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PREFACE

Since the discovery of the Grignard reagents at the turn of the century, the or-
ganometallic compounds have played a major role in organic synthesis both in
academic laboratories and in industry. Today it is not only unwise but rather difficult
to accomplish an efficient and selective multistep synthesis without using or-
ganometallics.

Despite wide-spread use of organometallics, there still exists a strong tendency to
view organic chemistry as a branch of science dealing primarily with C, H, N, O, S,
and halogens. Except for a few classes of organometallics, such as organolithiums
and the Grignard reagents, the organometallics are often viewed as exotic. Persuaded
by the literature that promises an attractive route to the desired compound, chemists
occasionally use some organometallics with much hesitation. The results are often
disappointing and frustrating. Poor results appear to stem, at least in part, from lack
of sufficient knowledge of the scope and limitations of the procedure and of the
proper handling of organometallics in such a procedure.

Another frequent problem is one of selecting the most suitable procedure for the
desired transformation. For example, most elementary organic chemistry textbooks
describe in some detail the addition reaction of Grignard reagents to ketones. The
corresponding reaction of organolithium compounds, which often is far superior to
the Grignard reaction, however, is seldom adequately discussed. Thus chemists are
asked to learn this simple fact the hard way. Since the number of synthetic proce-
dures to be exploited is increasing at a rapid pace, this difficulty is becoming increas-
ingly serious. Some remedial measures must be provided.

Over the past decade or so a number of excellent textbooks (0.7 to 0.73)* and
monographs (0.74 to 0.32) covering the general area of organometallic chemistry

“Reference numbers beginning with O are located in Appendix |, ‘General References,’” at the end of
this volume.
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viii PREFACE

have been published. Unfortunately, however, these discussions focus mostly on the
preparation and structure of organometallic compounds themselves and/or the inter-
conversion of organometallic substances. While teaching a course on organic synthe-
sis at the graduate and undergraduate senior level, | saw the obvious need for a
textbook or a supplementary textbook that would fill the gap between the more usual
organic textbooks and organometallic textbooks. This book is written in response to
that need.

The main objective of this book is to-provide, in a concise form, a current overall
picture of the chemistry of organometallics in organic synthesis. One way to ac-
complish such a task is to focus on a relatively small number of key features common
to a large number of related reactions. While it may be ideal to classify various
reactions according to mechanistic schemes, the present knowledge of organometal-
lic reactions is not sufficiently developed to allow this approach. My discussion is
therefore based primarily on the reactant-product relationship as well as on some
tentative but reasonable interpretations provided both by the authors of individual
papers and by myself. Such an approach is justified because (1) it is not inconsistent
with experimental observations, (2) it helps to explain a large number of results
(including even some that will be published in the future) in terms of a small number
of common schemes, and, perhaps more importantly, (3) it provides some useful
working hypotheses.

This is neither a reference book nor a comprehensive treatise. Thus the literature
covered is highly selective. An effort has been made, however, to cite rather exten-
sively reviews in which a number of pertinent original papers can be found. The
following journals and review series provide the majority of reviews written in English
in the area of organometallic chemistry.

Review Journals Review Series

1. Acc. Chem. Res. 1. Adv. Chem. Ser.

2. Angew. Chem. Int. Ed. Engl. 2. Adv. Inorg. Chem. Radiochem.
3. Chem. Rev. 3. Adv. Org. Chem.

4. Chem. Soc. Rev. 4. Adv. Organometal. Chem.

5. Intra-Sci. Chem. Rep. 5. 0rg. React.

6. J. Organometal. Chem. 6. Organometal. React.

7. QOrganometal. Chem. Rev. A 7. Progr. Inorg. Chem.

8. Pure Appl. Chem. 8. Top. Curr. Chem.

9. Quart. Rev. (Fortschr. Chem. Frosch.)
10. Russ. Chem. Rev.

11.  Synthesis

12. Tetrahedron Rep.
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In discussing works published in or before 1975 extensive use was made of various
textbooks, monographs, and collections of reviews (Appendix I).

The nomenclature and terminology in organometallic chemistry are still quite un-
derdeveloped and often inconsistent. Mainly for the sake of simplicity and consis-
tency, | have decided to adopt certain unconventional names and terms. For example,
tricoordinate and tetracoordinate organoboron compounds are called organoboranes
and organoborates, respectively. There is, however, no simple name that applies to
both. | suggest “‘organo + element + s’ to describe collectively any organometallic
compounds containing the element directly bonded to carbon regardless of their
structural details. Thus both organoboranes and organoborates as well as subvalent
organoboron compounds may be called organoborons. Organomercury compounds
have traditionally been called organomercurials. The a/ ending, however, does not
appear to have been used in any other class of organometallic compounds. Here again,
the term organomercuries may be used to refer collectively to all types of organomer-
cury compounds.

| wish to express my sincere appreciation to my former mentor, Professor Herbert
C. Brown of Purdue University. His guidance, assistance, and influence have been
essential in the writing of this book. | am directly and indirectly indebted to my
colleagues in the Chemistry Department of Syracuse University. Occasional friendly
reminders and assistance provided by Drs. Gershon Vincow and Daniel J. Macero are
appreciated. | am deeply indebted to members of my research group, particularly
Drs. Shigeru Baba, Anthony 0. King, Ronald E. Merrill, Nobushisa Okukado, David E.
Van Horn, and Takao Yoshida, who made significant contributions to our research
activities. Among my current graduate students, | would especially like to thank
Michael J. ldacavage, Louis F. Valente, and Cinthia L. Rand, not only for their
research efforts, but for their help in preparing this manuscript. | would also like to
mention the enjoyable and fruitful collaborative research efforts with Dr. Augustine
Silveira, Jr. of the State University of New York at Oswego. | am grateful to a number
of my colleagues in the field of organometallic chemistry for their helpful assistance.
My thanks to Dr. Alan B. Levy of SUNY at Stony Brook, who read the entire manu-
script and assisted in proofreading. Dr. Richard C. Larock of lowa State University
and Dr. Phillip L. Fuchs of Purdue University provided useful comments. Finally | would
like to thank my wife, Sumire, for her direct and indirect assistance, including the
typing of the entire manuscript, and Virginia Ditz, David Ditz, Diane Piraino and last but
not least Roberta ““Tooti’” Molander for preparing the camera ready copy.

Ei-ichi Negishi
Syracuse, New York
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1

SOME FUNDAMENTAL PROPERTIES
OF METAL ATOMS, BOND TO METALS,
CARBON GROUPS, AND
ORGANOMETALLIC COMPOUNDS

The physical and chemical properties of organometallic compounds,
which are the subjects of this book, must be governed by the
properties of the metal (M) as well as organic (R) and inorganic
(L) ligands. They must also be influenced by the environmental
conditions, such as solvents (S), concentration (C), temperature
(T), and pressure (P), in addition to the reagents with which
they react.

S\\\ ‘//T

RML
n

e ™p

If we try to understand numerous organometallic reactions
and attempt to predict some unknown but desirable organometallic
reactions on at all a rational basis, it is essential to famil-
iarize ourselves with some fundamental parameters affecting the
properties of metals, organic and inorganic ligands, solvents,
and so on. A detailed discussion of these parameters is beyond
the scope of this book. The following brief discussion is in-
tended merely to refresh our understanding of these parameters in
order to establish a common platform for subsequent discussion.
For more detailed treatment of the subject, the reader is refer-
red to advanced textbooks (1.1 to 1.7).
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1.1 METAL ATOMS

1.1.1 Metals

The definition of the metallic elements is very nebulous at best.
In our discussion, the metallic elements are those that can form
bonds to carbon in which the carbon atom is negatively polarized,
as in 1.1. ’

This requires that the electronegativity (EN) of the element in
question be smaller than that of carbon, which has been arbitrar-
ily set at 2.5 by Pauling (1.1). In practice, it is more conven-
ient to Timit the electronegativity range to <2.0. Since there
is no such thing as a truly reliable electronegativity value, our
definition of the metallic elements is on precarious ground.
Nonetheless, we adopt it mainly for the sake of convenience. As
indicated in the Periodic Table (Appendix II), both boron (EN =
2.01) and silicon (EN = 1.74) are considered to be metallic ele-
ments here.

1.1.2 Electronic Configuration

Anyone who has taken an introductory course in chemistry knows
that the elements within the same group behave similarly in many
ways. This, of course, stems basically from the fact that they
possess the same number of valence electrons. After all, the
properties of elements, including their mutual similarities and
differences, can in principle be explained in terms of the num-
bers of subatomic entities, that is, protons, neutrons, and elec-
trons. These numbers are, of course, indicated by the atomic
numbers and the atomic weights. Furthermore, these electrons are
distributed among orbitals surrounding the atomic nuclei accord-
ing to the aufbau principle based on the Pauli exclusion princi-
ple and Hund's rule. The distribution of the electrons of an
atom is indicated by the electronic configuration (Appendix III).
It is therefore highly advisable to familiarize ourselves with
the electronic configurations of the elements of our concern.

1.1.3 Atomic Orbitals

Essential to our familiarization of the electronic configurations
is our understanding of atomic orbitals, especially their shapes.
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The approximate shapes of the s, p, and 4 orbitals with nodal
signs are shown in Fig. 1.1.

& Z A VA %
y
X X °°v X X" X
d 2 d2 2 d d d
% X -y Xy yz ZX

Fig. 1.1 Shapes of s, p, and 4 Atomic Orbitals

1.1.4 Electronegativity, Ionization Energy, Electron Affinity,
and Atomic Size

Although the elements within the same group behave similarly in
some ways, as stated earlier, they also behave very differently
in many other ways. For example, whereas organoalanes (R.,A1) can
react readily with aldehydes and ketones to form adducts, the
corresponding organoboranes (R3B) are generally inert under usual
reaction conditions.

RIAT + Rec=0 — R'RZCOM (1.1)
3 2 2
R%B + R§C=:O —— no reaction (1.2)

As will become clear in subsequent discussions, the differ-
ences among the elements of the same group often overshadow their
similarities. As already mentioned, we should, in principle, be
able to explain these differences in terms of the numbers of the
subatomic components. It is generally more convenient, however,
to discuss them in terms of more composite parameters which can
be determined for each element, that is, electronic parameters,
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such as electronegativity, ionization energy, and electron affin-
ity, as well as parameters of size, such as covalent and jonic
radii.

