R-
ZMgMgZ + R- —— Z>Mg,R

Z3Mg; +RX —— Re+ ZMgX + MgZ,

Z3Mg, + R- —— RMgZ + M7,

7.3.9 Mgz-Solution Interface

Any description of the Mgg-solution interface is
necessarily speculative. A metal has o natural
tendency 1o lose ions (illustrated as Mg™* ) 1o solu-
tion, so that it develops a potential. Ton solvation
drives this process. and more polar media

1. N
Mg == Meg 7 Meh)
> Mo 2m (M“:')
 MSN m & Jm
generate larger reduction potentials. This  can

explain the effects of salts such as MeX, on the
reducing power of Mg for solutes in ethers. which

are gencrally not very polar (Sections 7.2.9 and
7.3.5-7.3.8).

It also raises the question of the charge on Mgy
during a Grignard reaction. If electron loss were
to precede that of Mg, then Mgz would be
positively charged during the reaction. However.
it the reduction of RX is by electron transfer, then
it could be critical that the charge on Mgz, and the
related potential, be sutticicntly negative.

There ts another argument for a negative charge
on Mgz, If Josses of Mg and electrons from
Mg, are not very tightly coupled, then each is
a candidate for the rate-determining step. as is
the diffusion of RX to the surface. The observed
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diffusion control for reactions of alkyl iodides and
most bromides implies that the loss of Mg?* is not
rate-determining and therefore that this step equi-
librates at a rate faster than reaction. maintaining
a negative charge on Mgy [98].

A one-clectron transfer from the metal could
be accompanied by a simultancous association of
the product X~ with Mg”® alrcady present at the
interface.

Mo

om

(Mg, + RX —— Mg, """

om
(Mg™*), X~ +R-

The reaction could be assisted by a coulombic
attraction between the developing X7 and Mg?*,
perhaps lowering the Mgy potential required for
the reduction of RX. A similar association of a
developing R~ with an Mg at the interface could
assist the reduction of Re.

Thus, the interface may consist of a nega-
tively charged Mgz associated first with Mgt and
then with X~ (Figure 7.40). As reaction proceeds,
the loss of Mg’ from the metal compensate
for the loss of electrons to RX and R-. main-
taining this state. Products RMgX and MgX> might
temporarily join the polar aggregates at the inter-
face. but they would diftfuse into solution as reac-
tion proceeded.

7.3.10 Two Liquid Phases

Grignard reactions of bromides in DEE some-
times give two liquid phases [34,88]. Presumably,
these correspond to the phase diagram for MgBr,
in DEE, for which one liquid phase is satu-
rated at ~0.2 M. after which the dissolution of
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more MgBr> leads to the separation of a second
phase that is ~2.6 M ("MgBr, ctherate’) [24]. In
Grignard reactions in DEE. phase separation is
almost inevitable when relatively large amounts
of 1.2-dibromocthane arc used to promote reac-
tion {34.88].

This phenomenon could be related o the
finding that the mtermediate cyvelopropy! radicals
that attack the solvent in pure DEE are not
converted to RMgX when solvent attack 1s blocked
(Section 7.2.9, Table 7.3: the behavior is different
in DEE/MgBr,, THF. and THE/MgCl,) [97]. Tt s
possible that the initial part of the reaction in pure
DEE leads to enough MgBr» neur the surface to
form a layer, possibly thin, of etherate, sandwiched
between Mgz and the less polar und viscous bulk
solution.

Within the etherate layer. radicals would ditfuse
normally, undergoing their usual reactions. How-
ever, it the etherate layer had the right thickness,
most of the solvent attack could be by radicals
that escaped from it into the bulk solution. When
one of these radicals diffused back to the interface
between liquid phases. both the viscosity and the
polarity of the etherate would act 1o inhibit its re-
entering the etherate. If solvent attack were slowed
by solvent deuteration. radicals would be diverted
to ¢, mostly, rather than r. because they would not
diffuse to Mgz (Figure 7.41).

When the entire medium is etherate. this effect
cannot operate, since there is no liquid phase
separation. This can explain why radicals diverted
from solvent attack in DEE/MgBr, are converted
to RMgX—therc is no barrier to their ditfusion
back to Mgz.

X~ X°

- > o
aoL RX Tl Re X TMe -t M T XTMe T
W e e R v
Milmni Mgm(n -h- My mfl“H -
Gy () (c}

Fig. 7.40. Schematic representation of conjectured interface during a Grignard reaction. Solvent molecules and jon
solvation are not shown. (2) Initially. the metal bears a net negative charge n—. RX is in a position o be reduced.
(h) Reduction has occurred. feaving the metal with a charge (n — 1)—. and the product X is associated with Mg
(¢ Mg has been lost to the solution as Mga™* | leaving the metal with o charge (1 + 1—. A subsequent reduction ol
R+ restores the original metallic charge. No particular synchrony or asynchrony of steps is implied.
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Fig. 7.41. Schematic llustration of a possible effect of

a more polar and viscous ctherate ayer adjacent to
Mgy, The higher viscosity of the etherale fayer and the
reduced solubility of Re therein. a consequence of higher
polarity. act to block the re-entry ol radicals that escape
into the bulk solution.

Except for preliminary calculations that indi-
cate that they can operate as described here [102].
these proposed effects are not yet supported by
additional information. However, there are other
possible links to known facts. (1) Perhaps two-
phase effects could explain why the fits of D-model
calculations are better for solvents DEE and THF
than for solvents DBE and DPE (Section 7.2.8).
(2) A high viscosity of medium adjacent to Mgz,
sufficient to slow the rotation of R-, could result in
partial retention of configuration (Section 7.2.9),
provided that the value of § were not decreased
as well.

7.3.11 Freckled Magnesium

The D model calculations presented here are for an
infinite. uniformly reactive, planar Mgz (Section
7.2.4) This is not realistic. The success of the
caleulations is probably due to effects of scale and
averaging [83]
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Scale is determined by the characteristic diffu-
sion distance og of R+ and the thickness of the
layer of the medium in which most of the products
are formed. For typical alkyl halides in DEE. oy is
~100 A and almost all products are formed within
a few thousand A of Mgy (Sections 7.2.6-7.2.8).
These are small distances compared with the sizes
of Mg turnings, or even powders. Consequently
edge-effect errors resulting from the infinite-plane
assumption are negligible. An cxception might
occur with Rieke magnesium—its particle size
(perhaps ~1000 A) may be comparable with the
distances at which significant amounts of ¢ and s
occur. Clusters Mg, with diameters near 30 A are
definitely too small for the infinite-plane approxi-
mation (Section 7.2.18).

By similar reasoning. if the surface has patches
of uniform reactivity that are at least a few thou-
sand A across, then the possibility that these are

interspersed among unreactive patches will be of

no consequence. Effects at patch edges will be
negligible.

Averaging occurs when there are small (A
scale), discrete reactive sites (“freckles’). Freckles
might consist, for example. of exposed corner
atoms on clean portions of Mgz undergoing corro-
sion along crystal planes.

Consider a formulation of the infinite-dilution D
model {83] based on Noyes™ method of encoun-
ters [69,70]. An encounter begins with the first
contact of Re with Mg, (since the end of the
previous encounter, if any) and ends when R-
subsequently reaches an arbitrarily chosen sepa-
ration 4 from Mgy or suffers r. whichever comes
first (Figure 7.42). Let o be the probability of r
during an encounter.

If q is a first-order solution reaction  that
competes with r, then the probability A that Re

possible

—active site
("freckle”)
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RX

|

encouter | begins

R.
N
Ve
R~
\

R encounter | ends

encounter 2 hegins

envounter 2 ends

N R R N R RN R RN R RN TR LR AR RN LRI I I

X —p

Fig. 7.42. An ‘encounter’ begins at a tirst contact of
R- with Mgy and ends when Re subsequently reaches

separation 2 from Mgy or when r occurs hetfore A is
reached.

will suffer r (ever) is given by equation (7.53),
provided that A is sufficiently small (7 is defined
in Section 7.2.6). Equations (7.25) and (7.53) are

A = (a/Mag/l] + (a/2)0,] (7.53)

equivalent — 8 is the limit of («/2) as . approaches
zero. This gives § physical meaning: for small
values, o % 8i. Thus. if § = 0.010 A~" und » =
5 A, then « = 0.05, meaning that the probability
that an R- at Mgz will suffer r before reaching a
separation of 5 A is 3% [82].

For an Mgz of uniform reactivity. « has the
same value for each encounter. For a freckled Mgz.
o varies among encounters. depending on where
R- is. relative to freckles, at the beginning of the
cneounter.

Diffusion can rapidly randomize the distribution
of probabilities that encountering radicals arrive at
Mgy at various distances from treckles. especially
i they are dense. at least several per oy (100 A
for a typical alkyl halide in DEE) on Mgy Once

265

randomization occurs, the caleulated product distri-
bution Jusing an cltective value of @ (or §)] is the
same whether Mgy is uniform or freckled. Only the
mterpretation of « differs— for a uniformly reac-
tive Mgy the observed value is the same for all
encounters—~~for a freckled Mgy it is an average.
The assumption of a uniformly reactive Mgy is a
convenience for D-model calculations, not a neces-
sity. Agreement between calculated and experi-
mental yiclds does not imply that Mg, must be
uniformly reactive in actuality.

As noted in Section 7.2.9, if reductions of RX
and R« can occur at the same active site. or
adjacent ones, then the freckles model can account
for partial retention of configuration by including
geminate reaction (with partial retention) and
escape. In this case, averaging would apply to only
part of the reaction. Escape (in three dimensions)
from the initial reactive site would leave a surfuce-
radical pair [Mg; R-] in which R- diffuses ncar
the freckled Mg, without encountering the original

Mg, ° [ ]
.
i)
0 @ R+~ RMeX
\u
\ & L] L4
A\ R4
-, e
. A0 e
*uh
®
! [
L o

Fig. 7.43. "Freckles” mode! and retention of configura-
tion. The heavy dots are active sites (freckles) of very
high reactivity toward Re. (a) R+ has been formed at an
active site. (b) On a very short time scale, ~ 107!«
gennnale reaction oceurs at the original site. Partial
retention of conliguration results, (¢) On the same short
time scale. there is three-dimensional escape from the
original site. (d) R+ is now not at a reactive site. It
ditfuses in the v direction. normal to Mgz, as well as
the v oand = divections iHustrated. vandomizing its prob-
ability of a future arvival at Mgy at a freckle. Only o
fraction of its subsequent encounters with the surface is
aran active sie
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active site again (Figure 7.43). Escaped radicals
could randomize. averaging o as above.

The freckles model with retention of config-
uration (Figures 7.27 and 7.41) corresponds o
pathway Xc (Section 7.1.3). Although adsorption
of R- 1s not invoked here, a radical cannot ditfuse
very far before suffering geminate reaction or
escape. The characteristic diffusion distance oy, is
(Drx.)'/2. where 1y, is the Xe-limited character-
istic lifetime. When 1x, = ~107" s, o, = 5.5 A,
ox. 18 smaller for those radicals with even shorter
lifetimes. Thus, the freckles D model takes on
some of the characteristics of an A model, in that
the radicals that suffer geminate reaction remain
very close to Mgz.

The freckles model for partial retention does
not clearly account for the apparent correlation
of non-isomerization with conjugation (Sections
7.2.9-7.2.11). This suggests the alternative of a
pathway X along which R- is not an interme-
diate (Sections 7.1.3, 7.2.11). Whereas the freckles
model invokes successive steps, with branching. a
non-R- pathway X is a parallel reaction competing
with pathway R.

7.4 CONCLUSIONS

Radicals R- are intermediates in Grignard reac-
tions of typical alkyl halides RX. but these are
not radical chain reactions. Instead. they follow
pathway R, predominately if not exclusively. In
reactions of typical alkyl and cyclopropyl halides.
R- in does not remain adsorbed at Mgz but instead
diffuses in solution (D model).

For halides other than typical alkyl, it is likely
that there are pathways X along which R- is not an
intermediate and there is at least partial retention
of configuration. In a pathway X. RMeX is prob-

ably formed through a dianionic transition statc of

composition RX>~ that is formed from an interme-
diate RX*.

The o criterion for anton-radical intermedi-
ates RX*® (« < 0.5) may be useful, but it is not
rigorous. There are indications that it may fail for
reductions of 1-halo-f-methyl-2.2-diphenyleyclo-
propancs.
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Reductions of 1-halo-1-methyl-2,2-diphenylcy-
clopropanes. including Grignard reactions, follow
complex pathways that are difficult to understand
in detail. For this reason, these halides are not good
models for others in Grignard reactions.

For Grignard reactions of at least some aryl
halides, including halobenzenes. pathway R ap-
pears to be minor. Apparently, a dianionic pathway
X dominates. Even though dianionic pathways
have not been detected in electrochemical reduc-
tions of aryl and other halides, there is clear
evidence for them in certain chemical reductions,
including those of I-halo-1-methyl-2,2-diphenyl-
cyclopropanes. Reactions of viny!l halides appear
to resemble those of cyclopropyl and aryl halides.

MgBr> sometimes has a pronounced effect on
the initiation of a Grignard reaction. In addition,
it sometimes affects product distributions, particu-
larly for cyclopropyl and aryl halides. Differences
in effects of MgX,, X, and THF (vs DEE) on
Grignard reactions of typical alkyl halides and
others, notably cyclopropyl and aryl halides, may
reflect differences in mechanisms, with typical
alkyl halides following pathway R (insensitive to
these factors) and others following R and X (parti-
tioning sensitive to these factors).

The adventitious layer of salts on Mgz does
not contain significant O~ unless it is baked. The
anions are almost entirely “OH with some HCO-~
in the outer layers. Aqueous nitric acid treat-
ments leave reconstituted Mg(OH), layers, perhaps
with fewer defects, but it does not leave exposed
metallic surfaces.

Retaining well-supported hypotheses, discarding
those that are contradicted by experimental data.
and applying Occam’s Razor to the rest, we
set aside Mg(l) intermediates (pending further
cvidence). In competition with pathway R. we
invoke a pathway X that is unimportant for typical
alkyl halides but significant for cyclopropyl and
vinyl halides and nearly exclusive for simple aryl
halides. We choose pathway Xb (Section 7.1.3)
as X. Even though it is unprecedented for reduc-
tions of organyl (including aryl) halides, it may
be the simplest possibility that is clearly consistent
with an influence of conjugation on the partitioning
between pathways R and X.

Mechanisms of Grignard Reagent Formation

For the inorganic part of the mechanism of the
main reaction, we posit the electrochemical, local-
cell hypothesis of metallic corrosion (Figures 7.1
and 7.39). This makes Grignard reactions mecha-
nistically consistent with other metallic corrosions.

We posit that the Mg(OH), layer presents a
barricr to penetration of RX to the surface. This
and a requircment of a polar medium at the
interface can explain the failure of reactions to
begin immediately. MgX, may promote reaction
by helping the reaction mixture penetrate the
Mg(OH);, layer and by providing a polar solution at
Mgz. We posit corrosive undercutting and flaking
off as the major mechanism of Mgz cleaning
during a Grignard reaction, though we recognize
that dissolution could be important (Figure 7.37).

[t may be unlikely that all of the choices made
here. especially those among poorly supported
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hypotheses, will survive further tests. Nonetheless.
some of these chowces are now well established.
and taken together with others, they provide an
integrated view of Grignard reactions and a satis-
factory set of working hypotheses.
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APPENDIX

Here we review some relevant aspects of SCK
and Noyes theories of diffusion-reaction {71,72].
Consider a bimolecular association in solution
(Equation 7A.1).

A+Be==C (7A.1)

Figure 7A.1 shows the fundamental steps of the
forward and backward reactions {74 -77)

A B unparred molecules.
AB,. AB, non-geminate and geminate pairs, res-
pectively.
AB,
o
A T 1
A+B C
™ -5 @
\ g

Fig. 7A.L Steps in the reaction of equation 7A.1 in
solution. The one-way arrows arise because pairs AB,
and AB, are labeled by origin. not state. The principle
of microscopic reversibility applies—the states of ABg
are among those of AB, [74-77[.

a.da probabilities of reaction. instead of es-
cape. of non-geminate and geminate
pairs, respectively.

ki second-order rate constant for non-
geminate pair formation. It is also the
diffusion-control rate constant for C
formation from A and B. When a =1,
d[Cl/dr = kp[Al[B].

ka first-order rate constant for geminate
pair formation. It is also the activation-
control rate constant for A and B
formation from C. When a~0 or
when the system is at equilibrium.
d{A)/dr = dB/dr = kA[C].

ka activation-control,  second-order rate
constant for C formation. d[C]/dr =
kLJANB] when the system s at
equilibrium.

kg clobal rate constant for C tforma-
tion—second-order rate constant for
the formation of C in non-geminate
reactions (only) of A with B. In most
experiments. kg is the observed rate
constant. The diffusion-and activation-
control limits of kg are ky and k..
respectively.
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ke alobal rate constant for A and B forma-
tion— hrst-order rate constant for the
tormation of A and B from C.

A few algebraic steps lead to general expres-
sions relating rate constants and - pair reaction
probabilities [74--77] Note that & is the limit
approached by kg as ky = oc with kp held
constant. while Ay is the limit approached by kg
as kpy — o with &4 held constant.

kG = ukp (TA2)
kg = (1 —wka (TA3)
kG = kpka/tky + bka) b=d/a (TAH)
kalkpy = a/(l —d) (TAS)

In the general case. @ > «. This can have impor-
tant consequences. ¢.g.. pseudo diffusion control.
In the ideal case of spin-free, isotropically reac-
tive. spherical molecules, @ = a. Equation (7.19)
is often assumed. erroneously, to be general.

kg = (1 —a)ky (ideal case) (7A.6)
kg = /\'[)I\'/\/(k[) + ]‘/\) (ideal case}7.19)
ka/kp = a/(1 —a) (ideal case) (TA.7)

Equations (7A.7), (7.15), and (7.17) provide an
easy identification of the pair reaction probability
a in terms of R and § («/D). Dividing (7.15)
by (7.17) and sctting the resulting expression for
ka/kp cqual to the right side of (7A.7) gives the
result.

d=d=RS/(1+R8) =Rx/(D+ Rx) (TA8)

Diffusion control results when a = 1, so that
ki = kp. A close approach to diffusion control
does nor require reaction at every contact between
A and B. which is often taken to be the ditfusion-
controf limit. All it requires is a nearly 100% prob-
ability of reaction instead of escape. Noyes defined
an “encounter’ as an event beginning with an initial
contact between A and B and continuing as long as
they occupy adjacent positions in solution. during
which time there may be multiple contucts and
rebounds. When an encounter ends (by separation).
the probability B of & subsequent encounter is not
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zero (for spherical molecules. o = R/re. where 1,
is the center-o-center distance between molecules
at the end of an encounter).

*Encounter-controlled,”  hmplying  reaction at
nearly every encounter, is sometimes used in the
sense of “diffusion-controled.” but actuablly the
rate of encounters (using Noyes™ defimtion) is
not the limiting factor in the case of diffusion
control. Instcad. the limiting rate s that of
engagements [193]. An engagement begins with
the first contact between a particular A and B
and ends when they react or escape 10 permanent
separation.  ft can include several encounters.
The rate constant Ay governs engagemnents. The
probability « is that of rcaction during an
engagement.

For the standard AB (Section 7.2.4). § =
0.13 A~! and a = 0.4, so the reaction of A and
B is slightly slower than the diffusion-control
mit Gy = 2.3 x 10" M7 1 kg = 9.0 x 107
M~'s ') and is 409% (value of @) diffusion-cont-
rolled. From cquation (7A.8), for R =5 A. 50%
diffusion control occurs when & = .20 A~ 90%
when § = 1.8 A1, and 99% when 6 = 19.8 A~

This view of diffusion control makes no sense
when applied to a surface-molecule reaction. If the
diffusion-control rate were the engagement rate,
then all reactions between Z and B would be
diffusion controlled because ZB engagements end
only in reaction (there is no escape: Section 7.2.5).

For these reactions, diffusion control is tied
instead o hydrodynamic control and the diftusion
layer that lics between the surface and the well-
stirred main body of solution (Figure 7A2). A
reaction will be influenced by diffusion if” there
is a low probability (1 — «az) (Equation 7A.9) that
a B that has arrived at Z will leave the ditfusion
layer.

ay probability that a B at 7 (s = 0) will react
there instead of diffusing to the bulk solution

(y = .\’H)A
ay = 8sp /(1 4+ 8sp) (TA9)

In an cxample (B = cyclopentyl bromide in
DEE) given by Whitesides. an Mg disc rotaung at
250 rpm gives sy = 4 x 107 AL This reaction will
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SLOF N e

Fig. 7A.2. Approximate  concentration profile  for &
diffusion-controlied reaction of B at a surfuce Z. The
separation (or distance) from Z i s (or 4y and gy,
is the thickness of the diffusion layer. Outside the
dilfusion layer. stirring is cffective in maintaining the
concentration at the bulk vatue. The approximation here
is in the substitution of two straight-line segments for
a curve with a continuous slope. For the physically
unrealistic case of reaction at every contact (pure
diffusion control). [B}), would be zero. For real cuses.
i Qs non-zero. but if it is much less than [BlL then
the reaction is nearly diffusion influenced. For pure
activation control, [Bfy, = |B].

be 90% diftusion controlled (az = 0.9) when § is
about 2 x 107> A~ and 50% diffusion controlled
when & is 2.5 x 107 A~!. These values are 5-6
orders of magnitude lower than the values of § that
are necessary o produce these levels of diftusion
control for an A — B reaction with R = 5 A, They
may be plausible estimates of § for reactions of
Mg, with RBr. since these appear 10 lie at the
margin of diffusion and activation control.

For [Mg, R-] § is much larger, ~10 2 AL
Clearly, this reaction is diffusion controlled. that
is, that an R+ formed at Mgy has only an insignit-
icant chance of leaving the diffusion laver and
entering the bulk solution. This justifies the purely
reaction-diffusion treatment that we give (Sections
7.2.5-7.2.7).

Noyes defined a function h(r) that is refated
to @ and the SCK time-dependent rate constant
A(1) 169]. His original definition differs slightly hut
significantly trom that used here.

i probability of reaction between partners of
A geminate pair AB,. created at time zero.
between times 1 and 1 + dr.
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2o
a:/ (e )dr’ (7TA.10)
J0

A discrepancy between SCK and Noyes theo-
ries led Naqvi ef af. 10 reformulate both [ 194].
This was not necessary. The discrepancy resulis
from a violation of the Principle of Microscopic
Reversibility in Noyes' original treatment [69].
The present definition of /i(r) avoids that vielation.

Equations TA2-7A.7 and 7A.10 are indepen-
dent of on any particular assumptions about molec-
ular transport. To give form to /i(r) and values to «
and @, underlying theories of molecular transport
and reactivity must be assumed. Further consider-
ations here are based on the ideal case and SCK
theory, which is rooted in Fick’s Laws of Diffusion
(cquations 7.7 and 7A.11).

B/ = D(FB)/ox") (Fick's Second Law
in one dimension) (7A.11)

Fick’s Second Law follows from the First and
gives the contribution of diffusion to the varia-
tion in [B] (at a particular value of x) with time
t. If chemical reactions occur in solution. then
appropriate terms (usually mass-action rate terms)
must be added to the diffusion term to give the
complete equation for 3{B]/dr. For diffusion in two
or three dimensions. one-dimensional Fick™s Laws
are generalized to include the other dimensions
(diffusion in each orthogonal direction is indepen-
dent of that in the others).

Fick’s Laws may not apply at very short times
and diffusion distances. Certainly, at times much
less than 1071 s, where a typical characteristic
Fickian diffusion distance (Dr)'" is of the order
of 1 A or less. the extents of oscillatory motions
cqual or exceed those of net displacements. Also.
since molecular clusters tend o persist on this
timescale and since motions within and by clus-
ters of real molecules may be subject to gear’
cliects, there may be non-random contributions 1o
relative displacements on very short timescades.
These effects are neglected here. Most of the
phenomena in which we are interested occur on
longer timescales.

In the SCK treatment of A4 B-» C. an
cquilibrivm distribution of A and B in solution is
created at time zero [72]. The rate constant &7,
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defined as rate/|A|[B), decreases with time. Its
initial (equilibrium) value A(0) is k, and its ‘Tong-
time’ value k(ac) is hg. According (0 SCK theory.,
k() is given by equations (TA12-TA T3 [71.72}
4R DLYS

k() = —-—— o

I 4 RS
Pirs X!

explulerfe(a’’")} (7A.12)
I

1+ RSN
u:u(r):( R )1)1 (7A.13)

The connection between k(1) and h(t) is
[69,70.75]

k(1) = ka {1 - / h(f’)dr’]
Sy

A comparison of cquations (7A.14) and (7A.10)
suggests that the time dependence of k(r) is duc
to the rapid reaction of geminate pairs, though
they are not identified as such in the SCK “sudden
creation’ approach. That this is correct is clear
from an equivalent approach. In a reversible
system at equilibrium, let C be made inert at time
zero. Geminate pairs are now identifiable, and it is
their disappearance that is tracked in the integral of
equations (7A.10) and (7A.14). If C is sufficiently
dilute, this and the SCK treatments are identical.
From equation (7A.14),

(7A.14)

I dk
hi(r) = ~—£

(7A.15)
/\',\ dr

Applying equation (7A.15) to the SCK k(1) (equa-
tions 7A.12-7A.13) gives the SCK form for h(r)
(equation 7A.16). (This can also be derived in
other ways [66}.)

12¢

¢ 152 1,2

)y = —— [t — 1" " Zexpliericu'?y)
()2

(AB or 7B) (7TA.16)

Although equation (7A.16) was derived for an
AB. /itr) remains well defined in the ZB limit
(R — oc). This contrasts with k(7) which becomes
infinite in the ZB limit. Thus. equation 7A.16
applies to both AB and ZB. For a ZB speciti-
cally. R is not a factor (it disappears in the limit
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as R — oo and equation (7TA.17) is the relevant
version of equation (7A.16).

D'7%s
(reyt/?

erfefs(bny'?)]  (ZB)

hir) = [t =='728(Dn) % expi8°Dr)

(TA.17)

From the definition of /fi(r), it tollows that the
probability R(r), that an AB pair reaction has
occurred by time ¢, is given by equation (7A.18).
The survival probability is often detined as | —
R(t), which is correct for the survival of the species
A and B. whether or not they remain paired.
However, 1 — R(z) is not the correct expression for
the survival probability S(7) of a pair AB because
pairs disappear by escape as well as reaction. The
total probability that a pair has disappeared by time
t, by either pair reaction or escape, is R(z) + E(1).
where E(t) is the probability of escape by time 1.
so S(¢) is given by equation 7A.19.

R(t) :/o h(t')dr = H-%BRS“ _ Cxp(u)erfc(u'/z)]
= a[l — exp(u)erfe(u'’?)] (TA.18)
Sy =1-[R(t)+ E(t)] (TA.19)

The relationship between E(r) and R(r) can be
understood as follows. For every contact between
A and B. there are three possible outcomes, reac-

tion, escape, and temporary separation, each of

which has a certain probability. In the ideal case.
these probabilities are constant (time-independent).
In the end (infinite time). the only outcomes are
reaction and escape—all cases of temporary sepa-
ration will have been settled in one way or the

other (reaction or escape). The ultimate ratio of

escape to reaction is (1 — a)/a, but since the prob-
abilities of the outcomes of all contacts are the
same, (I —a)/a must be the ratio of the proba-
bility of escape to that of reaction for cach contact
and time 1.

EMY/RO) = (1 —a)/a
S =1—-[RO+ (1 — )R/ a)
=1 —-R/a (7TA21D)

(7A.20)

N

Stw) = explud erfetu’ =) (TA.22)
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Equation 7A.22 generates the SCK decay plots

presented in Figures 7.8, 7.10, and 7.11. That of

Figure 7.10 does not depend on particular choices
of parameters. Time is represented as multiples
ol the pair half-life 7,5, which are the same as
multiples of 11,5 [value of u for which S(u) = 1/2].
From equations (7A.22) and (7A.13)

w2 = 0.59148 (TA23)

712 = 0.59148R%/D(1 + RE)  (TA.24)

The SCK probability U(s, kg.«. D, R} of ulti-

mate reaction between the members of a pair of

idcal spherical molecules has been obtained by
Naqvi ef al. for a general case in which the initial
separation is s and the molecule B is scavenged in
a competing first-order reaction governed by rate
constant k.

Uts ko k. DR = BlE+ 87 R + 05" 017!

exp(—s/og) (7TA.25)
where  §=«/D.B={1+(s/R))"" and a0
= (D/kg)'/? [71]. This equation remains valid in
the limits, separate or joint, fors = 0. kg = 0.8 —
. and R — 00, and it reduces in various limits to
expressions for probabilities of interest. Thus, for
ki =0 and 8 — oo, U = B (equation (7.20)). For
R - ocinaddition, U = 87 = | {equation (7.21)).
FFor § — oc, U = ¢ (equation 7.52). For § — o
and R — oo, U = ¢z (equation (7.24)). For s = 0
and R — 0o, U = A (equation (7.25)). For s =0
and kg =0, U = a = @ (equation (7TA.8)).
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Applications of Magnesium
Anthracene in Forming Grignard

Reagents
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8.1 INTRODUCTION

The magnesium—anthracene complex [Mg(anthra-
cene X THF):) [THF = tetrahydroturan] is a versa-
tile reagent which can react in a variety of ways
[1--4]. The complex was originally prepared by
Ramsden in 1965 {5] from elemental magnesium
and anthracene in THE. It wus not until carly
last decade that full synthetic details and appli-

cations of the complex and variations thereof

were explored, mainly by Bogdunovie e al. }4]
and Raston er al. [2,6]. This was triggered both
by the potential of magnesium-anthracene in the
catalytic formation of MgH> under mild condi-

tions [4.7] and in forming Grignard reagents of

benzylic halides [2,6].

This chapter focuses on the application of Mg-
(anthracene}(THF); and related magnesium—anth-
racene complexes in forming Grignard reagents.
detailing the formation of the complexes in general
and their properties, the types of Grignard reagents
which can be prepared. competing reactions. the

Herman G Ry

Coiziand Reauents: News Devefopnicnn Edned by

mechanism of formation of the Grignard reagents,
hybrid supported magnesium-uanthracene comple-
xes and their utility in forming Grignard reagents,
and future prospects. These ambivalent complexes
can act as diorganomagnesium species (clectro-
philic attack on the anthracene with heterolytic
cleavage of the Mg- C bonds) or as sources of
magnesium (homolytic cleavage of Mg—C bonds).
For the latter there is a clear distinction between
(1) the complexes acting as soluble sources of zero
valent magnesium or as single electron donors, and
(ii) the complexes forming highly activated magne-
sium vig equilibration with anthracene and metal
which then reacts with the organic substrate. For (i)
the anthracene can be described as a phase transfer
catalyst for generating metaltic magnesiam, as long
as it is not consumed in side reactions. Conjugated
olefins also react with elemental magnesium in
coordinating solvents such as THE. Their syntheses
and applications in organic synthesis are beyond
the scope of this chapter and are detailed elsewhere
[1-3.8].

2060 ohn Wiler & Sons T
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8.2 FORMATION AND
PROPERTIES OF MAGNESIUM
ANTHRACENE

Metanthracene) THF)y is an orange. pyrophoric
compound. conveniently prepared in high yiehd
direetly from magnesium powder with anthracene
in THE, Scheme 8.1. Activation of the metal is
effective with 1,2-dibromoethane 191 or bromo-
cthane [10,H]. Typically a two-fold excess of
the unthracene is used to ensure all the magne-
sium is consumed and this takes 48 hours (o
complete. Collection of the solid gives a green
mother liquor containing the anthracene radicu!
anion species and it can be used for the synthesis
of a new batch of Mg(anthracene ) THF); over
the same timescale on addition of one equiva-
lent of anthracene and one equivalent of magne-
sium. and so on. Mg(anthracene)(THF); has also
been prepared electrochemically using sacrificial
magnesium [12], by the reaction of sodium anthra-
cene and magnesium bromide in THF [13] and
by treating Mg(butadiene)(THF),, with anthracene
in THF {14). Addition of magnesium chioride
to a slurry of Mg(anthracene)}(THF); in THF

Anthracene

THE

Mg (p-CL)(THF), ) '[C| H,

S

+ Mg

-

SCHEME 8.1

e

-

Toluene

Foluene/Graphite

Grignard Reagents: New Developments

affords a solution rich in the radical anion species
from which a discrete complex has been isoluted.
IME(H-CIOTHE) | 1CyH g 17 [15], Scheme 8.1,

The rate of formation of Metanthracene)(THE),
at 60°C s proportional to the anthracene concen-
tration and magnesium surtace arca. whercas al
25°Citis proportional 1o the magnesium surtace
arci [10]. Kinetic studies  show  the complex,
anthracene. magnesium and THE are in a temper-
ature dependent, reversible cquilibrium with the
complex  being favoured at fow  tlemperature.
Decreasing the concentration of the anthracene
shifts the equilibrium in favour of the metal
and sonication of such mixtures is 4 convenient
method for preparing highly activated magnesium
[16-18]. Indeed the resulting magnesium is equiv-
alent in reactivity to that formed by conden-
sation of magnesium in an inert solvent, and
also to Rieke’s magnesium (magnesium halide
reduction by a group 1 metal) [19]. This comes
from a comparative study of intra-molecular
magnesium-——ene reactions. equation (8.1) [18].
Heating [Mg(anthracene)( THF)z] to 200°C under
high vacuum to remove anthracene and THF yields
highly activated magnesium, as does heating MgH,

Toluene J} THE

(THF),
Mg

or

e e
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to greater than 250°C in vaciuo or greater than
300 C under normal pressure 1320,

—Ln

w e

1\ (8.
Y

/\\‘/\\T
MaCl

Mg(anthracene)(THE); is sparingly soluble in
THF, ca. 3 ¢/l at 23°C [10.11] It decomposes in
non-donor solvents such as toluene, benzene and
hexane to anthracene and elemental magnesium, as
mirrors or highly activated. finely divided metal,
In toluene and benzene this decomposition occurs
via a ycHow intermediate which analyses as the
bis-THF adduct, Scheme 8.1 [9.21.22]. Magne-
sium butadicne (as a bis-THF adduct) similarly
decomposes in toluene [21]. On the basis of solid

state NMR spectroscopy the bis-THF adduct of

magnesium-anthracene has greater covalency in
the Mg—C(9.10) interactions than does Mg(anthra-
cene)(THF)z [22]. The presence of graphite in
toluene or diethyl ether accelerates the decomposi-
tion of Mg(anthraceneX THF); to its constituents,
affording finely divided magnesium (particle size

R*=Me RIFF=H n=3
R =Me R¥S=H.n=3
RY*=Me. RIS =H.n=3
R'=ELR' S =H.n=3
RM=Me. R =H.n=3

(THF),
Mg

ca. 6 pum) which is dispersed on the graphite fakes,
There is no evidence for the formation ol the
magnesium/graphite intercalation compound. This
form of magnesium is non-pyrophoric yet highly
activated, demonstrated, for example, by rapidiy
alTording Mg(anthraceneJ(THE): on the addition
of anthracene and THE which is complete in
1S minutes, in contrast 1o 48 houars using commer-
cially available magnesium [51. Solution 1 NMR
studies on Mg(anthracene)(THIEY)y are consistent
with magnesium bridging the C(9) and C(10)
carbon centres [ 10).

Magnesium also reacts with a variety of substi-
tuted anthracenes in THF, equation (8.2) [9.15,
22-25], usually involving temperature dependent
equilibria [4,9]. Anthracene derivatives containing
internally coordinating cther and amino groups
have similarly been prepared and characterized
spectroscopically, and some complex formation
rates established {27]. 9,10-Diphenylanthracenc
behaves differently, reacting with magnesium
in THF at 20°C affording deep bluc solu-
tions of the radical anion complex, Mg(Y,10-
diphenylanthracene)> which crystallizes as the
hexakis-—THF adduct, presumably containing
Mg(THF),?* [4]. Heating to 60°C gives the
dianion complex and free anthracene. Phenazine
is isoelectronic with anthracene and undergoes
reduction to the radical anion by magnesium in
THF, or to the dianion in the presence of magne-
sium bromide {28]. and to the radical anion by the
heavier group 2 elements, Ca, St and Ba [29].

R*=Ph.R'"*S=H,n=3
R¥S=ph RF=H.n=3
R =SiMe3, R' P =H.n=2
R¥=SiMe; R =H.n=2
R =SiMcaCHoPh R S =H. n=2
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Mg(anthracene)(THF)z and magnesivm-—substi-
tuted anthracene/THF donor complexes undergo
rapid donor ligand displacement reactions with
a variety of N- and O-donor solvents, and
these are summarized in Scheme 8.2 [9.21]
They rcact in a similar way to the parent
compound, Mg(anthracene)(THF);, for example,
affording  9,10-dihydroanthracene on  protolysis
[21]. Mg(anthracene)( TMEDA}THF) can also be
prepared directly from magnesium, anthracene.
THF and TMEDA at room temperature, but
the reaction is much slower than the forma-
tion of Mg(anthracene)(THF);, taking ca. 7 days.
cf. 48 hours. Scheme 8.1. Also. in contrast
to the formation of Mg(anthraceneTHF); is
that stoichiometric quantities of magnesium and
anthracene, and also TMEDA suffice, showing
that the TMEDA adduct has greater stability
with respect to its constituents (Mg, anthracene.
donor ligands) than Mg(anthracene)(THF);. This
is consistent with the indefinite stability of the
TMEDA adduct in diethyl ether. toluene and
benzene, in contrast to Mg(anthracenc THF);
decomposing to its constituents in the same
solvents. Mg(anthracene)(PMDETA) can be simi-
larly prepared from its constituents, albeit in the
presence of THF. Evidently for these reactions the
presence of THF is required to effect the electron
transfer processes. Although, (—)-sparteine fuils

o react with magnesium and anthracene in THF,
it slowly  forms  Mg(anthracene){( —)-sparteine}
in toluene. The more bulky bidentate tertiary
amine. (—)-spartetne, leads to a four coordi-
nate species rather than a five coordinate species
using TMEDA. and the (—)-sparteine adduct is
of interest as a potential source of ‘optically
active” magnesium [9]. The higher stability of the
tertiary amine adducts of magnesium-anthracene
is noteworthy in studying reactions of magnesium
anthracene in solvents other than THF.

Treatment of the bis-THF adduct of magne-
sium-9-trimethylisilylanthracene  with TMEDA
Mg(9-trimethylsilylanthracene ( TME-DA)
(THF), and thus an expansion of the metal coor-
dination from four to five. The bis-THF adduct
of magnesium  9.10-bis(trimethylsilyl)anthracene
undergoes exchange of the two donor groups
by TMEDA, in this case retatning the four-
fold coordination. and this exchange is reversible,
depending on the concentration of the competing
donor ligands {9]. It appears that the steric
hindrance associated with only one trimethylsilyl
group on the anthracene results in a complex
which is at the threshold between four and five
coordination.

Metathetical exchange of the anthracene at-
tached o magnesiim in- Mgtanthracene ( THF);
by other useful  way  of

gives

anthracenes is
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preparing magnesivm-silyl substituted anthracene
complexes. equation (8.3), and preparing supported
magnesium anthracene complexes [9.25,26.30].
This relates 1o the ability of silicon 1o stabi-
lize charge by polarization [31] and that sily-
fated anthracenes are more casily reduced  than
anthracene. Other exchange reactions have heen
reported [9].

Tk

unthiacene

R=Mc.R"=H

R’
Scheme 8.3 (9. Mgtanthracene(THF}; - reacts
with fluoranthene o give the  radical  anion

complex IMg(THF)(,]l "[fluoranthenc|>* . the same
compound being formed from fluoranthene and
magnesium in THF [2]. Addiion of TMEDA to
the fluoranthene complex gives an unstable pink
solid which deposits elemental magnesium over
several hours.

Z
[Mg(CyHg N THE), 5
N/
)
=
{Mevanthracene K THE) 3| S [
\\//\
Mg

SCHEME 8.3

The five coordinate structurc of Mg(anthracene)
(THF):, Figure 8.1, has been authenticated [32]
along with that of a related complex bearing methyl
eroups in the 1.3 positions on the anthracene,
R!* = Me. R>*5 = H. # = 3 [14] equation (8.2),
and two structures of four coordinate complexes
where the anthracene is substituted at the C(9.10)
positions. R%S = SiMex, RT = Hon = 2.9.23]

[Mgtanthracene X THEF 5]

- , P
R=CHPhR =H = ¢

- AL
R = Me, R’ = SiMe; (/R,/

Reluted chemistry is the reaction of Mgtanthra-
cene)(THF);  with  cyclooctatetraene (=COT)
affording [Mg(COT)THI)2 51, although the sime
complex is more conveniently prepared by
sonication of the reaction mixture of magnesivn.
COT and a catalytic amount of anthracene. The
implicd intermediate is Metanthracene)CVHE
which undergoes metathetical exchange with COT.

(THF),
Mg

equation (8.2), and the four coordimite TMEDA
analogue [9]. All structures show that the metad
centres are attached to the reduced arene through the
C(9.10) positions and that the anthracene is folded
along the C(9,10) vector by 27-43  the metl
centre being in a strained metallacyle ring system.

trimethylsilyl substituted anthracene complexes. or
ca. 2.30 A for the others, together with the folding
and associated loss of aromatic character, and NMR
spectroscopy data are consistent with the presence
of polarized covalent Mg—C bonds involving sp”
carbon centres. The steric effect of the trimethylsilyl
groups results in a lower coordination number. and
slightly greater covalency.

8.3 REACTIONS: GENERAL
CONSIDERATIONS

Mg(anthracene)(THF); and related complexes are
highly reactive, and this relates to the weakness
of the Mg—~C bonds, and undergo a diverse range
of reactions. The nature of the reactions with
organic halides is variable with the complexes
acting either as sources of metal, as single electron
reductants or as nucleophiles. These are dealt with in
the following sections. For other organic substrates
they react mainly as nucleophiles and the reactions
are summarized in Scheme 8.4 (equations 8.4 8.0,
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Fig. L.1. Molecular projection of Mg(anthracene)(THF), |32].

Protolysis results in the formation of the corres-
ponding 9.10-dihydroanthracenes [4,10,15,21,24.
33]. Mgfanthracene)}(THF); and the 9-methylanth-

racene substituted analogue undergo insertion of

a single ethylenc at 85°C and 60 bar ethylene,
Scheme 8.4 {34]. For the substituted complex the
insertion is into the Mg—C,., bond. Further inser-
tion does not occur due to the removal of the
ring strain in the original metallacycle. In THF
above 60°C Mg(anthracene)(THE) results in ring
opening of THE and insertion of buteneoxy units

into Mg—C bonds [10]. A similar reaction OCCHrs on
treating Mg(anthracene)(THF); with ethyl acetate
or acetone. yiclding a ketone or a tertiary alcohol
respectively, the substitution being at the C(V)
position {4]. In contrast, reaction of the mag-
nesium-9,10-dimethylanthracene complex affords
respectively the bicyclic tertiary alcohol and a
C(1) substituted 1.2-dihydroanthracene. Scheme 8.4
{24]. Steric hindrance directs attack of the clee-
trophilic acetone through the C(1) position rather
than C9) position of anthracene. Some benzyvlic
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ethers undergo C~O cleavage with Mg(anthracene)
(THF); affording benzylic *Grignard’ reagents and
this 1s further discussed in Section 8.4 dealing with
the reactions of benzylic halides | 35]. Related to this
is the ring opening of cpoxides by the radical anion
complex Mg(naphthalene), [36].
Mg(anthracene)(THF); is a versatile reagent
for preparing other organometallic compounds: it
reacts with titanocene and zirconocene dichlo-
rides to give metallocene derivatives of anthracene
which arc bound through the central ring to
the divalent metal centres [37]. Compounds
with silicon bridging the C(9.10) positions of
anthracene have similarly been prepared from

=0y

Me

AN
e
Me

\(‘Mc:

dialkylmetal chlorides [5,38], and reaction of
Me(anthracene X THF);  with trimethylsilyl chlo-
ride  gives mainly 9,10-bis(trimethylsilyl)-9,10-
dihydroanthracene. In these cases the Mg(anthra-
ceneTHF); acts as a nucleophile (heterolytic
cleavage of Mg—C bonds) [4]. In contrast,
the reaction with tri-n-butylchlorostannane results
in homolysis of the Mg—C bonds affording
hexa-n-butyldistannane and anthracene [4]. Here
Mg(anthracenc)(THF)3 acts as a reducing agent
via  clectron  wansfer.  Similarly a  polymer
supported  di-stannane  arises from the reaction
ot Mgtanthracene)(THF)x with a polymer bound
tin(IV) halide resin [45]. Mixed aluminium and



284

magnesium complexes are formed  on treating
Mgtanthracene }x THE . with trimethyladumintun,
dialkylaluminiuni hydride wnd  diethylaluminium
cthoxide. Similar reactions of magnesium-9,10-bis
(rimethylsilylanthracene give aluminium metall-
acyles with the metal bridging the CY9.1) posi-
tions of the anthracene [1540-421 Finally,
complex Metanthracene)(THE); can act a power-
ful reducing agent towards transition  hakhdes,
notably TiCly and CrCly, vielding homogeneous
catatysts for the hvdrogenation of magnesium (o
magnesium hydride {4). and in forming low valent

group § phosphine complexes [43]. The reaction of

TaCly(dmped, with Mgtanthracene)( THF); gives
both TaCl>(dmpe), and thtr;‘—unllu‘uccnc)(dmpci;
Cl (dmpe = 1.2-bistdimethy Iphosphinojethane)
[43]).

8.4 FORMATION OF GRIGNARD
REAGENTS

The product from the rcactions of magnesium
anthracene complexes with organic halides depend
on the nature of the organic halide, the choice of
solvent and temperature. Benzylic halides aftord
Grignard reagents in high yield, and allylic halides
afford Grignard reagents in modest yields. With
a few exceptions, other halides result in products
from the reduced anthracene in the complexes
acting as single electron donors, as discussed later,
or as nucleophiles. Scheme 8.5 {4,33.44.,45].

K> - acene

Mgtanthracene N THE), *_V%mel__,» RMgX

H R \ H R
= ) S 3 R

[0 ] -t )
X = ~F
4
H R H  MgpX

1.2- and 1. 4-isomers + 1.2-and 1.4-isomers

SCHEME 8.5
Benzylic and allylic type Grignard reagents can

be difficult to prepare or inaccessible using magne-
sium powder and wrnings as in the classical
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method of Grignard reagent formation. "Fhis is in
part due to the stability of the benzylic or allvlic
centred radical (R- or RX*), allowing depurture
from the metal surface and thus greater proba-
bitity of forming Wurtz— coupled products and/or
e higher reactivity of the organic halide towards
the preformed Grignard reagent. These side reac-
tions can be restricted to some extent by using
highly activated magnesium (Section 8.2). Magne-

sium-anthracene complexes are soluble sources off

magnesiem and further restrict Wurtz coupling.

Examples of some unusual henzylic Grignard
reagents readily prepared using mugnesium-an-
thracene complexes are shown n Figure 8.2, They
are either accessible using the classical method
but under special conditions (choice of halide.
solvent and temperature, activated magnesiumy.
or are inaccessible using the classical method. in
most cases even when using highly activated forms
of magnesium. A typical experiment in preparing
a Grignard reagent using magnesium—anthracene
complexes involves the slow addition of a THF
solution of the organic halide to a stoichiometric
amount of the complex as a slurry in THF usually
at 0°C or ca. 20°C and with a target concentration
of the Grignard (or poly-Grignard) reagent close to
0.1 M. Immediately after addition of the first few
drops of the halide solution, the mixtures turn from
orange/yellow to deep green which persists until
all the magnesium complex is consumed and the
addition of organic halide is complete, whereupon
the solution becomes colourless or pale red/brown,
with a few exceptions such as the Grignard reagent
of triphenylmethy! chloride or bromide. These
Grignard reagents are highly coloured and it is
difficult to judge the end point of the reactions.
Discharge of the green colour is a reliable guide to
completion of the Grignard reagent formation and
is an attraction of using the method. Moreover. it
is a guide as to whether Wurtz coupling prevails
since such coupling requires more than the stoi-
chiometric amount of the halide to consume all
the magnesium—anthracene complex.

The aforementioned green solutions contain
paramagnetic  species, which are most likely
radical anions of the various anthracenes. Absence
of hyperfine coupling in the EPR spectra of
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Fig. 8.2. Unusual benzylic Grignard reagents prep
with organic halides in THF {35.44].

these solutions may be due to rapid clectron
transfer between radical anions and “preformed
anthracene. The presence of radicals implies that
electron—transfer reactions prevail (Section 8.4.3).
The choice of magnesium-—anthracene complex
has little effect on the overall yield of the target
Grignard reagent.

Formation of the Grignard reagents is usually
complete in one hour, an exception being the
formation of the Grignard reagent of 9-chloro-
methylanthracene which takes 36 hours for >92”/(‘
vield [44]. Choice of target concentrations  of
ca. 0.1 M is a compromise between practicality
and a sufficiently high dilution to disfavour Wurtz
coupling. The same concentration is used for the

o.p >95%

ared in high yield on treating magnesium—anthracene complexes

synthesis of some benzylic di-Grignard reagents
u‘.\ing the clussical method, albeit under rather
critical conditions [46]. The choice of tempera-
ture for the reaction is based on minimizing Wurtz
coupling by operating at low temperature. yet not
low enough to stop the reaction of the magne-
sium—anthracene with the halide which can occur
below ca. =207C.

Where the magnesium—anthracene complexes
are stable in non-coordinating solvents, they are
effective in forming Grignard reagents of benzylic
halides in such solvents. The co-ligands on the
metal of these complexes most likely stay attached
o the metal centre in the generated Grignard
reagent. Mg(anthracene){ (- J-sparteine} exchanges
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donor Hands in THE. Iy using toluene as the
solvent it reacts with (4)-a-methylbenzyl ehloride
o vive the Grignard reagent with 797 ec based
on the derived carboxylic acid, (cquation 8.4) |44].
The asymmetric induction oceurs either during the

formation of the Grignard reagent or thereafter
via equitibration of the two diastercoisomers of

Meti—)-sparteine HCHMe)Phy.

i
Me N N( 1 Me ‘ LO-H
et b Mecamhracene |- bspateine | e
Toluene
(/,/ anthra b
i 2cogmt ) il
\\\\\// ‘\v
7% ce

(8.4)

Magnesium-1.3-butadiene  complexes  exclu-
sively undergo substitution reactions with organic
hulides, although they can act as a source of metal
with other substrates, c.g. [, yielding Mgl and the
hutadiene [47,48]. Reaction of Mg(COTHTHEF), 5
with benzyl chloride in THF yields the Wurtz—
coupled product.

A sccondary reaction has been identified in the
reaction of magnesium—trimethylsilyl substituted
anthracene complexes with benzylic halides, which
is the addition of preformed Grignard reagent
with the generated anthracene, equation (8.5) [44].
However, this is slow enough not to be a serious
problem. The addition is favoured by the electron-
withdrawing silyl substituents; otherwise more for-
cing conditions are required [49].

CiMg MgCl
SiM03

P s
99

MesSi MgCl
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8.4.1 Mono-Grignard
Reagents—Special Features

Formation of the Grignard reagent ot Y-chioro-
methylanthracene. Figure N.2(0, is atypical i the
time required for its formation; 36 hours for 926
yield using Matanthracene) (THI) -] Some 9-
methylanthracene 15 formed as o resabt of -
abstraction from the solvent. a common reaction
type for alkali-metal-arene complexes [50]. Use
of excess magnesium—anthracene complex  has
no effect on the rate of formation of the
Grignard reagent or on the yield. with all the
magnesium-—anthracene complex heing converted
to a metal(anthracene)* species [441. No Grignard
reagent s tormed for the  bromo-compound.
Incorporation of  wimethylsityl groups  on  the
anthracene  attached 1o magnesium  slows  the
reaction even further. as expected by polarizing
silyl groups stabilizing charge with the polarization
and distavouring electron wanster [44], The same
Grignard is the implied intermediate in the in
sifu trapping reaction of 9-chloromethylanthracene
by CISiMes. where the conditions of the reaction
are critical since further reaction between the
9-|trimethylsilyl)methy!janthracene generated and
magnesium is possible [51].

Secondary benzylic Grignard reagents are for-
med in modest yields [44]. I-(chloro- or bromo-
phenybpropane for example give 80% and 70%
yield respectively of the Grignard reagent, the
competing reactions being addition to anthracene,
Scheme 8.5. 18% and 3% respectively.  and
Wurtz—coupling. 25% for the bromide.

The synthesis of Grignard reagents of benzylic
halides bearing electron releasing oxygen-centred
groups on the aromatic rings. e.g. Figure 8.2(e,)),
using magnesium-anthracenes is a significant
development in Grignard chemistry  [35.52.53].
This, coupled with the ability of oxazolines to
activate o-methoxy groups lowards nucleophilic
substitution by Grignard reagents [54], leads to
a new synthetic route to preparing naturally
occurring anthraquinones in high yield [52.53].
The key reactions involved are the formation
of the Grignard reagent and its reaction with
o-methoxyarydihidrido-oxazoles, en route o0 the
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synthesis of chrysophanol. for example, as shown
in Scheme 8.6.

Allyl halides are at the threshold between
forming Grignard reagents and anthracene addition
pl‘OdUC;\'. S0-70% and 30-50% respectively.
Scheme 8.5 [44]. The addition is a primary
process. uas opposed to a secondary reaction
of the preformed Grignard reagent with the
anthracene, equation (8.5). For these halides there
18 no advantage of the magnesium-—anthracene
method over that involving highly activated
metal with a catalytic amount of anthracene or
Mg(anthrucene )(THF); as a promoter (ca. 2 mol %
of Mg(anthracene X THF); relative 1o magnesium
metal) {4,18.33]. The generation of allyl Grignards
using magnesium-—anthracence is possible in THE,
tolucne and dicthyl ether. even at —=78°C
[4.33.55]. Propuargy! chloride {HC=CCHLC fails

to reacls with activated magnesium in THE

MeOQ

P2 S
OMe MO

but reacts with Mg(anthracene)(THF): affording
allenylmagnesium  chloride  [CH>=C=CHM_gCl}
[4.33]. At —78°C an intense blue colour of the
solution persists until the addition of another
drop of the halide which suggests that
this temperature the radical anion complex of
mugnesium is tormed. Allenylmagnesium chloride
is 21150 formed using a catalytic amount of
Mg(anthracene)(THF);, and the reaction takes
place vig the reaction of the halide with the
magnesium—anthracene complex rather than with
the metal 1tself.

Tris{trimethylsilyl)methy! chloride is the only
non-benzylic or allylic halide to afford a signiticant
amount of the Grignard reagent. Here addition to
the anthracene is sterically unfavourable [44]. The
Grignard reagent is not accessible using activated
magnesium. Bis(rimethylsilyhmethy! chloride. in
mn\n‘;N. readily gives the Grignard reagent using
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bulk metal. and wsing  magnesium—anthracene
results inaddition. Scheme 8.5, as well as the
formation of ill-defined products.

8.4.2 Di- and Tri-Grignard Reagents

Poly-Grignard  reagents are accessible in high
vield on treating benzylic hulides with magne-
sium—anthracene  complexes {44.35] Examples
are shown in Figure 8.2 und are best prepared from
the chloride and at room temperature. the reaction
of" 1,2-bis(chloroymethylbenzene excepted. In this
case the reaction is optimized at --10°C, resulting
in >90% of the target di-Grignard reagent. At 0°C
this drops to 87%, and to 804 at room temperature.,
The competing reaction is partial Wurtz—-coupling
followed by the formation of the di-Grignard
reagent of the coupled compound. equation (8.6).

X Macnthracenen THI L
X THE
- anthracene
- MgX2)

The di-Grignard reagentin Figure 8.2(h) is acces-
sible using elemental magnesium but requiring the
use of THF as the solvent and target concentrations
of ca. 0.1 M concentrations. Attempts to prepare
the corresponding di-bromide however, result in
intra-molecular cyclization, Scheme 8.7 [46]. The
same di-bromide with Mg(anthracene)(THF); gives
60-65% of the di-Grignard reagent. 1.8-Bis(chloro-
methyhnaphthalene gives little or no di-Grignard
reagent even using highly activated magnesium
[57]. but using Mg(anthraceneTHF); in THF
the di-Grignard, Figure 8.2(g). is formed in high
vield [44]. )
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At room temperature the di-bromide eives only
17% of the target di-Grignard. and 66% of the
analogous coupled di-Grignard. and 6% of the next
highest coupled product. The extent of coupling
is not significantly reduced on lowering  the
temperature. In the classical reaction the bromide
results i formation of polymeric (Cytgy, 140)
Reaction of  L4-bis(chloromethyhbenzene  with
Meg(anthracene)(THF): at 20°C gives o 1o
mixture of the target di-Grignard reagent and the
di-Grignard reagent of the coupled compound.
wher at —10°C the same di-Grignard  is
formed in >90% vield. There is no inherent
problem in forming the 1.3-isomeric di-Grignard
reagent, as is the case for the axially asym-
metric biphenyls analogues. Figure 8.2(h.1) [9.56].
and the tri-Grignard  of [ 3.5-tis(chloro-  or
bromo)methylbenzene, Figure 8.2(}).

MgX

MaX
MgX SMeX )
N g
MgX
® (8.6)

o- and  p-Chloromethyl{methoxymethyl)ben-
zenes rapidly afford the "di-Grignard’ reagents in
>95% yield, arising from insertion of magnesium
into both the O—CH; and Ci—C bonds [35]. The
m-isomer gives only the mono-Grignard reagent
derived from insertion into the Cl-C bond. and
attempts to form the analogous mono-Grignard
reagent for the o- and p-isomers give mixtures of
the di-Grignard reagent and unchanged methoxy/
chloro compound. Using elemental magnesium
the o- and p-isomers give polymeric (CgHy),.
arising from polymerization of quinodimethanes.
whereas the m-isomer which is unable to torm a
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quinodimethane gives the mono-Grignard reagent.
The corresponding dimethoxy compounds all react
slowly with Mg(anthracene)(THF); to give some
di-Grignard reagent (o- and p-) or some mono-
Grignard reagent [35]. Formation of the “di-Giri-
gnards’ of o- and p-chloromethyl(methoxymethyh
benzenes is via insertion into the C—-Cl bond as
the primary process (involving electron transfer
processes) and this activates the methoxy group
at the o- or p-methylene group. It is possible
that the quinodimethanes are formed for the o-
and p-isomers but are rapidly reduced by electron
transfer from the magnesium anthracene compiex
or a radical anion of anthracene. In general the
insertion of Mg into O—C bonds usually requires
rather forcing conditions, e.g. Rieke’s magnesium
reacts slowly with dibenzyl ether [19.58].

8.4.3 Mechanism

Magnesium —anthracene complexes undergo clec-
tron transfer reactions in forming Grignard re-
agents of benzylic halides [4,24,44.45]. electron
transfer reactions being the accepted mechanism
of formation of Grignard reagents using bulk
magnesium [59], and also a mechanism of reac-
tion of organomagnesium reagents with organic

halides. This is based on: {i) the detection of

radicals, most likely of anthracene, during forma-
tion of the Grignard reagents: (i) reaction of 9-

chloromethylanthracene with two equivalents of

Mg(anthracene X THF); yields solutions containing

- Ol
s

XA MeN

Metanthiacenen B

anthroecne

the Grignard reagent, Figure 8.2(a). and the radical
anion ol anthracene. (111) Ir\lg;(jl;(THF)hl+[ullth‘
racene]* s also effective in generating Grignard
reagents of benzylic halides. and thus both magne-
sium anthracene complexes and the radical anions
of anthracene can contribute to Grignard reagent
formation. The cage species |Mg>*, (anthracene)®,
RX7] can collapse to RMgX, whereas reac-
tions involving (anthracenc)® would yield initiaily
RX* andfor Re. These can then encounter
another radical anion of anthracene o form
RMgX. Scheme 8.8 depicts the likely sequence
of electron transfer reactions affording Grignard
reagents. and also addition products, starting with
Mg(anthracene)(THF)z.

Radical anion anthracene species present during
Grignard reagent tormation may arise from the
reaction of Mg(anthracene)(THF); with preformed
anthracene and MgX,, Scheme 8.1; a shift in the
Schlenk equilibrium, 2RMgX = MgX, + MgR,,
is a likely source of MgX,. The ability of magne-
sium anthracene complexes (o act as a single elec-
wron donor relates o the ease with which the
anthracene dianion moiely can be transformed to
radical anion species such as [Mg(THF)(,]:*[amh-
racenc] -~ and lMggClx(THF)(,]’f[unthracene]T 4,
15.331.

Benzylic bromides tend to give more Wurtz—
coupling compared to the corresponding chio-
rides. which is consistent with Br™ being a better
leaving group than CI™. affording R+ from RX*.
Scheme &.8. s also consistent with bond energy
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differences; C—Cl is greater than C—Br and thus
loss of Br™ is more favoured both kinctically and
thermodynamically.

Magnesium-anthracene complexes are formed
by equilibration involving metal and unthracene in
THF. In their reactions in THF it is unlikely that
small particles of magnesium are the active species
in forming Grignard reagents since such particles
would yield Grignard reagents with aryl and alkyl
halides and this is not the case. As a test example,
the di-Grignard of 1.8-bis(chloromethylnaphtha-
lene, Figure 8.2(g). is formed in 20% vyield with
highly activated magnesium formed by extensive
sonication of magnesium in THF with a catalytic
amount of anthracene. Wurtz coupling being the
favoured reaction. In contrast the di-Grignard
is formed in >95% yield using magnesium
anthracenc complexes {44]. Thus a stoichiometric
amount of a magnesium anthracene is highly
cffective in forming the Grignard reagent, but
not so using a catalytic amount of anthracene.
In many cases the latter may suffice but it is
important to realize the distinction between the
two approaches. Magnesium fluoranthene radical
anion species react with benzyl chloride giving
the Wurtz—coupled product [44]. and muagne-
siwm—naphthalene radical anion species cleave
epoxides via clectron transfer processes |56

An o anthracenic

Where addition to anthracene prevails, Scheme
8.5, two reaction pathways are plausible, namely
concerted nucleophilic substitution and formation
of the diradical cuge [Mg’*, (anthracene)™, RX |,
Scheme 8.8. In the absence of any detectable
radical intermediates, this cage must collapse
instead of releasing RX® andfor R-. This is
conceivable considering the low stability of
such radicals relative to those based on allylic,
benzylic, and tris(rimethylsilyl)methyl moieties.
Moreover, the absence of Grignard reagent or
coupled products rules out formation of RX*
and/or Re. Reactions of magnesium—anthracenc
complexes with alkyl halides in THF in the
presence of FeCly fail to give any Grignard
reagent or Wurtz—coupled product. In  this
conlext it is noteworthy that transition metal
halides can favour electron transfer processes over
nucleophilic substitution [60,61].

8.5 REACTIONS OF OTHER
ORGANIC HALIDES

Benzylic, and allylic Grignard reagents, are formed
using organic chlorides and bromides, although
the organic chlorides are more reliable. Reactions
involving other tyvpes of organic halides either:
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(1) give exclusively the Wurtz- coupled product.,
e.g. benzyliodide: (it fail to react. c.g. chloroben-
zene and .2-difluorobenzene: or i give predom-
inantly addition product(s), Scheme 8.5 The latter
oceurs for bromobenzene Gilong with proton
abatraction from THE), vinvi bromide. and various
alkyl habdes {33.4455.62] Wath primary  and
secondary alkyl halides in THE the major prod-
ucts are the diatkyl substituted di-hyvdroanthracenes
(9.10- and I d-isomers) and with rerr-buty! halides
the mujor products are the mono-alkyl substi-
tuted dihydroanthracenes (9- and 2-isomers of the
substituted anthracenesy, Scheme 8.3 [4.24,33.55).
In toluene, however, the major product for primary
and secondary alkyis iy the Grignard reagent, the
yield increasing with temperature. ¢.g. n-butyl
chioride at O°C gives 149 of the Grignard, 52%
anthracene, and 27% substituted anthracenes, c¢f.
respectively 62, 57 and 28% at room temperature,
79, 82 and 10% at 50-80"C ]33], A competing
reaction now is the decomposition of the magne-
stum=anthracene complex to anthracene and acti-
vated magnesium. which then reacts with the
organic halide.

The reaction of Mg(anthracene)(THF); with Mel
is exceptional; during the reaction methane and
cthane are formed, and Mgl>(THF), precipitates
from solution which contains some dimethylmag-
nesium  [33]. Protolysis gives mainly 9,10- and
1,4-dihydroanthracenes. The reaction follows the
clectron transfer pathway, with the primary process
being generation of Mel* , which is analogous to the
reaction of alkyl halides with sodium naphthalene
[63]. This arises from the lower reduction poten-
tial of alkyl iodides compared to chlorides and
bromides resulting in dimerization of methyl radical
forming the ethane [33]. Another unusual result is
the extended reaction time for sert-butyl bromide
with Mg(anthracene)(THEF);. which on protolysis
of the reaction mixture gives 10-rerr-butyl-9,10-
dihydro-9.9-bis(4-hydroxybutyl)-anthracene which
is a product arising from cleavage of THF [33].

Where addition to anthracene prevails, the
solutions become red or dark brown rather than
green (Section 8.4.3) throughout the reaction which
suggests that the mechanism here does not involve
clectron transfer as the primary process. rather

it is nucleophilic substitution. This is one of the
common reaction pathways tor organic hatides with
organomagnesium reagents in- general, the othet
being clectron transfer. The additon is not via
attack of preformed Grignard reagent on anthracenc.
cquation {8.3), Reaction of o-BrOHCHLBro with
Mganthracene) THE): gives a complex minture
containing  the mono-Grignard  reagent derived
from oxidative addition of magnesium 1o the
henzylic—bromine bond and ca. 23% ol the addition
product of the aryl bromide of this Grignard
reagent, equation (8.7) [44]. Another report clatmed
the reaction gives the di-Grignard reagent ol o-
BrCsH,CH:Br [64]. Bromo-. (bromocthyh- and
(bromopropyhpolystyrene are reported to - give
the corresponding Grignard reagents when treated
with Mg(anthracene)(THIE) 2 [47]. but this has been
disputed {44].

P
Br ‘( ﬂ\
o o Mem

20 Nanhraeene 4 HHE tH
B THI

g
anthiaceny

(8.7)
Reactions of bromo- and iodo-benzene with Mg-
(anthracenc)(THF); in THF give benzene. arising
from abstraction of a hydrogen atom from the
solvent. The resulting 2-tetrahydrofuran radical
combines with the radical amon of anthracenc
to give, afler protolysis. a substituted di-hydro-
anthracene, Scheme 8.9 [33,55]. Chlorobenzene
reacts sluggishly with Mg(anthracene X THF)z. and
at 60°C in toluene or refluxing diethyl cther gives
the Grignard reagent in 85-90% yield, and as
for such conditions with primary and secondary
alkyl halides lcading to formation of Grignard
reagents, the uctive species is finely divided
magnesium {33].
a.«-Dichlorocyclopropanes with Mg(anthracenc)
(THF); in THF at low temperature give mainly
the addition/hydrogen atom abstraction products.
Scheme 8.10 [45). In tolucne a highly selec-
tive reduction to the chlorocyclopropane occurs
via electron transfer/hydrogen atom abstraction,
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Scheme 8.9. Overall, the reaction products, which
also include carbene species, depend on the sub-
strate and on the reaction conditions. 7,7-Dichloro-
norcarane gives mainly the addition products,
analogous to those in Scheme 8.10. whereas the
dibromo-compound gives products derived from
clectron transter/hydrogen radical atom abstraction
[451.

Ao €1 Metnthracene THEY, \l"\ /‘,\]“
—— : -
A, /
Me . N
te” Cl : -

MeCl -
Mg(unthracene) THF);
- anthracene
Me Me
M Me
= ‘ AN
AN P

a. a-Dichlorocyclobutanones  are  reduced  in
modest to good yields by Mg(anthracene (THF);
in THF to the corresponding a-chlorocyclobut-
anones. equation (8.8) [45]. Similarly 2-halo-
ketones are converted to halo-frec compounds.
albeit at low temperature. equation (8.9) {45]. Both
reactions  proceed vie electron  transfer/solvent
hvdrogen atom abstraction pathways.
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8.6 SUPPORTED MAGNESIUM
ANTHRACENE COMPLEXES

8.6.1 Synthesis

Both silica and polymer supported magnesium
anthracene complexes have been developed and
shown to deliver magnesium to benzylic halides
affording the corresponding Grignard reagents.
This overcomes the practical inconvenicnce of
having Grignard reagent solutions loaded with
anthracene when using Mg(anthracenc)(THF): and
related compounds as the source of magnesium
125,26,30]. Preparation of the polymer supported
material is summarized in Scheme 8.11. The
starting material is microporous chloromethylated
polystyrene (crosslinked by 1% divinylbenzene)
at a low loading. 1.20-1.34 mmol ¢~' Cl, and
high loading, 4.11-4.15 mmol ¢ ' CL This is a
benzylic halide and is readily converted to the
corresponding Grignard reagent on treating with
Mg(anthracene)(THF)z in THF. >95% and >75%.
respectively for the two loadings {26,65]. The
reactions are characterized by the appearance
of deep green solutions containing paramagnetic
species, as observed during the reactions of molec-
ular benzylic halides, and are consistent with elec-
tron transfer processes. The presence of residual
radicals in the reactions involving stoichiometric
quantities of the two reactants suggests  that

e THE

I

! X
RS CHLRY R

increased cross-linking of the polymers occurs
during Grignurd reagent formation through intra-
macromolecular Wurtz coupling. The extent of
Wurtz coupling is minimal for the lower loading
whercas for the higher loading the amount of
Mg(anthracene X THF); consumed is significantly
less than calculated, as expected with a higher
probability ol intra-macromolecular encounter of
a preformed Grignard centre with a chloromethyl
group. The ability to prepare supported Grignard
reagents stems from magnesium-—anthracene being
a THF soluble source of the magnesium which is
mobilized in the polymer.

Lithiomethylated polystyrene can be prepared
from the same chloromethylated polystyrene on
treating it with LiSn(n-butyl); and then MeLi to
cffect cleavage of the arylCH,-Sn bonds |66].
This can then be converted to the corresponding
supported  potassium complex via metal-metal
exchange involving potassium tert-pentanoxide
{66]. In principle the lithiomethylated polymer
offers scope for forming Grignard reagents by
treating it with magnesium halides. This approach
has been successfully employed for the formation
of the Grignard reagent of lithiopolystyrene
(from bromopolystyrene) {[67]. The polymer
supported Grignard reagents in Scheme 8.11 yield
anthracene functionalized polymers on treatment
with  Y-tchlorodimethylsilyDanthracene.  Scheme
811 These react with Mg(anthracene)(THE):
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yielding deep green paramagnetic material contain-
ing both dianion, and radical anions of the
substituted anthracenes. The metathetical exchange
of magnesium relates to the ability of silicon
to stabilize charge by polarization {33]. and that
silylated anthracenes are more readily reduced
than anthracenc. The polymer supported Grignard
reagents in Scheme 8.11 have been used to
prepare polymer supported silylanthracenes. and
their corresponding radical anion complexes of
lithium and sodium. This involves the use of
solutions of metal radical anion naphthalenes (o
effect the cation and electron transfer {68].

The presence of radical centres in the polymer
most likely arises from two anthracene units being

MeCICTHEY,

Me,Si
S, .

0.5 [Mg(THF), >

in close proximity to a single magnesium cation,
such as [Mg(THF)g]**. This may occur either as
a result of space limitations within the polymer
matrix, or clectrostatic constraints in building up
two negative charges per anthracene within a
confined volume, viz communication effects bet-
ween anthracene units. Silica supported magne-
stum anthracene, Scheme 8.12, which is similarly
prepared and based on a 9-dimethylsilyl substituted
anthracene gives exclusively anthracene dianion
sites |30]. Here the functional groups are exposed
directly to the solvent and any space limitations for
uptake of magnesivm would be minimal as would
charge limitations associated with anthracene
groups spread out on a surface.
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The relative ratios of the radical anion and
dianion centres in polymer supported magne-
sium—anthracene is I:1. This is based on the
uptake of magnesium when reacted with Mg(anth-
racene)(THF); and the reactivity of the polymer
lowards benzylic halides (quantity of material
converted 1o the Grignard reagent). further suppor-
ted by the paramagnetic character of the material.
The model compound 9-(benzyldimethylsilyDanth-
racene when treated with magnesium or Mg(anth-
racene)THF), gives exclusively the compound
based on the dianion. [Mg{9-(benzyldimethylsilyD)
anthracenc}(THF)a.

The polymer supported magnesium-anthracene
wffers from relatively low loading of the active
sites and this lead to the development of the
silica supported analogues. Scheme 8.12 [30]. This
approach uses hydroxyl depleted silica surfaces

i
‘i Powder
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derived from treating chloropropylsilyl (or chloro-
propylsilylArimethylsilyl) functionalized silica with
H3AINMe; then successively Lit(biphenyh*. 9-
(chlorodimethylsilylanthracene  and Mg(anthra-
cene)(THF):. In the absence of the H3;AINMe;
treatment. a several-fold excess of Li*(biphenyl}~
is required to generite the supported lithium reagent.
and similarly a several-fold excess of M g(anthra-
cene)(THF); in reyuired to form the supported
magnesium—anthracene complex.

8.6.2 Grignard Reagents

The polymer supported magnesium—anthracence
complexes also give Grignard reagents from a
wide range of benzylic halides. including Grignard
reagents in Figure 8.2, us well as Grignard reagents
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of allvlic  halides, including McCH=CHCI>-
MeClLoand PhCH=CHCH,MgCl [25,26]. Typical
target coneentrations of the Grignard reagents are
0.8 M oand yields are high, and for the benzvlic
halides they are comparable 10 those  obtained
using Metanthracene X THF); and related comple-
sesc i typieal experiment the organic halide is
added stowly as a THF solution to a THF slurry of
the polymer. This results in dissipation of the deep
green colour and formation of” the corresponding
anthracene-free Grignard reagent in ca. 90% yield.
Unlike reactions involving Mg(anthracene X THE),
there is o visible evidence for the formation of
radical species during Grignard reagent formation.
although this does not preclude a radical pathway.
Alernatively, passing a THF solution of the halide
through a column packed with the polymer, results
in elution of a solution of pure Grignard reagent.

The dianion and radical anion sites in the
polymer are both effective in reducing the organic
halide. This is in accordance with the ability of
the radical anion complex [Mg(u-CI)(THF)o|* [an-
thracene]* 10 covert benzylic halides to Grignard
reagents in high yield [44]. In addition, the dianion
sites are likely to form radical anion sites in
undergoing single electron transfer reactions with
organic halides.

The ability of supported magnesium—anthracene
to form Grignard reagents of allylic halides in high
yield is noteworthy. Reaction of Mg(anthracenc)
(THF); with allylic halides yields 50-70% of the
target Grignard reagent, the competing reactions
being addition to anthracene, Scheme 8.8. For the
polymer versions, Scheme 8.11, however, there is
minimal addition which relates to the polymer
matrix delivering sequential electrons to the halide
as opposed to intimate contact of a dianion site
required to form the addition product, Scheme 8.8.
Other important aspects of the use of the polymers
over magnesium—anthracene complexes include:
(i) reduced reaction times; e.g. Grignard reagent
in Figure 8.2(a) requires in excess of 36 hours
using Mg(anthracene)(THF); [44], compared to
12 hours for the polymers, and (ii) reduction
i Wurtz—coupled products, e.g. 1.2-bis(chloro-
methylibenzene gives 10% coupled di-Grignard re-
agent using Mg(anthracene K THF) ;. equation (8.6),
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compared to =53% coupled di-Grignard and 95% of

the di-Grignard using the polvmer, Fieure 8.2(1.
Silica supported magnesiunme- anthracenes also give
Grignard reagents ol benzylic halides in THF in

excellent vield |30]

8.6.3 Polymer and Silica Recyceling

i uptake of magnesium by e spent polymer
in torming the Grignard reagents diminishes by
6-8% for successive cyeles. but the yield of
derived Grignard reagent based on the amount of
Mgtanthracene)(THI 5 consumed in forming the
Grignard reagent is unchanged. This “poisoning’
of the active sites within the polymer matrix
is through formation of 9.10-dihydroanthracene
moieties, established from ’Si CP MAS NMR
spectroscopy. amnd w comparison with a polymer
supported  dihydroanthracene. The  dihydroan-
thracene sites may arisc from proton  abstrac-
tion by the dianion and/or radical anton centres
from the solvemt during washings to remove
anthracene  and  excess  Mg(anthracene)(THF)s.
Reaction with trace amounts of water in the solvent
would give similar results. The cleavage of the
anthracene functional groups from the support,
and addition of preformed Grignard across the
C(9)/C(10) positions of the supported anthracene,
equation (8.5), have been excluded as possible
causes of the diminished uptake of magnesium
from Mg(anthracene)(THF);.

Silica supported magnesium-anthracene can
be readily recycled with less than 1% reduc-
tion in the uptake of magnesium [30]. When
considered with the higher loading, this material
clearly has advantages over the polymer supported
magnesium—anthracene. and over the use of
magnesium-anthracene  complexes in  general
[4,25].

8.7 FUTURE PROSPECTS

Grignard reagents of benzylic, and allylic halides.
are accessible in high yield using magnesium—
anthracene complexes. and polymer and  silica

Applications of Magnesium Anthracene in Forming Grignard Reagents

supported analogues. many of them being inge-
cossible using classical technigues imvolving bulk
metal, or even using highly acuvated metal, This
can be regarded as a missing fink i preparing
Grignard reagents, and there now exists eehnology
for preparing all classes of Grignard reagents,
using these compleaes or supported  materials,

mag
of activated maer
from using Mganthracene) UHIFy, as a0 promoter/

esium powder. turnines or the various forms

catalyst depending on the nature ol the organic
halide. The silica supported magnesium—anthri-
cene can be readily reeycled wund can be used in
a column. This offers new directions in the appli-
cation of Grignard reagents. and also the applicu-
tion of the matenals as potent reducing reagents
without the resuiting solutions being loaded with
anthracene, the presence of which can be objec-
tionable in many applications,
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Structures of Organomagnesium
Compounds as Revealed by X-ray

Diffraction Studies

F. Bickethaupt

Vrije Universiteit, Amsterdam, The Netherlands

9.1 INTRODUCTION

Organomagnesium compounds have been known
since the previous century. However, they were
curiosities rather than useful and important re-
agents until nearly 100 years ago when Victor
Grignard made the seminal discovery that they
could be obtained in a simple and efficient way
by the reaction of an organic halide with magne-
sium in an ethereal solvent [1]. Immediately. the
synthetic potential of these reagents was recog-
nized which led to an ever increasing number
of investigations on their preparation and appli-
cation {2,3].

In contrast, the elucidation of the structure of
organomagnesium reagents in solution or in the
solid state lagged behind considerably; this was
due to several reasons. In the first place, the
high reactivity and air sensitivity of organomag-
nesium compounds makes the preparation of pure
compounds a difficult task. Secondly. organomag-
nesium compounds are kinetically unstable in the

sense that in solution, they often rapidly exchange
substituents and coordinated Lewis bases, so that
in particular the organomagnesium halides or Gri-
enard reagents RMgX may not possess one simple
well-defined structure, but often occur as mixtures
of disproportionation products R,Mg/MgBr, (the
so-called Schlenk equilibrium), as aggregates
(dimers, oligomers), and so on |2,3]. Finally, reli-
able spectroscopic methods and modern techniques
for structure determination became available rather
late and were applied in this area only from the
beginning of the 1960s. Since then, our knowledge
on the structure of organomagnesium compounds
has been rapidly increasing. in particular due to
the application of single crystal X-ray diffraction
studies, and the structural and bonding aspects of
these compounds are now fairly well categorized
and understood; nevertheless, novel structures keep
being reported regularly.

The literature search of X-ray crystal diffraction
data was conducted by means of the Cambridge
Structural Database (1997) and Beilstein Crossfire
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(mid 1998). Only very few dilfraction data are
available in the gas phase or in solution: they
were incorporated where uppropriate. Some of
the data have been reviewed previously {4-6.
For this reason, the emphasis will be on recent
developments, but most representative older data
have been included. The material is presented
in the order of increasing coordination nnmhers
OF INUEHCSILTTL wiin £ we & foctdinls Yoo =30,
spectal classes such as difunctional, polyhapto
and heteronuclear compounds are treated in
Sections 9.6-9.9.

oaopeantag tn Py o teios
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condition I and 3: it is monomeric because of steric
hindrance due to the bulky neopentyl groups, but
also because its structure was determined in the
gas phase by clectron diffraction (7], That steric
bufk alone is not sufficient in this case follows
from the observation that even in the gas phase,
1.1 is in equilibrium with its dimer [8]: in solution,
Al (O T

even

ol B2 (0] and 1.3 [T} were deternnned 1 the
crystatline state. Obviously, the extreme bulki-
ness of their substituents, tris(trimethylsilyl)methyl
and supermesityl (= 2, 4. 6-tri-(zerr-butyl)phenyl).

respectively. prevents any kind of association even

9.2 MAGNESIUM WITH
COORDINATION NUMBER 2

solvent molecules!

In line with its position in the Periodic Table,
magnesium is divalent and should therefore, in the
most simple case, form stable compounds with two
groups attached to it. In fact, this dicoordinate state
is very rare in (organo)magnesium chemistry for
the simple reason that in the resulting compounds.
magnesium has only four electrons in its valence
shell, which seriously violates the octet rule.
Normally, organomagnesium compounds escape
from such bonding situations by addition of Lewis
bases or by aggregation via three-center/two-
electron bonds or agostic interactions.

There are three conditions which alone or in
combination lead to stabilization of the rare dicoor-
dinate state of magnesium: 1) steric hindrance due
to large substituents which prevent aggregation;
2) higher electron supply by substituents which arc
formally monovalent but de facro donate more than
two electrons; 3) isolation of the molecules in the
gas phase.

Only three compounds, 1.1-1.3, belong to this
category (Scheme 9.1, Table 9.1). Dineopentyl-
magnesium (1.1) owes its dicoordinate state to both

B

r-Bu Me Si
Mg Me,Si
Me ;Si
L1 1.2
1-Bi 1-Bu
-Bu Mg -Bu
-Bu -Bu
13

SCHEME 9.1

Table 9.1. Dicoordinate magnesium: bond lengths (A; 2 decimals) and bond angles (°; no

decimals) of organomagnesium compounds R-Mg

Cpd. Mg-C C-Mg-C Remarks Ref.
1.1 Np-Mg 243 180 gas phase 171
1.2 [(Me3Si:Cl:Mg 212 180 [10]
13 (2.4,6--Bu;CoH, ), Mg 212 158 it

in the solid state; it is remarkable that 1.3 is
obtained from THF solution without coordinated

SiMe ;

Mg SiMe;

SiMe;

While in both LI and 1.2, the bonding at
magnesium is strictly linear (C—~Mg—C: 180°), 1.3
shows a slight deviation from linearity (C—Mg—C:
158.4%) which has been ascribed to weak interac-
tions between the metal and C—H groups of the
ortho tert-butyl groups [11]. It should be pointed
out that linearity around divalent magnesium may
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he the consequence of sp-hybridization at the
central atom, but the same geometry is expected
il electrostatic or steric repulsion between the two
large carbanionoid ligands is operative. In all cases,
the magnesium—carbon bond is rather short. in the
order of 2.12 A, whereas in the commonly encoun-
tered tetracoordinate state, the Mg—C(sp?) bond
[anets 1w Y 1820 ET A riens Cpettan O )

FHOGEN OEZANOIALUCSILTT COMPOUTIUS COtaill-
ing certain monovalent organic substituents such
as cyclopentadienyl may formally be considered
o be dicoordinate as they occur in discrete units
such as Cp-Mg. their delocalized anions are in
fact bonded in a polyhapto tushion. Therefore, in
addition to being sterically hindered (condition 1),
these compounds also fulfill condition 2. They are
treated in Section 9.7.