Electronegativity was first defined by Pauling (1.1) as the
power of an atom in a molecule to attract electrons to itself.
It is a property of an atom in a molecule under the influence of
surrounding atoms. However, it has proven, in practice, to be
useful to assign an electronegativity value to each element.
Based on thermochemical data, Pauling first determined the elec-
tronegativities of various elements (2.1). Since then, a number
of attempts have been made to devise an improved set of electro-
negativity values. Interested readers are referred to an excel-
lent discussion by Huheey (1.3). For our purposes, however, it
is sufficient to know only approximate electronegativity values.
We arbitrarily choose Allred-Rochow values (1.8) as well as the
original Pauling values (1.1 Appendix II). Allred and Rochow
(1.8) defined electronegativity as the electrostatic force exert-
ed by the nucleus on the valence electrons and obtained the for-
mula

EN = 0.359z°/72 + 0.744 (1.3)

where z* and r are the effective nuclear charge obtained by Sla-
ter's rules and the covalent radius, respectively. The Allred-
Rochow and Pauling electronegativity values are very close to
each other for most elements. Their values for most of the d
block transition metals, however, are appreciably different from
each other. OQur current knowledge of these elements suggests
that the Pauling values are much too high to be realistic. We
will therefore be using mainly the Allred-Rochow values in these
cases. In some other cases, EN of mercury, for example, neither
the Allred-Rochow values nor the Pauling values appear to be
realistic. Other values will therefore be considered in such
cases.

It is useful to note that electronegativity increases as we
ascend the Perijodic Table within an A-subgroup or go from left to
right among main group elements. The electronegativity values
range from 0.7 (Pauling scale) for francium to approximately 4
for fluorine.t These values can now be used to estimate the di-
rection of bond polarization, as discussed earlier, and the ioni-
city of a polarized bond, as discussed later.

Ionization energy (ionization potential) may be defined as
the energy needed to remove an electron from an atom, that is,

tThe electronegativity of neon has been estimated at 5.1 by
Allred and Rochow (1.8).
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the energy difference between the highest occupied energy level
and that corresponding to the complete removal (n = «). The ion-
jzation process is always endothermic. Thus, the ionization en-
ergy (IE) is always indicated by a positive value. The first
four ionization energies for various elements are summarized in
Appendix IV. ’

For the main group elements, the ionization energy tends to
decrease as we descend within an A-subgroup due to the combined
effects of size and shielding. As we go from left to right among
main group elements, the effective nuclear charge (z*) increases,
which tends to cause an increase in ionization energy.

As we go from Group IIA (s orbital) to Group IIIA (p orbit-
al), however, we observe ‘a decrease in ionization energy. This
is due to the Tower energy level of an s orbital relative to a p
orbital of the same principal quantum number. The exchange ener-
gy between electrons of like spin stabilizes a system of parallel
electron spins. This is responsible for the fact that the ioniz-
ation energy of nitrogen is greater than that of oxygen.

The d-block transition atoms generally undergo the following
ionization.

(n - 1)dns? =8> (n - 1)d*ns(r) =8> (n - 1)a*(11)(1.4)

This provides an explanation for the fact that the +2 oxidation
state is very common among transition elements.

Electron affinity (EA) is defined as the energy released
when an electron is added to the valence shell of an atom. Note
that a positive electron affinity value corresponds to a negative
enthalpy value, and vice versa. While the definition of electron
affinity is clear, its experimental determination has been diffi-
cult. As a result, only a lTimited number of electron affinity
values are available. As might be expected, electron affinity
trends more or less parallel those of ionization energies. Ac-
cording to Mulliken (1.9), electronegativity, ionization energy,
and electron affinity are correlated according to the following
equation:

EN = O.]68(IEVS + EA,. - 1.23) (1.5)
where IE. . and EA, . are valence state values in electronvolts.

Atomic size 1S another nebulous quantity associated with a
given atom, and is very much dependent on the conditions under
which the atom exists. It is, however, useful to discuss the fol-
lowing notable trends in atomic sizes.
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1. Atomic sizes tend to increase, as we descend within the
same group. ' »

2. Atomic sizes decrease, as we go from left to right with-
in a given series. It follows that a sudden increase in
atomic size occurs, as we go from an inert gas to an al-
kali metal with the next higher atomic number.

In order to discuss atomic sizes in a quantitative manner, we
must know the nature of the bonds formed by the atoms of our con-
cern. Various types of atomic radii will be described in our
discussion of bonds to metals in the following section.

1.2 BONDS TO METALS

1.2.1 Covalent Bond Versus Ionic Bond

Covalent bonds and ionic bonds are two representative chemical
bonds. Although it is not our intention to discuss here any
quantum mechanical theory of these chemical bonds, it is useful
to review briefly the relation between the atomic properties dis-
cussed above and the nature of the chemical bond. A bond formed
between two 1like atoms, for example, an H-H bond, may be viewed
as being essentially covalent. On the other hand, there is no
such thing as a 100% ionic bond. Thus all bonds between two or
more unlike atoms are partially ionic and partially covalent.

Ionicity of a bond between two unlike atoms, A and B, is
primarily governed by the difference between the electronegativi-
ty values of the two atoms. Pauling (I1.1) proposed the following
equation to estimate the percent ionicity of a bond between atoms
A and B (Table 1.1).

L
Tonicity (%) = 1 - o7 (ENA-ENg) (1.6)

If we use this equation, we find that the bond between B (EN =
2.0) and C (EN = 2.5) is only approximately 6% ionic. Even the
Cs-C bond, which is regarded as one of the most ionic metal-car-
bon bonds, is only approximately 50% ionic. We are not in a po-
sition to critically evaluate the validity of the above estima-
tions. Furthermore, we do know that the jonicity of the metal-
carbon bond is greatly affected by the nature of the carbon
group, as discussed later. Nonetheless, it is important to real-
ize that most of the metal-carbon bonds that concern us are like-
ly to be relatively covalent.
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Table 1.1 Relation Between Electronegativity Difference and
Ionicity of Single Bonds b

ENpy - ENg Ionicity(%) ENy - ENg Tonicity(%)
0.2 1 1.8 55
0.4 4 2.0 63
0.6 9 2.2 70
0.8 115 2.4 76
1.0 22 2.6 82
1.2 30 2.8 86
1.4 39 3.0 89
1.6 47 3.2 92

Although it is generally difficult to correlate the ionicity
of a bond with some measurable quantities, the fonicity (q) of a
diatomic molecule can readily be estimated from its bond length
(r) and gas-phase dipole moment (u) according to eq. 1.7.

_u(p) x 10718 R-esu

= (7))
o r R x 4.8 x 10‘18 esu

1.2.2 Polarizability

A common misconception is to think that a highly covalent bond is
very reluctant to participate in ionic reactions. We all know
that the essentially covalent iodine molecule readily partici-
pates in a variety of ionic reactions. This is qualitatively ex-
plained in terms of the high polarizability of the iodine-iodine
bond. Polarizability is yet another highly nebulous property
that is a function of a number of factors including the shape,
size, and other properties of the bond-forming orbitals. Whereas
the ionicity of a bond is related to its permanent bond dipole
moment, the polarizability of a bond is related to its induced
bond dipole moment. Despite the vagueness of our current under-
standing, however, the concept of polarizability is of essential
importance in our discussion of the chemistry of organometallic
compounds containing heavy atoms, such as Hg, T1, and Pd.

1.2.3 Bond Strength and Bond Length

In addition to polarity and polarizability, bond strength and
bond length are important parameters of any bond affecting the
kinetics and thermodynamics of the reactions in which the bond in



10 Organometallics in Organic Synthesis

question participates.

Covalent Bond Energies and Covalent Bond Lengths The energy re-
quired to cleave a covalent bond to give the constituent radicals
is called the bond dissociation energy (DE). Although its defi-
nition is clear, its measurement is often difficult. Consequent-
ly, a more ambiguous but more,readily obtainable quantity termed
"bond energy" has been introduced. This corresponds to the aver-
age of the bond dissociation energies for all bonds of one kind
present in a given molecule. In our discussions, we will be pri-
marily dealing with bond energies (BE). The metal-carbon bond
energies for some relatively covalent organometallic compounds of
the Me,M type are listed in Table 1.2.

Table 1.2 Metal-Carbon Bond Energy for Me M

MeoM BE Me3M Be Me4M BE
(kcal/mole) (kcal/mole) (kcal/mole)

Me,Be - Me3B 87 Me4C 83

Me Mg - Me3AT 66 MegSi 70

MesZn 42 Me,Ga 59 Me,Ge 59

Me,Cd 33 Me3In - MegSn 52

Me5Hg 29 Me3T1 - Me4Pb 37

A Targe number of bond energy and bond length values have been
compiled by Cottrell (1.10).

The covalent bond Tength can be determined accurately by X-
ray analysis and microwave spectroscopy. It is, however, useful
to be able to estimate the bond length (rA_ ) between atoms A and
B from their atomic parameters, termed covalent radii (r.y,). If
we can determine the covalent bond lengths (r, ,) of homonuclear
bonds, the covalent radii (rp) can be obtaineé éy dividing them
by two. If not, some indirect methods must be used. Schomaker
and Stevenson (1.11) proposed the following relation:

rpg =z, * r8 - 0.09 (|ENy - ENg]) (1.8)

Equation 1.8 can be used to estimate rp from the heteronuclear
bond Tength (rp_g), the covalent radius of atom B (rg), and the
electronegativity difference (|ENy - ENg|). This equation sug-
gests that for highly covalent bonds the covalent atomic radii
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are reasonably additive. The covalent radii for various elements
are listed in Appendix V.

Lattice Energy and Ionic Radii The energy of the crystal lattice
of an ionic compound is represented by the lattice energy, which
can be determined experimentally. Although the distances between
two neighboring cations and anions in ionic crystals can be mea-
sured with a high degree of accuracy, it is difficult to cor-
rectly apportion them between the cations and the anions. Many
devices have been designed for this purpose. For our discus-
sions, it will suffice to know general trends in ionic radii and
their approximate values (Appendix V).

1.3 CARBON GROUPS

1.3.1 Electronegativity and Basicity of Carbon Groups and
Acidity of Carbon Acids

One of the most important properties associated with the organic
moiety (R) of an organometallic compound is its basicity. Since
the basicity of R is significantly modified by the metal-contain-
ing moiety, it is more convenient to discuss the acidity (px,) of
the conjugate carbon acid (RH), which is a parameter represent1ng
the electronegativity of the R group. Detailed discussions of
this subject have been presented in many excellent monographs
(1.12 to 1.16). Me shall briefly touch on some factors affecting
the acidity of carbon acids. The pk, values of some representa-
tive carbon acids are summarized in Append1x VI.