9.3 MAGNESIUM WITH
COORDINATION NUMBER 3

Like dicoordination, tricoordination is rarely
encountered for magnesivm for similar reasons:
the magnesium atom has only a sextet; bulky
substituents are required to prevent association.
Indeed. only five representatives of this class have
been reported: 2.1-2.5.

Compound 2.1 [12] may be considered to be a
borderline case. Note that the Mg—C bond in the

Me
/Sx —
7N
'\?L H
MeHsi Mg SiHMe
Me>HSI SiHMe,
Me-HSH SiHMe,
21

Me;Si N \\_SiMe;
/N\
s-Bu-Mg Mg-s-Bu

Nz .

¢
MesSi SiMe;

24

SCHEME 9.2

tricoordinate 2.1 (2.1t Ay is shghtly shorter than
in the dicoordinate 1.2 (2.12 A); this illustrates
the importance of steric etfects as 2.1 carries two
slightly smaller substituents  (bis(trimethylsityl)
methyl versus tris(trimethylsilyhymethyl in 1.2).
Furthermore, these smaller substituents allow a
close approach of the metal to one of the methy!

R RN EICIRC RS

cohne e

: P yhn |
in an agostic fashion (Mg---C: 2.535 A). The
tricoordinate core is close to planar (¥ C—-Mg—C
351.2°).

The magnesiate anions 2.2 ([13]. counterion
[NpMg(2.2.1-cryptand)[t) and 2.3 ([14], counte-
rion |Li(THF), o(EtO), 4] %) are practically planar
(L C-Mg=C: 360" and 358°. respectively).
Surprisingly. thc three Mg—C bonds in 2.3
have slightly different lengths; their average
value (2.20 A) is slightly shorter than that in
2.2 (222 A). which may reflect the difference
in hybridization of their carbon atoms (sp’
versus sp*). These values are slightly larger than
those of tetracoordinate magnesium compounds
(2.13-2.17 A, slightly depending on the hybridiza-
tion of carbon: see Table 9.3). apparently, bond
shortening due to lower coordination is overcom-
pensated by steric hindrance and negative charge.

A special case is 2.4 [15] which is dimeric with
two bis(trimethylsilyl)amide groups in the bridging
position, yet has a tricoordinate magnesium atom.

22:R=Np=CH:r-Bu
2.3: R =Is = 2.4.6-trisisopropyipheny |

Ad—N 0 N—Ad

©

B

-

Et
2.5 Ad = l-adamamyl
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Table 9.2. Tricoordinate magnesium: bond lengths (A;
nesiwm compotnds

Grignard Reagents: New Developments

2 decimals) and bond angles (*: no decimals) of organomag-

Cpd. Mg—C Z C~Mpe-C Remarks Ref.
2.1 [(MesSinCHEMg. (i ~Me—Si.) 210 351 YRS
212

254 Mg-ji-Me
22 Np:Mg 222 360 [13]
23 IxsMg 215 358 114
221
2.25
(Is = isityl = (2. 4. 6-/-PriCeH)1)
2.4 I5-BuMeN(SIMes s | 2.08 Mg-N 2.12 A (5]
N-Mg-N 93
2.5 Et;MgIm n.a n.a disordered [16]

(Im = (1. 3-di-(1-adamantyl)imidazol-2-ylidene)

Undoubtedly, both the bulkiness of the amido
group and the high donor capacity of the amido
nitrogen cooperate in stabilizing the low coor-
dination of magnesium. It is also unusual that
such a bulky group occupies a bridging position.
Furthermore, the sec-butyl group is unique in being
terminal at a tricoordinate magnesium and for that
reason, the Mg—C bond is exceptionally short
2.08 A), especially if one considers that an sp*
carbon atom is involved; normally a Mg~C(sp3)
bond is at least 2.15 A (¢f. 3.5: 2.15 A or 3.11:
2.18 A, Table 9.3), the closest value being 2.10 A
for the Mg—CH;z bond of 39 (Scheme 9.14) in
which magnesium is similarly amido-bridged, but
tetracoordinate. No reliable data were obtained for
2.5 due to disorder. but a monomeric structure
(Scheme 9.2) could be established [16].

9.4 SIMPLE ORGANOMA GNESIUM
WITH COORDINATION
NUMBER 4

9.4.1 Mononuclear Compounds
The majority of organomagnesium structures is

monomeric with magnesium in a distorted tetra-
hedral environment of four ligands as shown in

structure 3 (Scheme 9.3). Presumably. the same
structure is also prevailing in not o concentrated
solutions of strongly basic solvents [2,3]. Two of
the ligands, R and X, are organic groups and/or
monovalent substituents such as alkoxy, dialkyl-
amino or halogen, bonded to magnesium by a
(strongly polar!) covalent bond, whereas the other
two ligands, L, are Lewis bases such as ethers
and tertiary amines with a dative bond to magne-
sium; L, may represent a bidentate ligand such
as TMEDA.

R
N{ R =organic group
Ll‘"( s x X =R.OR.NR’.Hal
. L =Lewis base
3 (including bidentate ligands 1.-1.)

SCHEME 9.3

Roughly speaking, all structures of type 3
display similar distorted tetrahedra with, as general
features, an R-Mg—X angle which is larger
than tetrahedral while L—Mg—L is smaller.
The finer details vary, as one might expect.
depending on the properties of the substituent:
more  clectronegative  groups  enhance  the  p-
character of the magnesium orbital (Bent's rule)
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Table 9.3. Tetracoordinate magnesiuny: average bond lengths (A: 2 decimals) and bond angles (1 no decimals) of

monomeric organomagnesium compounds RMgXIL,

Cpd. R X [
3 Me Me TMEDA R
32 Me Me (quinuciidine),
33 Me NR: (THF .
(NR; = -Bu. n-Bu-dthydrotriazine)

34 Et Lt TMEDA
35 I Br (Et,O)»
3.6 FEt Br (—)-sparteine

Et Br (—)-w-isosparteine
3.8 Et Br (+)-6-Bz-sparteine
39 FEt NR, (THF):

(NR> = [, 3.6, 8-tetra-r-Bu-carhazoly 1y

310 R R (dioxanc),

(R = o-carboranyl-CH,)
3.11 s-Bu s-Bu TMEDA
312 +Bu Cl (—)-sparteine
313 R R TMEDA

(R = 2. 4-dimethyl-2.4-pentadienyl)
313 PhMeCH PhMcCH (Et; 0%,
314 PhiC Br (EO),
3.15 Ph Ph (THF),
3.16  p-Tol p-Tol (THF),
317 Ph Ph TMEDA
3.18 Ph Br (THF),
319 Ph Br (Et;0):
3.20 Mes Mes (THF),

(Mes = 2.4,6-Mc.CcH;)
321 Is Is (THF),

(Is = 2,4,6-i-Pr:CHa)
3.22  viph viph (THF},

(viph = 2-vinylphenyl)
323 Cb Cb (dioxane),

(Cb = 2-Me-o-carboranyl)

Mg—C Me—X Me—l. C—Mg=X L—Mg-L Ref.

217 207 2.24 130 82 117]
200 2 224 129 103 [18]
216 207 2,05 129 Y3 [19]
216 206 224 128 83 120]
205 RIS 2.04 125 101 |21}
224 248 2.5 115 84 {221
222 251 2.18 112 84 23]
234 251 2.16 13N 83 [24}
214 2.09 2.07 125 89 |25]
206 200 204 124 100 126]
208 28 2.25 134 81 127}
219 233 217 115 84 128}
200s 218 2.20 I3 84 [29]
2.20 2.20 2.06 122 s (307
225 2.46 203 116 102 {314
213 2,13 203 122 94 [32]
2,13 2.13 2.04 124 97 [32}
2.17 217 220 119 83 [33]
n.a. n.a n.a. n.a. n.a. [34]
n.a. 244 2.03 n.a. n.a. [35])
28 217 2.07 119 8% [14]
218 2.18 2,11 123 87 [14]
2.14 2.14 2.04 n.a. 91 {36]
216 2.16 2.04 124 100 [37}

which leads to smaller bond angles and bond
lengthening, while bulky substituents enlarge bond
lengths and angles. For bidentate ligands. their
geometric or conformational restrictions may lead
to deviating results.

Thus, under comparable conditions, Mg—C(sp*)
bonds (3.1, 3.2, 3.5, 3.10: 2.15-2.17 A) are
slightly longer than Mg—C(sz) bonds (3.15, 3.16,
3.22: 2.13-2.14 A). Larger substituents increase
the Mg—C bond length (3.15, 3.16 < 3.20 < 3.21:
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2.13 — 2,18 A); the influcnce on the bond angles
is smaller and less straightforward. Amine bas
tend to clongate the Mg—C bond in comparison
with ethers (e, 317 (2,17 A) versus 315
(2.13 Ay, in particular it the amine is bulky
(3.2 (219 A} versus 3.1 (2017 A this effeet is
particularly farge for certain bidentate amines from
the sparteine group where 1t goces.along with a
reduction of the R—Mg—X angle (¢f. 3.6-3.8,
3.12): both changes indicate increased p-character
in the R—Mg and the Mg—X bond. The clongated
bonds of benzylic type organic ligands (3.13:
2.20 A, 34 225 A versus 3.5 215 Ay may
be understood as a result of loosening of the
interaction between the metal and the stabilized
carbanion.

Concerning the bond distances between magne-
sium and the coordinated Lewis bases, the Mg—0O
bonds are usually shorter than the Mg—N bonds.
Besides the farger radius of nitrogen. the stronger
steric hindrance around the (tricoordinate) nitrogen
compared to the (dicoordinate} oxygen will be
responsible. However. it should be pointed out
again that not all of these trends are fully consistent
or easy to rationalize because a varicty of factors
may be involved.

The bond angles R—Mg—X are normally in
the range of 115-130°. Qualitatively. this may be
described as a consequence of coordination of the
Lewis bases to the initially linear R—Mg—-X (¢f.
1) which leads to a certain degree of bending. In
3, the ideal tetrahedral geometry is never fully

Grignard Reagents: New Developments

accomplished; there is a clear “memory effect’
which, however, is less pronounced than in the
organozine analogues which deviate less from
linearity on coordination. The angles L—-Mgp—L
vary from 80 to 100" and show a more crratic
behaviour: they strongly depend on the size and on
restrictions imposed by the Lewis base. in partic-
ular when L» is a bidentate ligand.

9.4.2 Dimeric Compounds

In concentrated  solution and/or weakly buasic
solvents, organomagnesium  compounds have a
certain tendency towards association 23] A
considerable number of such dimeric. oligomeric
and a few polymeric compounds have been charac-
terized by X-ray crystal stiuctures. Itis remarkable
that in most of these structures. the tetracoordini-
tion of magnesium is retained. The simple dimeric
representatives  are  described in this  Section
(Table 9.4, Scheme 9.4). Quite a few dimeric
structures are also encountered in compounds
with intramolecular or polycoordination which are
separately treated in Sections 9.6-9.8. Oligomeric
structures are frequently found in combination of
magnesium with other metals; they are described
in Section 6.9. Polymers will be presented in
Section 4.3.

The six known simple dimeric compounds RL
(j1-X2)MgLR (4.1-4.6) all have the general struc-
ture shown in Scheme 9.4 with tetracoordinate

Table 9.4. Tetracoordinate magnesium: average bond lengths (A: 2 decimals) and bond angles (@ no decimals) of

dimeric organomagnesium compounds RLMgf-X|:MgRL

Cpd. R L X Mg—R  Mg-L Mg—X R-Mg~L. X-Mg—X Ref.
4.1 Et i-Pr.0 Br 2.00 2402 2.58 121 93 [38]
4.2 Et NEt; Br 2,18 215 2.56 116 na. [39]
4.3 Et I’ Et 2.13 228 2.26,2.34 110 n.a. [16]
(Im™ = 1.3-dimesityiimidazol-2-ylidene)
44 p-Tot THF p-Tol 213 202 224,231 107 78 [32]
4.5 An n-Bu,O Br 23 202 2.57 113 89 [40]
{An = 9-unthracenyl)
4.6 -Bu THF NH-r-Bu 219 208 210 110 90 |41}
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magnesiutm and electron deficient three-centre/two-
clectron bonds  between  magnesium  and  two
ligands X. Not surprisingly, halogens and amides
are good bridging groups, but in 4.3 and 4.4, an
organic residue is in the bridging position.

One of the driving forces for such dimerizations
(and further oligomerizations, vide infra) is the
overall reduction of strain around the central metal
atom. This is illustrated for 4.1 [38] where the
bridging bonds are slightly longer than those in
comparable monomeric species (¢f. Mg—Br: 2.58
A in 4.1 and 2.48 A in 3.5): furthermore, the
bulkiness in the vicinity of the metal is reduced
when EtMgBr(i-Pr,0)s is transformed, by removal
of two molecules of diisopropy! ether, to Et(i-
PryO)Mg(u-Bra)Mg(i-ProO)Et (= 4.1). Dimer 4.2,
the tricthylamine analogue of 4.1, shows similar
features, but a longer Mg—C bond, presumably due
1o the bulky triethylamine ligand.

The situation is somewhat different in 4.3 where
two cthyl groups arc involved in unsymmetrical
bridging (2.26, 2.34 A); the longer Mg—C bond
is involved in an additional agostic interaction:
Mg-H 2.16 A. As is often the case. the terminal
Mg—Ft bond is rather short (2.13 A). The Mg—C
bond to the terminal 1,3-dimesitylimidazol-2-yli-
dene substituent (Im') is quite large (2.28 A) if one
considers that its carbon atom is s p’-hybridized.
Possibly steric factors are responsible; note that
in the case of 2.5 with the even larger 1.3-
diadamantylimidazol-2-ylidene group (Im), associ-
alion as in 4.3 is completely prevented.

While, in general, the structure of 4.4 parailels
that of the other representatives of 4, several pecu-
liaritics should be pointed out. In the first place.
the crystals investigated showed 4.4 to be present
together with its monomer 3.16 in a 1:2 ratio.
Sccondly. the two bridging groups X = p-Tol are
not arranged in a symmetrical fashion as they show

twisted from o perpendicular position relative to
the Mg Cy plane (76" instead of 907, and the short
bond is less bent away trom the aryl plane than the
longer one {dihedral angles: 28 and 467, respec-
tively). the latter indicator being in line with more
s-character in the shorter bond. Both effects bring
one of the two ortho-carbon atoms of cach ring into
close contact with magnesium (2,98 A) sugg
some nl (or agostic?) interaction. The terminal
bonds to p-Tol and THE (2,13 and 2.02 A, respec-
tively) are normal (¢f. 3.16).

The structure of the Grignard reagent 4.5 [40]
largely corresponds to those of 4.1-4.4. In this
case. it is obviously the bulky 9-anthracenyl group
which prevents addition of a second solvent mole-
cule and thus leads to dimerization. Compound
4.6 [41] is particular in having a bridging amido
group; its structural features tfollow the general
pattern. The rather long Mg —C bond (2.19 A) may
be due to the bulky rerz-butyl group and to the
amido bridge.

A specific case is 5 (Scheme 9.4) which
contains a solvent-free tetracoordinate magne-
sium bonded to the bulky tris(trimethylsilyl)methyl
eroup (Mg—C: 2.16 A) while its tetracoordina-
tion is completed by three g-bridging bromides
(Mg—Br: 2.56-2.58 A); they in turn are yt-bonded
to an ‘inorganic’ magnesium which is hexacoordi-
nated by the three bromides and three THF mole-
cules [42].

9.4.3 Polymeric Compounds

Solvent-free  organomagnesium compounds  are
usually obtained as amorphous or microcrystalline
polymeric matcrials. For this reason. X-ray diffrac-
tion studies depend either on the application
of powder diffraction techniques [43.44] or on
special and/or fortuitous methods of crystalliza-
tion [32,45]. The structures 6.1-6.4 thus deter-
mined all follow essentially the same pattern: a
polymeric chain formed from mutually perpendic-
ular four-membered rings Mg>R, connected via
spiro magnesium atoms as shown in Scheme 9.5.
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Table 9.5. Tetracoordinate magnesium: bond lengths (A) and bond angles (7} of solvent free

organomagnesium compounds

Cpd. Mg-C C—Mng C-Mg-C Mg—-C-Mg Ref.
int. ext. nt.

6.1 (MexMg), 224 105 n.. 75 143]

6.2 (Et:Mg)a 2.26 108 n.a. 72 [44]

6.3 (PhaMg), 2.26 102 113 78 [32]

The data for 6.1-6.3 are collected in Table 9.5.
They are completely analogous: the magnesium
atoms form a straight line; the four-membered
MgsR, rings have typical bridging Mg—C bond
lengths of 2.24-226A and internal angles
C-Mg—Cof 102-108° and Mg—-C—Mgof 72-78".

Compound 6.4 [45] consists of one neopentyl-
magnesium bromide unit and one dineopentylmag-
nesium unit (NpMgBr-Np,Mg) which are arranged
to form repeating units of three four-membered
rings, i.e. one Mg;Br> ring and three Mg Np; rings
(Scheme 9.5). It is less symmetrical: the magne-
sium atoms lie on two parallel straight lines which
are 1.10 A apart, and the six independent Mg bonds
vary from 2.20-2.42 A, whereas the two Mg—Br
bonds arc nearly identical (2.808 and 2.818 A
which is rather long compared to other dimeric
compounds (cf. bridging Mg—Br: 2.58 A in 4.1).

The dioxane complex NpMgBr-dioxane (7 [46],
Scheme 9.5) also consists of parallel linear chains.
However, they are of a completely different type
as the arrangement around magnesium strongly
resembles that in compounds 3, the difference
being that in 7, the two ether functions are comb-
ined in one dioxane molecule. The geometric
parameters of 7 are rather normal for type 3 struc-
wres with slightly shorter Mg—C (2.13 A) and
longer Mg—0 bonds (2.13 A).

9.5 SIMPLE ORGANOMA GNESIUM
WITH COORDINATION
NUMBER 5 AND 6

While in inorganic magnesium compounds. the
coordination number 6 is the most prevalent [5],
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higher coordination numbers such as 5 and ©
are rarc in organomagnesium chemistry as the
relatively large organic substituents and Lewis
bases like ethers and tertiary amines cause 100
much steric crowding around the central metal
atom. Four (relatively) simple pentacoordinated
(8-11. Scheme 9.6) and three  hexacoordinated
representatives (12.1-12.3) have been reported
(Scheme 9.7). Other cases of penta- or hexa-
coordinated magnesium involve coordination (o
intramolecular or polydentate Lewis bases and wilt
be treated in Section 9.8.

9.5.1 Organomagnesium Compounds
with Coordination Number 5

Compound 8 [47] with the composition MeMgBr
(THF); is the simplest of the pentacoordinate
series. Presumably, the small methyl group and the
strong Lewis base THF create conditions permit-
ting pentacoordination. The long Mg—C bond
(2.41 A) might be ascribed to the apical position in
a trigonal bipyramid; however, the apical Mg—Br
bond (2.43 A) is not exceptional.

Me
~THF
THF

|
THF—Mz

Br

10
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In agreement with the carbenoid character of
the Grignard reagent 9 (48], the Mg—C bond
(2.19 Ay is also longer than normal Mqu(\p )
hond\ (Table 9.3: about 2.13 A), although part of
the elongation may be due to the pentacoordina-
tion; the C(\/)>)~Br bond (2.01 A) i longer than
normal (1.90 f\) too, as are two of the three Mg—0O
bonds to the THF ligands (2.04, 2.11. 2.13 A). The
Mg~Br bond {2.52 A) is about normal.

Increasing complexity is observed for 10 and
11. Similar to the tetracoordinated dimers 4, the
two allyl Grignard units of 10 [49} arc connected
by two unsymmemcally p-bridging thondu
(Mg—Cl: 240, 2.69 A). The allyl group is -
bonded to magnesium by a long o-hond (Mg-C:
2.18 A). Pentacoordination is completed by one
chelating TMEDA at each magnesium and may
be responsible for the slight Mg—C bond elon-
gation, together with an “allyl effect” similar to
thc benzylic effect observed in 3.13 and 3.14.
Compound 11 [50] is a tetramer [EtMgCl-MeClo s
with two terminal pentacoordinated Grignard units
EtMgCl attached via three bridging chlorides
to a core of two hexacoordinatc ‘inorganic’

|\THF
Br THF
9
THE THF
THE, Cl—Mg—Cl  Et
N /S
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magnesiums; in this regard, it resembles 5. The
bonds are slightly on the long side (Mg—C: 2.19 A,
MgO: 2.04-2.14 A, Mog—Cl: 2.40-2.79 A).

9.5.2 Organomagnesium Compounds
with Coordination Number 6

The three simple compounds with hexacoordinate
magnesium are all of the type (RC=C),MglL:
apparently. the small size of the dicoordinate
acetylenic sp-carbon atom is essential in achieving
this high and rare coordination number. The crystal
structure of 12.1 has not been fully resolved.
but two types of crystals have been distinguished
to which the rrans-structure 12.1a and the cis-
structure 12.1b (Scheme 9.7) have been tenta-
tively assigned |S1]. The structures of 12.2 [52]
and 12.3 [53] confirm the trans arrangement of
the two acetylenic substituents and reveal normal
octahedral angles C—-Mg—C of 175-180° and
C—Mg—O(or N) of 907: only the N-Mg-N angles
of the TMEDA units of 12.2 (80° instead of
90°) show a stronger deviation. The bonds are
longer than usual, in particular the Mg—C(sp)
bond (2.18-2.20 A). which must be due to hexa-
coordination.

Ph R

1 |

c c

il Il

. c THE C
THI-\'/THF THF\kTHI-’ THF, TH¥F
THEY [ THE THEY ™0 'l'HFwTHF
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9.6 DIFUNCTIONAL
ORGANOMAGNESIUM
COMPOUNDS

From a structural point of view, the treaument
of difunctional organomagnesiunt compounds as a

separate class is somewhat arbitrary as muany of

them reveal structural motifs already encountered
in Section 9.4, On the other hand, they are not only
distinguished from other organomagnesiums by
the special property of having two organometallic
functions attached to the same carbon skeleton, but
also by specific features such as metallaheterocy-
cles or unique clusters.

9.6.1 Simple Difunctional
Organomagnesium Compounds

The most simple ditunctional organomagnesium
compounds arc those carrying two metals
bonded to the same carbon atom such as the
methylene di-Grignard reagent CH>(MgBr), [54].
A crystal structure of its bis(trimethylsilyl)
derivative 13 (Scheme 9.8) is remarkable for
several reasons [55]. In the first place, 13
is a monomer with normal tetracoordination
around magnesium, whereas otherwise, sterically
overloaded organomagnesium compounds tend
to relieve their crowded sitwation by expulsion
of Lewis base and aggregation as discussed
in Section 9.4.2. Secondly, in spite of cxtreme
congestion around the central carbon atom.
all its bonds (Mg—C: 2.10, 2.14 A: Si—C:
1.81, 1.85 A) arc slightly shorter than expected;
this has been ascribed to the accumulation
of negative charge at this carbon from its
four electropositive substituents, which results
in increased electrostatic attraction of the
four metal(oid)s surrounding it (presumably in

Table 9.6. Hexacoordinate magnesium: bond fengths (A) and bond angles () of
organomagnesium compounds (RC=C);MgL,

Cpd. R L Mg-C C-Mg-C Ref.
12,1 Ph THF n.a. n.a. [51]
12.2 Ph TMEDA 2.18.220 180 [52]
12.3 -Bu TMEDA 2.18 180 [53]
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combination with negative hyperconjugation).
The angles at carbon are close (o tetrahedral
(Mg—C—Mg: 1127 Si—C-Mg: 113). and the
other bond angles are quite normal.
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When the two organomagnesium functions are
four or more carbon atoms apart, the resulting

diorganomagnesiums behave as if they have two
more or less independent functionalities [54]. This
is also true with regard to their structures as illus-
trated by the magnesacycles 14 (Scheme 9.8, Tuble
9.7). Even though they are monomeric (14.1).
dimeric (14.2, 14.3) or wimeric (14.4), the coor-
dination geometry around magnesium is essen-
tially that of simple compounds of type 3: slightly
deviating are the short Mg—C bonds of 14.1
(211 A) and 14.2 (2,11, 2.12 A) and the rather
large C—Mg—C angle (142°) of 14.3. The ring
size is apparently dictated by strain due the large
C—Mg—C angle which cannot be incorporated into
a five- or six-membered ring. It depends on the
number of carbon atoms between the magnesiums:
6 carbons in 14.1 allow a strain-free monocyclic
structure, while in 14.2, 14.3 and 14.4 with 4, 5,
and 4 carbons, respectively, oligomeric structures
are required.

An intermediate range of distances between
the two magnesiuins is represented by 15.1-15.3,
where 2, 2 and 3 carbon atoms, respectively,
separate the two magnesium functions; they
have a completely different type of structure
(Scheme 9.9). Clearly, the angle strain in a
monomeric structure with a three- or four-
membered ring would be excessive. Instead, a
tetrameric cluster is found in all three cases; the
molecular structure of 15.3 is shown as an example
in Figure 9.1. Association measurements in THF
show that this tetrameric state is also persistent in
solution [60].

The structure of 15 may be described as consist-
ing of a (slightly distorted) tetrahedron of magne-
sium atoms, each of which carries one THF ligand.
On top of each face of the tetrahedron, a diva-
lent carbanionoid organic fragment is o-bonded
to one magnesium and u’-bridging between the

Table 9.7. Difunctional organomagnesium compounds: average bond lengths (A: 2 decimals)

and bond angles (°; no decimals)

Cpd. Mg-C Mg-0 C-Mg-C 0—-Mg-0 Ref.
14.1 n.a., 2.11 n.a. n.a. n.a. [56]
14.2 2.1, 212 2.07. 2.08 128 90 [57}
14.3 2.13.2.15 209,201 142 91 [58]
144 2.15.2.16. 2,17 2.07.2.06. 2.08 127. 130 94 [591
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Fig. 9.1. ORTEP drawing of the molecular structure of

tetrameric 1,8-naphthalinediylmagnesium (15.3).

other two. Thus, each magnesium exhibits the
commonly encountered tetracoordination, and the
bonding parameters are not unusual either
(Mg—C(0): 2.14-2.18 A: Mg —C(p): 2.26-2.29 A;

Mg—0:2.03-2.06 A); of course, the angles within
the core arc smaller than normal (C—Mg—C:
101-120"; Mg—C—Mg: 76-90°). As schemati-
cally indicated in Scheme 9.9, the planes of the
organic groups, which are arranged perpendic-
ular to the tetrahedral Mg faces, may have two
relative orientations; one, leading to (approxi-
mate) Ca, symmetry, is realized in 15.1, the other
one of (approximate) S; symmetry in 15.2 and
15.3. It has been pointed out that two factors
are largely responsible for this type of cluster
formation [60]. Firstly, the juxtaposition of two
bulky tetracoordinate magnesiums at the organic
group in close vicinity would create considerable
steric hindrance: this is reduced by removal of one
Lewis base per magnesium and aggregate forma-
tion (/. the discussion in Section 9.4.2). Secondly,
the specific organization as tetrahedral tetramers
is facilitated by the short distance between the
two carbanionoid centers in one organic ligand:
it allows a perfect fit of this ligand on top of a
tetrahedral face and thus a [Mg>*R2 ], cluster,
in analogy to the tetrahedral [Li*R™]; arrange-
ment which is well-known in organolithium chem-
istry [61.62].
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9.6.2 Organomagnesium Compounds
Derived from Dienes or Diynes

The three structures deseribed here form a hetero-
cencous group (Scheme 9.10): two (formal) |.4-
adducts of magnesium o a1 3-diene (16) and
the Lewis acid/base type interaction of magnesium
with two alkyne tunctions (17).
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Superficially, both 16.1 [63] and 16.2 {64] contain
allylic type Mg—C bonds in five-membered
rings. Compound 16.1 has a pentacoordi-
nate, distorted trigonal bipyramidal magnesium
(Mg—Cy: 2.32A, Mg—C.: 226 A; Mg-O:
2.06, 2.12. 2.18 A). but additional weak inter-
action with the “inner” carbons of the 2-buten-
I 4-ylene ligand is indicated by a rather short
distance (Mg---C: 2,52, 2.56 A) which leads to
folding of the five-membered ring (Mg is 1.72 A

above the Cy plane) and suggests heptacoordi-
nation of magnesimmn. In contrast, 16.2 has a
rather normal tetracoordinate magnesium, but the
other features are similar (Mg -C: 2,19, 2.20 A:
Mg---C: 238, 2,40, formal hexacoordination:
Mg—N: 2,17, 219 A: Mg 1.56 A above the €y
plane).

In 17, a formal CIMg(THEF)® cation is coordi-
nated in a tweezer-like fashion by the two acetylenic
bonds (Mg--C:2.27.2.28.2.28,2.46 Arofa [Cp'a T
(CCSiMey)s]  anion and thus hexacoordinate [65].
An analogous. but more complicated tweezer coor-
dination was observed for the tetrameric compound
[E{PRC=C):Mg, TMEDA]5-CiHy. [66].

9.6.3 Anthracenemagnesium
Derivatives

Altogether, there are five crystal structures known
of the magnesium adducts 18 to the 9.10-position
of anthracene and its derivatives. The structure
of 18.3 has been obtained from two independent
investigations, one in the pure crystal [68], the
other in a l:1 ratio with 18.4 [69]; both struc-
tures of 18.3 are essentially identical, as are the
magnesium-dihydroanthracene partial structures of
all four compounds.

The structures can be subdivided into two groups:
18.1 and 18.2 with pentacoordinate magnesium
and 18.3 and 18.4 with tetracoordinate magnesium.
Imposed by the dihydroanthracene ligand are the
unusually acute C—Mg—C angles of 71 —78 which
may help to create sufficient space for pentacoor-
dination; presurnably, the two large trimethylsilyl
groups in 18.3 and 18.4 overcompensate this effect.
Expectedly, the benzylic type Mg—C bonds are

Table 9.8. Anthracencmagnesium compounds: average bond lengths (A: 2 deci-

mals) and bond angles (“; no decimals)

Cpd. Mg—-C Mg—-L C-Mg-C foldings® Ref.
18.1 2.25-2.33 2.03-2.09 71,72 29 31}
18.2 231,232 n.a. 73 41 [67}
18.3 2.23 2.00-2.02 78 45 (681
18.4 222 223,226 n 41 [69}

“Folding angle of the anthracene skeleton along C9-C10.
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sometimes  concentrates on the  metal—centroid
interaction and consequently treats the cyclopen-
tadienyl group as a simple ligand and considers
these compounds to bhe dicoordinate; however,
in view of the n’-coordination of magnesium
to the Cp ring. it is more appropriaie o clas-
sify eyclopentadienyl derivatives 19 as decahapto
(Scheme 9.12, Table 9.9). However, in some cases
such as 19.8 and 19.13 or the indenyl (20, 21) and

184 R = SiMen 2= H L, = TMEDA 9-fluorenyl (22) derivatives, - or n'-coordination
of the five-membered ring oceurs, mainly for steric
SCHEME 9.11 reasons.
Normally, the Mg—C distances are 2.30-2.43 A
relatively long (¢f. 3.13, 3.14) and tend to be longer and the Mg-centroid distances (Mg—D) are in

in the pentacoordinated compounds (2.25-2.33 Ain
18.1 and 18.2 versus 2.22,2.23 A in 18.3 and 18.4).

9.7 ORGANOMAGNESIUM
COMPOUNDS WITH
POLYHAPTO CARBON
LIGANDS

9.7.1 Cyclopentadienyl Derivatives and
Related Compounds

As mentioned at the end of Section 9.2, in
compounds such as magnesocene (19.1), one

the range of 2.00-2.20 A: again, steric hindrance
and/or strongly coordinating ligands at magnesium
may lead to larger values. In  symmetrical
compounds such as 19.1, 19.2 and 19.3, the two
five-membered rings may occur in an eclipsed or a
staggered conformation. Although the data in the
gas phase are not sufficiently accurate 1o exclude a
staggered conformation, both 19.1 (= 19.1a) and
19.2 are probably in the eclipsed conformation,
while in the crystal, 19.1 is staggered (= 19.1b).
In 19.3, the rings are nearly eclipsed which brings
two bulky trimethylsilyl groups in opposition; this
causes slight bending of the otherwise linear angle

SCHEME 9.12
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Table 9.9. (Substituted) cylopentadicny lmagnesium compounds Cp'MgXel,, o average bond lengths (A: 2 decimals)

and bond angles (“: no decimals)

Hapticity

Cpd. Cp' X I, of Cp Mg—C(Cp) Mg—D*  Method Remarks Ref.
19.1a Cp Cp - n 234 2.01 ED celipsed? |70]
19.1b Cp Cp — ' 2.30 1.98 X-ray staggered [71]
19.2 CiMes CsMes -— 0 234 201 ED cclipsed? 1721
19.3 Ccp? Cp” — ' na. 2.03 X-ray D-Mg-D=172 [73]
19.4 Cp” Br TMEDA n n.a. 2.16 X-ray Mg—Br 252
Mg-N 223,227 (73}
19.5 Cp Cl ELO e 239 n.a. X-ray dimer 174]
19.6 CsMes Cl ELO n 244 n.a. X-ray dimer |74}
19.7 Cp Br TEEDA n 255 2.21 X-ray Mg—Br 2.6 {751
(TEEDA = E1:NCH-CH,NEL(,) Mg—N 2.17.2.35
19.8 Cp Me TMEDA ' 248 (av) — X-ray Mg—Me 2.13 166]
Mg—N 2.26,2.29
19.9 Cp Np — n 233 n.a. ED Mg—Np 2.12 [76]
19.10 Cp OEt — 7 n.a. 2.10 X-ray tetramer {771
1911 Cp™* Br ..NMe,/THF 7 2.26-2.48 n.a. X-ray [80]
19.12 CpCp™ u-Br un-Br 7 2.36-243 n.a. X-ray dimer [80]
19.13 Cp THF/t-BuNMe, 7 246 n.a. X-ray {41}
Cp oyt 237,267

9D = centroid of five-membered ring. *Cp” = 1, 2, 4 — (SiMe1);CsH,. “Cp™ = CsMesCH;CHNMe;.

at magnesium (172°). In 19.8, steric hindrance
allows not more than n’-coordination of the
Cp ligand, while in 19.13, the coordination of
two ligands to Cp,Mg (THF and the bulky ¢-
BuNMe,) leads to n’-coordination for onc Cp
ring only (Mg—C 2.46 A), while the other adopts
an orientation intermediate between n' (Mg—C
237 A) and n? (Mg—C 2.67 A). Compounds
19.5 (Scheme 9.12), 19.6 and 19.12 have dimeric
structures similar to those of type 4 (Scheme 9.4);
19.11 shows intramolecular coordination as
discussed in more detail in Section 9.8.1.

In the compounds with benzoannelated cyclo-
pentadiene derivates, there is a clear tendency
towards lower hapticity due to overcrowding.
Thus, bisindenylmagnesium (Ind-Mg, 20; [79])

has a complicated polymeric structure (not shown)
with two different magnesium environments and
terminal and bridging Ind groups; Mgl is »’-
bonded to one Ind (2.31-2.54 A) and ' to two
others (2.26, 2.32 A), while Mg?2 is n’-bonded to
one Ind (2.26-2.60 A) and n? to the other two
(2.33-2.46 A).

Similar to the situation in 19.8, the hapticity to
the organic residue is reduced when polydentate
amine ligands are involved. This tendency increases
in the series Me(n>-Ind)Mg-TMEDA (21). Me(n'-
fluorenyl)Mg-TMEDA (22) and 23 which forms an
ion triplet: (PMDTA-Mg(u*-Me)Mg-PMDTA}™
(PMDTA = Me,NCH>CH,N(Me)CH,CHaNMa)

* with two pentacoordinate magnesiums and two sep-
arate fluorenide anions [66] (structures not shown).
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9.7.2 Carborane Derivatives

Three  recently reported  carborane  structures
fall into this category: cloyo-1-Mg(TMEDA)-2.3-
(9iMu 2.3-CaByHy (23) !H()] {commeoe-1.1"-
Mg]2,3-(SiMe3)2-2.3-CaByHL | 7 (25) [81] and
(ll””")'I\Lg((S].\lL,)j(j ByHg) (26) [81]. The half-
sandwich 24 has the magnesium coordinated o
the tive-membered C;B3 ring of the carhorance
in an p’-fashion (Mg-centroid: 2.12, 2,14 A;
Mg—C: 2.60-2.65 A). The full-sundwich 25 has
an analogous arrangement (Mg-centroid: 2.02 A;
Mg—C: 245 246 A). In 26. magnesium is
coordinated to onc of the open faces of the
carborane, in particular to two carbons (Mg—C:
232, 233 A) and two borons; the two bonds to
THF (Mg—0: 2.03 Ay are normal.

9.8 ORGANOMAGNESIUM
COMPOUNDS WITH
INTRAMOLECULAR AND/OR
POLYCOORDINATION

For practical reasons, this chapter is divided
into sections describing compounds with relatively
simple intramolecular coordination involving few
intramolecular Lewis bases (9.8.1) and those in
which polydentate ligands, mostly polyethers, are
involved with (9.8.2) or without intramolecular
coordination (9.8.3).

9.8.1 Intramolecular Coordination

Intramolecular coordination can occur when in the
basic structure RXMgL, (¢f. 3, Scheme 9.3), there
is a covalent connection between R and/or X and
L, where L. may be a mono- or polydentate ligand.
Several structural motifs are encountered in this
group, starting from simple monomers of type 3
via dimeric structures of type 4 to more compli-
cated arrangements. Compounds with a covalent
connection between R and L are presented in
Scheme 9.13, those with a connection between X
and L in Scheme 9.14.

The most simple form of intramolecular coordi-
nation involves alkoxy or alkylamino side arms as
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already encountered i 19,11 and 19.12 (Scheme
9.12, Table ‘).()) and 27 {82] (Scheme 9.13). For
27 (Mg—C: 2.14 A, Mg—0: 2.07 A, C-Me—C:
1407, O— ML 0: 96%). the structural parameters
are essentially the same as for type 3 compounds
in general, and slight deviations can be understood
from restrictions imposed by the chelating ligand:
the same is true for other structures o be described,
and therefore only essential data will be presented.
Thus, 28 is a dimer of type 4 (Mg—y'C: 2.13 A,
Mg—p?C: 229 A, C—Mg—C: 106", Mg—C—Mg:
74°, p'C—Mg—p’C: 1157) [83). With the same
chelating ligand, 29 has a tetranuclear structure
involving chloride bridging (Mg—C: 2.15 A) {84].

Mononuclear structures prevail as illustrated by
27. 30 (Mg—C: 2.23 A) [85], 31 (Me—C: 222 A)
(86], 32 (Mg—C: 224 A)[87). 34 (Mg-C
222 A) (891 and 37 (2.16 A) [91]; this is probably
due to the fact that space-saving aggregation is
not necessary because intramolecular coordination
reduces crowding around the central metal when
non-bonding interactions betwecn (wo separate
ligands are replaced by bonds. Dinuclear structures
are present in 28, 33 (Mg—C: 2.16 A) [88] and 35
(Mg—C: 2.16 A) [91].

Some remarkable aspects will be pointed out.
In 30, 31 and 36 [90], the chelate ring is four-
membered which normally leads to considerable
ring strain. Furthermore, while the normal tetra-
coordinate state is predominating, there are excep-
tions. Compound 29 shows pentacoordination of its
‘organometallic’ magnesium; in 37 [91], magne-
sium is pentacoordinate, too, as there is suffi-
cient space to coordinate an additional “external’
THF. Compounds 32, 34 and 35 are hexacoor-
dinate. While one may be tempted to ascribe
the rather long Mg—C bond (2.22 A) in 34
hexacoordination, that of the completely analo-
gous 35 is much shorter (2.16 A); possibly, the
smaller, harder and more strongly coordinating
oxygens of 35 pull the metal into closer vicinity.
Other factors responsible for bond lengthening
may be benzylic type carbon atoms or non-ideal
positioning of the Lewis base due to conforma-
tional restrictions: e.g. the P—Mg—P angles in 34
(1497) and the O—Mg—O angles in 35 (146°)
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strongly deviate from the ideal octahedral value
of 180°.

Intramolecular coordination arising from attach-
ment of the Lewis base L to the bridging atom X
is found in 38, 39 and 40 (Scheme 9.14). The
seemingly simple di(o-anisyl)magnesium (38) 191]
has a surprisingly complex structure: it consists
of dimers with both penta- and tetracoordinate
magnesium (Mgl and Mg2, respectively). Mgl has
a certain degree of cationic character because it
shares one of its aryl ‘unions’ with Mg2 which
in turn obtains partial ate characteristics. The -
bridging anisyl group is also involved in four
membered ring chelation to Mgal. The bondine
parameters are about normal. i

In both 39 and 40, the bridging X in a
dimer of type 4 is an amido nitrogen. Compound
39 [93] has two independent molecules in the unit
cell with practically identical structures (Meg—-C:
2.10 A, Mg—N(amido): 2.10 A, Mg~—N(amino):
220 A; four-membered ring: MgN—Mg: 88",
NMg—N: 92°). The structure of 40 [94}) (Mg—C:
2.14 A, Mg~N(amido): 2.14 A, Mg—N(amino):
2.20 A; four-membered ring: Mg—N-Mg: 88°,
N—Mg—N: 92°) is very similar, too.

41.3

SCHEME 9.15
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9.8.2 Intramolecular Polycoordination

Starting from the basic structure of phenylmag-
nesium bromide (3.19), magnesium undergoes an
increasing degree of intramolecular coordination in
the series 41.1-41.4 (Scheme 9.15) by extension

41.2

P —
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of an ortho-attached (oligmglycol ether side arm
1951, While the parent 3,19 is tetracoordinate, the
space-saving effect of intramolecular coordination
allows pentacoordination in the dimer 411, and
hexacoordination in 41.2, 41.3 and 41.4 which is
completed by attachiment of a decrcasing number
of THE molecules where required: two, one and
none. respectively: as a result. 414 45 a Giri-
enard rcagent with the normally highest coor-
dination number of’ 6. but without any external
cther ligand. The Mg—C bond lengths are normal
(2.11. 2,16, 2.15, 2.45 A, respectively) as are the
Meg—Br bonds (Table 9.10); the Mg—O bonds are
rather long due to the high coordination number
and to conformational eftects as shown for 41.4
where the Mg—0 bond decreases from Ol to 04
(2.33, 2.20. 2.19, 2.15 A, respectively). presum-
ably because the ‘remote’ oxygens have more
frecdom to occupy ideal positions.

The organomagnesiums 42-44 with internally
coordinating crown ethers posses structural param-
cters (Table 9.10, Scheme 9.16) which generally
are similar to those of the configurationally less
restricted 41. Certain trends or deviations are
not fully understood; to some extent, packing
effects in the crystal may be involved, and if
so, it is possible that the structures in solu-
tion exhibit more normal values. For example,
both 42.1 and 43.1 are Grignard reagents, but
their Mg—C bonds differ remarkably (2.10 and
2.18 A, respectively). while on the other hand,

the corresponding  diarylmagnesium  compounds
42.2 and 43.2. respectively, have the same bond
length towards the crown ether ary! group with a
normal value (2.13 A; of. 3.15, 3.16). Furthermore.
whercas 42.1 and 42.2 have the same R-Mgp- X
angle (1287), that of the analogous pair 43.1 (111 )
and 43.2 (1397 is different; similarly. and possibly
related to the previous observation, in 43.1. it is
0! which is uncoordinated while in 43.2, it is O,
The coordination number is pseudo-4 in the two
crown|4] species 42 (O' and O are only weakly
coordinating at 2.33 and 2.49 A. respectively) and
6 in 43 and 44.

9.8.3 Intermolecular Polycoordination

As is the casc for intramolecular coordinated
compounds described in Section 9.8.2, polycoor-
dination of organomagnesium compounds with
external polyethers or polyamines often leads to
interesting structures. In particular, crown cther
derivatives may give rise to rotaxane formation
by threading through the cavity of the polyether
ring, or to ionic species by efficient solvation of the
cationic part, thereby creating a variety of magne-
siate species as a ‘by-product’.

A special case involving polyamino ligands is
that of the negatively charged tridentate tris(pyra-
zolylhydroborato ligand which forms the 7*-com-
plexes 45.1-45.3 with alkylmagnesium cations
[101]; magnesium assumes the common (distorted)

Table 9.10. Intramolecularty polycoordinate magnesium: average bond lengths (A; 2 decimals) and bond angles (:

no decimals) in RMgX.L,

Cpd. R X Ly Mg-R  Mg-X Mg-O  R-Mg-X Ref.
41.1 0-CeHy Br CH,OMe 2.11 251 2.10,2.04 96 1951
41.2 0-CoHy Br CH,OCH>CH,0Me 2.16 2.57 2.15-2.19 111 [95}
41.3 0-CoHy Br CH,(OCH,CH,),OMe  2.15 259 215-2.22 11, [95)
414 0-CoHy Br CH>(OCH,CH,):0Mce 215 2.57 2.15-2.33 107 [95]
42.1 1,3-xylylene Br (OCH,CH, ;0 2.10 252 2.12-249 128 1961
422 13-xylylene Ph (OCH,CH,);0 2.13 215 2.18-2.62 128 1971
43.1 1.3-xylylene Br (OCH,CH,),0 2.18 260 213-2.33 11 1984
432 13-xylylene  p-r-BuC.H, (OCH,CH-),0 213 2.15 2.15-271 139 199]
44 1.3-phenylene Br {OCH,CH,),0 2.19 2.66 2.08-2.32 107 [H00]
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tetrahedral configuration (Scheme 9.17). Whercas

45.1 and 45.2 have a symmetrical orientation of

the R—Mg bond relative to the ligand, the orien-
tation in 45.3 is distorted due to steric hindrance
between R and the methyl groups; similar inter-
action with the r-butyl groups leads to distor-
tion of the isopropyl group in 45.2. Another open
polyamino ligand is PMDTA; besides 23, two
other pentacoordinate complexes arc known: 46.1
and 46.2 [20]. The structural data are as expected
(Table 9.11).

Three rotaxane complexes have been obtained
by the interaction of diorganylmagnesium with
crown ethers: 47 [102]), 48.1 [103] and 48.2 {104]
(Scheme 9.18).

Compound 47 has a rather symmetrical structure
with the linear Et—Mg—Et unit (Mg—C: 2.10 A)

Grignard Reagents: New Developments

45.1: R =Me, R'=-Bu 40.1: R =M
45.2: R=i-Pr . R =1-Bu 46.2: R =T
45.3: R =CH>SiMe R = Me
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oriented perpendicular to the average plane of six
oxygens which are weakly bonded to magnesium
due to the unusually high coordination number
of 8 (Mg—0: 2.77-279 A). The complexes
48.1 and 48.2 are isostructural. Magnesium is
distorted hexacoordinate with slightly elongated
bonds (Mg—C: 2.19 A; Mg—0l1-4: 2.20-2.55",
O° is not coordinating). The two aryl groups are
bent away from the coordinating oxygens towards
the crown ether benzene ring (C—-Mg—C: 164°,
167°, respectively). Interestingly, the 30-crown-8
ligand with its larger cavily does not bind diaryl-
magnesiums in a rotaxane like fashion. Rather,
in 49 [103], two bis(p-z-butylphenyl)magnesiums
are externally coordinated in a pentahapto fashion;
the same binding mode is also found for the
open glyme ethers in 50.1 and 50.2 [103]. The
coordination geometries of 49 and S0 are similar
and normal; e.g. the Mg—C bonds are 2.19,
2.15-2.16 and 2.14-2.17 A, respectively, and the

‘Table 9.11. Polycoordinate magnesium with amino ligands (Scheme 9.17): average bond
lengths (A: 2 decimals) and bond angles (°; no decimals)

Cpd. R Mg—C Mg—N R—Mg—(N/C) Ref.
45.1 Me 2.12 2.13-2.14 (Nx:125 {101]
452 i-pr 2.18 2.16-2.17 (N):124-125 (101
453 CH,SiMe; 2.10 2.16-2.17 (N):118-134 (101}
46.1 Me 2.17.2.19 233-241 (C)114 1201
46.2 £t 217,222 236-2.37 (©x116 120]
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three coordinating oxygens are approximately in
one plane magnesium. It should be pointed out
that in 50.2, two more oxygens arc available
for coordination compared to 50.1, but appar-
ently, there is insufficient space around magne-
sium and/or the additional oxygens cannot reach
a strain-free location. In the tetranuclear 51 {105],
related motifs can be recognized at the two termi-
nally bound diphenylmagnesium units (Mg—C:
2.15, 2.16 A); the two central phenylmagnesium
units (Mg—C: 2.13 A) are connected by two
w2-bridging phenoxide oxygens (Mg—0O: 2.00,
2.04 A) and are pentacoordinate (Scheme 9.19).
Another interesting feature of polydentate
ligands is their tendency to fully cleave the

polar magnesium carbon bond with formation of

solvated cations and magnesate counterions. In this
regard. there is a remarkable difference between

15-crown-5 and 18-crown-6: while the latter

M <

SCHEME 4%.19

forms the rotaxane 47 with diethylmagnesium,
the former apparently gives a tighter fit to
magnesium  allowing heterolytic  cleavage  of
dimethylmagnesium o give 52 [106]  which
consists of a [MeMg-15-crown-5]* cation (Mg—C:
2.14 A) and, weakly associated to it via one of the
methyl groups (Mg—C: 3.28 A). a polymeric chain
of [MgaMes™ |, units (Mg—C (u-Me to Mgt and
Me(terminal)): 2.17 A in the chain: 2.25-2.40 A)
(Scheme 9.20).

VA
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Another ligand cffecting  heterolfytic dissocia-
tion is 2,2 1-cryptand. With dicthylmagnesium,
it forms 53 [13] consisting of an unsymmet-
rically hexacoordinate EtMg?*  cation, which is
stabilized by bonding to 3 oxygens and 2 nitro-
gens, and the dinuclear anion [lilm’\ii_'g]2 (which
corresponds to the neutral compounds of type
4); they show normal parameters (Mg—C(y':
221,224 A; Mng(;tz): 2.36 A). The analogous
cation [NpMg(2,2,1-cryptand)}? is the counterion
of the previously mentioned tricoordinate anion
[MgNpz]™ (2.2, Scheme 9.2) [13]. In contrast,
the ring cleavage product 54, obtained from the
neopentyl analogue of 83 by heating, is a relatively
normal dimer, but with pentacoordinate magne-
sium (Mg—C: 2.18 A) and bridging alkoxide
oxygens (Mg—O@2): 1.98 A) [107).

Two examples are known where a polyazacyclo-
alkane ligand stabilizes cationic organomagnesium
species (Scheme 9.21). The structure of 55 [108]
is quite complicated involving six magnesiums in
two dinuclear [MgyMes+(9N3)1]* cations (9N3 =
1,4,7-trimethyl-1,4,7-triazacyclononane) and the

SCHEME 9.21
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dinuclear [Mc(,Mgglz‘ anion (which is unalogous
to [Iil(,MgZ]Z‘ in 53). In 56 [109]. the larger aza-
ligand stabilizes the mononuclear cation [MeMg o
(FIN4) | F(14N4 = 1.4, 8,1 1-tetramethyl-1,4, 8,1 1-
tetranzacyclotetradecane) with [CdMe; |~ as the
counteranion.

Finalty, it should be mentioned that polyco-
ordination not only leads to interesting struc-
tures as discussed in this Section, but also to
unusual and strongly enhanced reactivity; several
reviews describe the interesting chemistry asso-
ciated with such special high coordination states
[54.105,110,111].

9.9 HETEROMETALLIC
ORGANOMAGNESIUM
COMPLEXES

9.9.1 Heterometallic Organomagnesium
Complexes with Alkali Metals

Formally, complex 2.3 ([Li(THF)qg(EtO)p4]*
[Mgls3]7) belongs to this class; it has been
treated in Section 9.2. Two other simple ate
type complexes are 57 [112] between a Grignard
reagent and lithium bromide with the structural
motif of 4, and 58 between diphenylmagnesium
and two phenylsodiums [53] (Scheme 9.22). Their
structural parameters are not unusual (e.g. 57
Mg—C(terminal): 2.19 A; 58 Mg—C(y): 2.29 A).
Like 57 and 58, 59 (Mg—C: 2.23-2.29 A) [113]
and 60 (Mg—C[u-Li: 2.18 - 2.19 A); Mg—C
[;—Mg]: 2.29-2.32 A) [114] may be regarded
as ate complexes with increasing fragments
derived from the polymeric chain of (MgR»),
(6); again, they show the expected bond lengths.
Compound 61 [115] resembles 59 in being a
tetrabenzylmagnesate complex, but the attachment
of the two lithium cations is different: one is
bridging like in 59, the other one is separate
and solvated by two TMEDA; the MgC bonds
(2.22-2.32 A), though benzylic, are only are
slightly longer than those in 59.

While in §7-61, magnesium is in the normal
tetracoordinate state, the sterically less demanding
alkynyl substituents in 62-63 allow higher coor-
dination numbers, as was already pointed out for
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12. In 62 [115], magnesium is in the center of
a distorted trigonal bipyramid with two equato-
rial (2.18 A) bonds and one axial (2.31 A) bond
to the alkynyl groups; lithium is coordinated to
one nitrogen and three times to the r-clouds. The
structures of 63 [53] show a different arrange-
ment of the ligands, but the connectivities and
structural parameters are essentially analogous; in
63.2, one terminal amino group of PMDTA is not
coordinated.
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9.9.2 Heterometallic Organomagnesium
Complexes with Aluminum

Some of the compounds in this category have
rather simple y-bridged structures similar to those
of 58—61. Thus. 64 (Mg—C: 2.19-2.22 A) has
two AlMe- units attached to an ate-like MgMey
core [116] (Scheme 9.24). Compounds 65 [117] and
66 [119] have a Mg>R; four-membered ring core to
which two four-membered spiro rings are attached.
In the case of 65, these external rings consist of
a NSiN unit (with an aluminum containing four-
membered ring SiNAIN annelated to it; Mg—C:
2.20 A); in 66, it is formed by a NAIN unit (Mg—C:
2.16-2.30 A). The related compounds 67 ([RoN
MgMe],|MgNR,(R;NAIMes) ]2, R = SiMe;)[120]
and 68 ([Me>Al{u-N(i — Pra)};MgMely) [118]
have a more complicated structure (not shown),
the novel feature of which is the nearly lincar
bridging of two magnesiums by a methy! group (67:
Mg—C—Mg: 2.16, 2.43 A, 179°; 68: Mg—C—-My:
2.15,2.49 A, 168°).

Like 18, the two representatives of 69 arc
formally derived from the 9.10-dianion of
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9,10-dibydroanthracene, but in 69, the two metals
are different—magnesium and aluminum—, and
they are connected by u ¢*-bridging anion which is
a hydride in the casc of 69.1 [121] and an ethoxide
for 69.2 [122] (Scheme 9.24). For 69.1, relevant
parameters are Mg—C: 2.20, Mg—H: 1.96, Al-C :
1.98, Al-H: 1.62 A; C~Mg—H: 101°; the magne-
sium is in a trigonal bipyramid with H and one
THF in apical positions (O—Mg—H: 160°). The
structure of 69.2 has not been fully resolved, but
sufficiently so to allow determination of gross
features.

9.9.3 Heterometallic
Organomagnesium Complexes
with Transition Metals

Scheme 9.25 shows the eight known compounds
in which (parts of) organomagnesium compounds
are connected to transition metal fragments; they
reveal a great variety of structures. Compound 70

69.1: X=H
69.2: R = OF1

may be viewed either as an internally bridged
diorganylmagnesium Mg{CH(SiMe; )(ZrCp,Br)l»
or as an adduct of MgBr, to two carbene
complexes Cp,Zr = CHSiMe; [123). The latter
interpretation is supported by the short Zr—CH,
bonds (2.15. 2.16 A) although the two Mg-C
bonds (2.19 A; C—Mg—C: 133°) are only slightly
longer than 2.15 A (Table 9.3); however, the
accumulation of three metal(oid)s at one carbon
may cause constriction of the Mg—C bond as
in 13.

Compound 71 {124] is a tetramer composed of
two Grignard reagents CyMgBr (cyclohexyl) and
two “morganic’ Grignard reagents CpHMoMgBr;
all magnesiums are tetracoordinate (Mg—Mo:
2.24, 285 A: other data on the geometry
around Mg have not been given) [124]. In both
72 and 73. magnesium is pentacoordinated to
a Group 8 metal fragment. This includes a
bond to the metal and a weakly j-bridging
methyl group between magnesivm and nickel
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in 72 (Mg—C(u): 229 A, Mg—C(terminal):
2.15 A, Ni—C: 2.03 A) [125], while in 73, the
bridging group is phenyl (Mg—C: 2.57 A, Co-C:
1.98 A) [126]. In 74, magnesium is tetrahedral and
bridging between two dinitrogen units coordinated
by tris(trimethyiphosphino) cobalt; the Mg—C
bond has not been reported [127]. A seldom
encountered case of heptacoordination may be

323

ne s O
My Mg

PARTERN
L

CpalIngG ) MoHCpn
PN
My My
N,
('\/ Br THI
71
/TN
o
N
MeaN /\
Bt /( ]
Cp
73
Ph
Ph
PAfe
PN ey
Phes > Ph
)
Ph l T——pn
OFL
75
CH,PMePh,

PhyMePCH,

discerned in the copper cluster complex 75,
although the interaction with three of the coppers
is weak (Mg—Cu: 2.75 A); the three bridging
phenyls have normal distances (Mg—C: 2.35
Ay [128).

Finally. of the two actinide complexes 76 [129]
and 77 [130], 76 has the simple structural motif
of 3 and a normal geometry around magnesium
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(details not reported), whereas 77 consists of a
complicated cluster of two uraniums and one
pentacoordinate magnesium with a (slightly elon-
gated) bond to the ylidic CHs group of two phos-
phorancmethylenes (Mg—C: 2.23 A).

9.10 CONCLUSIONS

There is no doubt that the preferred coordination
number of divalent magnesium is 6, as illustrated
by the numerous examples from inorganic
chemistry [5]. The [Mg(Hzoj(‘]2+ cation is a good
illustration, but it also reveals the conditions which
have to be fullfilled to attain this optimal situation:
a high charge on magnesium and a small size of
the ligands. Both conditions are seldom met in
organomagnesium compounds such as RMgHalsL,,
or RaMg-L,;; while the charge at magnesium is
high, it is certainly less than +2, and both the
organic groups R and the coordinated ligands
L (ethers, tertiary amines) are rather bulky. For
the majority of organomagnesium compounds, a
compromise is found involving tetracoordinated
magnesium which may be realized in a variety

M:I:
O\ THF

14 K
< Mg‘Br

o0 THF
!
Me
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of monomeric, dimeric or polymeric structures
such as RMgHal-La (3), L-RMy (j¢-Hal)y MgR-L.
(4) or [(p-R):Mg(1e-R)Mg], (6). respectively,
and others. In these cases, a formal octet around
magnesium is achicved, where necessary  via
clectron deficient three-center/two-clectron bonds.

However, other coordination states may be en-
countered depending on the interplay between
electron demand and steric hindrance. Thus. the
rarc and highly electron deficient coordination
numbers 2 (in 1) and 3 (in 2) are enforced by
the exireme steric hindrance duc to very bulky
organic groups, while ‘space saving' ligands such
as chelating or polycoordinating ethers and amines
allow the higher coordination numbers S and 6 to
be attained.

There are many indications to support the state-
ment that in most cases, the structures encountered
in the crystal are also those occurring in solu-
tion [2,3], and for this reason, the X-ray crystal
structures are indispensible for understanding the
solution chemistry of Grignard reagents as illus-
trated by the following example. Based on the
crystal structures of 35 and 37 (Scheme 9.13).
the strongly divergent thermodynamic parameters

Mf‘: r\'/le

1

7&

'8
Me Me + MgBra«(THF),;
35

DHg = 6.8 kJomol™!, DS = 23 JomolL.K~!

Mer a4 THF

Q \/@
/%
N N

Me, Me, + MgBry«(THF),
80

DHg = =33.9 kl.mol™' DSg = ~174.4 Jamol~".K~!

SCHEME 9.26
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of the Schienk equilibria 78 = 35 and 79 = 80
involving two scemingly highly analogous Gri-
enard reagents could be rationalized on the basis of
the coordination numbers shown in Scheme 9.20,
in particular by the different number of coordinated
THE molecules {91].

In & similar fashion, the interaction of organo-
magnesium reagents with substrates will depend
on the coordination state which, in turn, deter-
mines the relative ease with which the approach
of the substrate towards the coordination sphere of
the reagent and/or single electron transfer reactions
takes place.
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X-ray Absorption Spectroscopy
and Large Angle X-ray Scattering
of Grignard Compounds

T.S. Ertel and H. Bertagnolli
Universitat Stuttgart, Stuttgart, Germany

10.1 INTRODUCTION

When an X-ray beam falls on atoms two processes
may occur. The beam may be scattered or the beam
may be absorbed with an ejection of electrons from
an atom. In the case of a crystalline material the scat-
tering of X-rays is used to determine the structure of
the solid phase and the chemist applies this method
to the proof of the structure of new compounds very
often. But even when a regular crystalline arrange-
ment does not exist, as in liquids or amorphous
solids, scattering patterns are produced. Like in the
crystalline solid phase the scattering of X-rays on
disordered systems can be used to determine the
probability of distribution of atoms in the environ-
ment of any reference atom, or in other words the
frequency with which interatomic distances occur.
The second process, namely the absorption of X-
rays, can also be used to obtain information about
the local order around a certain element. since the
fine structure of the X-ray absorption coefticient on

the high-encrgy site is related to the arrangement
of the atoms in the immediate neighbourhood of
the absorber atom. As the chemist is usually not
familiar with the methods of X-ray scattering on
non-crystalline systems and X-ray absorption spec-
troscopy, the fundamentals, i.e. the theoretical and
experimental background as well as the data anal-
ysis, are outlined. A comparison of EXAFS and
LAXS shows the strengths and weaknesses of both
methods with respect to each other.

In order to give the reader an extensive overview
of the current state of research concerning the
structure of Grignard compounds in solution, some
methods of physical chemistry are described. In
contrast 10 EXAFS and LAXS, these methods do
not provide direct structural information, i.e. for
example intra- and interatomic distances. In this
context it is interesting to remember the different
relations between physical data and structure. From
the determination of energy levels with spec-
troscopic techniques, for cxample IR and NMR
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spectroscopy, one deduces the structure of the
unknown compound. When performing EXAFS
and LAXS investigations, however, the structural
parameters are determined direetly. A detailed

description of the EXAFS and LAXS studies of

Grignard compounds together with a summary of
the obtained results is finally found in the Last two
main scctions.

10.2 EXAFS
10.2.1 Theoretical Background

A monochromatic X-ray beam of cnergy E iy
attenuated by the passage through o material of
thickness d according to equation [0.1 [1}.

HE)Y = [y(E)e™ "+ {10.1)

Io(E) and I(E) are the intensity of the incident
and transmitted beams, respectively. jo(f) is the
lincar absorption coefficient and decreases with
increasing £ of the incident X-rays until a
threshold energy is reached at which the energy
is sufficient to remove an electron from an inner
shell. At this threshold, u(E) increases abruptly.
Beyond this point, p(E) resumes its steady
decrease. This picture of the absorptions coefticient
is only valid for isolated atoms. When other atoms
are in the neighborhood of the absorbing atom.
1 (E) shows small oscillations up to about 1000 ¢V
above the absorption edge (Figure 10.1).

This fine structure has been known for a long
time—H. Fricke [2] and G. Hentz [3] discovered
it in 1920—but the effect could not be explained
satistactorily by theory at the time. R. de L. Kronig
[4,5] already had the correct fundamental ideas in
the 1930s, but the interpretation remained confus-
ing until the 1970s when D.E. Sayers. E.A. Stern
and F.W. Lytle [6,7] formulated a theory that has
remained generally accepted until today. This
theory will be briefly outlined below.

The probability for absorption of an X-ray
photon by an electron of an inner shell is dependent
on the initial and final states of the excited electron.
The initial state is that of the core electron, while
the final state is more difficult to describe. The
absorption of X-ray radiation generates an electron
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Fig. 10.1. Sample graph of the absorption coefficient
sty Hlustrating the fine structure and the corresponding
constructive and destractive interference of the original
and backscattered waves.

in the potentials of the neighboring atoms. In order
to solve the Schridinger equation, the following
picture is used. The generated photoelectron is
considered as a spherical wave originating from the
absorbing atom. This wave is then backscattered by
the neighboring atoms. The final state is therefore
the superposition of the original and backscattered
waves (Figure 10.1) The resulting constructive or
destructive interference leads to the oscillations in
the absorption coefticient.

This qualitative description indicates that the
oscillations in the absorption coefficient pu(E) are
dependent on the distance r;, the number of neigh-
boring atoms N;. and the type of backscattering
atom j. The backscattering ability of atom j is
characterized by the backscattering amplitude F;,
and the effect of atom j on the phase of the
backscattered wave is determined by the phase
shift ¢;;. In addition, the finite lifetime of the
photoelectron ;. must be taken into account as
well as the fact that the backscattering atoms are
distributed around a mean distance due to thermal
vibrations and static disorder. A good approxima-
tion for this distribution is a Gaussian function with
a mean-square deviation of (IJ:. In analogy to X-ray
and neutron diffraction, the quantity (712- is called
the Debye~ Waller factor.

According to the above considerations, precise
measurements of the energy dependence of the
X-ray absorption cocfticient make it possible
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o determine the local environment around the
clement which absorbs the X-rays. Methods which
are hased on this principle are classified as X-
ray absorption spectroscopy (XAFS) or X-ray
absorption fine structure spectroscopy. The energy
range close to the absorption edge is called
XANES (X-ray absorption near cdge structure).
while the range about 30-1000 ¢V from the
cdge is called EXAFS (extended X-ray absorption
fine structurc). XANES yields information about
the spatial arrangement of buckscatterers. The
corresponding theory has not yet been completely
developed and, therefore. mostly only qualitative
comparisons are emploved. In contrast, the theory
for EXAFS has evolved to such an extent that
reliable  conclusions  about Jocal structures  are
possible. Since the positions of the K- and L-
edges are dependent on the clement in question,
the appropriate choice ol incident X-ray energies
makes it possible to excite one specific element
and, hence, (o probe its environment. This method
is therefore element specitic. independent of the
physical state of the sample. and can be employed
even for low concentrations of absorbing atoms.
In order to determine the relationship between
the quantities characterizing the local environment
around the absorbing atom and the X-ray absorp-
tion coefficient u(E). it is necessary Lo correct and
normalize the modulation of j«(E) for the back-
eround absorptions po(E) (equation 10.2) {8].
H(EY — polE)

— (10.2)

E)=
XE) HolE)

The next step is to convert the function x(E) in
the function x(k), where & is the magnitude of
the photoelectron wave vector. k can be calculated
according to equation (10.3) from the energy of
the incident X-ray photon and the position of the
absorption edge Ey.

(10.3)

The mass of the electron is denoted by m,: /i stands
for Planck’s constant. Equation (10.4) relates the
resulting EXAFS function x(k) to the quantities
that characterize the environment of the absorbing

atom {6.7].

N . [
X(k):z U5> Fotkwe =
i

!
Iy
2r;

X c'}”/(,“ s2kr; + gtk (104

The EXATS function in k space contains all neces-
sary information: however. it is not cusy 1o inter-
pret. Fourier transformation of x(k) vields a radial
distribution function F(r). which has maxima at
R; = r; —u; and therefore indicates the distribu-
tion of the backscatlerers {Equation 10.5),
| K R
F(ry= —— yik) - Kwete ™ dk (10.5)
V2 S,

Generally, only the magnitude of F(r) is plotied,
called either the modulo function of the Fourier
transformed EXAFS function or simply the struc-
ture function |[F{r)|. In the course of the data
interpretation it must be taken into account that
all maxima are shifted to lower distances—typical
shifts are between 0.2 and 0.3 A. As the functions
are only transformed in the interval Ky — Kpare
non-real peaks can appear in the transformed func-
tions. These peaks can be strongly dampened by
the use of a window function w(k), which detines
the interval to be transformed as well as the
weighting of all points. A typical example for w(k)
is a step function. While this type of function has
the highest resolution, it is not always possible to
avoid truncation etfects. The use of a Gaussian step
function lets the sides of the window slope gently
downward at the cdge and truncation effects are
rarely observed.

The multiplication of the EXAFS function by
k"(n = 1 —3) is performed to compensate the
decrease of y(k) with increasing k. This decrease is
caused by the functional form of the backscattering
amplitude F;(k) and the factor exp(—2a3k?).
B.K. Teo and P.A. Lee |9] proposed n =1 for
backscatterers with atomic number Z > 57, n =2
for elements with 36 < Z < 57, and n =3 for
Z < 36. Weighting with & requires very high data
quality. as for high & values the signal-to-noise
ratio is especially unfavorable. This weighting
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scheme has the advantage, however, that the
EXAES oscillations are equally weighted over the
entire A region. Moreover. the use of different
weighting schemes makes it possible to distinguish
heavy elements from light ones.

10.2.2 Measurement Fundamentals

S B AN

EXAFS measurements require an X-ray source
which provides a continuous spectrum. The most
suitable source is synchrotron radiation, but the
bremsstrahlung of conventional  X-ray sources
can be employed as well [10,11]. In this case,
the intensity is approximately lower by a factor
of 10°. This can partly be compensated for by
the use of focusing X-ray optics and rotating
anodes. The experimental effort and financial
outlay arc enormous, however, and the quality
of the obtained spectra is much lower than those
obtained with synchrotron radiation. This situation
might change once it is possible to better focus
X-rays; preliminary experiments in this area have
been performed [12].

Which elements are suitable for an EXAFS
study is determined by the spectral region of the
X-ray source. If a typical range 4-26 keV for
synchrotron radiation is assumed, K-edge measure-
ments can be used for elements from Z = 20 (Ca)
10 47 (Ag). while the Ly edge can be used theoreti-
cally for elements from Z = 51 (Sb) to 92 (U). Due
to the overlap with Ly spectra, elements 51 (Sb)
to 59 (Pr) are only partially suitable for measure-
ments using the Ly edge. Starting with Nd there
is an energy range of 514 eV between the Ly and
L;; absorption edges and an EXAFS function with
a k range of 10 A~! can be obtained. This leaves
a gap between Ag and Nd, which contains impor-
tant elements such as Sn, Sb, and L. These elements
might become accessible for K-edge measurements
if it were possible to extend the spectral range
of synchrotron radiation to 50 keV. For elements
lighter than calcium it is necessary to employ soft
X-rays and high-vacuum techniques. This strongly
limits the study of liquid samples.

As can be deduced from equation (10.1) the
quantity to be measured by X-ray absorption
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spectroscopy is the X-ray absorption cocfficient
ju(E). The most common technigque involves
the direct measurcment of j(£). In  order
to obtain monochromatic X-rays. a continuous
spectrum is employed. According 10 Brage's law
(equation 10.6) {13],

nh o= 2dsing (10.6)

(& = wavelength, o = mterplanar spacing ol the
crystal: 29 = scattering  angle,  n# = order of
diffraction (n =1.2.3....)) a double crystal
monochromator, with the second crystal slightly
detuned with respect to the first one, selects
a beam of wavelength A, while simultaneously
suppressing beams with wavelengths 2./2, /3.
etc. The absorption coetficient is found according
to equation (10.1) by measuring the intensity of
the X-rays before and after the sample. The
energy of the incident radiation is adjusted by
a stepwise change of the incident angle of
the monochromator. The experimental setup is
schematically shown in Figure 10.2a. The sample
to be measured. a reference compound, which
in many cases is used for calibration purposes,
and the ionization chambers for the intensity
measurements arc arranged in a line. The sample
is located between the first and second ionization
chambers, and the reference compound is located
between the second and third chambers. Typical
measurement times are 20-60 minutes when
synchrotron radiation is used. Rapid rotation of
the monochromator can reduce these times to
a few seconds [14]; however, the experimental
effort is increased dramatically. The acronym
for this measuring technique is QEXAFS (Q =
quick). The continuous X-ray spectrum can also
be used directly. It is dispersed spatially by
Bragg reflection on a crystal and, after passage
through the sample, can be measured with an
array detector [15,16]. This measurement principle
is depicted in Figure 10.2¢ and is called DEXAFS
(D = dispersive).

Since the absorption of X-rays generates an
electron vacancy, it is possible to use all subse-
quent decay processes to determine the absorp-
tion coefticient (Figure 10.3). An electron from
an outer shell can fill the vacancy. accompanied
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SY

Fig. 10.2. Experimental set-up for transmission: (a) fluorescencer (b) energy-dispersive; (c) EXAFS measurements
(SY = synchrotron radiation, 1. 2.3 = beam paths, M = monochromator. Iy, 1. I ionization chambers, D = detector
(diode array), S = scattering sample. P = sumple, R = reference sample. B = slit, F = filter, SP = mirror).

Pt

Fig. 10.3. Subscquent decay processes after creation of
a hole in the electron shell by absorption of X-rays
hv (PH = photoelectron. AU = Auger electron. SE =
secondary electron, FL = fluorescence radiation).

by the emission of fluorescence radiation (FL)
or Auger electrons (AU). These two emissions
are competing processes. The fluorescence yield
increases with increasing atomic number and this

process has the advantage that the background
radiation can be removed by using suitable filters.
which incrcases the sensitivity of the method. A
typical setup for fluorcscence measurements is
shown in Figure [0.2b. In general, the emitted
fluorescence is measured at a right angle to the
incident beam; the sample is therefore rotated
by 45°.

The detection of Auger electrons yields the same
structural information as a transmission EXAFS
experiment or the fluorescence method described
above. Auger measurements are advantageous in
situations in which the fluorescence method fails
due to low quantum yields—in the case of K-
edge measurements for elements with Z < 30, and
Z < 80 for L-edge experiments. Due to the small
mean free wavelength of the emitted electrons (ca.
100 A). the Auger method is especially suited for
the study of surfaces (SEXAFS, S = surface). It
is also possible. in principle, to directly detect
the photoelectrons  generated. This is difficult,
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however, because their spatial distribution changes
with the energy of the incident X-ray beam. This
effect can be effectively circumvented by detecting
all electrons produced by cascading processes. This
includes the Auger and photoelectrons as well as
secondary clectrons created by inclastic scattering
of photoelectrons and fluorescence radiation.

10.2.3 Data Analysis

While the measurement of the X-ray absorp-
tion coefficient appears to be simple in principle,
this is definitely not the case for the data anal-
ysis—shown schematically in Figure 10.4. Exten-
sive discussions of the analysis can be found in
references {8,17].

The most critical aspects should be outlined
here. As can be deduced from equation (10.2), the
modulation of the X-ray absorption coefticient is
normalized to the background absorption jey(£).
There is no exact theoretical expression for pog(£).
which must therefore be determined cmpirically.
A number of procedures for this purpose are
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discussed in the literature, for instance the
approximation by a polynominal or a spline
function [8]. Even though there are criteria for

the choice of background, the determination of

jtotE£) s a eritical aspect. The EXAFS oscillations
can be dampened too much if j1o(F) matches the
experimental data too closely. The exact position
of Eg—not to be confused with its absolute
vilue —is also not known because £y depends on
the chemical environment of the absorbing atom.
Ly is necessary (equation 10.3) for the conversion
of the energy E to the magnitude of the wave
veetor k.

After a successful conversion of the raw data
in the final x(k) function, the last step of data
analysis consists of the determination of the struc-
tural parameters r;, N; and o;. To do this, one
trics by variation of these parameters according
o equation (10.4), to describe the experimental
x(k) function optimally with a minimal basis
sct. i.e. preferably few backscatterers. Frequently.
the experimental EXAFS function is, however,
first dismantled by means of the Fourier filtering
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Fig. 10.4. ) Ah.\(WpliOﬂ spectrum p(£) after edge correction and removal of pre-edge absorption. b) Absorption
spectrum /1(/:) (.\UIvld tiney and background 10,(£) (dotted line). ¢y k* weighted EXAFS function. d) Modulo function
Mod(r) of the Fourier transformed &' x(k) function for methylmagnesium bromide in diethyl ether.
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technique. where selected peaks in the structure
function {70y are backtranstformed from r-into
A-space. These Fourier filtered functions are then
separately fitted. For the final determination of the
structural parameters. the complete set is fitted
to the experimental x(k) function in a last step
again. Axs it becomes obvious from equation (10.4)
it must of course be presupposed, that the backscat-
tering amplitude F; and phase ¢;; as well as the
lifetime of the photoelectron X reflect the realities
of the examined system precisely. Therefore. the
quality of these functions is also onc of the most
critical aspects in the data determination.

The theoretical caleulation of backscattering
amplitudes and phases was a problem for a long
tume and was one of the main reasons why
EXAFS spectroscopy did not find wide application.
The first extensive calculation of backscatiering
amplitudes and phases stem from B.K. Teo and
P.A. Lee {Y] and was based on an electron-atom
scattering theory from P.A. Lec and G. Beni [18].
In this theory. the spherical wave originating from
the absorbing atom was approximated by a planar
wave. This approximation is valid as long as the
effective atom size is small compared to the inter-
atomic distance. In the meantime, a number of
powerful program packages are available for the
calculations, which use spherical waves [19]. A
commonly used program is EXCURV90 and its
later versions, which was developed by the Science
and Engineering Research Council (SERC), Dares-
bury Laboratory, Warrington, UK. This program
uses a formalism by S.J. Gurman et al. {20] to
caleulate the theoretical backscattering amplitudes
and phases. as well as the quantity A; which char-
acterizes the lifetime of the photoelectron. This
formalism is based upon an electron scattering
theory by P.A. Lee and J.B. Pendry [21]. More-
over, this program is also capable of including
multiple scattering effects [22]. In 1986, J.J. Rehr
et al. began the development of the program FEFF,
which to date allows the most accurate theoret-
ical calculations of mean free wavelengths 4; and
amplitude and phase functions for any given pair
of absorbing and backscattering atoms {23,24].

At this point it must be noted that the backscat-
tering amplitudes of neighbouring elements in the

periodic table are only slightly different. This
makes an unambiguous distinetion of neighbouring
clements nearly impossible. T general. however.
there is suflicient additional information about the
sample to enable identitication of the clements
involved. provided the theoretical caleuluted back-
scatiering parameters do correcthy model the actual
backscattering behaviour. Very different chenneal
eonvironments can lead to deviations. In sach cases.
it is necessary to employ model compounds. It
is always preferable to use backscattering ampli-
tudes and phases that were obtained from model
compounds. In these cases. one measures the
EXAFS spectrum ot a4 compound with a precisely
known structure. The coordination number N
and the distance to the absorbing atom r; are
known. and the Debye-Waller factor can be esti-
mated from X-ray data, vibrational frequencies.
and different temperature measurements. The back-
scattering amplitudes and phases can then be deter-
mined from the experimental spectrum. However,
not all compounds with known structures are suit-
able as model compounds. cven if they are chem-
ically similar to the system under study. To be
suitable, the system must posses a well-defined
coordination sphere, that is, the contribution of
each term must be clearly separable from all others
(equation 10.4). Mode! compounds of this kind are
very difficult to find and in many cases. the use of
calculated backscattering parameters is required.

10.3 LAXS
10.3.1 Theoretical Background

A parallel beam of monochromatic radiation hits
a disordered syslem, for example a liquid or a
glass. The incident wave of the wave length 2
is characterized by the wavevector kg [25,26]. Its
magnitude is:

lkol = (10.7)

A

The scattered wave is characterized by the
wavevector kj. As the scattering of X-rays is
elastic within the resolution of the commonly used
detectors. the relation holds:

ik = kil (10.8)
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but the direction of the X-rays is changed. That
means a change of the wavevector of the incident
beam, which can be calculated from the scattering
angle 29:

The magnitude of this change is:
4x -
k = ko 2sin? = 5 sin g (10.9)

The intensity of X-rays that are scattered by a
disordered system, consisting of N molecules. is
given by:

NN m m
k) = <Zzzzf(k)f Ky T >

p=1gy=l i=l j=1

(10.10)
The intensity is normalized to one molecule or
for a mixture to one stoichiometric unit. The
summation p and ¢ runs over all molecules and
the summation / and j over all atoms of the
molecule or stoichiometric unit. The quantity f;(k)
characterizes the scattering power of the atom i of

the molecule p which is located at T i
If one assumes a spherical electronic distribution
around the nucleus, the atomic scattering factor
fitk) of the atom i is a function only of the
atom type and the change of the wavevector k.
At k = 0 the value of the scattering factor is equal
to the total number of electrons of the atom. As &
increases, however, the scattering factor decreases.
Equation (10.10) can be split into two terms: the
sclf-scattering or atomic scattering and the distinct

part.
m

Ly () =Y f7(h) (10.11)

i=l

Lgis (k) = <ZZZZ

p=1g=1 i=1 j=I
x .f;(k)/‘,(k)e"""w"~">

piF# qi (10.12)
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Fig. 10.5. Atom puair correlation function, as it can be
determined by X-ray scattering. The haiched area gives
the coordination number with respect to a reference atom
within a shell of radius r,,, (equation 10.22).

where in equation (10.12) pi = ¢j means that the
scattered intensity by the atom itselfl is excluded.
Since the summation over all atoms of the
system cannot be performed explicitly, the atom
pair correlation functions g,;(r) are introduced
(Figure 10.5). g,;(r) is the fundamental function
in the description of the structure of disordered
systems. It gives the probability of finding an atom
Jj at distance r from an atom of type i. This func-
tion can be uscd to determine the most probable
distances of an atom / to neighbouring atoms j and
the coordination number N ;, which is calculated
according to:

N, = p/ " e (AT dr (10.13)
J0

where o is the number density of the molecules
or stoichiometric units. Equation (10.12) can be
simplified with this definition of g;;(r) to:

mooom

Lisk)y = p Y D" filk)f (k)

i=1 j=1
S
x / g (™ dmddr (10.14)
3

Since no preferced orientation between k and r
exists, the exponential expression can be averaged
over all orientations of & with respect to r. Then
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cquation (1L13) reduces to:

moom

Lintky = p > 3" fatk)f k)

=l j=1
o~ sin{kr) s
X giiry—— - ~dartdr (10.15)
Jo kr

Equations (10.11) and (10.15)- are introduced into
cuation (10.10):

moom

=LKy +p DD Fik)f k)

i=1 j=1

> n(kr) >

X / il ')* “dardr (10.16)
Jo kr

As g;;(r) approaches the value 1 for large distances

r, the integral of cquation {10.16) diverges. This

problem can be overcome by introducing the iden-

tity {g;;() — 11+ 1 and integration by parts:

moom

Iky = Loy Ky +p Yy [k f (k)

i=1 =i

wmoom

x/ D a0 Fiths 0
0

=1 j=t

X/ Igij(r)_”sm/\(l\r)‘lﬂ “dr (10.17)
JO

The first term of the righi-hand side of
cquation (10.17) contributes to the scattered inten-
sity only at very small angles and can be neglected
in a large angle X-ray scattering experiment,
because the small angle range is experimentally not
accessible. Then equation (10.17) 1s reduced to:
mom
Ty = Loy (k) = Lo tk) = p > >~ fik)f k)

i=1 j=1

X/ l,,(/)fll\m(/\]) mrdr
0

(10.18)
The quantity of interest is not the scattered inten-
sity, but the atom pair correlation functions, which
provide information about the structure of liquids.
These functions can be obtained from the distinet
part by Fourier transformation. But first it is

convenient to eliminate the & dependence of the
atomic form factor f;(k) by dividing the distinet
part by an averaged form factor

"

>

Tk = E’* (10,19,

"

S

izl

where Z; is the electron number of the atom 7. It
follows from equation (10.18) in a good approxi-
mation:
ni m
DUY=pY D ZiZilgtr) — 14w
i=1 j=1
2r [ Mgk A)
T Je f? (/\)

Il

(10.2M0y

Oflen, the integrand in equation (10.20) is catled
the reduced intensity function:

Al gy (k)
ik

kl ey (k) = (10.21)

and the total atom pair correlation function is
introduced which is defined as:

m m

S> 7z

i= j=1

] O
e / K eg ki
]

. (iz)

i=1

il

G(r)

(10.22)
As it can be seen from this equation, the sum
of all atom pair correlation functions, .weighted
with electron numbers of the corresponding atomic
pair, can be determined by measuring the scattered
intensity of X-rays. In case of molecular liquids.
this sum, however, includes intra- and intermolec-
ular contributions. The scattered intensity of an
isolated molecule or a stoichiometric unit can be
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calculated according to:
m .