1.3.1.1 Inductive Effect Due to Hetero Atoms

The px_ values for methane and chloroform are 48 and 24, respec-
tively. This difference is readily explained in terms of the
electron-withdrawing inductive effect of the highly electronega-
tive C1 atom.

1.3.1.2 Resonance Effect and Resonance Inhibition

The resonance effect on the acidity of carbon acids is clearly
seen in the pK va]ues of a ser1es of phenylated methans:

PhCH3(px, = 41 CHo(px, = 34), and Ph,CH(px, = 31-32). The
marked]y higher ac151ty of to]uene re]at1§e to that of methane is
largely due to the extensively delocalized nature of the corres-
ponding benzyl carbanion. The acidity of diphenylmethane can be
interpreted in an analogous manner. On the other hand, the intro-
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duction of the third phenyl group has a much smaller effect than
that of the first or second. This has been interpreted in terms
of steric inhibition of resonance due to the propeller-shaped
structure of the trityl anion. This explanation is plausible, as
triptycene (1.2), whose benzylic carbanion cannot be stabilized
through delocalization, is indeed a considerably weaker acid

(px; 42) than triphenylmethane.

H

Qo

H

1.3.1.3 Aromaticity

The relative px, values of cyclopentadiene and cycloheptatriene
cannot be explained in terms of the extent of delocalization a-
lone. The aromaticity (4n + 2 electrons) and anti-aromaticity
(4n electrons) of these carbanions must also be taken into con-
sideration.

1.3.1.4 Hybridization Effect

The pk, values of ethane (px, = 49), ethylene (px, = 44), and a-
cetylene (px, = 25) can be interpreted in terms of the differenc-
es in hybridization. The 2s atomic orbital energy level is lower
than that of the 2p orbital. Thus, electrons are closer and more
tightly bound to the nucleus in the 2s orbital than in the 2p or-
bital. In other words, the 2s orbital is more electronegative
than the 2p orbital. The electronegativity order for sp hybrid
orbitals as well as s and p orbitals is s > sp > sp2 > sp3 > p.
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1.3.2 Bond Energies and Bond Lengths of Some Carbon-Carbon and
Carbon Hetero Atom Bonds

In the preceding section, we considered only one bond energy val-
ue and one bond length value for a given bond (A-B). This, of
course, is a gross oversimplification. We do know that the bond
between two given atoms A and B can be significantly affected by
neighboring and surrounding atoms, groups, molecules, and so on.
While this must be true with all types of bonds, we shall consid-
er only the hybridization effect on the carbon-carbon and some
carbon-hetero atom (nonmetal) bond lengths as one of the most
noticeable and significant examples.

Table 1.3 lists some carbon-carbon and carbon-hetero atom
bond lengths. The pronounced effect of bond multiplicity is
readily understood.

Table 1.3 Bond Lengths of Some Carbon-Carbon and Carbon-Hetero
Atom Bonds

Bond Type Length (R) Bond Type Length (R)
c-C C-H
sp3-sp 1.54 sp3, spZ, or sp-H 1.10 + 0.02
sp3-sp 1.50 C-N
sp3-sp 1.46 sp3—N 1.47
spz-sp2 1.48 spz-N 1.36
Splesp 1.43 C=N
sp-sp 1.38 sp2-N 1.28
c=C C=N
spl-spl 1.34 sp-N 1.16
sp©-sp 1.31 C-0
sp-sp 1.28 sp3-0 1.4
- sp2-0 1.34
= C=0
sp-sp 1.21 sp2—0 1.20
sp-0 1.16

The effect of hybridization has been interpreted in terms of par-
tially increased bond multiplicity due to resonance and hypercon-
Jugation, as indicated below.
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These effects are also seen in the bond energies of these
bonds. However, as we have already discussed earlier, the bond
energy is a less well-defined parameter than the bond Tength. To
indicate the effect of bond multiplicity, some bond energy data
are shown in Table 1.4.

Table 1.4 Bond Energies for Some Carbon-Carbon and Carbon-Hetero
Atom Bonds

Bond Bond Energy (kcal/mole) Bond Bond Energy (kcal/mole)
C-C 83-85 C-0 85-91

C=C 146-151 C=0 173-181

C=C 199-200 C-S 66

C-H 96-99 C-C1 79

C-N 69-75 C-Br 66

C=N 143 C-1 52

C=N 204

1.4 MOLECULAR STRUCTURE

We have so far discussed some of the important atomic and bond
parameters without dealing with the overall molecular shapes or
structures. In this section, let us briefly review some factors
governing (1) the elemental composition and the topology, that
is, the atom-linking sequence and then (2) the three-dimensional
molecular shape, without resorting to sophisticated modern quan-
tum mechanical theories. For more rigorous and sophisticated.
treatments, the reader is referred to some of the textbooks and
monographs cited earlier (1.1 to 1.7).

1.4.17 The Lewis Octet Rule

Despite the development of many sophisticated theories, the sim-
ple empirical rule of bonding developed by Lewis, called the
Lewis octet rule, still provides a convenient basis for under-
standing and predicting molecular structures containing many im-
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portant main group elements. It simply states that the first-row
atoms have a strong tendency to acquire eight valence electrons,
which the inert gas atom of the same row, namely neon, has. We
all know that we must apply the modified "two-electron rule" to
hydrogen and helium and that hypervalency or valence-shell expan-
sion can be observed with heavier atoms. In dealing with d-block
transition metals, the 16 or 18 electron rules discussed in Sect.
8.1 have proved useful.

The application of the Lewis octet rule to the organometal-
lic compounds of the main group metals requires special comments.
If we examine the monomeric representations of LiMe, BeMe2, and
BMe3, we find that none of them is in accord with the octet rule.
They are a duet, a quartet, and a sextet, respectively. In light
of the Tow ionicity of the metal-carbon bonds of these compounds,
the ionic representations, such as Be+2Me2'], which would be in
agreement with the octet and two-electron rules, cannot be signi-
ficant. Consequently, if the Lewis octet rule were at all mean-
ingful in such cases, it must imply either that these molecules
do not exist as monomers or that they have a strong tendency to
accept elactrons so as to acquire a total of eight valence elec-
trons. As discussed in Sect. 4.1, LiMe indeed exists as its
tetramer 1.3, and BeMes as its polymer 1.4.

/L'i_Me Me
Me—l—Li// A\ ////Me\ ,// ‘\\ ///,Me /
’ &e~——Li /Be 9 M " \\\ /// Y ////Be
Li/—Me/ \V‘e/ ] :

1.3 1.4

As discussed later in more detail the metal atoms in these
compounds are bonded to the methyl groups via multicenter bond-
ing. Each Tithium atom is simultaneously bonded to three methy]l
groups, as shown in 1.5, and each methyl group is simultaneously
bonded to three 1ithium atoms, as shown in 1.6. Only BMe3 ap-
pears to exist as a monomeric species under normal conditions.
In a formal sense, the Li atom in (LiMe)q and the B atom in BMej3
are sextets, and the Be atom in (BeMe2), an octet. Moreover,
these electron-deficient species, BMe3, for example, have a
strong tendency to acquire electrons, that is, Lewis acidic, so
as to form Lewis octets through either self-association or com-
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plexation with electron donors (Lewis bases). In conclusion,
then, many commonly employed monomeric representations of organo-
metallic compounds of the main group metals do not obey the Lewis
octet rule. However, they either exist as octet species through
association or display properties, which can be readily explained
within the context of the Lewis octet rule.

CH H CH
|3 He | M | 3
/Li\ /‘9’\L AN
Li ] 1
H4C CHy ' CHy CH,
1.5 1.6 1.7

1.4.2 Coordinative Saturation and Unsaturation and Multicenter
Bonds

Electron-deficient species, such as BMe3, are said to be coordi-
natively unsaturated, since there is at least one empty valence
orbital available for extra coordination or bond formation. Con-
versely, chemical species, in which all valence orbitals are
doubly occupied, are coordinatively saturated. As previously in-
dicated, a large number of organometallic compounds are either
coordinatively unsaturated or capable of generating coordinative-
ly unsaturated species. This is not the case with organic com-
pounds, which do not contain metals. Organic compounds rarely
exist as coordinatively unsaturated stable species. Carbonium
ions and singlet carbenes are coordinatively unsaturated, but
they are usually very short-lived. On the other hand, most tri-
organoboranes exist as thermally stable sextets. Similarly, di-
organoberylliums and triorganoalanes contain thermally stable
monomeric species in the vapor phase.

One of the characteristics of these coordinatively unsatu-
rated species is their tendency toward self-association, as men-
tioned earlier. This association phenomenon should clearly be
separated from other much weaker intermolecular association phe-
nomena, such as the association of coordinatively saturated co-
valent molecules through very weak London forces. The metal-car-
bon and metal-hetero atom bonds that are responsible for forming
associated organometallic species are conveniently described in
terms of multicenter two-electron bonds, originally proposed by
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Longuet-Higgins (1.17) for explaining the structure of diborane.

Thus, the Be-C-Be bond in (BeMej), is.a three-center two-electron
bond represented by 1.8, and the Li atom of (LiMe)s participates

in a four-center two-electron bond represented by 1.9. Only the

bonding orbitals are shown. f

Note that the carbon atoms of (BeMep), and (LiMe)s are pentava-
lent and hexavalent, respectively. The familiar but naive con-
cept of tetravalency for carbon must be abandoned in describing
these multicenter bonds. What we do not have to discard is the
Lewis octet rule. It should be clearly recognized that, despite
their "abnormal" valencies, the carbon atoms of (BeMey), and
(LiMe)s are all octets. The significance of the concept of mul-
ticenter bond in organometallic chemistry cannot be overemphasiz-
ed. Unfortunately, a detailed description of multicenter bonds
is beyond the scope of our discussion. Interested readers are
referred to advanced textbooks and reviews discussing this sub-
ject, such as those by Cotton (1.7) and Lipscomb (1.18).

1.4.3 Parameters Governing Molecular Shapes - Bond Angle,
Hybridization, and Electron-Electron Repulsion

Although the Lewis octet rule is useful in understanding and pre-
dicting the atom-linking sequence in a molecule, it does not pre-
dict or help us understand the three-dimensional structure of the
molecule, except in some very simple cases, such as diatomic
molecules. For example, the Lewis octet rule itself does not
distinguish 1.10 from 1.11.

Experimentally, what we need to know are some bond angles in
the molecule and information on some dynamic aspects of the mole-
cule. Thus if we know the C-Si-C, H-C-H, and Si-C-H bond angles
and the freely rotating nature of the Si-C bond in addition to
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the atom-linking sequence, we can unequivocally establish the
three-dimensional structure of Si(CH3)4. X-ray and electron dif-
fraction methods have been widely used for the determination of
bond angles. The dynamic properties of molecules have been stud-
ied using various spectroscopic methods including NMR.