Liseannatht = Fig o A L e

— krii

(10.23)
where ry; ix the intramolecular distance between
the atoms 7 and  and the Debye —=Waller Tuctor oy

takes into account the intramolecular vibrations.
Of course. equation (10.23) can also be applied
to larger aggregates like dimers, but in this case
the caleulated intensity must be normalized to
one molecule or stoichiometric unit. Often. the
short-range order of liquids is determined in the
following way. A model of the local order is
assumed and its scattered intensity is calculated
and compared with the experimentally determined
intensity. When the agreement between theory and
experiment is good, many authors conclude that
the supposed model gives a correct description
of the local order, but they fail to bear in mind
that a completely different model of the focal
order can reproduce the experimental data in a
similar good way. One possibility of avoiding
this misinterpretation is to reduce the number
of parameters to a minimum and to include all
available information about the system to be

studied.

10.3.2 Measurement Fundamentals
and Techniques

There are two experimental arrangements in order
to determine the scattering intensities of a liquid
[25,26]. In the first case the X-ray source is
fixed and the detector, measuring the scattering
intensity as a function of the scattering angle 29,
is moved. In the second case, the X-ray source and
the detector are moved symmetrically in opposite
directions around the horizontal axis through the
sample by the angle ¥. The advantage of this type
of diffractometer, called a #- diffractometer. is
that the container with the liquid can be left in the
same horizontal position during the measurements.
Often. it is mentioned in the literature as a further
advantage that the free surface of the liquid can be
used without any cover. But when the liquid has a
high vapour pressure or reacts with the atmosphere
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as do Grignard solutions, this method cannot be
applied.

X-ray tubes emit a continuous spectrum and a
characteristic line spectrum. In order to suppress
the bremsstrahlung, metal foils that fitter the
primary  beam are applied. Of course, crystal
monochromators are also used. but they reduce
the intensity significantly and when the crvstal
is placed as analyzer in the scattered beamn
immediately  before the detector. the  problem
arises that the incoherently scattered radiation,
whose wavelength shift increases with increasing
scattering angle. is not reflected completely by
the crystal and therefore the theoretical calculated
incoherent scattering cannot be used in the data
evaluation.

In order to evaluate the scattering intensity
of a liquid, two independent measurements arc
required, namely the scattering of the container
filled with liquid and the scattering of the empty
container. Usually the liquids are kept in quarts
or glass capillaries. However, in this case onc has
to bear in mind that the differcnce between the
scattering of the empty container and the container
filled with liquid is rather small and therefore large
counting times are required in order to reduce
experimental errors. When the absorption of X-
rays by the sample is high, cylindrical containers
cannot be used. Therefore, some groups use flat
containers, where the liquid is covered by a thin
foil, for example of capton or beryllium. which can
be coated with a polymer in order to protect the
metal against chemical corrosion. But when this
arrangement is used, the X-ray scattering intensi-
ties must be measured in reflection mode instead
of the transmission mode, and in order to focus the
scattered radiation, a Bragg—Brentano focussing
technique must be applied, which means that the
sample is rotated about the angle © when the
detector is moved to the scattering angle 29.

10.3.3 Data Analysis

After the corrections of the individual measure-
ments for absorption and polarization the corrected
intensity of the empty container is subtracted from
the corrected intensity of the container, filled with
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liguid {25|. This subtraction may be the crucial
step in the data analysis. because absotute exper-
imental crrors were added. Up to this step the
data are given in arbitrary units like counts per
second.

An absolute scale is established by normaliza-
tion of the experimental data to the sum of atom,
incoherent and multiple scattering at large scat-
tering angles or by the use of the method of
J. Krogh-Moe [27] and N. Norman |28]. The atom
and incoherent scattering is calculated from values
tubulated for the elements [29].

The calculation of the multiple scattering is
casy when one assumes that the liquid scaders
isotropically, but must be performed by computer
simulation when one assumes an angie dependent
scattering of the liquid. In the cases where the
absorption of the X-rays by the sample is low,
the multiple scattering can be neglected. After
normalization of the experimental data to an abso-
lute scale, the atom incoherent and multiple scat-
tering is subtracted. The result is a distinct term
(equation 10.18) which can be Fourier transformed
according to equation (10.20).

10.4 COMPARISON OF EXAFS AND
LLAXS TECHNIQUES

The best way to see the differences between the
EXAFS spectroscopy and the X-ray scattering is
to compare the expression for the EXAFS func-
tion and the distinct part. But first we have
to introduce the atom pair correlation function
into equation (10.4). Equation (10.4) is a good
approximation for liquids with a high degree of
local order. If the degree of disorder is large.
x(k) must be represented by the more general
equation:

S
Xk =py_ Fj/(; i (r)
J

—2r

4 A'J
x iﬁ~ sinl2kr + @i, (K)]dr (10.24)
¥~

and this expression must he compared with the
expression for the distinet term:

Lintki = p Y Y Tk f ik

- dar ~
/ g, (r) - sinthrdr (10.25)
] I\

As it can be deduced from these expressions, the
most striking difference between the methods s
that the EXAFS spectroscopy probes the local
cnvironment around a specific element, whereas
the X-ray scattering gives the sum of all atom pair
correlation functions. weighted with the product of
the electron numbers of the corresponding atom
pairs. That mcans explicitly that for a system
consisting of ar difterent elements, the m/2(m + 1)
atom pair correlation function contributes to the
X-ray scattering. but only m atom pair correla-
tion functions contribute to the EXAFS function.
Owing to the reduction of the number of atom pair
correlation functions. the EXAFS spectroscopy can
be applied to more complex systems than the X-
ray scattering. Additionally, EXAFS spectroscopy
is the only method applicable to samples with low
concentration.

But there are further differences between the
methods, which can be seen by comparison of the
integrands in equations (10.24) and (10.25). The
atom pair correlation function in equation (10.24)
is multiplicd by exp(—2r/A;), which takes into
account the effect of the finite lifetime of the photo-
electron and the hole generated by the absorp-
tion of the X-rays. Owing to the mean free path
term exp(—2r/;). the pair correlation functions
are asymmetrical and damped with increasing
distance. This effect can clearly be seen in the
Fourier transform of the EXAFS function.

Slowly-varying tails of the pair correlation func-
tion contribute to EXAFS data only at low k
values. Sharp peaks in the pair correlation func-
tion, however, give rise to dominant features in
the EXAFS signal which persist to high & values.
As the data are Fourier transformed only in a
finitc range and the low & data of the EXAFS
signal must be omitted in the Fourier transform,
the broad tail in the atom pair correlation function
is often lost in the analvsis of the EXAFS data. A
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further aspect that must be considered is that large
disorder in a system can lead 1o a drastic reduction
of the EXAFS amplitude and henee to a lowering
of the coordination number. and that X-ray scat-
tering is sensitive 1o the absolute displacement of
atoms from their equilibrium position. whereas the
EXAFES spectroscopy is sensitive only to the rela-
tive distance between atoms.

Both methods provide pair correlation func-
tions. but with different emphasis. X-ray diffrac-
tion is sensitive to the smooth behaviour of the
pair correlation function: EXAFES spectroscopy is
more sensitive to sharp features of the pair corre-
lation function. Hence. the combination of both
methods can give more complete and certain infor-
mation, provided that the systems are not oo
complex.

10.5 PHYSICAL CHEMISTRY OF
GRIGNARD COMPOUNDS

10.5.1 Introduction

In the year 1900 Victor Grignard (1871-1935)
showed that magnesium reacts with alkyl halides
in water-free ether at room temperature to form
ether soluble compounds {30]. The application of
these reagents for the synthesis of carboxylic acids.
alcohols and hydrocarbons formed the basis of
his thesis at the university of Lyon in the year
1901. For the continuing studies concerning the
synthetic utility of these reagents, he received
the Nobel prize for chemistry in the year 1912.
At the present stage, the scope of applications
is enormously large and the extraordinary versa-
tility of the magnesium organic compounds is hard
to assess. They are probably the most popular
organometallic substrates as they are easy to obtain
and can be used in a wide variety of syntheses.
Besides the discovery of new preparative methods
and the expansion of the synthetic applications of
this class of compounds. the description of their
structure in solution has always been an object of
intensive research.

Therefore, the first 30 years after their discovery
are characterized by controversial discussions
[31-40]. particularly because only a restricted set
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of instruments of physical chemistry was available
at that time, A, Bayer and V. Villinger (31}
published in 1902, and V. Grignard [32] in 1903,
the following structure formulas.

(GRS NMe —R CslHs Me—X

Jr0<F c s

a7 O%x Cas Ok
Bayer Grignard

These were discarded very soon, however, and
we now only of historic interest. Finally, the
investigations of W. Schlenk and W. Schlenk led
a crucial step further. They determined that the
halogen of certain Grignard compounds can be
completely removed as MgX, by precipitation
with dioxane {40]. Due to this information and
new association data [39], they postulated the
cquilibrium:

2RMgX === R:Mg + MgX,

This so-called *Schlenk-equilibrium’ is still used to
describe these compounds in solution. More exact
insights were only possible with the emergence of
more efficient methods of physical chemistry in
the sixties. So, only very few papers have been
published on this topic between 1930 and 1960
after the fundamental publication of W. Schilenk
and W. Schlenk. Afterwards, a marked increase is
found [41-46]. Interestingly, measured in terms
of the general increase of chemical publications
in the nineties. the number of papers concerncd
with structures of Grignard compounds has again
diminished. At the present stage it seems to be
clear that solutions of Grignard compounds can
contain a variety of chemical species which are
related to each other by labile equilibria and their
positions depend in a sensitive manner on at least
five factors: the steric and electronic properties
of the alkyl and aryl residue; the nature of the
halogen atom (size, electron donor properties. .. .):
the nature of the solvent (Et-O, THF, ...); the
concentration and the temperature.

The appearance of certain species can also
result from low levels of H.O or O impurities.
Without consideration of solvation, a schematic
drawing of the equilibria in solution as it is shown
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Fig. 10.6. Schematic drawing of the equilibria in solution between the possibly existing species of Grignard
compounds without consideration of the solvation (Io = lonization, As = Association, Di = Dissociation. Dp =

Disproportionation, D = Dimerization).

in Figure 10.6 can be derived. The ‘monomer’
(solvated) RMgX can disproportionate according
to Schlenk equilibrium {40] to MgR» and MgX; or
dimerize o RMgX>;MgR. The monomer as well as
the dimer can dissociate, and the alternative dimer
RaMegX>Mg can be formed by recombination.
Only the halogen atoms X normally play a
significant role in bridging of the species in
Grignard solutions (although in the absence of X,
organic groups do sometimes bridge).

Hints concerning the species and the related
equilibria can be obtained through a variety of
methods, for example molecular weight studies.
radioisotope exchange with use of Mg, conduc-
tivity measurements, IR and NMR spectroscopy
as well as theoretical calculations. In some cases
the equilibrium position can be changed by partial
crystallization or the addition of complexing re-
agents like dioxane and NEt;. An overview of the
applied methods and their results is given in the
following scctions.

10.5.2 Crystallography

Although crystal structure analyses cannot provide
direct information about Grignard compounds
in solution, they do provide ideas of which
species possibly exist in solutions. In particular
the EXAFS and LAXS investigations presented
in Section 10.6 can only be verified with crystal
structures. Chapter 9 by F. Bickelhaupt presents

a more comprehensive  discussion  of - Xeray
crystallography of organomagnestum compounds.
With this goal in mind. some specific studies
are now described. Both cthyl- [47] as well as
phenylmagnesiom bromide [48] crystallize from
diethyl ether solutions as monomer dictherates.
The structures of both compounds are quite
similar. Magnesium is located in the centre
of an irregular tetrahedron and is surrounded
by bromine, onc ethyl or phenyl group and
two solvent molecules. The Mg—Br, Mg—C,
Mg—0O distances as well as the Br—Mg—C.
Br—Mg—0, O—Mg—C bond angles of both
compounds are given in Table 10.1. Remarkable
is the long Mg—Br distance indicating a weak
chemical interaction between the magnesium
and the bromine atom. The relatively short
Mg—0O distance. however, indicates a strong
bonding of the solvent molecules. Both compounds
have no tendency to associate. The shortest
intermolccular Mg—Br. Mg—Mg and Br—Br
distances in ethylmagnesium bromide dietherate
are 5.81. 6.76, 5.39 A. respectively. As expected
the bulky Ph:CMgBr molecule crystallizes from
diethyl ether as a monomer dietherate [49).

In 1974 A.L. Spck er al. published the crystal
structure of [EtMgBr(i-Pr>0)]: [50]. The study is
very revealing with respect to the above described
structure of EtMgBr(Et,0),. Normally one would
expect a monomer dietherate as well. To our best
knowledge this is the only paper about alkyl or
arylmagnesium bromides where the existence of a
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Table 10.1. Sclected crystal structure data of Grignard compounds

Compound Distances [A] Bond Angles | |* L.iterature
EtMgBr(ELO)» 2.4812.15/2.04 125103112 147
PhMuBr(ELO), 2.4412.201 2.04 1031110 148]
PhiCMgBr(lit-0), 2.4712.2512.03 HO[HO4 114 [491
[EMeBr(i-Pr0O)}- 2.5812.09] 2.0t 11711020121 [50]
MceMeBr(THE), 2531241213 126 |—| — 132]
{EtMg, ClLi(THEF) s 241219 2.14 — 154
2.511—12.08
[EtMgBr(NEt:)]> 2.5712.18]2.15 11711050 116 135]
EtMgBr-sparicine! 2.502.2712.16 3| —] — 156]
r-BuMgCl-(—)spartecine 2.3312.19{2.17 4] —] — |56]
{n'-AlyIMeCI(TMEDA)) 2.40142.18]2.25 125f—] — [57]
269 —] —
|CsHsMgClELO) 2.43]2.40]2.05¢ — (381
1CsMesMeCl(Ei0))- 2.4412.4112.08¢ — {58]
[CsHsMgCI(THF)}» 2.4212.38]2.02¢ 1231951217 159]

“Distances in the order Mg—X, Mg—C(Alkyl Aryl) and Mg—O(Solvent) or Mg—N, respectively. In
the case of minor differences in the distances, only the average value is given, ’
"Bond angles in the order X—Mg—C. X—Mg—-O or X-Mg—N and O~Mg-C or N-Ma—C,
respectively. In the case of great differences in the bond angles, no values are diven. )
“Distances for the five-fold (first row) and six-fold (second row) coordinated l];ilgl]csilll]].

4 Average values for (—)-sparteinc, (+)-6-benzylsparteine and (—)-o-isosparteine.

“Mg—C is the average value of the n’-bounded cyclopentadieny! ligand.

/ClI-Mg—C and O—Mg~C is referred to the centre of the »*-bounded cyclopentadienyl ligand.

Table 10.2. Bond angles of the halogen bridged dimeric units of associated Grignard
compounds based on crystal structure data

Compound Mg—-X—-Mg[’] X—-Mg—X["] Literature
[EtMgBr(i — Pr,0)]» 87 93 [50]
[EtMg,Cl3(THF);]» 90-99 83-89 [54]
96 84
{EtMgBr(NEt) ]2 90 ) (551
[n' — AllyIMgCI(TMEDA)}: 95 84 157]
[CsHsMgCl(Et.0))» 90 90 158}
[CsMesMgCI(EL0)1, 92 89 (58]
[CsHsMgCI(THF)], 90 90 [59]

) - N T N -
“Bond ‘.mgle..\ for the five fold (first row) and six fold (seccond row) coordinated magnesiom. In
case of the tive fold coordinated magnesium. the range of appcaring bond angles is given.

dimer complex could be proven. The bond angles
of the bridging Mg—Br—Mg and Br—Mg—Br units
are shown in Table 10.2.

With less bulky ethers like THF, higher coordi-
nation numbers can appear as for MeMgBr(THF)s,
where the magnesium is pentacoordinated and
located in the centre of a trigonal bipyramid' {52].

! Comment: The crystal structure of unsolvated dimethylmag-
nesium is completely different and consists of alky!l bridged
polymer chains similar to those of dimethylberyllium [51].

PhMgBr(THF), possesses a structure analogous (o
PhMgBr(EtO,): [53]. According to these results
it seems that the organic residue rather than the
solvent may have the deciding influence on the
formation of higher coordination. It should be
noted, however, that the paper {53] is not very
reliable. A determination of the positions of the
carbon ring atoms failed and there are only the cell
parameters and the space group P 2,/¢ beside some
questionable coordinates of the atoms Br. Mg.
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Fig. 10.7. Molecular structure of |EIMg,CLITHE: | illustrating selected bond distances and angles [55].

O(THF) and C;(PH) given. If one considers the
ctherates only of Grignard compounds the struc-
ture of [EtMg.Cls(THF):]> is quite remarkable
(Figure 10.7) [54]. Therc are trigonal bipyramidal
pentacoordinated as well as octahedral hexacoor-
dinated magnesium units in the complex. Four
chlorine atoms are connected to two magnesium
atoms and the other chlorines act as tricoordinated
bridges.

Some crystal structures of Grignard reagents.
where the ether is replaced by an amino compound,
could be determined. For example, [EtMgBr
(NEt3)], forms a dimer complex with bromine
bridgings analogously to |EtMgBr(iPrO)> [55].
The reaction of EtMgBr and t-BuMgCl with
the chelating amino compounds (—)-sparteine.
(+)-6-benzylsparteine, (—)-a-isosparteine leads to
monomer complexes where the magnesium atom
is tetrahedrally coordinated [56]. [n'-AllylMgCl
(TMEDA)]; (TMEDA = N, N, N'. N'-tetramethyl-
ethylendiamine) on the other hand is a dimer {57].
The uncommon fact of this compound is that two
strongly different Mg—Cl distances of 2.40 and
2.69 A are found.

In recent times also cylopentadienyl Grignard
compounds were characterized crystallographically.
Both [CiHsMgCl(Elzo)]g and [C5Me5MgC1
(Et:0)]> [58] as well as [CsHsMgCI(THF)]> [59]
can be interpreted as tetrahedral dimers. With a
N.N-dimethylaminoethyl substituted cyclopentadi-
enyl system a monomer complex (Me>NCH;CHa)
CsHyMgBr(THF) with intramolecular coordi-
nated nitrogen is  formed [60]. Intramolecular
coordination can also be used to generate
Grignard compounds in higher coordination states
(penta- and hexacoordinated) [61]. The crystal
structures of some interesting compounds were
determined in that paper.

10.5.3 Molecular Weight Studies

Former measurements  (ebullioscopy) of  the
molecular weight of Grignard reagents in solution
point out that a description of the compounds
that exist in solution with the formula RMgX
is insufficient. The investigations rather indicated
that the complexes are strongly associated [37.39].
The guantitative statements of these early works.
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however, are not reliable because the inlluence
of impurities like H>O or 0> was not taken
into account. Subsequent molecular weight studies
(chullioscopy, vapour pressure osmometry) that
used a variety of apparatus generally confirmed
the carlier results (62— 66].

Results obtained tfrom quite reliable measure-
ments (ebullioscopy, vapour pressure osmometry)
are given in [67,68] and can be summarized as
follows. At low concentrations, up to 0.05 M,
organomagnesium bromides and iodides in diethyl
ether and THF are monomeric. In diethyl cther
the degree of association increases with increasing
concentration and many clues hint at the exis-
tence of dimers or oligomers. However, in THF
monomer species arc present even at higher con-
centrations. Alkylmagnesium chlorides in diethyl
ether are dimeric up to concentrations of only
0.04 M but in THF are monomeric. The degree of
association of the investigated organomagnesium
halogenides varies from | to 4. All these studies,
however, give no direct information about the
degree of solvation of the Grignard compounds and
furthermore cannot provide a distinction between
the possible structures of the monomer and dimer
species in solution [55].

10.5.4 Tracer Studies

Based upon the molecular weight studies it was
obvious that solutions of Grignard compounds
contain dimer species. In order to determine
whether the equilibrium

RaMg + MgX, === 2RMgX

plays an important role for the description of
the species existing in solution or must rather be
formulated as follows,

RoMg + MgX, === RyMg - MgX,

radioisotope exchange experiments with labeled
®MgBr, and dialkylmagnesium compounds in
diethyl ether and THF were performed. The first
measurements showed that no exchange of **Mg
takes place and the dimer must be formulated as
RoMg - MeX, [69]. Experiments performed later
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[70], however, could not reproduce those results:
statistical exchange was found, indicating that the
processes in solution are described by the classical
Schlenk equilibrium.

10.5.5 Conductivity Measurements

There are many investigations concerning the clec-
trolytic nature of Grignard reagents in solution.
The fact that Grignard compounds in dicthyl ether
are conductive was confirmed by many teams |35,
36, 38]. Since the measured conductivity is low
the concentration of the ionic species cunnot be
very high [71-73], particularly because a high ion
mobility in a medium of such low viscosity is
expected. Based upon this fact, the amount of ionic
species is so small as to hardly merit consideration
in the description of Grignard compounds.

10.5.6 Infrared Spectroscopy

In former IR spectroscopic investigations absorp-
tion bands at 780 and 900 cm~! were assigned
to the Mg—Br streching frequency (72]. Later
the assignment was shown to be incorrect. In
fact these absorptions are caused by coordinated
diethyl ether. The band at 900 cm™' is assigned
to the asymmetrical C—O—C streching frequency
[74, 75]. In pure diethyl ether the C-0-C
streching frequency is 932 cm™'. When diethyl
ether is coordinated to Et;Mg and MgBr» the value
decreases to 926 cm™! and 900 cm™'. respec-
tively. EtMgBr in diethyl ether shows absorption
bands at 920 and 900 cm~'. These bands were
interpreted as evidence for the existence of dimers
of the type RyMgX,Mg with coordinated diethyl
ether.

The IR spectrum of phenylmagnesium iodide in
diethyl ether is completely different from that of
diphenylmagnesium and it is assumed that besides a
small amount of PhyMgl,Mg, mainly PhMgl exists
in solution [76]). The other recorded IR spectra
of alkylmagnesium halogenides and dialkylmagne-
sium compounds could in general not be interpreted
and give no information on which any structural
proposals might be based [77-79]. From the inves-
tigations of THF solutions the conclusion can be
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drawn that alkylmagnesium bromides and chlorides
can be described by an equilibrium between RMgX
and R-Mg/MgX, [76].

MeMgBr(EGO), [80], allylmagnesium bromide
and chloride were examined in the solid state
[78.79]. RAMAN spectroscopical investigations of
Grignard compounds in solution arc unknown.
Unfortunately, vibration frequencies still cannot be
assigned satisfactorily by comparison with the few
ab initio quantum chemistry calculations that have
been reported [81-84].

10.5.7 NMR Spectroscopy

Normally the NMR spectra of Grignard compounds
allow no difterentiation between RMgX and R;Mg
in solution because the alkyl and aryl groups
exchange so fast that only average absorptions
are seen. For CqFsMgX (X =Cl, Br. I) and
(CoFs)2Mg however, differentiation is possible at
room temperaturc [85,86]. For the normal alkyl
and aryl compounds, low temperatures are neces-
sary. The exchange of Me;Mg in THF can suffi-
ciently be slowed down at —70°C {87]). In the
presence of hexamethylphosphoramide (HMPA) as
a complexing reagent a differentiation between
Me;Mg - HMPA and MeMgX - HMPA is possible
at 25°C [88].

There is only one systematic Mg NMR inves-
tigation [89]. In this study EtMgBr in THF was
measured. Surprisingly, at 37°C three different
signals could be detected. The first two very well
pronounced signals could be assigned unambigu-
ously to the species EtMgBr and MgBr,. The third
signal resulting from Et;Mg is partially superim-
posed by the EtMgBr signal.

Methyl, ethy!l and n-propylmagnesium halo-
genides in diethyl ether were investigated by 'H
NMR spectroscopy. Since the spectra of these
compounds are very similar to the spectra of the
corresponding dialkylmagnesium compounds, it is
concluded that the species R;MgX,Mg is domi-

" nantly present. THF solutions were investigated

with the same result {85,86,90].

In arylmagnesium reagents, two signals of R,Mg
and RMgX at —60°C were detected {85,86,90].
Additionally. the ratio [RMgX]/[R.Mg] was

calculated  from the spectra for the  different
compounds and extrapolated o 25°C. It was
found that the cquilibrium between RMgX and
R-Mg/MgX, is strongly dependent on the aryl
group and the solvent used. The stronger the
coordination of the solvent to magnesium, the
larger the amount of RaMg and MgX,.

According to C NMR spectroscopic studies;
concentrated ctheral solutions of Grignard reagents
can be described best in the form of R,Mg+
MgX, [91]. The ™C chemical shift of the
aliphatic compounds is directly correlated to that
of the corresponding hydrocarbons. In connec-
tion with the determination of the coupling
constants 'J('3C-"3C) and 2J('*C-'H) in allylmetal
complexes allylmagnesium bromide was investi-
gated [92-94]. In a current study about the struc-
re and dynamics of allylmagnesium Grignards it
was shown that the compounds are not delocal-
ized but instead are n' bonded [95]. An extensive
study of a broad range of organomagnesium chlo-
rides and bromides is tound in [96]. The results
of these investigations, however, allow no conclu-
sions concerning the possible structures existing in
solution.

Also F NMR was used for the elucida-
tion of the structures of a broad range of
fluoroaryl Grignard compounds. Seemingly, an
unambiguous differentiation between RMgX and
MgX, species was possible [97]. Besides the ratio
[RMgX]/[R;Mg], exchange rates of the organic
residues were also determined.

10.5.8 Theoretical Studies

Most of the ab initio studies of Grignard
compounds arc certainly quite interesting from
the theoretical point of view. With respect to
the description of their structures in solution
these studies, however, are of little value [81-84,
98—101]. An exception is the 1994 published
investigation of Axten et al. in which ab initio
molecular orbital calculations were performed on
the Grignard compound CH3MgCl [102]). To our
knowledge it is also the only study in which the
association as well as solvation of the compound
is considered.
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Fig. 10.8. Optimized geometries of the structures (1)—(12)

i 4 - Optimized parameters arc at the HF/6 — 31G*//HF/6 —
31G” level, and, if available, the MP2/6 — 31G*//MP2/6 — 31G* optimized p:

arameters are given in brackets. Arrows

on transition states show the eigenvector associated with the imaginary frequency {102].

In Figure 10.8a the optimized geometries of
the different possible structures (transition states
included. Figure 10.8b) of unsolvated CH;MgCl
are shown. As can be seen from the energy diagram
(Figure 10.9), the dimers are much more stable

than the corresponding monomers and as expected
MeMgCl,MgMe is the most stable compound
amongst the dimers. If one takes a look at the
geometry of the halogen bridging, it is remark-
able that the bond angle of approximately 90°
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[102].

reflects precisely the reality found in crystalline
compounds. The structures ot the solvated species
are shown in Figure 10.8¢c. Here it can be noted
that the calculated Mg—O distances describe the
strong interaction of the solvent with magnesium
atom very well. Up to now semiempirical and
density functional theoretical calculations were not
able to do this.

The process of dimerization in the presence
of the solvent dimethyl ether, where two strong
Mg—O bonds have to be broken, shows a
thermoneutral energy balance. Including thermal
and entropic contributions, AG” is still found
to be slightly negative for the formation of
|{MeMgCl(Me-0)|., which concurs with the
general experimental observation that dimers
predominate in ether solutions of alkylmagnesium
chlorides. However, the relatively small negative
value of AG’ suggests that the position of the
equilibrium could easily be shifted to favour the
presence of monomers by altering the halide and/or
the alkyl group as well as the specific solvent.

Finally we want to point out an UV spectro-
scopic study [103]. RMgX with R = Ph, PhCHa,
PhCMes. PhaCH. Ph;C, PhCH = CHCH> and X =

Cl, Br in diethyl ether were investigated. The UV
spectra show that the compounds possess a notice-
able ionic character and that a negative partial
charge is distributed over the organic residue R.

10.6 EXAFS AND LAXS OF
GRIGNARD COMPOUNDS

10.6.1 Introduction

Despite numerous investigations of Grignard
compounds, almost no information exists about
intra- and interatomic distances of thesc rcagents
in solution. This is not necessarily remarkable.
since the methods of physical chemistry discussed
in the previous section are of course not able to
provide such information. But X-ray absorption
spectroscopy (EXAFS) and large angle X-ray
scattering (LAXS) can.

In 1987 I. Persson et al. published the results
of their EXAFS and LAXS investigations of
magnesium bromide and todide in diethyl cther
and THF [104]. It was the purpose to get
information about the possible structures of
these two compounds in solution. MgX., species



348

play an important role in the Schlenk equi-
librium  of  Grignard  compounds. A LAXS
study ol organomagnesium iodides [105] and a
combined EXAFS/LAXS study of organomagne-
siumbromides [106[ followed. Finatly. two EXATFS
spectroscopic investigations by H. Bertagnolli and
T.S. Ertel appeared in 1993 and 1995 [107.108].
Unfortunately, these are the only publications about
the topic "Grignard compounds in solution” using
these methods. The reason probably is that both
techniques arc refatively complicated. EXAFS addi-
tionally has the disadvantage that synchrotron radi-
ation is necessary to run the experiment.

10.6.2 EXAFS Studies

Although it seems at first glance that the
whole spectrum of possible organomagnesium
halogenides can be examined by means of the
EXAFS technique. this is not the case. A listing
of the absorption edges of the different atoms
(Mg K-edge 1305 eV; Cl K-edge 2822 eV; Br-K
cdge 13474 eV; 1 K-edge 33169 eV; I Ly, edge
4557 eV) shows that, in principle, only bromine
is suitable. Iodine cannot be used as an absorber,
because the K-edge lics energetically too high and
measurements at the Ly edge are not meaningful
due to the overlap with the Ly spectrum. Mg and
Cl K-edges still remain. Due to low energy only
measurements with soft X-ray under high-vacuum
conditions are possible. As one can imagine, the
handling of reactive liquid Grignard compounds
in high vacuum is experimentally quite difficult,
but is. in principle, possible.
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In the following, the three EXAFS spectro-
scopical investigations will be described. B s
possible to proceed chronologically. because the
structural picture has become more complete with
cach publication. If meaningful, the results are
described in reference to the different physical
chemical studies as well as to the LAXS inves-
ligations. It furthermore appeared important to us
that the experimental data and the resulting inter-
pretation are not introduced without any comment.
A critical evaluation should enuble the reader o
better assess the results.

L. Persson er al. have studied the alkylmagne-
sium bromides MeMgBr, EtMgBr and PhMgBr in
diethyl ether at the Br K-edge in the concentra-
tion range from 0.1 1o 1.0 M (Table 10.3). The
X-ray absorption spectra were collected at Stan-
ford Synchrotron Radiation Laboratory, SSRL. and
at Daresbury Synchrotron Radiation Source. SRS
under dedicated conditions (3-3.3 GeV, 40 mA.
wiggler field at 16.5-18 kG). All the solutions as
well as the model compounds (Bra, CBry, KBrOjs,
MgBr,, NaBr) were measured several times in
transmission mode with nitrogen-filled ion cham-
bers. In order to optimize the sensitivity of the
detection at SRS the first and the last two ion
chambers were filled with 19.6 kPa Ar + 81.7 kPa
He and 15.5 kPa Xe + 85.8 kPa He, respectively.
The spectra shown in the publication represent an
average of 2-3 scans. Energy calibration was donc
with a KBr film. .

Data analysis was performed with the computer
program XFPAKG, which was developed by
R.A. Scott and co-workers at Stanford University.

Table 10.3. Complete listing of all EXAFS spectroscopically investigated

Grignard compounds

Compound Solvent Molarity Temperature Literature
MeMgBr E,O 0.6 RT [106]
EtMgBr Et,O 0.1,1.0 RT

PhMgBr Et,O 0.5,1.0 RT

MeMgBr Et,O 3.1 RT [107}
EtMgBr Et,O 3.0 RT

PhMgBr E,,O 3.0 RT

ViMgBr THF 1.6 RT

MeMgBr n-Bu,O 1.5 —~85°C.RT [108]
EtMgBr n-Bu,O 1.5 —-85°C.RT
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Starting from averaged  spectra, the ur.ilicul
background correction was done by subtracting
cubic spline, followed by normalization according
to equation (10.2). The spline  points  were
chosen empirically o minimize the  residual
low-frequency background without reducing the
observed amplitude of the EXAFS. Fourier
transforms of the data were calculated by
numerical integration with &% weighted EXAFS
functions with a & window of either 3.0-12.7
or 3.0-14.5 A~!, broadened by u Guussian of
width 0.1 A~".

The final curve-fitting procedure was done with
amplitude and phase functions extracted {rom
the above mentioned model compounds. Fourier
filtering was used to isolate the shell of interest
in the model. A six-parameter function was then
fitted to the extracted data. This parameterized
function was used as a reference when fitting the
EXAFS of Grignard compounds. When fitting the
spectra the number and distance of the backscat-
terer were adjusted as variable parameters. Unfor-
tunately, MgBr,, the obvious model for the Mg
backscattering could not be used. Due to its
very high tendency to absorb water, the collected
data were not reproducible. Since all magne-
sium bromide compounds are very hygroscopic, no
suitable magnesium-containing model compound
could be found, and solid NaBr was used instead.

The Fourier transforms of all Grignard
compounds show one major peak that corresponds
to the expected Br—Mg distance. Fourier filtering
was used to isolate this peak. The subsequent
curve-fitting leads to the results given in
Table 10.4. A wider filter was also applied to
see if there was any contribution from other
backscatterers and if such a second shell could

be fited. This was, however, not the case. For
phenyimagnesium bromide the fits gave an average
Br--Mg distanee of 255 A, which is in very
close agreement with the result of 2.56 A obtained
from the LAXS measurement. So it seems that
the puramcters extracted from NuBr give reliable
results. when used for fitting Mg backscattering.
Analvsing the EXAFS functions of the ditterent
solutions, onc can say that the experimental
spectra are of good quality. The Fourier transtorm
of the 1.0OM PhiMeBr solution (Figure 10.10)
shows that the background correction was not

1.0 M CHsMgBr

TRANSFORM AMPLITUDE

R(A)

Fig. 10.10. Fourier transform of &* weighted EXAFS
data of 1.0 M phenylmagnesium bromide in diethyl
cther. k range 3.0—14.5 A~'. The horizontal bar indicates
the width of the window used when back-transforming
the data. K is related to the true distance R’ by the phase
shift ¢ according to R' = R+« [106].

Table 10.4. EXAFS curve-fitting results of organomagnesium bromides in

dicthyl ether [106]

Compound Molarity Br—Mg distance ‘lAI k=3.0-145 A"!
k=30-127 A"
McMgBr 0.6 2,53 2.56
EtMgBr 0.1 2.54 2.58
. 1.0 254
PhMgBr 0.5 255 2.56
1.0 254 2.54
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performed optimally, which can be secn from the
two relatively high artiticial maxima at 0.9 and
1.2 A. Although the determined Br—Mg distnce
of PhMgBr of the EXAFS and LAXS experiment
agree very well, the method of evaluation with
NaBr as the model system remains questionable.,
especially as it was not possible o determine
the coordination number for the Me hockseatrerer

L e

critical, the fact that the Debye—Waller factor of
the model was not varied, is. From a chemical
consideration it is clear that a Debye-Waller
factor for crystalline NaBr cannot he transferred
without any change to Grignard compounds with
their dynamic equilibria and static disorder. This.
however, has been done by the authors.

A further discrepancy results from the fact that
in the LAXS data of PhMgBr a Br—Br distance
of 3.62 A was found, which was not detectable in
the EXAFS measurements. Here the general ques-
tion, of course, arises, whether a 0.5 or 1.0 molar
solution (EXAFS) is comparable with a 2.0 molar
one (LAXS). What one can presuppose in any
case (see Section 10.5) is that, in the investi-
gated concentration range, associated species with
halogen bridging are present, explaining the detec-
tion of a Br—Br distance with LAXS. For the
absence of such an absorber backscatterer pair,
L. Persson et al. give the following explanation.

The LAXS technique is more sensitive to
long and more diffuse distances than the EXAFS
technique. The information about the distance r
from another atom enters the theoretical intensity
function of LAXS as a factor (sinkr)/kr and in
the EXAFS cquation as (sin 2kr)exp(—2r/3)/r"
(equations 10.5 and 10.4). An X-ray scattering
experiment covers the k region 0—16 A~', while
EXAFS covers the region 6 < 2k < 30 A=}, Thus,
there is better resolution when detecting the
nearest-neighbour environment in the  EXAFS
technique but it suffers from the lack of low & data,
i.e. information about long-range order is lost. The
signal from shells beyond the first falls off more
quickly in EXAFS than in LAXS.

In principle. these considerations are right and
certainly play a role in the present case. In our
opimion. however. they cannot adequately explain
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the abscence of the Br—Br distance in the data.
There are several EXAFS spectroscopic publi-
cations of metal organic complexes in solution,
where it was possible to detect backscatterer at
even greater distunces without any problem. An
explanation for the fact that no second coordination

shell was found. could be the fast exchange rate of

the alkvi- or arvl recidiue of the <olvent molecitles

B . i o i R O T
nated to the magnesium atom. High exchange
rates in solution often result indirectly in high
Debye-Waller factors, making it impossible to
deteet the corresponding  backscatterers, despite
tavourable distances for EXAFS spectroscopy. A
way to avoid this problem is by the use of more
concentrated solutions. In this case the existing
species can occur in such concentrations that
the corresponding backscatterers, despite the high
Debye-Waller factors, are EXAFS spectroscopi-
cally detectable.

If one takes a closer look at Figure 10.10 it
seems that there are some small contributions of
backscatterers in the distance range between 3.0
and 4.0 A. Of course, one cannot conclude the
relevance of such contributions from the structure
function. They are, however, clearly higher than
the noise level, which can be estimated from the
average value of the peak height between 4.0
and 5.0 A.

Let us come now to the structural interpreta-
tion of the data. As one can see by comparison
with the distance values of Table 10.3, the EXAFS
spectroscopically determined Mg—Br distance lies
in the expected range. Although the values of
crystal structure analyses and EXAFS measure-
ments cannot be compared directly, it is notice-
able, that the Mg—Br distances for EtMgBr and
PhMgBr are 0.06 and 0.11 A greater in solution
than in the crystal. Further coordination shells were
not found. This makes any statement about the
structure impossible. Therefore, the interpretation
of I. Persson et al. is only based upon LAXS
measurements, which will be described extensively
in the next section. Including the LAXS results of
organomagnesium iodides [105] it can be antici-
pated that RMgX solutions in diethyl ether with
R = Me, Et. Ph and X = Br, I in the investigated
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concentration range from 0.1 to 2.7 M can appar-
ently be fully desceribed by the following equation:

2RMeX(E0); s== R(ELO):MeXsMe(BELOYRR
4210

The monomer and dimer complexes should have
an octahedral geometry and MeX, does not seem

As one can dedaee fiong the explanacons given
above. statements concerning the  structure  of
Grignard compounds in solution are only possible
if. not only one. but also higher coordination shells
can be detected. This has succeeded in the inves-
tigation of H. Bertagnolli and T. S. Ertel. They
performed  EXAFS measurements on  methyl-,
cthyl- and phenylmagnesium bromides in diethyl
cther and vinylmagnesium bromide (ViMgBr) in
THF with concentrations of 3.12. 3.04, 2.96
and 1.56 M. In contrast 1o the study mentioned
ahove, they investigated more highly concentrated
solutions, thereby increasing the probability of
detecting a second or even higher shell.

The EXAFS experiment was carried  out
al the Br K-edge at the beam line ROMO
Il at the Hamburger Synchrotronstrahiungslabor
(HASYLAB) at DESY, Hamburg, at 20°C, with
a Si(311) crystal monochromator under ambient
conditions (5.4 GeV, beam current 50 mA). Data
were collected in transmission mode with ion
chambers. The first ion chamber, monitoring .
with a length of 15 cm was continuously flushed
with a mixture of 7% argon and 93% nitrogen.
The second and third ion chambers, recording
I, and l,, respectively, with a length of 30 cm
were flushed with 100% argon. Energy calibration
was monitored with a 30 pm thick anhydrous
MgBr, sample as reference. All measurements
were performed under an inert gas atmosphere. A
sample cell suitable for measuring air and moisture
sensitive compounds was used.

Data analysis was performed with a program
package, specially designed for the evaluation of
liquid or amorphous systems [109]. The back-
ground removal was done by use of a modi-
fied smoothing spline algorithm, and subsequent
normalization with the determined spline. The &
ranges of the &% weighted EXAFS functions of

MeMgBr, EtMgBr. PhMeBr and ViMeBr were
2.6-10.5. 2.6-10.0. 2.5- 114 and 2.5-10.0 A ",
respectively. The corresponding Fourier filtering
ranges including the tfirst and second coordina-
tion shell were 1.6-330 1.5-3.4. 1.6-34 and
1.5-3.4 A. In order to determine the coordination
number N more accurately. the (k) functions were
decanvolatod il the monoshramator resphinion
the effect is very smell and tn principie not readiy
relevant.

The curve-fitting procedure was done  with
different theoretical (MceKale, FEFF, EXCURVY(0)
as well as model wmplitude and phase functions.
The Fourier transforms of all Grignard compounds
show a well pronounced first coordination shell.
It was found that in agreement with the resufts of
[. Persson er al. this peak contains the contribution
of a single magnesium backscatterer. Furthermore.
the Fourier transforms show a small scecond
maximum. The question of whether this peak is
an artifact, i.c. a side lobe of the first coordination
shell or a real contribution of other backscatterers.
was checked intensively by different methods.
The result was that it is a real peak. Only in
the case of ViMgBr in THF did only a single
oxygen backscatterer contribute to this second
coordination shell. For all the other compounds.
the description with a single oxygen backscatlerer
was insufficient and an oxygen—bromine pair
yieldéd the best results. With theoretical amplitude
and phase functions by McKale as well as those
calculated by the program FEFF the improvement
reached with a third backscatterer was not
significant. The results obtained with EXCURV90
provide additional evidence that the second
maximum of the Fourier transform is a real peak
and also herc an oxygen-bromine pair yielded
the best fit. EXCURV90. however, provides the
possibility of calculating the significance of further
shells when iterations are carried out after adding
a new shell (Joyner statistic test [110]). Contrary
to the result above (McKale, FEFF) there is a 99%
probability for the existence of a further oxygen
backscatterer contributing to the second maximum.

All fits of the experimental data with theoret-
ical amplitude and phase functions yield values
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Table 10.5. Summary of the absorber backscutierer distances Nyje = 00
r|A] for the Grgnard compounds obtained  with ampli- Rt
wde and phase functions calculated by McKale, FEFF und '
EXCURV90 {107] Ny > 10 Ny = 1.0
N By =
Backscatterer McKale FEFE EXCURVY( X B ) M
- R-Mg. Me—R L T MR, o+ MgX,
Methylmagnesium bromide in dicthy| cther N7
Mg 248 248 245 245 N Ve
Br 349 3.49 349 349 N 7
(@] 3.06 3.60 3.67 3.06 _OoRO NG
[0} — — — 339 RMy™ + RMeN. — Mg Mg
R
Ethylmagnesivm bromide in dicthyt ether Ny = 1.0 N
Mg 2.48 248 2.45 2.45 h
gr :2(7) :(47; iég ::: Fig. 10.11. Schemalic drawing of the equilibria in solution with respeet to the theoretically observed Mg coordination
0 i _ — :“1;12 number.
Phenylmagnesium bromide in dicthyl ether analyzing the EXAFS data. Summarizing these the calculated Mg—O distances must be about
Be %46 %'46 %4;‘ o results, the Grignard compounds in dicthyl ether 21403 A. For the compognds' melAhyl—. ethyl-
(B)r ngz %;Z) 3:} :23 are mixtures of monomers and dimers. In THF. and phenylmagnesium bromlde in dl.cthyl ether
o ,; - U 337 however, only monomers are formed. values of Mg—-0 dl‘stances in the mentioned range
Vinylmagnesium bromide in tetrahydrofuran The structure of the monomeric species is were reproduced for a Br—Mg—(o) 'bond angle
yimagnes e tetrahycrotur: deduced from the obtained Br—Mg and Br—O  of 109.48". A bond angle of 90° is the only
l(\)’lg §§§ %;é %:(5) _ distances. With the distances obtained from reasonable one for vinylmagnesium bromide in

“Results of the three and four shell fits, respectively.

of the coordination numbers, which are unexpect-
edly low, even for the first coordination shell. The
authors suggest, that this is caused by the short-
comings of the theoretical amplitude and phase
functions that were used. Like I. Persson er al.
therefore, they used model amplitude and phase
functions of NaBr for the determination of the
number of magnesium atoms in the first shell of
bromine. The coordination numbers of MeMgBr,
EtMgBr, PhMgBr and ViMgBr are 1.60, 1.62,
1.33 and 0.97, respectively. The distances changed
0 2.56, 2.56, 2.55 and 2.61 A. A summary of
the distances obtained with the different theo-
retical amplitude and phase functions (McKale,
FEFF, EXCURV90) is found in Table 10.5. Other
structural parameters—for example coordination
numbers N or Debye—Waller factors o—are not
given. because their values are not considered in
the interpretation of the data.

Based upon the determined distances and the
coordination numbers obtained with the model
amplitude  and  phase functions, a relatively

complex structural model for the Grignard
compounds was developed by the authors. We
will now describe these considerations and in
the end comment on the results critically. As
can be understood from Figure 10.11, the fact
that the Mg coordination numbers are higher
than I is an indication of an association of the
compounds MeMgBr, EtMgBr and PhMgBr in
diethyl ether. The existence of a Br—Br pair, as it is
deduced from the simulation of the second shell,
confirms the association, too. A Br—Br distance
of about the deduced value could also be the
result of an equilibrium between MgBr,, MgR,
and RMgBr. But, the coordination number for Br
with respect to Mg, however, would strictly be !
in this case. According to the Br—Mg coordination
number the percentage of dimers in the ethereal
solutions is 60%, 62% and 33%, respectively.
The Br—Mg coordination number of 0.97 for
the solution of vinylmagnesium bromide in THF
confirms the existence of monomers. And, no
Br—Br absorber—backscatterer pair was found by

the three shell fits for the backscatterers Mg,
Br, O and Br—Mg—O bond angles of 120.0°,
109.48° and 90.0°, the Mg—O distances were
calculated for a trigonal planar, tetrahedral and
octahedral coordination geometry. The average
Mg—O distance in crystalline Grignard compounds
is 2.1 £ 0.1 A (Table 10.1). Assuming that there is
no considerable change of this distance in solution,

THF (Table 10.6). The conclusion was that the
monomeric species in diethyl ether and ViMgBr
in THF are most likely to have tetrahedral or
octahedral structure, respectively.

From the experimentally determined values of
Br—Mg and Br—Br distances, a Br—Mg—Br bond
angle of 90 + 1° was deduced (Table 10.6). Since
the compounds in diethyl ether are most likely

Table 10.6. The derived Br—Mg—Br hond angles and Mg—O distances, deduced from the obtained Br—Mg.

Br—Br and Br—O distances [107]

Mg-O {A] Mg—0 [A] Mg—O(lA]
Compound (Br—Mg—Br{’] 120,00 109.48° 90.0
273
MeMgBr Three shel! fits 90 1.76 2.03 273
Four shell it 91 1.77 2.03 273
143 1.67 2.35
EtMgBr Three shell fits 89 1.75 2.02 2.71
Four shell fit 90 1.78 2.05 275
. 1.44 1.70 238
PhMgBr Three shell tits 8y 1.76 2.03 2.72
Four shell fit 90 1.74 2.01 270
1.41 1.66 2.33
ViMgBr Two shell fits — 1.31 1.55 224

“As the consequence of the two different detected Br—0 distances (Table 10.5) the Mg—0 distances for a trigonal planar.
tetrahedral and octahedral coordination geometry were caleulated. In the second row the values for the shorter Br—0

distance are given.
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to have a tetrahedral mononer geonwetry. the
monomer sub-units could form distorted tetrahe-
dral dimers. However, the authors surprisingly
exclude such a model and say that a more prob-
able structure model with o Br—=Mg—Br bond

angle of 90+ 1 is provided by the formation of

octahedral dimers. Assuming such an octahedral
dimer. an additional and shorter Br—0O distance
than the one they found with the three shell fits
should have been detected. Indeed, when they
performed iterations with EXCURV90, a further
and definitely shorter Br—0O distance with a 99%
probubility for its existence was determined. With
the results for the Br—Me und the short Br—O
distances, the caleulation of Mg—0O distances for
Br—Mg-0 bond angles ot 1207, 109.48" and 90.0
was repeated. Only a bond angle of 90.0° provides
a reasonable Mg—O distance (Table 10.6). The
calculated Mg—0O distance gives a strong indicit-
tion for the proposed octahedral dimers, but does
not exclude the existence of octahedral monomers.
Based upon the relatively high average deduced
Mg—O distance for the octahedral geometry of
2.35 A, the authors conclude that an octahedral
monomer is not formed in solution. The distance
has to be assigned only to the dimer. As an expla-
nation for the high value, they argue that this is a
consequence of the steric demands in the complex.
Summarizing the results, the Grignard com-
pounds methyl-, ethyl- and phenylmagnesium
bromide can be described by an equilibrium of
tetrahedral monomers and octahedral dimers. The
percentage of dimer species is 60%, 62% and
33%. For methyl- and ethylmagnesium bromide
the equilibrium is on the side of the dimer
and for phenylmagnesium bromide on the side
of the monomer specics for steric reasons. The
structure of vinylmagnesium bromide in THF can
be described best as an octahedral monomer.
Some critical comments concerning the interpre-
tation of the data should now be made. First what
can be said about the degrees of dimerization?
It is known that the determination of coordina-
tion numbers by means of EXAFS spectroscopy
is generally very difficult and can have an error
of about 30%. It follows that the tendency deter-
mined for the degree of dimerization certainly is
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right. When the absolute values are considered
one has to bear in mind the possible experimental
crror. Although the authors emphasize this explic-
itly, it should be remembered that on the basis
of the EXAFS data no statements can be made
about the possible appearance of higher associates
such as oligomers or about the position of the
organic residue. Therefore. a distinction between
dimers of the types R2MgBr, Mg and RMgBr,MgR
(with supporting molccules of solvation) is not
possible.

As noted before, the authors exclude the exis-
tence of distorted tetrahedral dimers. Based upon
the four shell fits, they conclude that the domi-
nant structures are octahedral dimers. Although the
Joyner statistic test gives a 99% probability for the
existence of a further Br—0O distance, it remains
unclear why a proof failed with the amplitude and
phase functions of McKale and FEFF. Further-
more, it is noteworthy that the deduced Mg—O
distance in the tetrahedral monomer on average is
2.03 A compared with 2.35 A for the octahedral
dimer. An explanation on the basis of the higher
steric demands in the octahedral dimer seems plau-
sible. It is surprising, however, that such high
solvent distances are not observed in crystal struc-
ture data. If one assumes that the Joyner statistic
test has failed in the present case another inter-
pretation of the data is required. An octahedral
geometry can no longer be assumed, although all
other conclusions remain correct.

[n view of the problem addressed above, a recent
EXAFS study of Grignard compounds in solution
gives very interesting information. MeMgBr and
EtMgBr in 7-BuO (1.5 M) were investigated at
room temperature and —85°C at the magnesium
and bromine K-edges. It is remarkable that the,
experimentally very difficult, measurements at the
Mg K-edge were performed here for the first time.
Mcasurcment at both absorption edges has, more-
over, the big advantage that complementary struc-
ture information can be received.

The bromine K EXAFS spectra were recorded
in transmission geometry at beamline ROMO Il at
the HASYLAB in Hamburg with a Si{311) double
crystal monochromator. Data were collected with
ion chambers. The first ion chamber, monitoring
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ly. with a length of 15 em was flushed with
nitrogen. The sceond jon chamber. monitoring I
with lenuth of 30 cm was flushed with argon. A
sample ccH suitable for measuring air and molisture
sensitive compounds was used. To cool the cell
down 10 =83 C. cold nitrogen vapour was used
and the temperature of the sample was controlled
with a thenmocouple. Absorption spectra were
measured in the photon energy range from 13350
o 14250 ¢V, Data were recorded equidistant in
k space, with Ak = 1/15 A7 Sampling time at
cach data point was increased from 1 s at the begin-
ning 10 6 s at the end of a spectrum and four to
ten spectra were summed up for each Grignard
compound and temperature.

Magnesium K fluorescence EXAFS  spectra
were recorded with the HE-PGM-2 plane grating
monochromator with a resolution of 5-10eV
at the electron storage ring BESSY in Berlin.
The experiments were performed at the BESSY
fluorescence chamber that is especially designed
for fluorescence EXAFS experiments with soft X-
rays. The intensity of the incoming synchrotron
radiation was monitored by the total electron yield
of a gold grid of 80% transmission. To study the
fluorescence radiation, emitted by the sample, a
high purity germanium detector with a resolution
of approximately 100 eV at the magnesium K
edge and a multi-channel analyser were used.
The sample was mounted on the cold finger of a
rotatable sample manipulator which can be cooled
with liquid nitrogen. Fluorescence spectra werce
measured in the photon energy range from 1260
10 1560 ¢V and data were recorded equidistant in
encrgy with AE = 2 eV. Because photon flux at
the magnesium K edge is relatively low at BESSY,
a large number of spectra was accumulated for
cach Grignard compound and temperature, $O
that the sampling time at each data point was
approximately 6 minutes. As all window materials
strongly absorb soft X-rays, the vacuum of the
BESSY f{luorescence chamber is directly connected
to the vacuum of the electron storage ring, without
any windows. Therefore, the liquid sample had
to be stored in a UHV tight cell, appropriate for
temperature dependent fluorescence measurements
in the soft X-ray region. A schematic drawing

of the cell is shown in Figure 10,12, The main
component is the S g thick berylium window,
which is coated with a chemical-resistant polymer
ilm of | wm thickness. Temperatures of  the
fiquid sample below room wmperature can be
adjusted by cooling the cell with v cold finger and
simultancously heating the celb with the heater.
For the bromine Lranspission ieasureents
Jo(F) was caleulated in the ustad manner. In
the case of the magnesium Huorescence measure-
ments. the lincar absorption coellicient is caleu-
lated with the relation je(E) = 1)/ TptE), where
/ stands for the detected intensity of fluores-
cence radiation and /7, for the normalized current.
which is proportional to the primary radiation
intensity. Self absorption is neglected. because the
amount is too small. Figures 10.13a and 10.13b
show the bromine and magnesium X-ray absorp-
tion spectra of the 1.5 M solutions of MeMgBr and
EtMeBr in 7-BuzO at RT and —85 . respectively.
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Fig. 10.12. Cell for temperature dependent fluorescence
EXAFS measurements of liguids with soft X-rays. The
cell consists of holder (1), window flange (2). double-
sided flange (3) containing the liquid sample, blind
flange (4), thermocouple (5), cartridge heater (6), copper
gaskets (8). screw bolts (9) and polymer coated beryl-
lium window (10). During the experiment. the cell is
mounted on the cold finger (7) of a sample manipu-
lator [108].
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Fig. 10.13. Normalized X-ray absorption spectra at the bromine (a) und magnesium K-cdge (b) of 1.5 M solutions of
the Grignard compounds in 71-Bu;O. The spectra correspond to MeMgBr at RT. MeMgBr at —85°C, EtMgBr at RT

and EtMgBr at —85°C (from top to bottony) [108].

The data analysis was performed according 1o
reference [109]. To determine the smooth part of
the background subtracted spectrum, a modified
smoothing spline algorithm was used. The EXAFS
x(k) functions were multiplied with k% and Fouricr
filiered in the ranges 1.40-3.50 A for the bromine
EXAFS spectra and 1.00-3.40 A for the magne-
sium EXAFS spectra.

Curve-fitting in & space was performed with
the program EXCURV90 and with theoretical
amplitude and phase functions calculated with the
program FEFF. The experimental k® (k) functions,
their Fourier transforms and fits to the experi-
mental data are shown in Figures 10.14 and 10.15.
According to Figures 10.14 and 10.15, the Fourier
transforms of the k% x(k) functions of bromine
and magnesium show a main peak at small
distances and additional smaller structures at larger
distances. In the case of the magnesium central
atom, least-square refinements of the main peak
with carbon atoms of bonded alkyl groups. oxygen
atoms of coordinated solvent molecules and with
a combination of carbon and oxygen atoms, were
performed. With both programs EXCURV90 and
FEFF, a single coordination shell of oxygen atoms
at a distance of approximately 2.02 A resulted
in a significantly better fit than a single coor-
dination shell of carbon atoms at a distance of
approximately 2.10 A. Fits with both oxygen and
carbon backscatterers were only successful with
EXCURV90. With this program, two coordina-
tion shells of oxygen and carbon atoms at a
distance of approximately 2.00 and 2.15 to 2.36 A,

respectively, gave a significantly better fit than a
single coordination shell of oxygen atoms. The
structures at larger distances can be described by
two coordination shells of bromine and magnesium
atoms. In the case of the bromine central atom, the
main peak and the structures at larger distances
can be described with three coordination shells of
magnesium, bromine and oxygen or carbon atoms.
As carbon atoms were difficult to detect by magne-
sium K-edge measurements, the authors stated that
the light backscatterer detected by bromine K-edge
measurements was most probably oxygen.

As before, in the former EXAFS investiga-
tion, only the interatomic distances were used to
analyze the possible geometries of the monomers
and the dimers of MeMgBr and EtMgBr in
1n-Bu>O. The obtained values are summarized in
Table 10.7 and fulfill the following consistency
criteria. First, the analysis of the magnesium and
the bromine EXAFS functions resulted in the same
value for the Mg—Br distance, to a very good
approximation. Secondly, the distances increase
with temperature, as is expected owing to the
anharmonicity of the atomic interaction potentials.
With the experimentally determined distances, the
O-Mg—Br, Br—Mg—Br and Mg—Br—Mg angles
of the Grignard compounds can be calculated.
These angles are 109°, 87° and 85°, respectively.

From the calculated O—-Mg—Br angle it
follows that the geometry of monomers is
tetrahedral. As the Br—Mg—Br and Mg—Br—Mg
angles are approximately 90°, association to
dimers distorts the tetrahedral geometry of the
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Fig. 10.14. Experimental (solid curve) and calculated (dashed curve) EXAFS functions above the nmgnesiu_m K-
edge of 1.5 M solutions of Grignard compounds in #-Bu-O and the corresponding Fourier transforms. The figurcs
correspond to MeMgBr at RT (a). MeMgBr at —85°C (b). EtMgBr at RT (c) and EtMgBr at —85°C (d) [108].

monomers and the obvious hypothesis has to be
considered that the magnesium atoms of the dimers
may become octahedrally coordinated. With the
experimentally determined Mg—O and Mg—Br
distances, the Br—O distance of hypothetical

octahedral dimers can be calculated as being
approximately 3.4 A. According to the following
considerations. oxygen atoms of hypothetical
octahedral dimers should be detectable by bromine
EXAFS spectroscopy. Based upon the detection
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Fig. 10.15. Experimental (solid curve) and calculated (dashed curve) EXAFS functions above the bromine K-edge of
1.5 M solutions of Grignard compounds in n-Bu>O and the corresponding Fourier transforms. The figures correspond
to MeMgBr at RT (a). MeMgBr at —85°C (b), EtMgBr at RT (c) and EtMgBr at —85°C (d) [108].

of magnesium and bromine backscatterers, there
will be a considerable amount of dimer species
existing in solution. Additionally, in the case of
the existence of an octahedral dimer. depending
on the position of the carbon atoms of the
bonded alkyl groups, four to five oxygen atoms
would be placed at a distance of 3.4 A from

the bromine atoms and should be detectable by
bromine EXAFS spectroscopy. As oxygen atoms
at a distance of 3.4 A from the bromine atoms
were not detected, neither at RT nor at —85°C.
octahedral geometry is very unlikely for the dimers
of MeMgBr and EtMgBr in #-Bu>O. The derived
distances and angles suggest tetrahedral monomers
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Table 10.7. Summary of the absorber backscatterer distances r [A] for the Grignard compounds
MeMgBrand E(MMgBr in 12-Bu-O obtained with amplitude and phase functions caleulated by FEFE

and EXCURV90 [ 108]

Backscatterer McMgeBr, RT

MeMeBr, =85 ¢

EtMaBr, RT FihleBr, -85 C

Ahsorber Br

Me 2.49
Br 346
O 371

Absorber Mg

O 2.00
C 215
Br 247
Mg 3.34

248
342
3.07

2.50 247
341 343
3.07 3.04
2.01 2.00
2.36 234
251 247
3.36 3.31

and distorted tetrahedral structures for dimers as
given in Figure 10.16.

Although the results of this
supply a very consistent picture of the Grignard
compounds and some questions previously not
clarified could unambiguously be answered. one
point still remains open. In none of the described
studies could a carbon backscatterer be identified
convincingly. That this failed for the bromine
absorption edge is understandable. First of all
onc knows from crystal structure analyses that
the solvent molecules are more strongly bounded
to the magnesium atom than are the organic
residues. Furthermore it is known from NMR

investigation

Mg 85°
2%0;0« )2’37 1000 0
0 £O33A NN 04
el 3.4A Mg
IR Yy TR

Fig. 10.16. Proposed geometry of dimers of McMgBr
and EtMgBr in n-Bu;O at RT and —85°C. Only
two of the four possible oxygen coordination sites
arc actually occupied by oxygen atoms of #-Bu-O
solvent molecules. For carbon atoms of coordinated
alkyl groups. angles cannot be calculated from
the EXAFS spectroscopically determined  structural
parameters [108].

data that the alkyl or aryl groups exchange
extremely fast. Only at temperatures below
about —60°C is the exchange slow enough
to permit distinguishing between the different
species  using NMR  spectroscopy.  From  the
magnesium absorption edge. however, one would
have expected that a carbon backscatterer could
be detected at least at —85°C. This succeeded
indeed with EXCURV90 but not with the
amplitude and phase functions of FEFF. A possible
explanation could be that the theoretical functions
of the oxygen and carbon backscatterers only
differ negligibly. Both backscatterers are in a
distance range that impedes a separation of both
contributions. Since the direct environment at the
magnesium atom is dominated by the solvent
molecules. it is possible by fitting with solely an
oxygen backscatterer that the contribution of the
carbon backscatterer can be is included as well.
An unambiguous complete explanation for this
phenomena remains to be established.

10.6.3 LAXS Studies

We found only two studies of Grignard compounds
in solution in which the large angle X-ray scat-
tering technique was applied {105,106]. In the
first paper methyl-, ethyl- and phenylmagnesium
iodides. dissolved in diethy! cther, were investiga-
ted with the composition, expressed in terms of
stoichiometric units, CH:Mgl - 6.79Et:0. CH;Mgl-
341EGO. CoHsMel - 10.33F60. CaHsMgl - 231
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ELO, CoHsMgl - 10.33E1,0. CHsMgl - 5.67E1 0,
which corresponds 1o a  concentration  range
(.9-2.7 M. The solutions were kept in a eylindrical.
thin-walled glass vessel, which was halt-tilled. A
large #-¢ diffractometer was used o measure the
scatlered intensities and the monochromator was
positioned before the scintillation counter. There-
fore, the incoherent scattering is not completely
recorded at large scattering angles. The scattered
intensities were collected in the range 4 < ¢ < 557,
which corresponds 10 1.23 < k < 14484~ for
Mo-K,, radiation (A = 0.7107 A ), with a step size of
about 0.1°. The counting time for cach sample point
was never less than 20 minutes. That means a dura-
tion of one week for one scan. This is a typical time,
when liquids are studied with X-rays, and requires
very stable experimental conditions. The data were
evaluated, as described in Section 10.3.3.

In Figure 10.17 the distinct part, weighted with
k and normalized to the averaged form factor.
is given together with theoretical caleulations. In
Figure 10.18 the Fourier transforms of the func-
tions, given in Figure 10.17, are depicted. These
functions are the sum of all pair correlations func-
tions, weighted by the product of the electron
number of the corresponding atom pairs. In order
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to see how the individual atom pair correlation
functions contribute to this sum. the total atom pair
corrclation tunction G(r)

mm

Z ZZ,Z,g,,(I‘)

(10.26)

is calculated for the solution CH;Mgl - 6.79 Ei,O
exphicitly with the abbreviation Et for 6.79 EO
and Me for CHs:

G(r) = 0.00068yy0y, (1) +0.0016g (1)
+0.0073g,,, (1)
0.04008 g5, (r) + 0.00LLgyy ¢ ()
+0.0099g,,.,(r)
0.05308y ¢, (1) + 0.0220g, ()
+0.23d4g, (r)
0630785, ()

The problem that arises when solutions are
studied by X-rays, can be seen very clearly from
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Fig. 10.1'_/'. Reduced intensitics 1,,4(k) for the 1.0 M organomagnesium iodides in diethyl ether [105]. Experimental
and functions calculated from the final structural models are marked with & and (), respectively. The models with
octahedrally and tetrahedrally coordinated magnesium are shown (o the left and right, respectively.
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Fig. 10.18. Diffcrential  electronic  radial  distribution
function D(r}) for the 1.0 M organomagnesium iodides
in dicthyvl ether [10S]. Experimental and functions
calentated trom the final structural models are marked
with @ and (. respectively. The models  with
oclahedrally and tetrahedratly coordinated magnesium
are shown to the left and right. respectively.

this formula. Although the concentration of the
Grignard compound is rather large and iodine is a
strong scatterer, the contribution of the pair corre-
lation function of interest, namely g, (r), g,(r)
and g,,,(r) totally is less than eight percent. Of
course, onc is tempted to measure the solvent
without the solute and to extract the contribution of
the Grignard compound from the difference of the
measurements of the solution and the pure solvent.
But one has to bear in mind that the solute may
change the structure of the solvent, and in view of
the rather small number of solvent molecules—the
ratio is 7:1—it is very likely that the structure of
the solvation shell is different from the microscopic
structure of the pure solvent. Therefore, this proce-
dure cannot be applied.

In view of the small weight of the pair correla-
tion functions of intcrest and taking into account
the experimental errors it seems to be impos-
sible to extract information about the structure of
the Grignard compounds from the experimentally
determined function. Nevertheless, the authors of
the two papers {105, 106} deduced the struc-
tures of the Grignard compound in solution. The

way in which they do it is demonstrated for
the system CHz;Mgl - 6.79 EO. The weighted
sum of atom pair correlation functions exhibits a
pronounced peak at 2.8 A This peak is assigned
to a Mg—I distance. Then the peak arca is deter-
mined. With the assumption that solely Mg -1
pairs contribute to the peak at 2.8 AL the number
of iodine utoms, coordinated at the magnesium
atom, is calculated as 146, As this number is
larger than 1, it is concluded that monomers and
dimers exist. This conclusion is correct. as far as
the assumption is valid that there are no other
atom pairs which contribute to the peak in the
range in which the coordination number was deter-
mined.

At this point, the question about the structure
of the dimers arises. The authors tested a tetrahe-
dral and octahedral geometry and calculated the
corresponding 1-1 and 1-C distances from the
experimentally determined Mg—1 distunce and a
Mg~C distance, which is taken from other data.
preferably from crystal structure data. As the coor-
dination number is known {rom the peak area and
the values of the Debye—Waller factors of these
distances were set, the contribution of the distances
1-1I and I1-C (methyl) to the distinct part can be
calculated according to equation (10.20).

But at this stage, the question about the structure
of the monomer remains unanswered. The authors
admit that it is impossible from the present data
to distinguish between tetrahedral and octahedral
geometry and assume in the first step of the data
interpretation that both monomeric and dimeric
Grignard species, where magnesium is octahe-
drally or tetrahedrally coordinated, exist. With
these assumptions threc parameters are sufficient
to calculate the contributions of the Mg—1, -1
and 1-C distances to the distinct part of the scat-
tered intensity. The three parameters are the 1-1
distance, its Debye—Waller factor and the coor-
dination number. Their values were determined
by curve-fitting to the experimental data. All the
other parameters, as for example the geometry of
the diethyl ether molecule. were taken from other
studies.

The results of the least-squares refinements
are shown in Figures 10.17 and 10.18. The
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models with octahedrally coordinated magnesium
are shown (o the left. and the corresponding
models with tetrahedrally coordinated magnesium
are shown to the right. As can be seen trom the
comparison of both models, it is hard to favour
one model. Nevertheless, the authors conclude that
a model involving both monomeric and dimeric

RN R
o T R

dhiated, gives die bost Dot experimental
data and determines the degree ol dimerization
trom the number of |1 distances. For phenylimag-
nesium iodide, however, no distincion between
tetrahedrally and octahedrally coordinated magne-
sium could be made, because a stimilarly good fit
wis obtained for both models. The authors are
convinced that dimers exist in diethyl ether soltu-
tions. stnce they succeeded in fitting the number of
[-1 distances for two different concentrations with
only one dimerization constant, which. however,
is rather small. But they admit also that the
refinenient of the data was very difficult and
they are unable to exclude the dimeric structure
RoMgX Mg,

In the second paper the same authors studied
phenylmagnesium bromide in diethyl ether with
the composition C4HsMgBr - 4.80 Et-O. Also here
the total atom pair correlation function is calcu-
lated explicitly in order to see the individual weight
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of the atom pair correlation function of interest

Gr) = 000208, 1, (r) +0.0120¢,, ., ()

+ ().()34()y',]'m (r)

0.0197g,,. (1) 4 0.0020g,, .\, 1)

+0.0100g,, ., (1)
“'Uﬁ&)«‘*,\xgm“" 1 001508, )

+ 0.1685g, 4, (1)
0.48353’[5@(/‘)

with the abbreviation Ph for the phenyl group
and Et for 480 EtO. As can be seen from
this equation, the contribution of the Mg—Br and
Br—Br pair correlation function is | and 2 percent.
respectively.

The measurements were performed in  the
same manner as those with the organomagnesium
iodides. The reduced intensity and the total
atom pair correlation functions are shown in
Figures 10.19. The interpretation of the total atom
pair correlation function followed the outline
given in the previous section. The peak at
2.55 A was assigned to a Mg—Br distance and
the shoulder at 3.6 A to a Br—Br distance.
From the arca of this shoulder—the limits of
the integration are not given—the number of
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Fig. 10.19. Reduced intensities &/, (k) and differential electronic radial distribution function D(r) for 2.0 M phenyl-
magnesium bromide in diethyl cther [106]. Experimental and functions calcutated from the final structural models
are marked with @ and (. respectively. The models with octahedrally and tetrahedrally coordinated magnesium are

shown in the upper and lower part. respectively.
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Br—Br distances was determined as .25, which
corresponds to the presence of S0 percent of the
dimeric species. Least-squares refinements of the
Mg--Br and Br—Br distances were performed with
an octahedral and tetrahedral coordination around
the magnesium atom. The other distunces were
caleulated from the refined distances or taken from

Figure 19. According to the opinion of the authors.
an octahedral model fits the experimental data
significantly better than a tetrahedral model and
it is concluded that phenylmagnesium bromide,
dissolved in diethyl ether. forms both dimeric
and monomeric complexes  with  magnesium
octahedrally coordinated in both cases. In view of
the low weight which the atom pair correlation
functions gMgBr(r) and Euepe ) contribute 1o the
total atom pair correlation, however, the question
arises whether the interpretation of the data is
unambigous.

Both studies show very clearly the problems
when solutions are studied with X-rays. The main
problem is that an X-ray expcriment provides
the sum of all atom pair correlation functions.
weighted with the mole fraction and the elec-
tron number of the corresponding atom pairs. 1f
the concentration of the solute is not very high,
the contribution of the atom pairs, from which
the local structure can be deduced. to the total
atom pair correlation function is too small for an
unambiguous assignment of certain peaks to defi-
nite atom pairs and for a reliable determination of
the coordination number. Nevertheless, the X-ray
studies of liquids or solutions have their merits.
when they are combined with other experimental
methods and are compared with theoretical calcu-
lations. .

10.7 CONCLUDING REMARK:
CURRENT STRUCTURAL
PICTURE

Which conclusion can be drawn from the results
of the EXAFS and LAXS investigations? First,
one can say that real structural information. i.e.
intra- and intermolecular distances in solution. can

be determined by these methods. On the basis of

the data it was cven possible to deduce detailed
structural models. The experimental data and the
resulting interpretation were assessed critically.
This seemed tmportant to us in order to get, within
this chapter. w general interpretation of all investi-
cations,

The determined degrees of dimerization as well

the Br—Br and Mg—Mg distances are an
unambiguous proof that MeMgX, EtMegX and
PIiMgX (X=Br. 1) in the solvents EGO or #-Bu,yO
are associated to a certain degree. The degree of
dimerization decreases from MeMgX and EtMgX
10 PhMgX. Given the error limits, a differentiation
between the degrees of dimerization of MeMgX
and EtMgX probably is not permissible. As
expected the tendency to form dimer species is
lower for the organomagnesium iodides than for
the bromides. ViMgBr is not associated in THF
as is confirmed by molecular weight studies.
Comparing the absolute values, the determined
degrees of dimerization show some discrepancies.
This is not remarkable, since the derived values
are based on coordination numbers, and neither
the EXAFS or the LAXS methods are optimally
suited for accurate determination of coordination
numbers.

The systems in EtO or Bu:O can be best
described as an  equilibrium between  RMgX
and RMgX.Mg or RMgX,MgR with coor-
dinated solvent molecules. Unfortunately, on
the basis of the data, differentiation between
those dimers is not possible. The other postu-
lated species (2RMgh +2X7; MgR, + MgX,;
RMg® + RMgX5) seem to play a minor role
in the description of the investigated compounds
(Figure 10.6). Statements about the geometry
of the monomers and dimers are contradic-
tory. | Persson et al. propose only octrahedral
models for both species. In the publication
{107} however. an equilibrium between tetrahedral
monomers and octahedral dimers is postulated. The
newest EXAFS spectroscopical investigation. on
the other hand, can unambiguously exclude octa-
hedral monomers and dimers.

After detailed consideration, in our opinion an
cquilibrium  between  tetrahedral monomers and
distorted  tetrahedral dimers exists in solution.
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From the determination in the older investiga-
tions of halogen bridging with Br—Mg--Br and
Me—Br—Mg bond angles of approximately 90
the authors were led mistakenly to conclude the
existence of octahedral dimers. Surprisingly, the
authors have not studied crystal structure analyses
sufficiently. with respect to this problem. Although
crystal structures are not necessarily comparable
(o structures in solution. they do present a striking
picture (Table 10.2). In dimers. a tetrahedrad geom-

etry is clearly preferred and the bond angles of

the halogen bridging in all cases are approxi-
mately 907,

Since systematic investigations ol Grignard
compounds in THF with EXAFS and LAXS
still are lacking. generalization of the resubs for
ViMgBr is certainly not allowable. It possesses an
octahedral coordination geometry in contrast to the
other systems. This result contirms the long held
assumption that the solvent has a strong influence
not only on the degree of association but aiso on
the type of structure that is formed.
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Di- and Polyfunctional

Organomagnesium Compounds

F. Bickelthaupt

Vrije Universiteit, Amsterdam, The Netherlands

11.1 INTRODUCTION

Di-Grignard reagents HalMg-Z-MgHal (1) are of
special interest for several reasons. Like the normal
monofunctional Grignard reagents RMgHal. they
may serve in organic synthesis for the formation
of carbon—carbon bonds by reaction of a nucle-
ophilic carbon atom with an electrophile —with
the obvious difference that this process will occur
twice and thus lead. depending on the electrophile,
to a bifunctional or a cyclic product. c.g. to 2
or 3. respectively (Scheme 11.1). In this regard,
they complement the carbon-carbon bond forma-
tion via Sy2 reactions of the dihalides 4 leading
to 5§ or 6, where the reacting carbons are elec-
trophilic. It is of interest to point out that the most
simple way to prepare 1 is the ‘direct reaction” of
4 with magnesium which may thus be regarded as
an Umpolung of the carbon atoms involved.

Of even greater practical interest has proven
to be the application of 1 as synthons for the
preparation of other difunctional organometallic
compounds, both acyclic (7) or cyclic (8) (Scheme
11.2). Because magnesium is more electropositive

COOH
1)2C0,

H
MgHal A .
e COOH
A 2
\ MgHal \ /\ /R

1 13 RCOOR" 7 C

-
7
\

~N
i N OH
3
Mg
/-C!\'
. z
Ha RS
e CN
4 )
Hal
“OOF!
s /\/(( Et
CHy(COOEN, z C
2EONa N COOE

6

SCHEME 11.1

than all other metals except the alkali and higher
alkaline earth metals. this approach is bound to he
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successtul and has often been used., in particular

for the preparation of & great number of other-
Wise ot or not casily. accessible transition metal
containing rings.

/_,;\II\‘”

MR, 7

MyHat — g
AR

.
V2 7
\ MeHal —

— 7

1 CLMRY, z M'R”,

SCHEME 11.2

A completely different reason for being inter-
ested in difunctiona] organomagnesiums s that
they ofien show unusual structures and bondine
situations. As an example. the Schlenk cquilibc—
rum, well-known for the monofunctional Grignard
reagents (Scheme 11.3, eq. (a)) may in the case of
1 lead to a cyclic diorganylmagnesium reagent 9
(Scheme 11.3. eq. (b)). )

2 RMgHal ==—=—== R:Mg  + MeHal, (a)
/—MgHul N
ZK —_— 7 Mg + MgHal, (b)
MgHat v
I 9

SCHEME 11.3

Finaily. depending on the nature of the organic
residue, the preparation of difunctional or C}cliC
organomagnesium compounds may pose a consid-
?rublc synthetic challenge; this is particularly true
tor the “short” di-Grignard reagents in which only
lhree or less carbon atoms separate the two func-
tionalities. Although these synthetic aspects will
be treated in detail in the appropriate sections, it
may be useful to present a short survey of the three
major strategies which are available.

Grignard Reagents; New Developments

As already mentioned in the context of Scheme
I. the most simple route —where applicable —is
the classical “direct synthesis' of 1 from the cm‘rc;
sponding organic dihalide 4 (Scheme 4. pathway
(a)). Like for normal monofunctional Grignard
reagents, the traditional magnesium lurninu; are
applied, but in special cases, more acli\'ulcd}"<)1'xxls
of the metal may be necessary. An alternative
approach, which is more tedious but gives pure
cyclic compounds 9 in high yield, is the treatment
of the corresponding mercury compound 10 with
magnesium (Scheme 4, pathway (b)); 10, in turn,
may be prepared from 4 either dircetly with sodium
amalgam (pathway (b)) or via 1 by reaction with
a mercuric dihalide (pathway (a)/(b")), the latter
detour permitting the overall conversion of 4 via
1 and 10 to pure 9 because the stable intermediate
10 is easy to purify.

Hal MgHaul
7/— Me 7
A . Z
ta)
K\ Hal K MgHal
4 1
Na/Hg {(b") - MgBrs
’
H M 2
Z\\/ e ™ 4 Mg
" N
10 9
R R
e
My
e @ My
R R
] 12

SCHEME 11.4

A less general method is the reaction of unsatu-
rated compounds such as certain alkenes, dienes or
aromatics with activated magnesium; this is illus-
trated for the conversion of 4 substituted butadiene
11 10 the magnesacyclopentene 12 (Scheme 11.4.
pathway (c)).

Di- and Polyfunctional Organomagnesium Compounds

In view of this diversity of interesting aspects,
it is not surprising that the chemistry of di- and
polytunctional organomagnesium compounds has
received considerable attention. Only a few years
after the discovery of the Grignard reaction in 1900
| 1]. the conversion of 1.9-dibromononane 2] and
of 1,5-dibromopentane [3.4] to the corresponding
di-Grignard reagents was achieved (Scheme 1.4,
pathway (a): Hal = Br. Z = (CHaz)y and (CH>)s.
respectively), and the synthesis and application of
such reagents kept growing ever since. A number
of reviews has appeared describing the older {5-7]
and more recent {8 13] developments in this ficld.
and for that reason, the emphasis will be on
recent achievements and on the present state of
our insight and knowledge.

In this chapter, the rather large class of difunc-
tional organomagnesium compounds is arranged
in the order of increasing length of the carbon
chain connecting the two organometallic func-
tions, which may consist of 12,3, or 4 and more
carbon atoms (Sections 11.2 to 11.5). The few
known polyfunctional reagents will be treated in
Section 11.6.

11.2 1,1-DIFORGANOMAGNESIUM
REAGENTS

11.2.1 Synthesis and Structure

The most simple di-Grignard reagent is methylene-
dimagnesium dibromide (13a). It was first prepared
as early as 1926 by Emschwiiler by direct synthesis
from dibromomethane and magnesium [14], but
the yield was low and the product quite impure.
Better results were obtained with 1% magnesium
amalgam, either in benzene/dicthyl cther in a ratio
1 : 1 [15,16] or, preferentially, in diisopropyl
ether [17] (Scheme 11.5). The latter minimizes the
formation of the, often rather obnoxious, reduction
product methylmagnesium bromide which more-
over is soluble in ditsopropyl ether and there-
fore easily removed by decantation; the insoluble
13a is thus obtained in yields of up to 80%,
and for synthetic applications, it may be dissolved
in the benzene/ether mixwure. Finally. it should
be mentioned that 13a was also formed in 40%

369

vield in the reaction of dilodomethane with lithium
4.4°-di-(fer-butyhbiphenyl in THF in the presence
of magnesium bronide at —1007 [18] (¢f. also
Section [1.3).

N 1 R MaBi
N> N s
¢ - ¢
/N 2 N
R R MgbBr
[3a:R=R'=H

13b: R =SiMe;, R'=H
13¢: R =R’ =SiMe;

MeySi N /H\ Me,Si N /MgBr
C C
/N /N
Me;Si Br MesSi MgBr
13¢
(CHynMe  —2—~  (CH:Mg), + CHy

14

SCHEME 11.5

Unfortunately, this approach does not work for
substituted 1,1-dibromides with the notable excep-
tion of the trimethylsilyl substituent: the mono-
and disubstituted derivatives 13b [19] and 13c
{20], respectively, were prepared in comparable
yields. In the case of 13c, it is not necessary to
use the tedious amalgam procedure as the reaction
proceeds in the normal way with magnesium in
diethyl ether (Scheme 11.5); pure crystalline 13¢
can be isolated in 35% yield on concentrating and
cooling the reaction mixture [20].

Little is known about the structure of I.1-
di-Grignard reagents. It is remarkable that 13a
dissolves in the benzene/ether mixture but is nearly
insoluble in pure dicthyl ether. Extraction of the
product obtained in benzene/diethyl ether with
pure diethyl ether removes magnesium bromide
to give residues which have the approximate
composition of CH>(MgBra/MgBrs. while THF
removes more MgBr: leading to the composition
CHaMg/MgBr- (13a’) [16b]; in view of their low
solubility, these white powders must have poly-
meric structures as is probably also the case for the
white. insotuble methylencmagnesium (14) which
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was obtained by Ziegler et al. by pyrolysis of

dimethylmagnesium |21] (Scheme 11.5).

The only 1.1-di-Grignard reagent which has
been characterized by an X-ray crystal struc-
ture determination is 13¢ {22} Amazingly. it
has the straightforward composition of monomeric
(Mc;3S1)>C(MgBrTHF):  involving  tetracoordi-
nate magnesinm and shows two remarkable fean-
res which help to explain the low reactivity of the
compound (see Section 11.2.2): the nucleophilic
central carbon atom is completely shielded by
the four bulky groups surrounding it and hardly
‘visible’ from outside; however. in spite of the
steric congestion, all four bonds to this carbon
atom are relatively short. which was ascribed 0
bond strengthening due to the accumulation of
negative charge at carbon and to negative hyper-
conjugation [22] (sce Chapter 9.6.1).