The concept of hybrid orbitals helps explain molecular
shapes. Thus the tetrahedral arrangement about the Si atom of
SiMeg is readily explained in terms of the sp3 hybridization of
the Si valence orbitals. The bond angles associated with some
common hybridizations are summarized in Table 1.5.

Table 1.5 Relation Between Hybridization and Bond Angles

Hybridization Bond Angle(s) Hybridization Bond Angle(s)
sp 1800 dsp? 900 g
sp2 1200 dasp’ 900 and 1200
sp3 109.50 a2sp3 900

It should be emphasized, however, that it is not hybridization
that dictates the three-dimensional structure. In fact, the bond
angles listed in Table 1.5 are observed only with atoms that are
bonded to one type of atoms or groups. In the other cases, the
bond angles usually deviate from these listed values. It is the
energetics of a molecule that determine its three-dimensional
structure. In other words, with a given topology or atom-linking
sequence, a molecule will shape itself up in three-dimensional
space so as to minimize its potential energy.

What then controls the energy of a molecule with a given at-
om-Tinking sequence? While there can be various factors govern-
ing the bond angles or three-dimensional shape of a molecule, the
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principal factor is presumably an electron-electron repulsion
force. Three types of electron-electron repulsions that must be
considered are: Tlone pair-lone pair > lone pair-bonding pair >
bonding pair-bonding pair. The order of the magnitude of repul-
sion energies is as indicated above (2.19). Although such a
crude and gualitative theory does not give precise bond angles,
it will permit us to predict the overall structure of a molecule
and the approximate bond angles with reasonable confidence. The
trigonal planar arrangement for the B atom of BMe3, the pseudo
tetrahedral arrangement for the Be atoms of (BeMes), and the tet-
rahedral arrangement for the Si atom of SiMeg can readily be pre-
dicted based on the electron-electron repulsion theory presented
above. In addition to the papers by Gillespie (1.19), Huheey
?rov;des a detailed discussion of this subject in his textbook
1.3).

1.5 INTERMOLECULAR FORCES

Highly covalent organic molecules are held together in Tiquid and
solid phases by weak van der Waals forces, such as London disper-
sion force, and the intermolecular distances are represented by
van der Waals radii. The relation between the covalent and van
der Waals radii in homonuclear diatomic molecules is shown in
Fig. 1.2.

r
coy ,vdw.

Fig. 1.2 The relation between the covalent and van der Waals
radii

As the ionicity of a bond increases, stronger electrostatic
interactions, such as hydrogen bonding, solvation, inclusion,
charge-transfer complex formation, and so on, become more and
more important. These interactions are often largely electro-
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static in nature and can be classified into dipole-dipole, pole-
(ion)-dipole, and pole(ion)-pole(ion) interactions. Even in
these intermolecular interactions, however, orbital-orbital in-
teraction, that is, covalent bonding, often plays a significant
role. Moreover if we consider all types of intermolecular inter-
actions, we soon recognize that it is impossible to classify all
chemical bonds into two distinct classes, that is, intramolecular
and intermolecular bonds. Itsis neither appropriate nor neces-
sary to discuss all these different types of intermolecular bond-
ings here.

It is very important, however, to fully realize that both
the relatively high polarity of the metal-carbon bonds and the
wide occurrence of coordinatively unsaturated organometallic spe-
cies, as well as self-associated organometallic species, make in-
termolecular interactions that are stronger than van der Waals
interactions widely observed and highly significant in organome-
tallic chemistry. As a typical and significant example, consider
solvation. The process of dissolving typical organic compounds,
such as cyclohexanone, in a typical organic solvent, such as te-
trahydrofuran (THF), is normally associated with weak electro-
static interactions. The IR carbonyl stretching frequency, for
example, is only slightly affected by solvation. On the other
hand, the process of dissolving organometallic compounds in or-
ganic solvents, such as THF, is often accompanied by much strong-
er interactions. For example, (A1Me3)2, a self-associated dimer-
ic species, undergoes dissociation and forms a relatively stable
1:1 complex, that is, AlMe3-THF, which gives totally different
spectral data than (A]Me3)2. In other words, THF is acting as
both a solvent and a reactant. In trying to understand and pre-
dict the course of an organometallic reaction, it is often of es-
sential significance to consider the "solvent" as a reagent or
reactant. For example, if we compare the rates of hydroboration
of typical olefins, such as ethylene, with BH3 and C1BH2, we ob-
tain the following results. In THF, the reaction is much faster
with BH3 than with CI1BHp, whereas the opposite is the case in
ethyl ether. A priori, one might predict that the stronger Lewis
acid of the two, that is, C1BH,, would be the more reactive of
the two. That is what one finés in ethyl ether, irrespective of
their precise structures. In THF, however, their reactivity or-
der is reversed, because the stronger Lewis acid, CIBHy, forms a
much tighter complex with THF than BH3. In short, it is advis-
able to consider any solvents of electron-donating ability as re-
agents. For more systematic discussions of intermolecular inter-
actions, the reader is referred to some of the textbooks cited
earlier (1.1 to 1.3).
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1.6 SOME FACTORS CONTROLLING CHEMICAL REACTIONS

Chemical reactions, including all organometallic reactions, may
be arbitrarily classified into the following three general types:
(1) generalized acid-base or electrophile-nucleophile reactions,
that is, polar reactions, (2) free-radical reactions, and (3)
concerted molecular reactions, which do not correspond to either
(1) or (2), that is, pericyclic reactions. Within the past two
decades, significant advances have been made in our understanding
of the polar and pericyclic reactions. Especially noteworthy are
the principle of conservation of orbital symmetry developed by
Woodward and Hoffmann, called the Woodward-Hoffmann rule (1.6),
and the principle of the hard and soft acids and bases (the HSAB
principle) developed by Pearson (1.20), which has been signifi-
cantly reinforced by Klopman's perturbation treatment (1.21).
There are many excellent reviews on both the Woodward-Hoffmann
rule and related theories (1.5, 1.6, 1.22 to 1.25) and the HSAB
principle (1.20, 1.25). Consequently, it will suffice to present
a very brief description of these principles and a few comments
pertaining to their use in organometallic chemistry.

1.6.1 The Principle of Conservation of Orbital Symmetry

Based on the principle that orbital symmetry is conserved in con-
certed reactions, Woodward and Hoffmann (1.6) presented the fol-
lowing general rule for pericyclic reactions.

A ground-state or thermal reaction is symmetry allowed if
the total number (z) of (4q + 2) suprafacial and 4r antarafacial
components is odd (g and r = 0 or integers). The number of elec-
trons involved in each component is indicated by either 4g + 2 or
4r. The reverse would be true for excited-state or photochemical
reactions. The suprafacial and antarafacial modes of interac-
tions are shown below for =, o, and w (nonbonding) orbitals.

{
B e &
4 4 4
suprafacial antarafacial

Vo | } | !

suprafacial antarafacial
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suprafacial . antarafacial

For example, the 1,2-migration reactions of organoboranes
via organoborate intermediates discussed in Sect. 5.2.3 is a
[52s *+ 0s] process (2 = 1) which is thermally allowed and should
proceed with retention of configuration of the migrating group.

® ®
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If one starts applying the Woodward-Hoffmann rule to organo-
metallic reactions one soon recognizes that many organometallic
reactions, which appear to be concerted, proceed readily under
thermal conditions, and must therefore be thermally allowed, even
when their organic counterparts do not occur readily. For exam-
ple, the 1,3-shift or allylic rearrangement of an alkyl group (R)
does not occur readily, presumably because the low strain process
represented by 1.12 is a thermally disallowed [,25 + ;2.] process
(z = 2), whereas the thermally allowed [ 25 + 524] process repre-
sented by 1.13 is a high strain process.

On the other hand, a number of 1,3-metallotropic reactions
are very facile, we further notice that the metal atoms of facile
1,3-metallotropic reactions either are coordinatively unsaturated
or can readily be converted into coordinatively unsaturated atoms.
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Indeed, many other seemingly concerted facile organometallic re-
actions, which might at first sight appear thermally disallowed
by the principle of orbital symmetry conservation, are associated
with the presence of an empty metal orbital. A wide variety of
cis hydrometallation and carbometallation reactions fall into
this category. The effect of an empty metal orbital can be ex-
?1a1n§d most conveniently by Fukui's frontier orbital theory
1.22).

The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) are called the frontier or-
bitals, which may be loosely equated to the filled and empty va-
lence orbitals of atoms. If the symmetry of the HOMO of one re-
actant or component is such that it can overlap with the LUMO of
the other reactant or component, the reaction between the two re-
actants or components is favored as a concerted process. The
HOMO-LUMO interactions in the 1,3-metallotropy are shown in 1.14
and 1.15.

HOMO LUMO

%)
&
D@ O
- <
1.14 154115

The interaction in 1.14 is equivalent to the [;25 + ;2,] in-
teraction shown in 1.13." Therefore, it appears the HOMO LUMO in-
teraction shown in 1.15 is mainly responsible for the ease with
wnigh the coordinatively unsaturated allylmetals undergo the 1,3-
shift.

1.6.2 The Principle of Hard and Soft Acids and Bases

The Woodward-Hoffmann rule, which deals only with the symmetry
aspects of orbitals, is a very rigid theory that has been suc-
cessfully applied to most, if not all, of the pericyclic reac-
tions. Its main limitation is that it cannot be applied to other
types of reactions. Although no comparable theory that is appli-
cable to other types of reactions has been developed, a more
widely applicable but much more "soft" principle of the hard and
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soft acids and bases (1.20) has proved to be highly useful.