11.2.2 Applications

The relatively low reactivity of 13 compared to
normal Grignard reagents is a characteristic and
general feature. As indicated above, this is prob-
ably caused by both steric and electronic factors,
and the reactivity decreases with increasing substi-
tution by silicon. This lack of reactivity sometimes
limits the achievement of certain synthetic goals:
the only electrophile which always reacts instanta-
neously is water (or D,0)!

The most important application in organic syn-
thesis is a Wittig-type olefination of carbonyl
compounds as illustrated for the preparation of
1S and 16 in Scheme 11.6. With 13b, carbonyl
compounds with a-hydrogens are mainly enolized
instead of forming 15b. The diminished nucle-
ophilicity is still more pronounced for 13¢: while
it does react with benzaldehyde to give 70% of 16.

MeB Mea
gBr je
s + Me,GeCl, Ge
CH, @ —T < > .
N
MgB Ge
S50 Me>
13a 20

SCHEME 11.8

MeaGe
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the reaction with benzophenone is extremely slug-
gish and, after 23 days, yiclds only 7% of 17, the
rest being unreacted 13¢ as shown by deuterolysis
to furnish 18 231 A few other examples of olefi-
nations of steroids and sugar derivatives have also
been reported 115,24.235].

i RPN K
RRC=0 N
— C=CR'R

4 s
H Mol H
13a:R=H 15a

13b: R = Me;Si 15h (no a-H)

MesSi
C=CHPh
IW MeiSi
MesSi MgBr 16 (70 %)
TIN T
¢ N Me;Si

/
MesSi Moy C=CPh,
MeaSi
13 \ g
1) PhaC=0 23 days)
2,0 ot
Me;Si N
CD;
e
MeaSi

SCHEME 11.6

R MgBr R SnMe;
N4 Ve
C + ClSnMe, C
7N // 3
R’ MyBr R SnMe;
1 R=R=H

13b: R = SiMe R = H
13e:R = R = SiMes

SCHEME 11.7
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CHaMglBir

+ CHAMeBn, L OpeTi
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e 23
CpaTICh
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23— /( HaMeBr
= oopih
N Ll
24
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More numcrous are the applications in organo-

metallic synthesis. This is especially true for 13a;
for 13b. and even more so for 13c, the reactivity
is often insufficient to yield the desired products
such as 19 {16.17,20] (Scheme 11.7).

Particularly successful was the synthesis of a

number of four-membered metallacyeles starting
trom 13a. With Me,GeCl,. the 1.3-digermacyclo-

CH:MgBr
. RCH=CH;
CpoTi ——

VRN

[
.

RC=CR

© PMey

THF

1} = solvent

2) + toluene

PhyC=0

SCHEME 11.10
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butane 20 was obtained, together with its trimeric
(21) and tetrameric (22) homologs [ 1ob,c] (Scheme
11.8); yields are higher when the reagents contain
less MgBra such as 13a’ (vide supra).

Reaction of Cp,TiCly with one or two molar
cquivalents of 13a gives the usclul reagents 23 or
24. respectively (Scheme 11.9).

Comnonnd 23 1261 is an natovue of the well
known ‘Tebbe reagent 30 (Scheme 1H1U) [27] aaa
shows analogous transformations with alkencs and
alkynes to furnish titanacyclobutanes 25 and titana-
cyclobutenes 26, respectively: with trimethylphos-
phine and THF, MgBrCl is extruded to give the
titanocene-carbene complex 27 and its dimer 28,
respectively; on evaporation of the solvent ben-
zenefether from 23 and addition of the apolar
toluene, 29 dissolves and, according to its composi-
tion and spectral properties, has a structure strongly
analogous to that of 30. Finally, with benzophe-
none, 23 undergoes a Wittig-type carbonyl olefi-
nation reaction vielding 1,1-diphenylethene.

Cp:Ti <>~ R 25

Cp,Ti / R 26
R
Cp,Ti=—CH, 27
PMe;
Cp2Ti TiCp> 28
Br
M 4 \’1 C 29
Cp,Ti £ iCpy 2!
p2 N P
Br
-Ti AlMe; 30
CP_TI\ A
Cl
Ph,C=CH,



372

Compound 24 is formally a 1,3-di-Grignard
reagent (see Seetion 11.4.2) and has proven useful
for the preparation of a number of 13-dimetalla-
cyclobutanes 31 of Groups 4 and 14 [17a] (Scheme
11D, Reaction of 24 with silicon tetrachloride
cave the spiro compound 32 28]

CHaMgBy

ClaML,
CpoTi — CpTi ML,
CHoMeBr
N 3la: ML, = SiMe,
H 31b: ML, = GeMe,
31e: ML, = SnMe,
31d: ML, = TiCps
3ta; ML, = ZiCps
31a: ML, = HiCp,
$icl VAN
1% 24 2 e CpaTi CSi\/TiCP:
32
SCHEME 11.11
R ~ ZnBr
7 R AN
4 -
T, - MgBr
\/ MgBr 33 ZnBr
E
R R
AN x
E MgBr
R’ R’
E M E

SCHEME 11.12

Finally, although formally beyond the scope of
this review, it should be pointed out that Knochel
et al. [29] have developed the chemistry of the
related mixed 1.1-dimetallic compounds 33 which
are obtained by addition of allylzinc reagents to

Grignard Reagents: New Developments

alkenylmagnesium halides and are of synthetic
interest because  the presence of two  different
metals at the same carbon atom altows step-wise
substitution by two different electrophiles vielding
34 as shown in Scheme 11.12.

11.3 1,2-DI-ORGANOMAGNISIUM
REAGENTS

11.3.1 Synthesis and Structure

Amongst the di-Grignard reagents, the vicinal or
1,2-disubstituted ones are the most difficult to
prepare, and only a limited number ol compounds
is known. As Grignard himselt found out [30] only
one year after the discovery of his famous “direct
synthesis’ [1], the reason is that after the first
halogen has reacted, g-elimination of magnesium
dihalide occurs quite rapidly before the second
halogen gets a chance to react; this is illustrated
for 1.2-dibromoethane in Scheme 11.13: presum-
ably, 35 is formed as an intermediate, but 36
is not obtained and ethene is the only product
observed.

B-Elimination can be retarded if ring strain is
introduced in the elimination product. This factor
is responsible for a limited success which has
been obtained by ‘direct synthesis’ in two cases
(Scheme 11.13). Firstly, both the cis- and the trans-
isomer of 37 have been converted to c¢is-40 in 15%
yield; apparently, the high ring strain in cyclo-
propene (39) sufficiently counteracts its formation,
slowing it down sufficiently to give the alterna-
tive reaction of intermediatc 38 with a second
magnesium a chance {31]. Secondly, in aromatic
compounds, f-elimination is somewhat retarded
because the product of, elimination is a highly
energetic aryne. Thus, 1,2-dibromobenzene reacts
with magnesium in THF (via 41) to give 20-40%
of the di-Grignard reagent 43 (besides the main
product benzyne (42)) { 10]; however, this approach
is not of practical importance because the corre-
sponding diorganylmagnesium 44 can be obtained
by another route in good yield and purity (see
Scheme 11.15).

The parent 1.2-di-Grignard reagent 36 has becn
obtained in 10% yield from the reaction of

Di- and Polyfunctional Organomagnesium Compounds

BOHCHB % o BeCHLCH M)

A=
A -
Br Br BrMyg
37 38
Br
= My
=
Br
41

SCHEME 11.13

diiodomethane and lithium 4.4'-di-(tert-butyl)bi-
phenyl in the presence of magnesium bromide
in THF at 100° |18]; again, this approach is not
attractive from a preparative point of view as 36
is formed in a mixture containing also the mono-.
tri- and tetramethylene analogues 13a, 45 and 46,

373
Ml CH>=CH,
Mg BrMeCHLCHMeBr
6

NMyBr» 39
/

BrMg MgBr
40
-M y
42

fon
MeBr, N MgBr

respectively, as indicated by their conversion to the
corresponding tin compounds (Scheme 11.14).

As mentioned above, 44 (Scheme 11.15) was
prepared in 68% isolated yield from its mercury
analogue 47 by stirring with magnesium in THF
(¢f- route (b) in Scheme 11.4) [32]. It has becn

__‘®
K MgBr,
CHaly + l‘Bu/-Bu Ll® Rl et

BrMgCHMgBr 13a

BrMg(CH,)-MgBr 3¢

BrMg(CH-):MgBr 4

b

BrMgiCH:)MeBr 44

SCHEME 11.14
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Me;Sn(CH,);SnMey | o
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successfully applied in organometallic synthesis
(see Section 11.3.2), but it is also of interest
because of its tetrameric structure ([CgHiMgly)
both in solution and in the crystal (see also
Chapter 9.6.4); such tetrahedral arrangements are
rare in organomagnesium chemistry, but they are
quite normal for the structures of organolithium
compounds (RLi)4. This structural analogy is prob-
ably due to analogous electrostatic and spatial
interactions in compounds of type RZ~M?* on the
one hand, and R™Li* on the other [32].

By a different approach, i.e. sublimation of

magnesium vapour into a frozen solution of di-
phenylacetylene in THF at 196°C followed by
slow warming to room temperature, (cf. route
(c), Scheme 11.4). 48 was obtained as a mixture
of the cis- and trans-isomers (Scheme 11.15). By
decantation from the reaction mixture and cooling,
bright yellow crystals of cis-48 were isolated
and shown by X-ray crystallography to have a
tetrameric structure analogous to that of 44; only
the orientation of the four ‘ortho-phenylene dian-
ions’ on top of the four Mgs triangles relative to
each other differ in such a way that 44 has approx-
imate Ca. symmetry while that of cis-48 is 4 [32].

Finally, it should be pointed out that 49, the
double magnesium bromide salt of acetylene, is
also a 1.2-di-Grignard reagent. even though it

is not often ranked as such. It can be prepured
from acetylene and RMgBr (Scheme 11.16); its
structure is unknown {5,7,12].

HC=CH + 2EtMgBr — BrMgC=CMgBr + 2 EtH
49

SCHEME 11.16

11.3.2 Applications

Because of the difficult accessibility of the [,2-
organomagnesium compounds, only few applica-
tions are known other than trivial derivatization
reactions, e.g. with D>O or ClSnMes. The excep-
tion is 44, which has proven attractive as starting
material for 9,10-dihydroanthracenes of Groups 13
(50-52) and 14 (53) (Scheme 11.17) [33] and for
9.10-dimetallatriptycenes of Groups 14 and 15 (54)
(Scheme 11.18) [33a,34,35].

The reaction of 44 with methyl dihalides of
Group 13 are straightforward, but the products 50
appear in some cases to consist of more than one
(oligomeric?) species and have only been char-
acterized by their spectroscopic properties {33a].
whereas 51 [33a] and 52 [33b] have been identified
by X-ray crystal structures.
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The reaction of 44 with trihalides of Group 14
(CI3MR; M =Si, Ge, Sn) or 15 (M =P, As.
Sb) may be performed in a one step [34a] or
in a two-step procedure [33a.34b,c,35] as shown
in Scheme 11.18. Probably in both modes of
addition, and favoured by the close vicinity of
the four magnesiums in the tetrameric cluster of
44, the reaction proceeds first by substitution of
all three chlorines of one molar equivalent of
CiiMR to furnish an intermediate tri-Grignard
reagent 55 (which will be briefly discussed in
Section 11.6): next, 54 is formed by reaction of
S5 with the second equivalent of the trihalide.
The two-step process is attractive because it allows

375

the introduction of a different metal A" and/or a
different substituent £ in the second step. In the
present context. 1t would 2o too tar to discuss all
aspects of this interesting reaction. The yields vary
between 0% and 8505 | depending on the combina-
ton of M and R: apparently for steric reasons, the
yield of 54 tends to be higher when A/ is large
(Ge. Sn) and R 1< small (H. Me). but in all cases
55 s formed cven it 54 is nol.

Compound 49 (Scheme 11.16) has been used
to prepare silicon-bridged acetylenes 56 (Scheme
L1 19) [36], amongst which are the six-membered
ring derivatives S6a (n = 4. R = Meor Et: 52-55%
vield) [36b]; m this case. only very little of the
dimeric species was obtained (< 14 ).

11.4 1,3-DI-ORGANOMAGNESIUM
REAGENTS

11.4.1 Synthesis and Structure

In the ‘direct reaction” with magnesium, aliphatic
1,3-dihalides such as 37 have a high tendency
to eliminate magnesium dihalide at the interme-
diate stage of 58 [30] (Scheme 11.20), which is
analogous to the behaviour of 1,2-dihalides (see
Scheme 11.13). In fact, the rcaction of 57 (or
analogous 1,3-dibromoalkanes) with magnesium
(or zinc) is one of the best methods to prepare
three-membered rings such as cyclopropanc (59a)
and its 2,2-dimethyl derivative 59b, etc. However,
when the reaction is performed under special
conditions, with triply sublimed magnesium and
by very slow addition of the organic dihalide,
preferably in a scaled high-vaccuum system, the
1.3-di-Grignard reagents 60a (30% isolated yield
[37]) and 60b (15% ([38]) can be obtained in
moderate yields, which nevertheless are useful as
the starting materials are cheap and the purifi-
cation is easy. While 60b contains no detri-
mental (organometallic) impurities and can be
used directly as formed, 60a is purified by addi-
tion of THF which precipitates the (polymeric ?)
1.3-trimethylenemagnesium (61); for preparative
applications, magnesium bromide in diethy! ether
is added to reconstitute 60a and to dissolve it
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An earlier synthesis of 60a by a multi-step route
starting from allene gave an impure product in low
yield [39].

<<SiR:rn>

49 56

BrMg-C=C-MgBr + CI(SiR;),Cl

SCHEME 11.19

Other 1,3-di-Grignard reagents are rare. In the
aliphatic series, 63a, b are the only other repre-
sentatives (Scheme 11.21). The expectation that
the yields of 63 in the ‘direct reaction’ from 62
would be substantially higher because of higher
strain in the bicyclic elimination products 64 was
not fulfilled; the yields were 7% (63a) and < 45%
(63b) [40].

Grignard Reagents: New Developments

The situation is completely different for 1,3-
dimagnesium compounds containing both an aryl-

and a benzyl-type of attachment such as 65 {40] |

and 66 [42] (Scheme 11.22). Apparently, in this
case, the 1.3-climination at the stage of the inter-
mediate mono-Grignard reagent (leading in this
case to a highly strained cycloproparene) is too
unfavourable, and therefore the yields are high (65:
90%; 66: 85%) when proper reaction conditions
are obeyed.

Similarly, 1,3-elimination is no problem in
the ‘direct reaction’ of fully aromatic dihalides
which usually give di-Grignard reagents in good
yields. Thus, 67 [43] and 68 (90% yield) [32]
were obtained from the corresponding dibromides
(Scheme 11.23). The diiodo analogue of 68 can
also be prepared from 1.8-diiodonaphthalene in
2-methyl-THF; these di-Grignard reagents have a
high tendency to cleave off magnesium dihalide

Di- and Polyfunctional Organomagnestum Compo
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(CHo,
Mg 63a:n=1( 7%)
Br Br 63b:n=2(<d5 %)
(CHj)n
62
(CH2),
64
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with formation of the tetrameric diorganylmagne-
sium 69.

Little is known about the structures of 1,3-
dimagnesium compounds. The only X-ray crystal
structure is that of 69. It consists of a tetrameric
cluster of §4 symmetry analogous to that of ¢is-48
(Scheme 11.15), and the tetrameric arrangement
persists in THF solution, too [32] (see Chapter
9.6.1). Compounds 61 and 65 apparently have an
oligomeric or polymeric structure as their solu-
bility in THF is low [41]. The structure of 66 shows
an interesting phenomenon [42] (Scheme 11.22).
According to UV and NMR spectroscopic data,
it exists in an equilibrium between two forms
66a and 66b; the former is yellow and thus

unds 377

o

59

<8 ~ Ry‘ MgBr

R MgBr
60

+ELO
+ MgHr,

(o)

61

60a +THF
— MgBr»

possibly (nearly) ionic, whereas the latter is colour-
less. Probably, the degree of association is 3
for 66a and 2 for 66b, but unfortunately, thesc
values could not be determined with high accu-
racy because in THF, 66 slowly decomposes to
give 2-methylnaphthaline.

11.4.2 Applications

1,3-Diorganomagnesium compounds have, apart
from simple derivatization reactions with ketones
or carbon dioxide, not often been used in organic
synthesis. An exception is 60a which (in the crude
reaction mixture) on slow exposure to gaseous
carbon dioxide (3 h at room temperature) gave
33% of cyclobutanone (70); this constitutes the
most efficient preparation of this compound [44]
(Scheme 11.24).

Again, more important are the applications in
the synthesis of (mostly) four-membered ring com-
pounds containing a main group or transition
metal in the ring [8-13,45]. Examples using 60
are presented in Scheme 11.25. Several aspects
deserve further comment. In the first place, it
appears that germanium is particularly inclined to
form four-membered rings. Secondly, while the
yields for tin are lower (in the case of 73a. the
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MgBr
e 0]
MgBr 2y H:0*

60a 70

major part of the products are the corresponding
dimer, trimer and tetramer (formed in a combined
yield of 70%), this approach nevertheless is valu-
able because so far, it is the only one which has
furnished stannacyclobutanes. Another example is

SCHEME 11.24 i i
the reaction of 60b with silicon or germanium
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R>< MaBr R,
R MgBr

60u: R=H
60b: R = Me

K
><>.\1R'3
R

Tla: M =S R'=Ph (75%)
T2 M =Ger RT = H 9690
72h: M = Ger RT = Me (98 0
TIaM=Sm R = H  dowi

73b: M =S R = Me (48 %)

(3]
1401
140}
147}
(47}
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tetrachloride which gave the spiro compounds 74
(15%) and 75 (48%), respectively [48]. For anti-
mony, the tendency to form a four-membered ring
is even smaller; thus, 60b with MeSbCl, gave 76
which was characterized as 77 by an X-ray struc-
ture {49].

Me MgBr . Me Mo
- + MCty
Me MgBr Me Me

THM=Si (5%
75 M =Ge (48 %)

Gl Me
'sh

Sh
[ S
Cl Me
77

Similarly, a number of metallacyclobutanes (78—
85) of transition metals were obtained from 60b
(Scheme 11.26). In this context, the synthesis
of 31 and 32 from the formal 2-titana-1,3-di-
Grignard reagent 24 (Scheme 11.11) should also
be mentioned.

Me MgBr LL/aMCT Me
- - MLL’
Me MgBr Me

e

60b T8:M=Tii L=L'=Cp [38a]
79:M=7Zr;  L=L'=Cp [38a)
80:M=Hf: L=L'=Cp {38a)
$1:M=V: L=L'=Cp [50)
$2:M=Mo: L=L'=Cp [51]
83 M=W: L=L'=Cp {51]

84: M=Re; L=Cpx.L'=0 [52]
85 M =Pt L=L"=PR; (53]

SCHEME 11.26
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From 65. the t.2-dihvdro-1-metallacyclobutanes
86-91 were obtained with the exception of 88;
in this case only a dimcric species was formed
(Scheme 11.27).

Finally, 69 served as starting material for
a number of four-membered 1.8-naphthalenediyl
metallacycles of Group 14 clements: 92, 93
(with some of the corresponding dimeric eight-
membered ring product); instead of 94, the dimer
was obtained exclusively) [56]. The analogous
transition metal derivatives 95~99 were obtained
in a similar fashion [57] (Scheme 11.28).

L\ /l'
Mg M
4 > LL'MCl,
/
4
69 92:M=8i; L=L'=Mec

93:M=GCGe. L=L"=Me
(94:M=8n L=L"=Me:0%|
95:M=Ti; L=L'=Cp
96:M=Zr, L=L"=Cp*

97:M =P L=L"=PEz

98: M =Rh: L=Cp* L =PPh3
99:M=1Ir; L=Cp* L =PPhy
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11.5 1,4- AND LARGER
o, »-DI-ORGANOMAGNESIUM
REAGENTS

As already indicated in the previous sections. orga-
nic dihalides in general. and organic dibromides

in particular, react smoothly with metallic magne-
sium in the “direct synthesis’ when there are four
or more carbon atoms between the two halide
functions (Scheme 11.4, pathway (a)); occasion-
ally, other pathways of Scheme 11.4 have proven
useful, 1o0. It is therefore not surprising that from
the early days of Grignard chemistry [2-4]. a great
number and variety of such divalent organomag-
nesium species have been prepared and applied
in synthesis. In general, it is safe to say that in
the absence of obvious structural incompatibilities,
these di-Grignard reagents can be prepared in the
same fashion as their mono-Grignard analogues.

For that reason, and as this area is too vast for
a comprehensive treatment in the present context,
the interested reader is referred to previous reviews
covering the field [5-13]. In order to illustrate
the potential of these interesting compounds, a .
few representative examples and facts will be
discussed here.

11.5.1 Synthesis and Structure

The most simple di-Grignard reagents arc the
oligomethylene derivatives 1' (Scheme 4: 1, Z =
(CH3),). They are obtained by ‘direct synthesis’
from the corresponding dihalides 4’ [2-13} (cf.
Scheme 11.4, pathway (a)). Their cyclic dior-
ganylmagnesium anajogues 9 may be obtained
either from 1' by precipitation of magnesium
dibromide with |,4-dioxane or, highly pure, from
4 via the mercury analogues 10’ (Scheme 11.4,
pathway (b)). It may sometimes be advantageous
to perform the transformation of 1’ to 10" via the
a. w-oligomethylenebis(mercuric halides) 100 as

Di- and Polyfunctional Organomagnesium Compounds

the latter are usually crystalline and more stable,
and therefore casy to purity: subsequently, 100 is
converted 1o 107 by reduction e.g. with tin dichlo-
ride in alkaline solution {S§8-60] (Scheme 11.29):
alternatively. 100 may be converted to pure 1 by
treatment with magnesium metal.

Hal MgHal
e Mg .
(CH, “ (CH»,
Hal MgHal
4 1
Nty 2 Hallaly | (Mg

1
HgHal
/\ SuCl/NaOH f
(CHay  He| =————(CHa),
~ " HyHal
10’ 100
TN
(CH», Mg
\_/ m
9
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An arbitrary selection of other di-Grignard re-
agents 101-105 is given in Scheme 11.30. While
101-104 ([61]-[64], respectively) were obtained
more or less by the classical direct approach,
105 |65a,b} and other benzylic Grignard reagents
[65¢c—e] require the use of the magnesium-anthra-
cene adduct (vide infra) which, in a way, may be
considered as a ‘soluble’ and activated form of
magnesium, in order to obtain satisfactory results.

Different and more specific preparations are
shown in Scheme 11.31. Compounds 106 [66] and
107 {67a] illustrate the formation of a di-Grignard
species by transmetallation from alkali metalor-
ganic analogues; 107 has also been obtained by
direct ortho-metallation with Mg(TMP), (bis(2,2.
6,6-tetramethylpiperidino)magnesium), as has 108
[67b].

381

A considerable number of eyclic diorganylmag-
nesium compounds have been prepared by addition
of normal or activated magnesium to conjugated
unsaturated systems such as F3-dienes, eyclooe-
tatetraene, or anthracene, Thus. the addition of
Ricke magnesium {obtained by reduction of mag-
nesium dichloride with potassium or with lithium
naphthalenide) to acyclic or cyclic |.3-dienes gives
rise to five-membered magnesacycles of type 12
(Scheme 1.4, pathway (c)): this is Hlustrated for
109-112 in Scheme 11.32, but many other substi-
tuted dienes have been used in this and similar
transformations {68-70].

Cyclooctatetracne, 100, gives an adduct 113 with
various forms of activated magnesium: presum-
ably, 113 is a (contact) ton pair. but in its reac-
tions, it behaves like a I 4-adduct analogous 1o 12
[71,72] {Scheme 11.33).

Similarly. a number of methods have been deve-
loped to prepare the magnesium adducts 114 of
anthracene and many of its 9.10-substituted deriva-
tives [12,13.72a,73,74] (Scheme 11.33). Depending
on the substituents, 114 may be in equilibrium
with its components. The unsubsubstituted parent
adduct slowly decomposes to magnesium and
anthracenc at room temperature and faster on
heating; the magnesium thus obtained or 114 itself
are often used as a source of “active magnesium’
(¢f. the synthesis of 105). Finally, thc prepara-
tion of 115 by cyclomagnesiation catalyzed by
zirconocene should be mentioned [75].

The structures of the compounds described in
this section have also received considerable atten-
tion. Most crystal structures pertain to the halogen-
free. metallocyclic derivatives; they are described
in Chapter 9. In general, due to the large C~Mg—C
angle of about 120-140°, the magnesacycles are at
least dimeric as exemplitied by 116a {76,77] and
116b [77]. while 117 is a trimer [78] (Scheme 34).

On the other hand, cyclic compounds with
allylic or benzylic type bonds such as those shown
in Schemes 11.32 and 11.33 tend to be monomeric.
at least in the solid state. This is illustrated by 118
{791, 119 [80]. and 120 [81-84] (Scheme 11.35).

In solution, the situation may be different. Thus,
while 116a remains purely dimeric in THF [85].
116b shows a monomer/dimer equilibrium which
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is strongly shifted towards the dimer (AH = -8
kcal mole™', AS = —15 cal mole™! K~!) [60a]
(Scheme 11.36). An interplay of ring and torsional
strain makes the other representatives of 9’ dimeric,
while 121 and 122 reveal an increasing trend to
become a monomer; finally, intramolecular coor-
dination removes steric interactions and atlows
123-125 to be purely monomeric [86].

11.5.2 Applications

The number of investigations concerning the appli-
cations of large di-Grignard reagents is even larger
than that dealing with their synthesis and structure.
As briefly indicated in the Introduction (Section
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K MgaBr
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CiMg MeCl

11.1), in principle, the same type of reactions as of
monovalent Grignard reagents is feasible {5-13],
and this potential has been exploited early on
[2—-4] both for the synthesis of organic derivatives
[87], but in particular for the preparation of cyclic
organometallic compounds. Thus, the first metalla-
cycles of mercury [58]. silicon [88], tin [89], phos-
phorus, arsenic, antimony, and bismuth [90] were
prepared from di-Grignard reagents corresponding
to type 9" in the second decade of this century.
At present, this method has become routine, and
again, a few representative examples must suffice
to illustrate the broad range of possibilities.

The reaction of e.g. BrMg(CH;)sMgBr with
simple electrophiles such as ketones or COa has
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long been known to give the corresponding difunc-
tional products [87], but the reaction may take
a complicated course as is the case for diiso-
propyl ketone where the expected diol 126 was
obtained in 12% yield only [91] (Scheme 11.37).
Of greater practical value is the reaction with
esters or carboxylic acid anhydrides which leads
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in usually good yields to cyclic diols 127 or
lactone 128, respectively; both the di-Grignard
reagent and the substrate may carry a variety of
substituents [92]. Other examples are the prepa-
ration of the labelled ketone 129 [93] and, very
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recently, the synthesis of the diketones 130 from
the corresponding benzimidazolium salts 131 [94].
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The diene adducts 109-112 (Scheme 11.32)
and their analogues have found several interesting
applications. Their two carbon-magnesium bonds
react in a step-wise fashion with mono- or diva-
lent electrophiles; depending on the electrophiles,
different regioselectivities, i.e. 1,2- or 1,4-addition
products, were observed [70]. Illustrative examples
are 131-133 and the spiroannulation products 134
and 135 (Scheme 11.38).

Two examples involving transition metal catal-
ysis in the preparation of bicyclic systems are 136
[95] and 137 {96] (Scheme 11.39).
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Ample use has also been made of di-Grignard
reagents in organometallic synthesis. In addition to
some older examples already cited [87-90], the
following examples are selected to highlight the
great diversity of applications, ranging from the
simple, but useful 138 [78] and 140 [97] (Scheme
11.40) as acyclic compounds to 139 [98] (Scheme
11.40) and 141 [62,99,100}, 142 [101}, and 143
[101] as metallacyclic systems (Scheme 11.41).

Finally, 144 is an exotic example involving a
completely different application of a cyclic dior-
ganylmagnesium compound; it was derived from
the di-Grignard reagent 104 (Scheme 11.30) by
removal of magnesium dibromide with dioxane
and used for the formation of the unique metalla-
cyclic catenane 145 (which is in equilibrium with
its side-on coordinated analogue) [64] (Scheme
11.42).

AN

129
O

Rk/\/TR

130

11.6 TRI- AND
POLYORGANOMAGNESIUM
REAGENTS

Organic molecules containing more than one car-
bon-magnesium bond seem to be scarce, although
sometimes they may occur as intermediates which
are cither not recognized or not characterized. An
example discussed in the context of Section 11.3.2
is 55 (Scheme 11.18) which is a useful interme-
diate in the synthesis of 9,10-dimetallatrypticenes.
The structure of 55a is not known, but magnesium
dichloride can be precipitated to give a solution
with the composition of 146 [33al; however. this
structure remains speculative (Scheme 11.43).

A tri-Grignard reagent may have been involved
in the conversion of 147 to 148 (¢f. Scheme 11.31).
but 4 step-wise functionalization is likely [102]



Grignard Reagents: New Developments

SiMe SiMey
!

386
Me Ne
e Sic
My
Mo N
110
Ph oh
UL N
Qe oy,
1
>
Ph Ph
132 111
BnCH B
////'
Mg
\\\
112 BrOHON T
SCHEME 11.38
MpCl CIMg
v _AgOsSCFy
136
_BMe(CH ) MeBr
[M(dppp)Cl 2]

(CHa,

137(X=N.CH:n=6-10.12)

SCHEME 11.39

(Scheme 11.44). Two tri-Grignard reagents have
been reported involving magnesium bonded to

Mgy MO, 1('(%\1(
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Ph
133
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(0]
135

saturated carbon, fe. 149 [103]. and 151 [65¢];

149 has been used to prepare the 1-silaadamantane *

150.

While the direct reaction of 1.3,5-tribromoben-
zene with magnesium does not give satisfac-
tory results {35], it can be converted to the
aromatic tri-Grignard reagent 152 by treating it
with lithium (di-tert-butyl)biphenyl (LiDBB) to
form the trilithio reagent 153 and reacting the latter
with magnesium dibromide [104] (Scheme 11.45).

Well defined higher metallated organomagne-
sium compounds are not known with two remark-
able exceptions: the dimeric pentamagnesiated ru-
thenocene 154 and the decamagnesiated rutheno-
cene 155, both obtained from the corresponding
mercury compounds by treatment with methyimag-
nesium chloride {105} (Scheme 11.46).
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11.7 CONCLUSION

Even though the present review had to concentrate
on a selection from the vast literature on the

Ma.nthrucene !
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150
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HalMy

151 (Hal = CL Bn)

topic of di- and polymetallated organomagnesium
compounds with an emphasis on newer devel-
opments, it may have become obvious that their
chemistry is rich and rewarding. In principle, the
same potential is present as in the chemistry of
monofunctional Grignard reagents and challenging
applications are f{casible; however, occasionally
two types of problems may arise.

Firstly, several of the higher metallated com-
pounds are inherently less stable than their mono-
valent counterparts, presumably because the accu-
mulation of negative charge from the highly polar
carbon—magnesium bond imparts instability to the
molecule, so that the compound has to be handled
at low temperature and/or converted as fast as
possible. Secondly, even if the stability is suffi-
cient, derailments often occur during the prepa-
ration, and it may be tricky to find the proper
pathways and conditions. However, the increasing
number of such compounds testifies to the skill
and perseverance of chemists and does make us
optimistic for the future.
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12.1 INTRODUCTION

The Grignard reagent, RMgX, is one of the most
used synthetic reagents. We know, of course, that
a solution of the Grignard reagent that we writc as
RMgX really contains an equilibrium mixture of
RMgX, RaMg, and MgX,, further complicated by
association together of these species and by coor-
dination to the magnesium atoms of solvents (such
as cthers) that have oxygen or nitrogen atoms. In
spite of these structural complications, a Grignard
reagent solution has a Mg to R ratio of 1. In
recent, years, however, there has been evidence for
species in which the Mg to R ratio is much greater
than 1. These include species, generally relatively
unstable and difficult to characterize, that appar-
ently have compositions R(Mg),X and R(Mg),H
where n is greater than 1. These polymagnesium
species are the subject of this chapter, which will
describethe synthetic procedures that have led to
them, the evidence currently available for their
compositions, and some information about their
chemical reactivities.

12.2 CLUSTER GRIGNARD
REAGENTS

12.2.1 Metal Vapour Cryosynthesis

The study of several organometallic reactions in-
volving co-condensation of a metal vapour and
an organic ligand began in the 1960’s and 1970’s.
When metal vapours are co-deposited at 77 K with
an excess of an organic compound, unexpected
reactions often take place. With this method, it
has been feasible to synthesize organometallic
compounds (such as dibenzenechromium) which
are difficult or (such as lanthanide derivatives
of unsaturated hydrocarbons) even impossible to
prepare by other methods {1.2].

The cryochemical technique has been used to
prepare organomagnesium compounds. Skell and
Girard were the first to report [3] an investigation
of the low-temperature co-condensation of magne-
sium and an organic halide. Magnesium vapour
co-condensates were obtained with propyl chlo-
ride and propyl bromide at 77 K. The products
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of these reactions using metal vapour synthesis
(MVS) gave propane on hydrolysis. just as does
hydrolysis of a solution of a Grignard reagent
prepared in a conventional way from magnesium
and the same alkyl halides i solution. The authors
concluded that the Grignard reagent is forimed
in MVS as in solution. MVS offers the impor-
tant advantage of furnishing a Grignard reagent
unsolvated by a coordinating solvent. Yields of
organomagnesium compounds in such MVS reac-
tions. however, never have been 100% bused on
magnesium, but instead are very much less [1.3].
Investigators have attempted to explain this by the
low reuctivity of the alkyl halide.

Further investigation, however. has led to stun-
ning results. Organic halides that do not react with
magnesium in solution do react in the cryosyn-
thesis procedure. Reactions have been carried out
for magnesium with chlorobenzene [4]. fluoroben-
zene S}, and carbon tetrachloride {6].

What is the mechanism of these unusual reac-
tions? Co-condensates formed at 77 K have been
examined by ESR spectroscopy at that temper-
ature [4,7]. The formation from alky! and aryl
halides of the corresponding free radicals was
detected by observing their spectra. Dimeriza-
tion products, R—R, that would form by coupling
of these radicals also were observed. Particularly
when R is aryl, the ESR spectra also show singlet
signals with g-factors close to 2 which may be
due to Mg# RX* ion—radical pairs. In fact, in the
reactions of PhF, only a singlet of an ion radical
pair was observed. The authors proposed that
ion—radical pairs are responsible for the formation
of organomagnesium compounds. An interesting
feature in the reaction scheme suggested by the
authors [7] is magnesium cluster incorporation into
jon—radical pairs, RX® Mg? where n > 1. It was
assumed that the fate of such species is decompo-
sition to the Grignard reagent and magnesium.

Under MVS conditions with which even PhF
reacts with magnesium, Grignard reagent yields arc
low. The reaction scheme {7] includes the possible
role of clusters in MVS reactions, but does not
explain the low Grignard reagent yields.

The next, very important observations were due
to Klabunde and co-workers [8.9]. who showed

Grignard Reagents: New Developments

that magnesium clusters can be important in MVS
reactions with C—X bonds,

12.2.2 The Role of Clusters in the
Low-Temperature Cryosynthesis
of Organomagnesium
Compounds

In surveying many reactions of magnesium with
alkyl and aryl halides, it way noted that high
matrix concentrations of magnesivm sometimes
are necessary for RMgX formation to occur under
cryochemical conditions. This observation led to
the study of Mg, Mga, Mgz, Ca, Caa, Ca, (small
clusters) with alkyl halides under matrix isolation
conditions [8.9]. The results were intriguing. When
magnesium or calcium vapours were co-deposited
with alkyvl halides and argon at 12 K, only dimers
and clusters of the metals were consumed. Single
atoms did not react. It was proposed that RMg»X,
RMg; X, RCaxX. and RCa, X were formed initially,
and only upon heating in the presence of excess
organic halide were RMgX and RCaX formed.
Support for this assumption was provided by theo-
retical calculations by Jasien and Dykstra (10].
This result is not unexpected, since it is known
that magnesium atoms do not react with organic
chlorides in the gas phase at either low or high
temperatures {11]. The higher reactivity of clusters
than of atoms may be connected with lower ioniza-
tion potentials or with participation of bonding by
more than one magnesium.

Similar results were obtained by Ault {12}, who
also obtained IR spectra of co-condensates of
magnesium with methyl bromide and iodide in an
argon matrix. Large changes of stretching modes
of C—H bonds and bending modes of the methyl
group were detected. No absorptions were identi-
fied, however, which could be attributed to C—Mg
bonds.

It should be noted that the temperature required
for the reaction of magnesium and an organic
halide is about 100—150 K [1.3]. Conscquently, it
was impossible to observe Grignard reagent forma-
tion when the co-condensation was carried out
at 12 K. But it was essential that aggregation [8]
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of magnesium into clusters preceded the Grignard
reagent formation at higher temperature.

The possibility of the stabilization of organo-
polvimagnesium  derivatives has been discussed
on the basis of the results of quantum chemical
caleulations of structures. energies, and vibration
spectra of  RMg, X species [T0.13.14]0 Tt was
shown that introduction of a second magnesium
atom into an RMeX  molecule  always is
energetically favourable. The stabilization energy,
however, is not great—{rom 4 to 8 kcal/mol,
depending on the choice of calculation method
but practically independent of the particular R
and X, The introduction of cach additional
magnesium atom is less advantageous. In fact,
beginning  with n of approximately 4, the
addition of more magnesium atoms becomes
endothermic.  According to these calculations,
therefore, cluster Grignard reagents may be stable
at low temperatures but their stability should
decrease rapidly with increasing cluster nuclearity.

This conclusion about low cluster stability for
high values of n, however, cannot be considered
well established. First, the calculations referred
to do not take into account the formation of
bridged cluster structures. The stabilization energy
of the bridge dimer 1, for example, is calculated
to be 62 kcal/mol [15]. This value is consider-
ably higher than the formation energy of a clas-
sical Grignard reagent from magnesium atoms
and methyl chloride or methyl bromide (from
28 to 54 kcal/mol depending on the choice of
calculation method) [16]. Therefore, the possi-
bility of forming different species in the organic
halide —magnesium systems and their stabilities
are determined mainly by the stability of bridge
bonds. To reach a realistic conclusion, it is neces-
sary to calculate the stabilities of bridged dimers
of cluster structures and to compare the results
with those obtained for classical systems. A second
reason for uncertainty about the conclusion is the

F
N
H-Mg  Mg-H
\F/

1

397

a priori assumption in the caleulations of lincar
structures for the metal nuclei in clusters having
n > 3. For the hydrogen analogs, HMg H. it will
be shown below that beginning with n = 4. a more
compact (c.g.. rhombic or tetrahedral) arrange-
ment of Mg, is more stable than a lincar one.
Therefore, taking into account both bridge associ-
ation and non-fincar structures, stability may well
increase with increasing nuclearity. Consequently.
the results of the calculations are not necessarily
inconsistent with the proposal that cluster Grignard
reagents are formed and have some stability.

The hypothesis that cluster structures are formed
provides an explanation of the comparatively low
hydrocarbon yields (usually 50-75%) often obser-
ved on hydrolysis of co-condensates from organic
halides and magnesium [1.3]. Tt should be noted
that the yields do not correlate with organic
halide reactivity. The nature of the organic halide
seems to be unimportant. All organic halides
react with magnesium under cryosynthesis condi-
tions, and the yields of organometallic deriva-
tives from alkyl bromides and fluorobenzene arc
similar, not more than 75%. The low yields cannot
be explained only by side reactions, but can be
understood if we assume the formation of cluster
Grignard reagents. Hydrolysis of a dimagnesium
compound, for example, must proceed as shown in
equation (12.1), so the yield of hydrocarbon (based
on Mg) cannot exceed 50%.

RMg, X + 3H>0 — RH + Mg(OH)X
+ Mg(OH), + H» (12.1)

12.2.3 Cluster Grignard
Reagents— Characterization

What has been learned relating to the cluster
Grignard reagent concept?

In all experiments, magnesium vapour has been
co-deposited with an excess of an organic halide
RX (R = alkyl, allyl. or aryl; X = F, CI, Br, or )
at 77 K. Aryl halides that are normally unreactive
in classical Grignard reagent preparations react
under these conditions. Several cluster Grignard
recagents RMg,X. n = 2-4. have been isolated
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as colourless microcrystalline solids. Quantitative
analysis of hydrolysis (deuterolysis) products and
combustion elemental analyses have led to empir-
ical formulas for these novel organopolymagne-
stum halides. Controlled thermal decompositions
have shown relative stabilities to be PhMg,F >
PhMg;Cl > (alkyhMg, X. The nuclearity of the
RMe. X species depends on the particndar RX.
Correlations with R—X bond strengths suggest
that Mgy, Mgs. and Mg react with stronger bonds
(such as C—F and C—Cl) whereas Mg atoms
do not. Thus the formation of cluster Grignard
reagents seems to depend on the high reactivity
of Mg clusters.

In the experiments, magnesium vapour was co-
condensed with organic halides onto a surface
cooled to about 77 K. RX/Mg ratios were in
the range 100-1000. The matrices formed at
77 K were dark brown but became colourless
liquids when warmed to ambient temperature after
the deposition had ended. These solutions were
filtered to exclude the possibility of the pres-
ence of aggregated Mg. The excess RX was then
evaporated, leaving colourless microcrystals of
RMg,X compounds. Elemental analyses indicate
the compositions to be RMg,X in which n =1
for R = allyl, n = 2 for R = alkyl, and, depending
on the halide, n =2-4 for R = aryl. Thus n =2
for bromobenzene and iodobenzene, and n = 4 for
fluorobenzene.

The nuclearity of these organomagnesium
cluster compounds has also been determined
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by quantitative analysis of hydrolysis products
(Table 12.1) [17,18].

RMg, X + (20 — 1)H;0 —— RH + Me(OH)X

+ (n— DMg(OH), + (n — HH, (12.2)

Equation (12.2) indicates two ways to determine
the formula of RMg,X: (1) Mg/RH must equal
n and (2) H/RH must equal n—1. the nuclear-
itics of magnesium determined for the products
of cryosynthesis from various aryl halides are
presented in Table 12.1 along with comparison
data for products obtained from some alkyl chlo-
rides. The data in Table 12.1 indicate that the
nuclearities obtained by eclemental analyses and
in two ways from the compositions of hydrolysis
products are rather similar.

Practically the only alternative to cluster forma-
tion to explain the results is that cryosynthesis
might result in a magnesium colloid solution.
In fact, stable colloid magnesium solutions can
readily be obtained using cryosynthesis techniques.
Co-condensation of magnesium with tertiary ami-
nes results in the formation of colloids in which the
size of the metallic particles is 10'~10% nm (19].
Several pieces of evidence, however, indicate that
the systems derived from magnesium and organic
halides are true solutions. First, when the excess
organic halide is evaporated, colourless or light
yellow microcrystals result. These dissolve com-
pletely in the organic halide. Further, the solutions
do not possess the turbidity spectrum duc to light
scattering that is characteristic of colloid systems.

Table 12.1. The nuclearity n of RMg,X obtained in three ways for preparations from different

organic halides

n from Energy of

clemental C—X bond,
RX n = [Mg}/[RH] n = ([H,]/[RH]D + 1 analysis’ Kcal/mol
PhF 34-40 3.0-3.8 39 117
PhCl 3.0-35 2.8-32 3.2 94.2
PhBr 2.0-22 1.6-2.0 — 713
Phl 2.0-2.1 1.6-2.0 2.0 63.6
n-CyH,;CI 1.5-25 1.5-2.2 20 80.4
CiH;Cl* 1.0-1.1 — 59.8
PhBr* 1.0 — 71.3

*The Grignard reagent was prepared in solution by the classical method.

"Average of different experiments.
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The solutions are stable to shaking. centrifugation,
and addition of inert organic solvents, whercas
magnesium colloid solutions are known to decom-
pose on addition ol alkanes. Finally. compar-
ison of the benzene and hydrogen yields obtained
on hydrolysis as well as the empirical formulas
of the solids indicate that all of the magnesium
is i oreanometallic comnonnds. Unfortunatelv.
attempted X-ray diffraction analyses of the mate-
rials have so far failed, primarily because good
single crystals have not been obtained. This may
be because the products of co-vondensation are
mixtures of RMg,X compounds having different
nuclearities.

The data in Table 12.1 show a rough trend of
cluster nuclearity with C—X bond strength of the
organic halide. Magnesium aggregation is the main
process competing with formation of organometallic
compounds. Magnesium vapour is mainly mono-
meric Mg; magnesium aggregates form after con-
densation in amounts depending on time and temp-
erature. Reactions with active halides, such as ally!
chloride, proceed so quickly upon condensation
that measurable amounts of aggregates are not
formed. Reaction of iodobenzene or bromobenzene
requires at least magnesium dimers. Compounds
with stronger C—X bonds (chlorobenzene and espe-
cially fluorobenzene) seem to react mainly with
magnesium trimers or tetramers. In effect, clusters
are selected by the reactivity of the halide —the size
of the reacting cluster is related to the bond strength
of the organic halide.

Phenylpolymagnesium chlorides and fluorides
can be isolated as solids and kept in vacuum
for many days. Degradation in the presence of
excess PhCl (equation 12.3) becomes more notice-
able with increasing temperature.

PhMg,Cl + 2PhCl —— 3PhMeCl (12.3)

Effective reaction rate constants for decomposi-
tion are given in Table 12.2. The temperature
dependence corresponds to an activation energy
of 16.7 kcal/mol, which must be an average
for the various RMg,X species present in the
solution. This value is close to the dissoca-
tion energy (23.4 kcal/mol) [20] calculated for a
Mg—Mg bond in a singly ionized magnesium
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Table 12.2. Rate  constants  for  decomposition  of
PhMg;Cl to PhMeCl at different temperatures

T.K 328 350 368 388

10° K.s ! 0.36 1.85 10.0 17.5

dimer. This dimer might be a good model for

[ [ . '

(RMg>X). Therelore. it 1s reasonable to assume
that RMg, X decomposition includes a stage of
homolytic magnesium—magnesium bond cleavage.

Alkyl polymagnesium halides are much less
stable than their aryl counterparts. Solutions of
alkylpolymagnesium halides decompose slowly at
room temperature with the formation of magne-
sium metal powder. The decomposition, consider-
ably accelerated by heating, is very rapid at 370 K.

The differences in the behaviour of aryl and
alkyl polymagnesium derivatives are one of the
enigmas in the chemistry of polymagnesium com-
pounds. For the simplest structure with a linear
arrangement of atoms, R—Mg—Mg—X, it is diffi-
cult to define reasons for the considerably greater
stability when R is aryl rather than alkyl. One
possible explanation is that the stabilizing role of
aromatic nuclei is due to intermolecular rather than
intramolecular interactions. In organopolymagne-
sium halides. for example, complex formation is
possible between an aromatic ring and a coordina-
tively unsaturated magnesium atom in a different
molecule. (In Section 12.3.2.4 we will consider
effects of aromatic rings on the stabilities and
yields of hydride products in cryochemical reac-
tions of magnesium with 1-alkenes.)

Thus it appears that cluster Grignard reagents
derived from halobenzenes possess appreciable
kinetic stability due to considerable energy barriers
to their decomposition.

12.2.4 Cluster Grignard
Reagents—Reactions with
Organic Halides

Experimental studics of polymagnesium deriva-
tives have been restricted by difficulties in
obtaining them in significant amounts. Besides
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Table 12.3. Product compositions for reactions in THE of allyl halides with PhMg, X and with

conventional phenyl Grignard reagents (PhMeXo. [PhiMg

T =293 K, reaction tlime = | h

Xy = 0.08 ML [CiH: X'}y = 0.0 M,

&n

Reagents
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Table 12.4. Rate constants for reactions of PhMg, X with R'X" at 298 K. k[R'X'] is a pseudo

PN’

Product composition. %

X N PhC s Ph, PhH (CaHq),
PhMgt Br 1.0 15-17 12 0 0 0
PhMgBr Br 1.0 16-19 <1 0 0 0
S ‘ : - : 0
PhMg, 1 Br 2 6870 1-12 4-6 8-10 0-3%
PhMg,Br Br 21 74-76 0 2.5 12-15 0-8
PhM,Cl Br 30 28-30 5638 1-2 4-6 6-8
PhMg,Cl Br 32 30-33 57-60 1-2 5-7 810
PhM,Cl Br 35 10-12 6870 <1 10-12 12-15
PhMg,F Br 1 7-9 74-76 <1 12-15 10-12
PhMg, F cl 38 3-5 33-36 <1 3-5 5-8

hydrolysis and thermal decomposition, only their
reaction with another organic halide has been
investigated. Reaction with an organic  halide
to give a coupling product (equation 12.4) is a
classical and important reaction of an ordinary
Grignard reagent.

RMgX + R'X' — RR + MgXX'  (12.4)

These reactions are speeded by the presence of
certain transition metal compounds, which act as
catalysts.

Cluster Grignard reagents react with allyl
halides to give the product mixtures summarized
in Table 12.3. Phenylpolymagnesium halides react
with allyl bromide differently depending on their
nuclearity. The cross-coupling reaction product,
allylbenzene, is formed from reactions of phenyldi-
magnestum 1odides and bromides (PhMg,X) as
well from reactions of classical Grignard reagents
(PhMgX). However. phenylpolymagnesium fluo-
rides with n = 3-4 do not significantly undergo
the cross-coupling reaction. Exchange of phenyl
and allyl groups (halogen—metal exchange).
however, an exchange which is not important in
reactions of classical Grignard reagents, is signifi-
cant with the phenylpolymagnesium fiuorides and
chlorides.

Phenylpolymagnesium  halides show greater
reactivity than do classical Grignard reagents. In

the reaction with allvl bromide. conversion of

lirst-order rate constant determined in the presence of a large excess of RXT (R Xy = 0.7 M)
10% K. 0! Activation
Main LM! KIR'X"]. enerey.
PhMe, X R'X’ Solvent product s ! NE Keul/maol
PhMel CiHsBr THF PhR’ 1.1 .77 —-
PhMgBr C3HsBr THF PhR’ 1.3 .92 —
PhMeCl CiHsBr THF PhR' — 0.7-09 —
PhMg.l C;iHsBr THF PhR’ 9.1 6.4 0.5
PhMg,Br C;HsBr THEF PhR’ 9.6 6.7 29
PhMg,Br CyH-:Cl CoHyy PhX" — 5.3 —
PhMy,Br CyH;CI CH.Cl, PhX’ — 2.1 —
PhMg.Br CyH;Cl PhBr PhX’ — 6.9 0.3
PhMyg;Cl C3HsBr THF PhX’ — 6.8 e
PhMg,F CyHsBr THF PhX’ — 8.0 —
PhMg,F C;HsCl THF PhX’ - 25 —

PhMgBr is less than 20% in an hour. Under
the same conditions, conversion of PhMg:Br 1s
90-100%. Alky! halides are considerably less
reactive than allyl bromide, reacting hardly at
all with classical Grignard reagents. Octyl chlo-
ride reacts readily with PhMg,Br however, with
conversion of 90% in an hour. Rates of organo-
magnesium cluster reactions with allyl bromide
and alky! chlorides are similar; the particular halide
in R'Y apparently has little influence.

Kinetic data for the reaction of PhMg>Br and
PhMg,1 are described by the second-order equation
d[PhR']/dt = k[PhMg,X][R'Br]; kis 9.6 x 10™* L
M~! 57! for PhMg;Br and 9.1 x 1074 L M~}
s~! for PhMgal. The cross-coupling reaction of
Grignard reagents with organic halides is described
by a similar kinetic equation. Kinetic and activa-
tion parameters of reactions of organic halides with
phenylpolymagnesium halides and with phenyl
Grignard reagents are presented in Table 12.4. The
rate constants of cross-coupling reactions of allyl
bromide with PhMgBr and PhMgl are 1.3 x 107*
and 1.1 x 107* L M~!s~! respectively, nearly
an order of magnitude less than rates of reac-
tions of the corresponding PhMg, X species. It is
interesting to notg that the pseudo first-order rate
constants for the reactions of PhMg,Br with allyl
bromide and octyl chloride are very similar, 6.7 x
107 and 6.9 x 107* s~ respectively. The general

Table 12.5. Rate constants for exchange of organic
groups between PhMgaBr and octy! chloride at different
temperatures

T.K 250 257 263 280 293
10* k, 57! 6.24 6.50 6.67 6.89 6.95

experience that reactions of Grignard reagents with
allyl bromide are faster than with octyl chloride
does not seem to extend to reactions of their poly-
magnesium analogs, suggesting different mecha-
nisms for the reactions of ordinary and cluster
Grignard reagents.

Exchange of organic groups between PhMg, X
and organic halides also is pseudo first-order in
PhMg,X. The pseudo first-order rate constant for
exchange between PhMg;Cl and ally! bromide is
4.5 x 107" 57!, The rate of reaction of PhMg,Br
with octyl chloride changes little with tempera-
ture (Table 12.5), the activation energy being only
0.5 kcal/mol.

12.3 CLUSTER MAGNESIUM
HYDRIDES

12.3.1 Theory

The insertion of magnesium clusters into C—F
bonds raises the question whether magnesium

clusters could react with other strong bonds, C—H
for example. The observation of insertion into
C—H bonds obviously would be of great interest.
Particularly for non-transition metals, only a limi-
ted number of examples are known of interac-
tions of metals with C—H bonds. The synthesis
of hydride Grignard reagent analogs (RMgH) is
much more difficult than of Grignard reagents.
We would expect the same for the corresponding
magnesium hydride clusters. Besides the low sta-
bility of magnesium clusters, the Mg—H bond
is weak. Magnesium hydride, for example, has
never been obtained by the direct interaction of
the elements (equation 12.5) in the gaseous state;
the equilibrium favours Mg and H» in the available
temperature range.

Mg + Hs = MgH, (12.5)

Magnesium hydride can be obtained only in the
solid state and with much difficulty: photochem-
ical activation is needed for its formation [21].
Solid magnesium hydride is stabilized by hydrogen
bridges. Recently methods have been developed
for preparation of XMgH compounds in the form
of complexes in solution [22,23]. The preparations
rely on the tendency of magnesium to increase
its coordination number. The species that are
tormed either are bridged. 2 or 3. or complexed
with the solvent (S). 4. The encrgy gain resulting
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{from bridging s greater than 30 keal/mol. a value
exceeding the endothermicity of the reaction in
cquation (12.5). In analogy to the reuctions with
hydrogen, direct insertion of magnesium into C—H
honds {equation 12.6) is also endothermic tor R =
alkyl, aryl, or 1-alkenyl.

Mg + RH <= RMgH (12.0)

Hydride derivatives can be prepared only due to
tormation of bridge structures or to association
with molecules of the medium, THF, for example.

Ab initio calculations carried out by the authors
on the MP2(full)/G-31G* level indicate that
cluster hydride (RMg,H) formation and cluster
Grignard (RMg,X) formation are energetically
more advantageous than formation of the
corresponding monomagnesium (n = 1) species.
The calculated energies of processes resulting in
linear cluster hydride derivatives are given below:

HMgH + Mg —— HMgMgH
+ 3.7 kcal/mol
HMgMgH + Mg —— HMgMgMgH
+ 3.0 kcal/mol
HMgMgMgH + Mg — HMgMgMgMgH
+ 2.95 kcal/mol

At first glance, the tendency noted by Dykstra |10}
tfor RMg, X —decreasing stability with increasing
cluster nuclearity—seems to be reproduced for
HMg,H derivatives (good models for RMg,H
derivatives, which should exhibit the same trends).
For both the hydride and halide derivatives, how-
cver, this decrease in stability with increasing
nuclearity is an artifact of the calculation. The
stability of linear structures indeed decreases with
increasing nuclearity. But linear structures appear
to be most stable only for n < 3. The situa-
tion changes for n =4, for which a rhombic
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structure (5) is the most stable. Compared 10
HMaMgMght and Mg, the stabtiizauon energy is
about 8 kcal/mol. The energies of structures having
distorted Mgy tetrahedral nuclei also are less than
of linear structures. The energy of insertion of Mg
into HMg, . H 10 form HMg, . H (where Tin
indicates a linear and tetr a tetrahedral structure) is
—14.8 kcal/mol. The most stable isomer of MgsHa
is a trigonal bipyramid (tribip). Its stabilization
compared with Mg H;,, + Mg is 21.1 kcal/mol.
The cenergies of Mg insertion into methyl deriva-
tives arc as follows:

CH3Mg,H + Mo ——CH3Me, . H

3ling
+ 3.0 kcal/mol

CHiMgs i H + Mg —— CH; Mg, H
+ 14.3 kcal/mol

CH3;Mg, o H + Mg —— CH3Mgs iy H

+ 22.0 kcal/mol

Thus the theory predicts increasing stability with
increasing nuclearity beginning with a threshold
value of 4 for n.

In general, the conclusions made for clusters
containing only magnesium and hydrogen are true
also for RMg, H. where R is methyl, another alkyl
group, or phenyl. The stabilization energy for
n =2 ranges from 3.6 kcal/mol for R = methyl
to 4.8 kcal/mol for R = phenyl, and the stability
of linear molecules also decreases with increasing
nuclearity. However, for n=4 this effect is
compensated for by the energy gained in forming
a compact structure.

It should be noted that the alternative reaction
in equation (12.7) cannot compete.

2RH + Mg(Mg, ) —— RMgR(RMg, R) + Hs
(12.7)
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The endothermicity of this reaction is caleulated to
be 1015 keal/mol greater than caleulated for the
insertion of Mg or Mg, into C—H bonds.

In summary. the following predictions can be
made about organomagnesium  cluster hydride
formation:

1. Formation is possible in principle: mononuclear
organic hvdrides (RMgH) have been obtained.
and the  stabilities  of  cluster  derivatives
(RMg,H) should be greater.

2. The possibility of cluster hydride formation
depends on the nuclearity. Compounds with
Mgo cores are rather unstable. Compounds
with many magnesium nuclet are unlikely to
be formed in significant amounts because of
the low probability of formation in the low-
temperature condensates of Mg, where n is
large. Consequently, we most expect o find
clusters with n = 4-6.

3. Some additional stabilizing factor is necessary
for the formation of measurable quantities of
hydride clusters. It could be the formation of
complexes with molecules in the matrix tormed
on condensation at low temperature. Alkanes
cannot coordinate to magnesium, and there-
fore should not aid hydride cluster formation.
The presence of molecules such as alkenes or
aromatics that can form r-complexes with mag-
nesium, however, could exert a favourable influ-
ence on the cluster hydride yield. In solutions,
there are possibilities for stabilization by associ-
ation of magnesium with solvent molecules.

4. Cluster organomagnesium hydrides should have
high liabilities and reactivities. Consequently,
these compounds can be expected to have
unusual reactions.

In the following section, we will examine how
experimental data for co-condensations of magne-
sium with several types of hydrocarbons correlate
with these theoretical predictions.

12.3.2 Magnesium-Hydrocarbon
Cryosyntheses

The first magnesium co-condensation with an alk-
anc was carried out by Klabunde and coworkers
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[24]. As would be expected, no indication of
the formation of organomagnesium products was
detected. Chemical reactions were observed, how-
ever, with hydrocarbons activated by conjugation
with a 7 system or by some other interaction.
Reaction  of  magnestum with  the  activated
hydrocarbons proceeds through the stages usual
Tor cryosynthesis. Dark (usually dark brown) co-
Condensaies aic hoaed al 77 Kbt becon
colourless on heating, results pointing to formation
of organomagnesium derivatives. At even higher
lemperatures, partial or complete decomposition is
observed. As described in the following sections.
however, marked differences in behaviour are
observed for different types of hydrocarbons.

12.3.2.1 Alkylbenzenes

Co-condensation of magnesium vapour with tol-
uene at 77 K leads to formation of a dark brown
film which becomes light brown after heating
to 110 K. Analysis of the reaction mixture after
heating to room temperature shows the forma-
tion of methane, benzene, and isomers of xylene.
their combined yield being a few percent per
magnesium. Deuterolysis of the co-condensates by
condensing D,O on their films at 77 K followed by
fast heating to room temperature results in forma-
tion of small amounts of toluene deuterated in
the methyl group but not in the aromatic ring.
The yields of the deuterolysis products (PhCH,;D
and PhCHD;) depend on the deuterolysis temper-
ature. At 77 K their combined yield is about 2.5%
per Mg and at 100 K it is the same or lower. If the
samples are heated to 130 K (which is higher than
the temperature of colour disappearance) before
deuterolysis, however, the yield of deuterotoluenes
decreases to 1%. No deuterotoluenes are formed
when deuterolysis is at 180 K. Heating to room
temperature gives gray samples with properties
characteristic of ultra-fine magnesium particles: on
treatment with D>O, no deuterotoluenes are found
but H> emission is observed.

The deuterolysis data are in accord with the
following sequence of conversions:

1. Formation during co-condensation of magne-
sium atom or cluster complexes with toluene
and of small amounts of hydride compounds.
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to

. Formation on heating ol organomagnesium
compounds of unknown (possibly sandwich)
structures  that - give  no  deuterotoluene on
deuterolysis.

(953

. Decomposition of the major part of the or-
canomagnesium  derivatives on heating  and
melting the samples. At this stage, regener-
ation of the initial hydrocarbon takes place.

Secondary reactions form small quantities of

methane and alkylbenzenes. Measurable quan-
tities of deuterotoluene are obtained only if the
unstable hydrides are treated with D>O at low
temperatures.

The proposed hydride formation is confirmed by
the results of interaction with carbon tetrachloride.
Reaction with CCly (equation 12.8) is a gener-
ally accepted test for metal-hydrogen (M—H)
bonds [25}.

RMH + CCly —— RMCI 4+ CHCly;  (12.8)

Data on the yields of chloroform following CCly
treatment and also the yields of deuterotoluenes
after deuterolysis are presented in Table 12.6 for
different initial ratios of the reactants (toluene and
magnesium) and temperatures at which the sample
is hydrolyzed. The correlation of the deutero-
toluene and chloroform yields, leads us to conclude
that both products are formed from the same initial
substance which has an Mg—H bond.

In general, co-condensation reactions of magne-
sium with ethyl-, propyl-, butyl-, and fert-butyl-
benzenes proceed in the same way. The yields
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of hydrides at 80-110 K are about 2.0-2.5%
and decrease quickly on raising the tempera-
ture. Benzene. various atkylbenzenes, polyalkyl-
benzenes, and C;—C, alkanes are detected after
heating the samples. but with combined yields of
onty 1-2.5%. The maximum yicld of CHClz in the
reactions with CCly is 3.1% per Mg for samples
maintained at 77 K or heated to 110 K.

The data suggest the formation of compounds.
stable at 77-130 K, having Mg—H bonds.
Increasing the temperature leads to their conver-
sion to other compounds that decompose (o
C,—C4 alkanes and polyalkylbenzenes. The yiclds
and stabilities of the hydride magnesium adducts
formed from alkylbenzenes are low, however,
and the data therefore arc not particularly satis-
fying evidence for magnesium insertion into C—H
bonds. Fortunately, more definitive data have been
obtained using more active hydrocarbons.

12.3.2.2 Cyclopentadiene

The general pattern of conversion is the same
as with alkylbenzenes, co-condensates becoming
colourless at about 90 K. Important information
about the nature of the products has been
obtained by means of infrared spectroscopy.
At 90-100 K, a broad band, not belonging to
cyclopentadiene or cyclopentadiene dimers [26],
appears at 1300 cm™'. On heating to 148 K,
the co-condensates become colourless and the
intensity of this infrared absorption increases; on
further heating to 180 K, the absorption gradually

Table 12.6. The yields per Mg of deuterium containing products from
deuterolysis and CHCI; from CCly treatment at different temperatures of
Mg-toluenc co-condensates prepared with different reactant ratios

T.K PhCH+/Mg

[PhCH,D + PhCD,H]}/Mg CHCl;/Mg¢

80 56
80 12
80 150
81 145%
100 55
100 158
150 56
298 52
298 168

0.018 0.021
0.023 0.028
0.025 0.031
0.0 0
0.019 0.024
0.025 0.030
0.001 0.003
0 0

0 0.0003

" Reagents are not co-condensed: alternating tayers of Mg and PhCHz are

deposited.
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disappears. This infrared absorption is in the region
characteristic of Mg—H—Mg bridge bonds {27].
Hydride formation is also contirmed by
reactions with CCly similar to those described
for magnesium-alkylbenzene products. Data for
CHCI; formation are presented in Table 12.7. The
yield of CHCly per Mg is considerably greater
than observed for alkylbenzenes. The temperature
range in which the 1300 em™! absorption is scen
coincides with that in which significant amounts
of CHCIly are formed. It is significant that the
infrared absorption disappears, independent of
the temperature, after condensation of CCly on
the samples. Simultaneously. the C—H stretching
absorptions of CHCl; in the 3050 cem™! region
appear. Although the magnesium-cyclopentadiene
adducts are decomposed by heating to room
temperature, it is clear that they arc more
stable than the magnesium-alkylbenzene adducts.

A further increase in stability and in yields of

organomagnesium derivatives is observed when
the hydrocarbon is phenylacetylene.

12.3.2.3 Phenylacetylene

The =C--H bond of phenylacetylene differs signif-
icantly from those in the hydrocarbons described
above: its energy of homolytic cleavage and acidity
are both higher. In spite of these differences, the
behaviour of magnesium-—phenylacetylene systems

Table 12.7. The yields of CHCl; per Mg in reactions of

CCl, at different temperatures with Mg-cyclopentadiene
(CPD) co-condensates prepared with difterent reactant
ratios
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at low temperature s similar o those described
tor the alkylbenzene and cyclopentadiene systems.
The main difterence is that higher hydride bond
vields are estimated on the basis of the CHCl
vields in reactions with CCly: the yields of CHCly
(Table 12.8) reach 80-90% per Mg after CCly
condensation on magnesium-phenylacetylene films
at low temperature. The yields of a deuterium-
containing  product (PhC=CD). however, are
lower, 2.0-2.9% per Mg at 80-240 K. Similar
discrepancies between yiclds of deuterated prod-
ucts and CHCly are found in reactions with
other hydrocarbons and will be explained in
Section 12.3.2.5. That there is no decrease in
CHCl; yield at 240 K indicates that the adducts
obtained from phenylacetylene are considerably
more stable than those from the hydrocarbons
discussed previously. Even at room temperature,
the reactions of co-condensates with CCly give
CHCI; yields of 10-20% per magnesium. Thus
the formation of compounds which seem to have
hydride nature is also characteristic of phenyl-
acetylene.

Data from infrared spectroscopy also support the
conclusion that hydride compounds are formed in
the co-condensates. For phenylacetylene at 80 K,
as for cyclopentadiene, a strong absorption, absent
in the spectrum of the reactant hydrocarbon, is
observed (at 1380 cm™'). Its intensity increases
upon heating the sample to 200 K, just as for
cyclopentadiene. At 240 K, a new absorption

Table 12.8. The yiclds of CHCl; per Mg in reactions of
CCly at different temperatures with Mg-phenylacetylene
co-condensates prepared with different reactant ratios

T.K CPD/Mg CHCl/Mg T.K PhC=CH/Mg CHCl:/Mg
80 23 0.20 80 54 08
80 56 0.25 80 50% 0

80 115 0.28 80 108 0.9
150 58 0.35 80 156 0.9
150 86 0.46 200 156 0.9
150 115 0.53 200 150% 0.001
150 110% 0.001 240 153 0.9
180 120 0.65 240 12 0.9
180 115% 0.001 298 159 02
298 85 0.10 298 53 0.1

*Reagents are not co-condensed: alternating layers of Mg and
cyclopentadiene are deposited.

*Reagents are not co-condensed: alternating layers of Mg and
phenylacetylene are deposited.
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appears at 1230 ecm™! and the intensity of the
1380 cm™! absorption decreases. Note that even
at 240 K the co-condensates react with CCly to
give almost quantitative yields of CHCly per
Mg. Therefore the changes in infrared spectra
reasonably reflect the conversion of one hydride
product to & comparable amount of another that has
somewhat different Mg—H bonds. [t should be
noted that in the magnesium-phenylacetylene
system, another type of reaction is possible: dis-
placement of the relatively acidic =CH hydrogen
with the formation of a magnesium acetylide.
(PhC=C)Mg. however, is not expected to have
strong absorptions in the 1200-1400 cm™" re-
gion {28].

Unfortunately, a more detailed investigation of
this system failed because of polymerization of
phenylacetylene in the solid state at 210-220 K in
the presence of organomagnesium adducts. Upon
heating to room temperature, a sample becomes
a red-brown polymer which contains solid
magnesium. In reactions in which cryochemically
produced organomagnesium derivatives are used as
catalysts for further reactions of the hydrocarbon
(additional acetylene is added on top of
the first: PhC=CH/Mg 50-1000, 240-298 K),
about 300-400 moles of phenylacetylene are
polymerized per mole of magnesium. Such
behaviour is not unique to phenylacetylene;
as described below, ordinary alkenes undergo
catalytic conversions in their co-condensates with
magnesium.

12.3.2.4 1-Alkenes

1-Alkenes react with magnesium in co-condensates
to form a wide range of products. Reaction at low
temperatures seem generally to be characteristic
of a variety of alkenes, but studies with 1-hexcne
will be described since these have been the most
detailed.

In general, the appearance and behaviour of
co-condensates formed from magnesium and |-
hexene are similar to those formed from the other
types of hydrocarbons described in the preceding
sections. The principal difference is that the 1-
hexene co-condensates never become completely
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colourless. As in other hydrocarbon systems, char-
acteristic absorplions appear in infrared spectra (at
1260 and 1310 em™ ') and disappear at tempera-
tures above about 150 K. Deuterolysis of the co-
condensates at 80-100 K icads to monodeuterated
hexenes. As in all cases atready discussed, conden-
sation of CCly on the cold (77 K) samples leads
to the disappearance of the characteristic infrared
absorptions and to formation of CHCl3 in yields
depending on the ratio of the 1-hexene and magne-
sium reactants and the temperature to which the
co-condensate has been exposed (Table 12.9). The
CHClI, yields, probably a good indicator of Mg—H
quantities, are lower than for the cyclopentadiene
and phenylacetylene systems.

The behaviour of triple co-condensates of
benzene, I-hexene., und magnesium is different,
however. Neither infrared spectra nor deuterolysis
of co-condensates of benzenc and magnesium
indicate any sign of reaction. Addition of benzene
to the I-hexene-magnesiumm system, however,
considerably changes its properties. A number
of ncw infrared absorptions, absent in the
system without benzene, are detected in the
1200-1400 cm™' region. At the same time the
yield of CHCl; in reactions at 300 K of the co-
condensate with CCl, increases to 90% per Mg.
The effect of benzene very possibly is to stabilize
the magnesium clusters, for example by forming =
complexes.

For both 1-hexene ~-Mg and 1-hexene—benzene-
Mg systems, the infrared absorptions attributed to
Mg—H bonds disappear after samples formed at

Table 12.9. The yiclds of CHCl; per Mg in
rcactions of CCl, at different temperatures
with Mg-1-hexene co-condensates prepared
with different reactant ratios

T.K CoH 2/Mg CHCl:/Mg
80 20 0.1

80 50 0.16
80 100 0.15
80 100* 0

298 20 0.01
298 50 0.03
298 200 0.05

*Reagents are not co-condensed: alternating layers
of Mg uand F-hexene are deposited.
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77 K are heated to room temperature. CCly treat-
ment of samples heated to room temperature does
not fead 10 formation of CHCL: or of any other
products. Evidently the active organomagnesium
compounds, formed at low emperature during or
immediately after condensation, decompose during
heating. The composition of the reaction mixture
after cryosynthesis differs greatly from the reac-
tants. Principally 2-hexene and 3-hexene formed
by double bond migration. but also several other
hydrocarbons, are present. Also present are poly-
meric products, insoluble in organic solvents and
resembling soot. The combined 2-hexene and 3-
hexene yield is about scven times that of the
magnesium content in the samples. Isomeriza-
tion, therefore. is a catalytic process. The catalysts
must be unstable organomagnesium compounds.
Isomerization is not observed if the alkene is
condensed onto a precondensed magnesium film
nor in samples that are prepared by deposition
of alternating layers of magnesivm and alkene.
Therefore we can reject an alternative hypoth-
esis that isomerization is due to highly dispersed
magnesium.

Surprisingly, formation of some hexane was
observed; the yields (in reactions without hydrol-
ysis) were 1-15% per magnesium. Thus there
is autohydrogenation of hexene giving hexane
and condensation products. Autohydrogenation
was not observed on highly dispersed magne-
sium and hence must be the consequence of
metastable organomagnesium derivatives. Partici-
pation of labile organomagnesium derivatives with
Mg—H bonds is quite possible.

The infrared spectra, formation of CHCI; in
reactions with CCly. and formation of deuterated
products on deuterolysis lead us to assume the
presence of Mg—H bonds in magnesium-hexene
adducts. However. low stability results in decom-
position of these species on heating to room
temperature.

Fortunately. magnesium interaction with a poly-
cyclic hydrocarbon gives more stable adducts.

12.3.2.5 Anthracene

Anthracene is particularly interesting because, in
contrast to the hydrocarbons described above. it
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Mg(THF),

reacts with magnesivm in solution. forming anthra-
cenylmagnesium (6) [29.30]. Magnesium co-con-
densation with anthracene at fow temperature also
leads to the formation of stable adducts. but they
arc not similar to 6.

Reagent co-deposition at 77 K gives dark films
that become colourless on heating to 100 K [31]. A
peculiarity of the reactions with anthracene is the
appearance of an intense green colour at tempera-
tures immediately below that at which the sample
completely loses colour. This may point to the
formation of ion-radical adduct pairs. Indeed, in
the ESR spectrum there is an intense singlet with
a g-factor of about 2.0 that appears at the tempera-
ture of green colour formation and disappears with
decolourization. This absorption probably is due to
the ion—radical pair Mg} RH~.

Simultaneously with decolourization, a broad
absorption at 1260 cm™' appears in infrared
spectra; as for similar absorptions observed
in reactions of other hydrocarbons, this can
be attributed to Mg—H bonds. At the same
time, C—Mg stretching modes appear in the
500-560 cm™' region. All of these absorptions
disappear on treating the co-condensates with H,O
(D,0) or CCly.

Deuterolysis of the magnesium-anthracenc
adduct at 100-130 K gives 9-deuteroanthracene
and 9,10-dideuteroanthracene. Deuterolysis — at
room temperature leads to the formation of these
compounds and 9,10-dideuterdihydroanthracene.
The formation of two types of deuterolysis
product can be related to two types of interaction
taking place in the magnesium—anthracene system.
The precursor of the dideuterodihydroanthracene
is probably 6. Formation of deutcrosubstituted
anthracene must result from magnesium insertion
into C—H bonds.

Reactions of the magnesium-—anthracene adducts
at room temperature with CCly give somewhat
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higher yields (Table 12.10) of CHCl: than did
reactions of the hydrocarbons described in previous
sections. Tt should be noted again that while co-
condensation fcads o Mg—H bond formation,
there is no significant product formation it alter-
nating layers of the reactants are condensed.

The stability of the cryosynthesis products per-
mitted carrying out clemental analyses to deter-
HC GIVes v e FES S P
of even small amounts of unreacted magnesium
could distort the results, special efforts were made
1o achieve complete magnesium conversion. In
a series of experiments, a 20-fold excess of the
organic component was shown 1o be necessary
for complete conversion of the magnesium. In
the experiments aimed at determining empirical
formulas, a 500-fold excess was used to guarantee
the absence of even micro amounts of magnesium.
Unreacted anthracene was removed by continuous
pumping until there was a constant vacuum above
the film. The elemental analyses gave formulas
C13HyMg,; the value of n lies in the range 2-8,
a particular value depending on the cryosynthesis
conditions (reagent ratio, rate of co-condensation,
apparatus geometry, etc.). Since the deuterolysis
results show that magnesium is bonded only to
the 9 and 10 carbons of anthracene, the formulas
that are obtained can be considered evidence for
the adducts being clusters. At low temperatures,
magnesium exists mainly in hydride compounds,
RMg,H or HMg,RMg,H. At ambient tempera-
ture, there are other forms, namely cluster analogs
of 6 or perhaps a sandwich adduct, forms which
possibly may interconvert.

Table 12.10. The yields of CHC}; per Mg in reac-
tions of CCly at different temperatures with Mg-
anthracenc co-condensates prepared with different
reactant ratios

T, K Anthracene/Mg CHCl/Mg
100 5 0.3

100 50 0.4

298 10 0.2

298 50 0.4

298 50% 0.002

“Reagents are not co-condensed: alternating layers of
Mg and anthracene are deposited.
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As is the case for phenylacetylene ~ magnesium
adducts, the yiclds of magnesium—anthracene
adducts estimated from hydrolvsis data are much
lower than estimated from reactions with CCl,
(Table 12.11). To investigate this discrepancy, the
reaction of magnesium—anthracene adducts with
CCly was studied in solution at 298 K. The CHCY,
yield, which at fow temperature had been 40% of
v dniOuin ul lilagidsiaa, iiciedaded Wk dhe
and reached 35 moles per mole of magnesium.
At room temperature catalytic hydrogenolysis of
CCly is taking place. Besides chloroform, chtoro-
substituted anthracenes are formed. So anthracenc.
which is in large excess, serves as a hydrogen
source for hydrogenolysis of CCly. In PhCD;
solution in the absence of excess anthracene,
CDCl; is formed.

The cluster magnesium-anthracenc adduct is
extraordinarily active. Reactions are observed upon
attempts to dissolve it even in such compara-
tively inert solvents as THF, CH,Cl,, toluene,
or benzene. In these solvents, autohydrogenolysis
takes places with the formation of dihydroan-
thracene and condensation products. The use as
the solvent of CH2Cl; leads to polymers containing
chlorine and use of THF leads to products of ring
cleavage of the THF.

Many of the reactions mentioned are catalytic,
the total yields of products exceeding 100%
per magnesium. Dihydroanthracene formation
proceeds with catalytic yields (Table 12.12) in the
presence of excess anthracene. It is apparent that
the hydrogen source for hydrogenation can be
not only anthracene but also the solvent. When
the solvent is PhCDs. deuterodihydroanthracene
has been detected; also obtained are PhCD>H and

Table 12.11. The maximum yields per Mg of deuterium
containing products from deutcrolysis and CHCI; from
CCl, treatment of co-condensates obtained from Mg and
various hydrocarbons

RH-Mg RD yield. CHCl; yield.
% per Mg e per Mg
PhCH;—Mg 25 3.1
Phenylacetylene —Mg 25 90
Anthracenc—Mg 29 40

Unusual Organomagnesium Compounds

Table 12.12. The vyiclds of 9. 10-dihydroanthracene
per Mg in reactions at 300 K of solutions in benzene
or tluene oft Mg-anthracene co-condensates prepared
with different reactant ratios

Yield of
dihydroanthracenc.

RH/Mg Solvent mol/mol Mg
Zl Benzene 8.2
KR LSRN are
3.5 Toluene 3.1
58 Toluene 4.6
12 Toluene 53

PhCDH, in amounts very much greater than the
amount of magnesium.

Throughout the studies of Mg—RX systems,
one can infer the insertion of magnesium into
C—H bonds with cluster formation. The predic-
tions from theory in Section 12.3.1 have been
confirmed experimentally by studics of rcactions
of magnesium with C—H bonds of different polar-
ities and strengths. For hydride adduct forma-
tion, additional stabilizing factors are necessary.
In proceeding from atkanes to alkylbenzenes, the
tendency of the metal to interact with C—H bonds
becomes evident. The products with alkylben-
zenes, however, are stable only at fow temper-
ature. With the condensed aromatic anthracene
and the possibility of increased stabilizing inter-
actions, a magnesium-hydrocarbon adduct stable
at ambient temperature was observed. Its reac-
tivity and lability lead to unusual properties, as
was predicted in Section 12.3.1 for such cluster
organomagnesium hydride species.

12.3.3 Catalytic Properties of
Magnesium~Hydrocarbon
Adducts

We have found unusual catalytic properties of
the anthracene —magnesium adduct in various reac-
tions that involve C—H and C—C bonds —isomer-
ization of alkenes, autohydrogenotysis, and D—H
exchange. Control experiments showed that these
reactions cannot be observed in the presence of
dispersed magnesium, classical Grignard reagents,
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or magnesium halides. At 120-298 K in the pres-
ence of magnesium-hydrocarbon adducts as cata-
Ivsts, the catalytic reactions proceed with various
degrees of etfectiveness. For example, 2-alkencs
and 3-ulkenes are always detected in the products
of magnesium- [-alkene cryosynthesis after heating
the co-condensates to 298 K. The combined yields
of 2-alkene and 3-alkene are 7-15 moles per
I O Mg THE 1IS0IHCTIZabon Loy takes pi;wc
during heating from 77 10 298 K. Even at 298 K.
however. 1 -3 moles of 2-alkene and 3-alkene are
formed per mole of Mg. It may be that much of
the catalytically active species is destroyed by a
melting process, but even at room temperature
some quantity of catalyst remains or has been
transformed into a more stable but less catalytically
active form.

Another route for isomerization of 1-alkenes by
magnesivm-hydrocarbon adducts is initiated by
addition of I-alkenes to the Mg-anthracene adduct
at low or room temperature. The combined yield
ot 2-octene, 3-octene, and 4-octene formed from 1-
octene ranges from 2.1 to 4.5 moles per mole of Mg.

Autohydrogenolysis of unsaturated hydrocarbons
is another catalytic process taking place on magnes-
ium cluster adducts. Cryosyntheses in the i-alkene—
magnesium systems lead not only to isomerization
of the l-alkene but also to its reduction to the
corresponding alkane. The yield of alkane is
25-35% per Mg. Alkane forms only at low
temperatures; its yield does not increase at room
temperature. A higher yield of alkane, S0-85%
per Mg, can be obtained in the presence of the
magnesium-anthracene adduct. The most effective
reduction is observed in the magnesium-—anthracene
system-—the yield of dihydroanthracene can reach
3 moles per mole of Mg. Experiments to detect
the hydrogen source in these reductions lead 1o
observation of catalytic H—D exchange. Indeed. in
PhCD;. the magnesium-anthracene adduct gives
not only dihydroanthracene and monodeutero- and
dideutero-dihydroanthracenes, but also PhCD-H.
PhCH-D, and even PhCHj. After 24 hours, the
combined yiclds of the last three products arc
20~ 180 moles per mole of Mg.

The catalytic properties in the various reactions
appear to be due to reversible magnesium cluster
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insertion into C—H and C--Cl bonds. Cluster
organomagnesium  hydride derivatives must po-
ssess unique properties. We hope that deeper and
broader investigations of these adduets will lead (o
new catalysts and modes of catalysis.

12.4 CONCLUSION

vapour and organic halides or suitable hydrocar-
bons can synthesize new materials with inter-
esting propertics. The available evidence indicates
these materials to have compositions RMg,Cl
and RMg,H. Most of the evidence so far has
been indirect, e.g.. inference from products of
hydrolysis or from reactions with CCly, although
there are some elemental analyses for the halides
and some infrared spectral data for the hydrides.
Further characterization of these materials is a high
priority. Obtaining suitable crystals that would
permit X-ray crystal structure determinations would
be highly desirable. For the present. however,
it is evident that intcresting new materials have
been formed. In particular, the magnesium hydride
materials possess interesting catalytic properties.
Clearly this area deserves further study.

Note added at proof. In a recent study, magne-
sium atoms generated by laser ablation were reacted
with methyl halides (X = F, C Br, and 1) diluted
with argon followed by trapping at 10 K in an argon
matrix [32]. Analysis by infrared spectroscopy
showed the presence in each case of monomeric
CH3;MgX and some secondary reaction products.
The reactions are thought to be of excited (*P)
magnesium atoms. The absence of polymagnesium
species is in accord with the discussion of the
role of magnesium aggregates in the formation of
such species. That monomeric CH3MgX species arc
present is an indication of the difficulty of aggrega-
tion processes under matrix isolation conditions.
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