In Klopman's quantum mechanical treatment (1.21), energy
change (AE) in a chemical reaction is evaluated in terms of a
charge-charge interaction representing electrostatic interactions,
an orbital-orbital interaction, and a solvation shown in eq. 1.10

_ 2 2(c m)Z(C n)262
L TURgE ’ 5 s
bE = =ES— + 1 % [ 5 t Aoy (1.10)
m n
0OCC. unocc.

where g, and g are charges of the reactants r and s, respective-
ly, d is the distance between these sites, € is the dielectric
constant, ¢ M, cs? are the coefficients of the atomic orbital r
in a frontier orbital m of energy £,* and of the atomic orbital s
in a frontier orbital n of energy E,”, respectively, g is the
resonance integral of the developing bond, Em* - Ep" is the ener-
gy difference of the frontier orbitals m and n, and Agq7y is sol-
vation energy. When the difference in energy between the fron-
tier orbitals is large, the second term in eq. 1.10 is small, and
the reaction is dominated by electrostatic interactions and is
said to be charge controlled. When |E,* - E,*| is small, the in-
teractions are primarily covalent, and the reaction is said to be
frontier controlled. A charge-controlled reaction is favored by
species of small size and of Tow polarizability with high effec-
tive nuclear charge. Acids (electrophiles) and bases (nucleo-
philes) that have these properties are called "hard" acids and
"nard" bases. On the other hand, the frontier-controlled reac-
tion is favored by large, highly polarizable species of low or
zero nuclear charge. These species are called "soft" acids and
"soft" bases. The HSAB principle clearly indicates that it is
intrinsically incorrect to relate a reaction rate to a particular
reactivity index of a reactant. Thus there can be no such thing
as the universal nucleophilicity or electrophilicity order. The
relation between the ease of reaction and the hardness or soft-
ness of the acids and bases is shown in Table 1.6.

More than 20 years ago, Chatt (1.26) classified various met-
al ions and ligand bases into two classes, which correspond to
Pearson's hard and soft species. The abilities of_various ligand
bases to complex with hard metal ions, such as A1+3, Tit4, and
Co*3, and with soft metal ions, such as Pt*2, Ag*, and Hg*2, are
shown in Table 1.7. Only the atoms acting as a basic center are
indicated.
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Table 1.6 Rates of Reactions between Hard and Soft Reagents

Acid  Base A B8 B Rate
Hard Hard Large Large’ Small High
Soft Soft Small Very small Large High
Hard Soft Medium Small Very small Low
Soft Hard Medium Small Very small Low

Table 1.7 The Ability of Bases to Complex with Metal Ions

Ability to Complex
with Hard Metal Ions

Ability to Complex
with Soft Metal Ions

N >>P
0> S

F >

> As > Sb
> Se > Te
> Br > 1

N << P > As > Sb
0 <<S <Se ~Te
F< Cl <Br <1

Table 1.

8 Classification of Bases@

Hard Bases

Borderline Bases

Soft Bases

NH3, RNHp, NHpNHp
H,0(-10.73), ~OH (-10.45), HOR, OR, OR,
“0Ac, 0372, NO3™, PO, ™3, 0,472, C10,°
F=(-12.18), C17(-9.94)

ArNHy, CsHsN, Ny, N3~

NO,™, SO5

Br (-9.22)

H™(-7.37)

R™, olefin, arene, C=0, CN (-8.78), RNC
PR3, P(OR)3, ASR3

HSR, "SR, "SH(-8.59), SR2, 3203_
17(-8.31)

2

4 Th
()

numbers in parentheses are Klopman's softness parameters
in electronvolts.
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Table 1.10 Classification of Acids Other than Metal Ions

Hard Acids  BF3, BCl3, B(OR)3, AlH;, AlR3, AICI3

RCO*, COp ‘

N*3, As*3,7 03, RSO,*, C1*3, 1/, 19, 1Y/
Borderline BRj3, GaHs
Acids R3C+, ppt

NO*, SO,

Soft Acids BH3, GaRs, TIR3
CHo
Quinones, (NC)2C=C(CN)»
Ho*, Ro*, RS*, Brp, Br', I, I7, ICN
Cl-, Bre, I-, RO-, RO,-
Metal atoms and bulk metals

Pearson (1.20) has expanded this concept and classified
qualitatively a variety of acids and bases according to their
hardness or softness (Tables 1.8 to 1.10). Klopman introduced a
parameter T, which is a measure of softness, based on his quan-
tum mechanical perturbation treatment. The softness parameter
(E*) for some acids and bases is indicated in parentheses in
Table 1.8 and 1.9. The high positive and negative ET values in-
dicate hard acids and bases, respectively.

It is evident from these tables that the hardness or soft-
ness of a given element varies greatly depending on the charge
and the nature of surrounding groups. For example, BF3, BMes,
and BH, have been classified as hard, borderline, and soft acids,
respec%ive]y. This situation is quite analogous to that which we
encountered earlier in our discussion of electronegativity. In-
deed, species having high electronegativities are generally hard
and those having Tow electronegativities are generally soft. In
this connection, it should be recognized that, although Li metal
is electropositive, the Li* ion is highly electronegative.

Unlike the Woodward-Hoffmann rule, the HSAB principle does
not always predict in an unequivocal manner if a given reaction
will be facile or not. It does usually permit us, however, to
predict which of the two closely related.reactions will be more
facile. For example, it has been successfully employed in ex-
plaining the regiochemistry of a number of reactions which ambi-
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dent species undergo. Thus the reaction of the enolate anion de-
rived from acetophenone with EtI and Et30+BF4’ gives the 0-alkyl-
ation/C-alkylation ratio of 0.1 and 4.9, respectively (1.27)(eq.
1.11). This trend is readily explained by the HSAB principle.

hard
0- <+ OEt
i EtX s i
PhC=CH, ~ ——=——»  PhC=CHp + PhCCH,Et  (1.11)
soft 0-alkylation C-alkylation
X =1 (soft) 0-/C- = 0.1
X = Eto0%BFg” 0-/C- = 4.9
(hard)
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2

METHODS OF PREPARATION
OF ORGANOMETALLIC COMPOUNDS

Although numerous methods for the preparation of organometallic
compounds are known, the great majority of them can be classified
into a dozen or so categorically different methods (Table 2.1).
Organic halides, organic compounds containing active C-H bonds,
and unsaturated organic molecules, such as olefins, acetylenes,
and arenes, are the three most common groups of organic starting
materials. In addition to these compounds, certain organometal-
lic compounds themselves often serve as precursors to organomet-
allic compounds containing different metals. Transformations be-
tween two organometallics containing the same metal, however, are
not included in the following discussion, as these are better
viewed as reactions rather than preparations of organometallics.

Table 2.1 Methods of Preparation of Organometallic Compounds

Method Description General equation

From halides

Method I Oxidative RX + 24 —> RM + MX
metallation of
organic halides or RX + M —— RMX
Method II Oxidative RX + "ML, —> RML, + X
displacement of
halogen by

metallate anions
30
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Method II1 Metal-halogen RX + MR' —— RM + R'X
exchange ;

From active C-H Compounds
Method IV Oxidative RH + M —> RM + 34,
metallation of

active C-H
compounds

Method V Metal-hydrogen RH + MR' ————> RM + HR'
exchange

From unsaturated compounds

Lo
Method VI Hydrometallation  C=C{ + HM —> H-C-C-M
|
Method VII Heterometallation C=C{ + XM —> X-C-C-M
. N\ / N /
Method VIII Complexation L=t tM — /CEC\
R ATy, N, s
Method IX Oxidative coupling C=C +M — /Q—Q\
A / [
Method X Oxidative /C=C\ +M ——  C-C-M
metallation of e
unsaturated and so on
compounds
From organometallics
Method XI Transmetallation RM + M'X —— RM' + MX
Method XII Oxidative-reductive RM + M' —> RM' + M
transmetallation
2.1  OXIDATIVE METALLATION OF ORGANIC HALIDES (METHOD I)
RX + 2M(0) — RM(I) + M(I)X (2.1)

or

RX + M(0) — RM(II)X (2.2)
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The reaction between a metal and an organic halide provides
one of the most important and general methods of preparation of
main group and transition metal derivatives. The method is espe-
cially suited for the preparation’of organometallics of readily
oxidizable or ionizable metals, that is, those of low ionization
energies (IE), (Appendix IV). Among the main group metals Tlith-
ium and magnesium participate in this reaction quite readily,
thereby making organolithium$ and Grignard reagents readily ac-
cessible. Other metals that can react readily with organic hal-
ides include Ca, Sr, and Ba. Although their reactivity appears
roughly comparable to that of organolithiums, information about
these organometallics is scanty. One of the often troublesome
side reactions is the Wurtz coupling which involves the reaction
of the product (RM) and the starting material (RX).

RM + RX ————>  R-R + MX (2.3)

Thus the method tends to fail in cases where the product and/or
the starting material are highly reactive. For this reason, or-
ganometallics of higher alkali metals, such as sodium and potas-
sium, as well as allylic, propargylic, and benzylic organolith-
iums are not readily obtainable by this method. By slow addition
of the halide to an excess of finely divided metal at low temper-
atures, however, this difficulty can be minimized. For example,
the relatively stable arylsodiums are readily obtained by using
fine dispersions of sodium or the 1liquid sodium-potassium alloy
and stirring them efficiently.

CgHgCl + 2Na  —————>  CgHgNa + NaCl (2.4)

In general, the reactivity of organic halides increases in
the order C1 < Br < I. When the metal is of relatively low re-
activity, only highly reactive organic halides may be used. Thus
zinc reacts satisfactorily only with (1) alkyl iodides, (2) al-
1ylic and propargylic halides, (3) a-halocarbonyl derivatives
(Reformatsky reagent), and (4) other reactive halides, such as
a-halo ethers. As discussed in this section, however, zinc pow-
der obtained via reduction reacts with alkyl and aryl bromides.
Aluminum and beryllium are only of limited utility in this reac-
tion. The reaction of allyl halides with aluminum produces the
corresponding sesquihalides (sesqui = 3/2 or 1.5).

3 CHy=CHCHoX + 2A1 —> (CH,=CHCH,)oATX + CHy=CHCHoATX, (2.5)

Beryllium reacts only when heated with alkyl halides.
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CHyl +Be  —2L—  CHyBel (2.6)

Cadmium and boron do not appear to participate readily in this
reaction. At high temperatures Si, Sny, and Sb (also phosphorous
and arsenic) react with alkyl halides to form the corresponding
organometallic derivatives. For example, when volatile organic
halides are passed over silicon, mixed with copper and heated at
250 to 400°C, organosilicons are formed. This reaction is of
commercial importance and is often called "direct synthesis."

Si + 2RC1 —_— RySiCl, (2.7)

Organometallic derivatives of Hg, T1, Sn, Pb, Bi, and so on,
can be prepared by the reaction of the alloys of these metals
with alkali metals, such as sodium. These reactions must in-
itially form the organoalkali metal compounds, which then under-
go transmetallation reactions. This so-called "alloy method" is
used in the manufacture of tetraethyllead, an antiknock additive
in gasoline.

4EtC1 + 4NaPb e Et4Pb + 3Pb + 4NaCl (2.8)
2MeBr + Na,Hg ——>  MeyHg + 2NaBr (2.9)
3PhX + Na3Bi I Ph3Bi + 3NaX (2.10)

Certain low-valent transition metal complexes, such as those
containing Ni(0) and Pd(0), undergo facile oxidative metallation
(or oxidative addition) reactions with various organic halides.
These reactions are discussed later in detail (Sect. 8.3).

2.1.1 Metal Powders

A potentially useful method for generating highly reactive metal

powders through reduction of the metal salt with an alkali metal
Zn a? etherial or hydrocarbon solvent has been developed by Rieke
2.1).

MK, + nM' ———» M+ MX (2.11)

Potassium is an alkali metal often used because of its high re-
activity and low melting point. Highly reactive metal powders
including those of Mg, Zn, Cd, Al, In, T1, Sn, Cr, Ni, Pd, Pt, U,
Th, and Pu have been prepared by this method.
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The preparation of magnesium and zinc powders using this
method is of special synthetic significance in that the highly
reactive magnesium and zinc powders can now be utilized in pre-
paring those Grignard and organozinc reagents that are otherwise
difficult to prepare, as exemplified by the following equations.

Mg* powder
O O s
room temp.

quantitative
*
Mg powder ZC:;fi::7
——— e
6 hr, THF, X (2.13)
Cl refl ux Mg Cl COOH
74% 63%

A11 previous efforts to prepare the Grignard reagent from fluoro-
benzene and magnesium had failed. On the other hand, magnesium
powder generated by the reaction of MgCl, with potassium in the

presence of KI reacted with fluorobenzene to form phenylmagnesium
fluoride (2.2).

x THF, reflux
@—F + Mg o — @MgF (2.14)
r

69%

Whereas commercially available zinc does not readily react
with organic bromides, Rieke's zinc powder generated from anhy-
drous ZnC1, and potassium in THF readily reacts even with alkyl
and aryl bromides as shown in the following equations (2.3).

RBr  — 2" . RyZn (R = alkyl) (2.15)
THF, reflux
quantitative
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Ak LM . ArZex (2.16)
X=1or Br
BrCH,CO0Et Ll >  BrInCH,CO0Et  (2.17)

room temp., 0.5 hr

The reaction of Ni, Pd, and Pt powders is discussed later (Sect.
8.3).

2.1.2 Metal Vapors as Reagents

So far we have dealt with either polymeric metals, as in the prep-
arat1on of Gr1gnard reagents, or metal-ligand complexes, such as
(PPh3)4 and Pd(PPh3)q. There is, however, at least one more

way to u%111ze meta]s as reagents. Metals can be vaporized as
mainly monoatomic species, and such species have been widely used
to plate plastics in industry. Although these metal vapors had
received little attention from synthetic chemists until recently,
intensive studies by Skell (2.¢), Timms (2.5), Klabunde (2.6),
and others have clearly established that metal vapors are highly
reactive and useful reagents in the preparation of organometal-
lics, providing routes to even those organometallics that are
otherwise inaccessible.

The technology of metal vapor1zat1on is well established
(2.7), and a simple metal atom reactor is now commercially avail-
able from Kontes, Vineland, N.J. In short, metals are vaporized
at high temperatures using resistive or inductive heating, elec-
tron guns, lasers, or arcs in a vacuum chamber (10-3 to 10-6
torr). Metal vapors deposit on the inside walls of the reactor
kept at liquid nitrogen temperature, while vapors of organic sub-
strates are directed through a shower head, codeposited in the
same area, and allowed to react with the meta1 vapors.

Metals that have been utilized include both main group met-
als, such as Li, Mg, Ca, Zn, Cd, B, Al, In, Si, Ge, and Sn, and
transition metals, such as Ti, Zr, V, Nb Ta, Cr, Mo, W, Mn, Fe,
Ru, Co, Ir, Ni, Pd, Pt, Cu, Ag, Au, U, and various lanthanide
metals.

Although the method is quite general, it is not without
some serious difficulties and Timitations. Firstly, repolymeri-
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zation of the metal vapors, which usually takes place readily
even at 77° K, is always a competitive low activation energy
process. Therefore, the use of a large excess (>100x) of organic
substrates is desirable. Secondly, since organic substrates must
enter the reactor as vapors, only those substrates that boil at
about -80 to 200°C at atmospheric pressure can be utilized con-
veniently.

The reactivity of each metal-substrate pair depends on a
number of factors, such as (1) acid-base properties, (2) avail-
ability of orbitals for complexation, and (3) electronic spin
state of the metal atom. It can be said that nearly all sub-
stances with m or nonbonding electrons tend to react with atomic
metals to form at least weak complexes. Among organic compounds,
organic halides and unsaturated hydrocarbons have been most ex-
tensively utilized. Some noteworthy reactions observed with
organic halides are discussed here, and those with unsaturated
hydrocarbons are discussed later.

Nonsolvated Grignard reagents can now be prepared from mag-
nesium and organic halides (2.8). These nonsolvated Grignard re-
agents exhibit some unusual properties. For example, they do not
undergo the usual addition reaction with acetone, the only reac-
tion observed being proton abstraction (eq. 2.18).

s

n-Pr?-OH

o CHy
N

n-PrH + CH3(|I=CH2
OMgX

n-PrMgX + CH,COCH (2.18)

3 3

Calcium atoms react very efficiently with perfluoro olefins
and hexafluorobenzene to yield C-F insertion products, see
eq. 2.19 (2.9)

F F F F
>c=c +Ca —» >c=c\ (2.19)
F F F CaF

These appear to be the only examples of the metal insertion reac-
tion involving the C-F bond.
The reaction of nickel and palladium vapors with organic
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halides produces oxidative addition products of the RMX type

(M = nickel or palladium which are not stabilized with any lig-
ands (2.10). These species may prove useful in examining various
catalytic reactions involving these metals. As might be expect-
ed, these products (RMX), which are still coordinatively unsatu-
rated, are generally unstable even at room temperature except for
perfluorinated derivatives. The reaction of palladium atoms with
benzyl chloride, however, directly produces a dimeric n*-benzyl-
palladium derivative (2.1) which is stable up to 100 to 110°C in
the solid state (2.10p).

o

Although the scope of studies on the metal vapor-organic hal-
ide reaction is still limited, the following generalization can
tentatively be made. Firstly, the general order of reactivity of
organic halides is: RI > RBr > RC1. Secondly, aryl and benzyl
halides react much more efficiently than alkyl halides. These
results are in general agreement with those observed with either
polymeric metals or metal complexes. As a preparative method to
be used in practical organic synthesis, this new technique in
most cases does not yet provide advantages over conventional meth-
ods. It shows high promise, however, (1) as a tool for investi-
gating mechanistic details and (2) as a method for preparing oth-
erwise inaccessible or less accessible species.

CHZC] .
+ Pd — ’\/ N (2.20)
2.1

2.2 OXIDATIVE DISPLACEMENT BY METALLATE ANIONS (METHOD II)
RX + "ML _ RML, + X7 (2.21)

In the oxidative displacement reaction shown in eq. 2.21, the or-
ganic halide acts as an oxidizing agent, and the formal oxidation
number of the metal increases by 2. The metallate anions of the
IA to IIIA main group metals are essentially unknown. On the oth-
er hand, the IVA to VIA main group metals, such as Si, Sn, and
Sb, as well as a number of transition metals, such as Fe, Co, Ni,
and Cu, form various types of metallate anions that act as nucleo-
philes. In fact, some of the metallate anions containing transi-
tion metals are among the strongest nucleophiles known to chem-
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ists (2.11). The metallate anions can react with a variety of
electrophiles, such as organic halides, a,B-unsaturated carbony]l
derivatives, and epoxides, thereby prov1d1ng a convenient route
to organometallics.

_ ! |
LM + ?=§-?=O e LnM—?—9—9=O (2.22)
F 4
- N, ./ e
LM+ /C\-)/C\ —_— LnM-(':-(':-O (2.23)

The reaction of organic halides with metallate anions con-
taining certain transition metals, copper and iron in particular
has proven to be highly significant from the viewpoint of organic
synthesis. The synthetic utility of the reaction of the Group
IVA to VIA metallate anions, such as KSiMe, and LiSnBu,, with or-
ganic halides is not clear, because the same products can be ob-
tained generally more conveniently from the reaction of the halo-
gen derivatives of these metals with a variety of organometallic
reagents.

RX + KSiMe3

\

RSiMes (2.24)

RLi + C]SiMe3
Moreover, the metallate anion reaction occurs readily and selec-
tively only with alkyl halides and sulfonates containing a Cg,3-X
bond. In such cases, the reaction presumably proceeds by the S,2
mechanism. Although silanions and other metallate anions react
with aryl halides to produce the arylated derivatives, such re-
actions evidently proceed via benzynes and are therefore associ-
ated with the well-known regiochemical and stoichiometric (RgM™/
ArX = 2/1) problems (2.12).

2.3 METAL-HALOGEN EXCHANGE (METHOD III)
RX + MR' <——== RM + R'X (2.25)

= halogen

The reaction can proceed forward when group R is more elec-
tronegative or acidic than group R' (px, of RH < px, of R'H). It
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provides one of the most widely used methods for preparing orga-
nolithiums; see Sec. 4.2.1.1 (2.13).." The order of reactivity of
halogens is: [ > Br > Cl >> F. _The scope of the metal-halogen
exchange reaction, in practice, is limited to the orenaration of
organolithiums. Other electropositive metals, such as Na, K, and
Mg, can also participate in the metal-halogen exchange reaction.
The Wurtz-type coupling reaction (eq. 2.26) and other side reac-
tions, however, tend to compete with the desired metal-halogen
exchange reaction.

RX + MR’
” RR + BRR' + R'R' + MX (2.26)
RM + XR'

Even in the preparation of organolithiums, the Wurtz-type
coupling reaction can be a troublesome side reaction. Benzylic,
allylic, and propargylic halides tend to undergo a competitive
Wurtz-type coupling reaction and are, therefore, of Tittle use in
the metal-halogen exchange reaction. Whereas a variety of aryl-
lithiums can be prepared according to eq. 2.27 using ethyl ether
as a solvent, the same reactants in THF or other polar solvents,
such as HMPA, tend to give mostly the cross-coupled produces, pre-
sumably via metal-halogen exchange.

Et20

e n-BuX + ArLi

n-Buli + ArX (2.27)
THF
n-BuAr + LiX

In fact, the latter reaction provides an excellent method for pre-
paring alkylarenes (2.14), which appears superior to the classic
Wurtz reaction, as discussed later (Sect. 4.3.2.1).

The 1ithium halogen exchange reaction can take place rapidly
even at very low temperatures, for example,-78°C. Surprisingly,
very little is known about the mechanism of this low activation
energy process. The reaction of alkenyl iodides with n-, sec-,
or tert-BulLi proceeds with retention, thereby providing a useful
route to stereodefined alkenyllithiums (2.15).

1 3 1 3
R R q R R
N A RL1 N o
26 T O )
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Although not well established, when stereochemically rigid orga-
nolithiums are involved, retention of configuration seems to be
the rule. These stereochemical data do not tend to favor any
mechanism involving alkenyl free-radicals but do not rule out one-
electron processes. The following mechanisms have been suggest-
ed, but at the present time they appear to be no more than mere
speculations (1.14).

”

ks

o ~
c ~
<

CR
/ DG \
RX + MR'" === M[R-X-R'] === RM+ XR' (2.29)
N =4
[R-XT-M"-R'] == [R-X+, *R']

The following radical chain mechanism has been proposed for the
reactions of alkyllithiums with alkyl halides (2.16).

RX + MR' ==

>- Re + R'e + MX
Re + MR' —————> RM + R'e (2.29a)

R'e + RX ———»> R'X + Re

2.4 OXIDATIVE METALLATION OF ACTIVE C-H COMPOUNDS (METHOD IV)
RH + M ————>  RM + 3H, (2.30)

The method is far more Timited than the corresponding reaction of
organic halides (Method I). The reaction generally requires re-
latively acidic hydrocarbons (px, < 25 to 30), such as acetylenes
and cyclopentadiene, and highly electropositive metals, such as
alkali metals, as shown in the following example (eq. 2.31).

H
Q + N ————>Na+ + (2.31)

In cases where favorable results are obtained, however, the re-
action provides a convenient and direct route, the only byproduct
being hydrogen, Although not clear, the following dual-path
mechanism may tentatively be suggested as a plausible scheme.
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RH+ sM  ———  Re + HM
Re + sM ———»  -RM (2.32)
RH + HM  ———  RM +'H,

2.5 METAL-HYDROGEN EXCHANGE (METHOD V)

RH + MX ——— RM + HX (2.33)

Although represented by the same general equation (eq. 2.33),
there are at least two distinct processes that should be discuss-
ed here. One involves a simple acid-base reaction in which a me-
tal-containing reagent acts as a base, whereas in the other reac-
tion the metal containing reagent acts as a Lewis acid.

2.5.1 Metal-Hydrogen Exchange with Basic Reagents

The metal-hydrogen exchange reaction with basic metal-containing
reagents provides a very general route to organometallics. The
reagent itself is frequently an organometallic compound. For the
reaction shown in eq. 2.33 to proceed forward, the starting com-
pounds (RH) must be more acidic than the conjugate acid (HX) of
the basic reagent. A simple thermodynamic calculation tells us
that a difference of only 2 to 3 pk, units should be sufficientto
drive the reaction to completion (>98%). In practice, however, a
greater difference in pk, is required for satisfactory results,
because the basicity of MX seldom reaches the maximum value cor-
responding to the px, value of its conjugate acid (HX).

In addition to the px, value of the conjugate acid (HX), the
basicity of MX is also dependent on various other factors in-
cluding the electronegativity value of the gegenion (M) and the
solvent used. These factors exert marked influence on the metal-
hydrogen exchange reaction.

2.5.1.1 Gegeion

With a given anionic species (X), the basicity of MX decreases as
the electronegativity of M increases, the approximate order be-
ing: Cs > Rb > K> Ba > Sr > Na > Ca > Li > Mg. Other less
electropositive metals are of little use in this reaction. Let
us consider the reaction of the n-butylmetals of K, Na, Li, and
Mg(X) with n-butane (px, = 50), benzene (px, = 43), triphenyl-
methane (px_, = 30), and acetylene (pKa = 25). n-Butylmagnesium
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bromide will metallate only acetylene, whereas n-butyllithium
readily metallates triphenylmethane as well.. Even benzene, but
not n-butane, can be metallated using n-butylsodium. Finally,
n-butylpotassium reacts with all these hydrocarbons.

2.5.1.2 Solvent

Strongly coordinating solvents, such as tetramethylethylenedia-
mine (TMEDA), enhance the basicity of MX. For example, whereas
n-butyllithium in nonpolar solvents does not metallate toluene,
its TMEDA complex does, thereby providing one of the simplest
routes to benzyllithium, even though a large excess (10x) of tol-
uene is needed for satisfactory results (2.17). Alternatively, a
stronger base, such as sec-BulLi can also be used for this trans-
formation (eq. 2.34).

O

n-Buli-TMEDA

N
\ sec-BuLi /

Ot (e

2.5.1.3 Scope

The scope of the reaction with respect to the metal was already
discussed briefly. Typical saturated hydrocarbons are in most
cases not acidic enough to form the corresponding organometallics
by this method. As discussed later (Sect. 4.2), the metal-hydro-
gen exchange reaction has long been the method chosen for con-
verting organic compounds containing relatively acidic C-H bonds
(px, =< 30) including terminal acetylenes, various carbonyl and
cyano derivatives containing the o C-H bond, and cyclopentadiene
derivatives. Arenes and alkenes can also be metallated readily.
In cases where these compounds contain the benzyllic and_allylic
C-H bonds, metallation can take place at both sp? and sp3 carbon
atoms, although the benzylic and allylic C-H bonds tend to be
somewhat more reactive than the CSPZ-H bonds.

2.5.1.4 Chemoselectivity, Regioselectivity, and Stereoselectivity

Although highly versatile and useful, the metal-hydrogen exchange
reaction suffers from a few serious difficulties. Since strong



Methods of Preparation of Organometallic Compounds 43

bases readily react with a variety of electrophilic functional
groups, the chemoselectivity of the method is inherently low. It
represents a difficult problem to. overcome. Controlling the
regio- and/or stereochemistry of the reaction is also problemati-
cal in many cases. Recent developments, however, permit us to
exert considerable regio- and/or stereochemical control. For ex-
ample, limonene can be selectively metallated at only one of the
five allylic positions (2.18).

n-BulLi-TMEDA

(2.35)

N 770N
Li*

The regiochemistry of the metallation reaction is also very much
dependent on the nature of the bases used. For example, whereas
KCH,SiMe3 abstracts the benzylic hydrogen of cumene, a combina-
tion of n-BuLi and t-BuOK attacks its meta and para hydrogens

(2.19).
—H
n-BuLi —¢t-BuOK—=
(: C C/CEH 5 KeHSite
\CH3

Although it still is difficult to predict accurately the point of
attack in a given case, strongly basic reagents, such as
KCHZSiMe3, tend to attack the most acidic hydrogen of a given
molecule, whereas the reaction of weaker bases, such as n-BulLi
and £-BuOK, can be strongly influenced by other factors, such as
steric hindrance. In favorable cases, the metal-hydrogen ex-
change reaction proceeds in a remarkably stereospecific manner,
?s eximp1ified by the following conversions; see eqs. 2.36, 2.37
2.20).
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H
/ 4
H CH, KCH,SiMe, H.C—C--K E' H CH,E
Seee 3 —3 0 Rl — e (2.36)
HyC H AR H
/ Hal
g / ar
HaC CHy KCH,SiMe, H—C--K EY H,C CH,E
e 0 =3 b, — P e (U7 (2
H” H P H H

2.5.2 Metal-Hydrogen Exchange with Acidic Reagents

Certain metal-containing reagents that are Lewis acidic, such as
BC13, Hg(0Ac),, and T1(00CCF4)3, undergo the metal-hydrogen ex-
change reaction as shown in eq. 2.38. The method is most useful
when RH is an arene. Many of these reactions can be best viewed
as electrophilic aromatic substitution reactions involving metal-
containing electrophiles, as exemplified by the following reac-
tion (2.21, 2.22).

BC1,-A1C1 BCl
O~ ===\~ Or=
H -HC1

(2.38)

The reaction suffers from various difficulties and limita-
tions associated with other electrophilic aromatic substitution
reactions. Thus it often results in mixtures of regioisomers and
arenes with electron-withdrawing, that is, deactivating, substi-
tuents often failing to undergo the metal-hydrogen exchange reac-
tion. Despite these Timitations, it represents one of the most
direct and convenient routes to arylmercury and arylthallium der-
ivatives (Sect. 7.2.3).

The corresponding reactions of alkenes and alkynes tend to
undergo addition rather than substitution. Thus although mecha-
nistically closely related to the aryl cases discussed above,
these addition reactions are classified as the heterometallation
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reaction (Method VII).
2.6 HYDROMETALLATION (METHOD VI)Q

(I
Se=cC e W ———  HC-Co (2.39)

o
—-C=C— + HM B — H-C=C-M (2.40)

Hydrometallation is a term devised to define a reactant-product
relationship. Based on the stereochemistry of the products, the
known hydrometallation reactions can be classified according to
the following types: (1) stereoselective cis hydrometallation,
(2) stereoselective trans hydrometallation, (3) nonstereoselec-
tive hydrometallation.

2.6.1 Stereoselective Cis Hydrometallation

In many cases, the addition of the M-H bond to the C=C or C=C
bond is essentially 100% cis. Those metals that participate in
the cis hydrometallation include a few Group IIIA and Group IVA
metals, such as B, Al, and Si, and a number of transition metals.
Hydroboration (Sect. 5.2.2.2), hydroalumination (Sect. 5.3.2.3),
hydrosilation catalyzed by a transition metal complex, such as
HoPtC1 (Sect. 6.3.3.2), and hydrozirconation (Sect. 10.1), how-
ever, are the only well-developed cis hydrometallation reactions
that are currently useful as methods for the preparation of hy-
drometallated species as discrete reagents and intermediates.
Each of these reactions is discussed in detail in the sections in-
dicated.

One of the key requirements for the cis hydrometallation re-
action is that the actual reacting M-H species be coordinatively
unsaturated, that is, either a 6-electron or 16-electron (possi-
bly 14-electron) species. Although the precise mechanism of the
cis hydrometallation reaction has not been fully clarified, the
presently available data are consistent with the following con-
certed, but probably non-synchronous, mechanism which may be
c]ass1f1ed as a thermally allowed [ 2, + 2, + 0J] reaction ac-
cording to the Woodward-Hoffmann convension (1.6)
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Hydrometallation

M—H  LUMO ‘ C—>M<D® HOMO

+

®

HOMO C=—=C LUMO

506 T

Carbene Addition (singlet)

9

C LUMO —c) HOMO

(C=—=(C HOMO C=====C LUMO

It might be instructive to compare this mechanism with that pro-
posed for the singlet carbene reaction with olefins (2.23).

As discussed later in detail (Sect. 10.1), many other transi-
tion metal hydrides do undergo the hydrometallation reaction. In
most cases, however, the hydrometallated species cannot be iso-
lated due to various competitive side reactions, of which dehy-
drometallation and reduction of the hydrometallated product with
the metal hydride are the most common.

2.6.2 Stereoselective Trans Hydrometallation

Although much more 1imited in scope, certain hydrometallation re-
actions involve a predominant, if not exclusive, trans addition
?f th§ M-H bond, as shown in the following example; see eq. 2.41
2.24).
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2
or W LR
RIC=CRZ + LialR,H 100 0 130°C, " ™p o~ L (2.41)
3 1~ AN
R A1 R,
R1, R2 = alkyl (hot H); R = H or alkyl

The trans hydrometallation reaction with simple olefins and
acetylenes is usually a slow reaction requiring high temperatures.
In some favorable cases, however, it takes place even below 0°C.
Thus the reaction of hexafluorobutyne with CpZMHz (M = molybdenum
and tungsten) and Cp,ReH gives the corresponding trans addition
products at or below -30°C (2.25). The trans hydrometallation
reaction of hexafluorobutyne with HMn(CO)z has also been report-
ed (2.26). A1l of these metal hydrides are coordinatively satu-
rated 18-electron species (Sect. 8.2). A concerted [;25 + ;2]
mechanism has been proposed for the reaction of CpZMoHZ and
CpoWH, with CF3C=CCFy (2.25).

2.6.3 Nonselective Hydrometallation

Various metal hydrides including those of silicon and tin can un-
dergo hydrometallation reactions that are not stereoselective.
Some of these reactions appear to proceed at least partially by
free-radical mechanisms. Hydrosilation and hydrostannation are
discussed in detail in Sect. 6.3.3.

In some cases the stereochemistry of such reactions can be
significantly improved by a suitable catalyst, such as H PtCle,
which can participate in (1) a stereoselective hydrometa%]ation
and (2) a transmetallation with the metal hydride used, as shown
in eq. 2.42 (Sect. 6.3.3.2).
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HSiR,' R - H R H
RC=CH 3 > >c=c< + o >e=c] (2.42)
cat. HyPtClg H "SiR4 R3'Si H
major minor
100% cis

Fi

It should be clear that the applicability of such a principle is
not restricted to the improvement of free-radical hydrometalla-
tion reactions. Rather, it should be applicable to the modifica-
tion of any type of hydrometallation reaction.

2.7 HETEROMETALLATION (METHOD VII)

Hydrometallation, which is discussed in the preceding section, is
but one of many types of addition reactions which metal-contain-
ing compounds undergo. Other bonds to metals that undergo addi-
tion reactions to the C=C and C=C bonds include M-C, M-0, M-X,

(X = halogen), and M-M bonds. Addition of the M-C bond may con-
veniently be termed carbometallation. Similarly oxymetallation
(M-0), halometallation (M-X), and other related terms may be used
to describe the corresponding addition reactions. In this book,
all addition reactions of the M-X bonds other than hydrometalla-
tion and carbometallation are collectively termed heterometalla-
tion. Since carbometallation involves the transformation of one
organometallic compound into another containing the same metal,
it is not treated as a method for preparing organometallics.

2.7.1 Oxymetallation

Highly electropositive metals, such as Group IA and Group IIA me-
tals, do not generally participate in heterometallation involving
the addition of the M-0 (oxymetallation) and M-halogen (halome-
tallation) bonds. This is due mainly to the fact that these me-
tals form thermodynamically strong bonds with electronegative
elements, such as oxygen and chlorine. Thus even if an addition
product containing such a metal were formed according to eq.?2.43,
it would readily undergo the reverse reaction, that is, g-elimi-
nation.

Npep? -
,C=C + M-X = MICSCEN (2.43)
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In fact, it is generally difficult by any method to prepare or-
ganometallics containing both electropositive metals and electro-
negative atoms which are g to the metal as species that can be
isolated. ’

On the other hand, certain, heavy metal compounds, such as
those containing Hg, T1, Pb, Pd, and Pt, have exhibited a strong
tendency to undergo oxymetallation. One of the key requirements
for oxymetallation seems to be that the metal reagent should con-
%ain ? highly polarizable and hence readily ionizable M-0 bond

2o27))

Both trans and cis oxymetallation reactions have been ob-
served, although the former appears to be the more common of the
two. In cases where a highly stereoselective trans oxymetalla-
tion reaction is observed, the two step mechanism involving the
intermediacy of a m-complex has been proposed (2.27), as exempli-
fied by the following.

OH

, Hg(0Ac . - H0
[:::J __ES___2§>. [:::]ij; HgOAc + ~OAc . (2.44)

@HQOAC

Other nucleophilic reagents, such as water and alcohols used as
solvents, have often participated in the trans oxymetallation re-
action. In some cases, however, the same metal-containing rea-
gents exhibit the opposite stereoselectivity, producing cis addi-
tion products. This cis oxymetallation has been observed with
strained olefins, such as norbornene; see eq. 2.45 (2.28).

T](OAC)2
TP T](OAC)3 —_—— 0Ac (2.45)

In such cases, one of the oxy ligands, rather than a solvent or
an added nucleophile, is competitively incorporated into the or-
ganometallic product, somewhat irrespective of the relative nucle-
ophilicity and concentration. It appears highly probable that
the cis oxymetallation proceeds by an entirely different mechan-
ism than that which operates in the trans oxymetallation. The
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mechanistic details of oxymercuration will be discussed in Sect.
7.2.2.1. Oxymetallation involving mercury (oxymercuration) and
thallium (oxythallation) represents one of the most significant
routes to organometallics containing these metals and is further
discussed in Sects. 7.2.2.1 and 7.4.1.3.

2.7.2 Halometallation and Other Heterometallation Reactions

Whereas oxymetallation appear's unique to heavy metals, halometal-
lation has been observed with both 1ight metals, such as boron,
and heavy metals, such as mercury and palladium. Heteropallada-
tion is an important route to organopalladiums and is discussed
in detail in Sect. 10.3.

As in the case of oxymetallation, both trans and cis halome-
tallation reactions have been observed with heavy metals, and the
trans addition appears to be the more common of the two. A few
?oten§1a11y useful examples of chloromercuration are shown below

2.29).

HgCl, Cl H

R,C-C=CH BN c=C (2.46)
ng R2C< T
OH
HgC1 cl CoX
RC=CCOX 2 \c=c< (2.47)
R HgC1

X = Me, OH, OMe, OEt, and so on

On the other hand, halometallation with haloboranes (Sect.
5.2.2.1) involves cis addition and appears to be mechanistically
analogous to hydroboration. The coordinatively unsaturated na-
ture of haloboranes, as well as the relatively high electronega-
tivity of boron, which renders the haloborated products relative-
1y stable to g-elimination, must be responsible for this unique
cis halometallation of haloboranes.

Although less common, various other heterometallation reac-
tions, including those of the M-N (aminometallation) and M-M
bonds, have also been observed. These will be discussed as we en-
counter them in later chapters.

2.8 COMPLEXATION (METHOD VIII)

As we have already seen, coordinatively unsaturated metal-con-
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taining species have a tendency to interact with electron donors
to form coordinatively saturated compounds. The reaction may be
viewed as a Lewis acid-Lewis base .interaction, the equilibrium
position of which is a function of various electronic and steric
factors. !

Olefins, acetylenes, and arenes are bases of low Brgnsted
basicity. Thus these compounds do not form stable complexes with
the main group metal derivatives, although a number of w-complex-
es have been suggested as transient species in various reactions,
such as hydroboration and oxymercuration. A number of main group
metal derivatives, such as cyclopentadienyl sodium (2.2) and al-
Ty11ithium (2.3), might be viewed as m-complexes of main group me-
tals. The M-C bonds in these compounds, however, are essentially
ionic rather than covalent.

H
H - c’/
\ =7~ 0\
&> T e
n H H
Na L1.+
2.2 258

On the other hand, transition metal-containing compounds with
partially filled 4 orbitals can act simultaneously as both a do-
nor and an acceptor. Thus they can form highly stable w-complex-
es with unsaturated organic compounds. Since this m-complexation
pertains only to the organotransition metal compounds, its detail-
ed discussion is presented in Sect. 8.3.

2.9 OXIDATIVE COUPLING (METHOD IX)

Certain subvalent compounds of the main group metals (2.30), such
as B-X and SiXp, and various coordinatively unsaturated organo-
transition metal compounds can react with unsaturated organic com-
pounds to form addition products, which may be viewed as o-com-
plexes rather than m-complexes, as exemplified by 2.4 (2.31).

As might be expected, the difference between complexation and oxi-
dative coupling can be vague. The true structure of organotransi-
tion metal compounds formed by the interaction of transition metal
complexes with olefins or acetylenes may, in some cases, be best
represented by a hybrid of two extreme structures representing
complexation and oxidative coupling. A more detailed discussion
of this subject is presented in Sect. 8.3.
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1ho° Ph
PhsP 2.28% .
102°( Pt)39° 1.324

\o\
2.01A

Ph,P72.274 : ,J\
|
|

2.4

This reaction is closely related to the complexation reac-
tion discussed above, and distinction between the two is often
not clear-cut. As in the case of complexation, the key require-
ment for the oxidative coupling reaction represented by eq. 2.48
appears to be that the metal compounds should possess both empty
and filled nonbonding orbitals.

ML
/ n
Ne=¢? |+ M > ¢ =/ (2.48)

s \ n oy N

Whereas a number of transition metal compounds satisfy this re-
quirement, relatively few main group metal compounds of this type
have been known. As a result, the scope of oxidative coupling as
a method for preparing organometallics of the main group metals
is still quite limited. The three-membered metallocyclic prod-
ucts containing main group metals tend to be highly unstable, and
only a small number of compounds, such as 2.5, have been prepared
and characterized as such (2.32).

It is also instructive to point out that the oxidative cou-
pling reaction shown in eq. 2.48 is closely related to the well-
known carbene addition reaction. Oxidative coupling involving
transition metals is discussed in detail in Sect. 8.3.
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2.10 OXIDATIVE METALLATION OF UNSATURATED ORGANIC COMPOUNDS
(METHOD X) ;

Metals of low ionization potentials can undergo one-electron
transfer reactions with unsaturated organic compounds with a Tow-
lying unoccupied orbital (LUMO) to form ion pairs consisting of
metal cations and anion radicals derived from the unsaturated or-
ganic compounds. In practice, only alkali metals and conjugated
olefins including arenes and acetylenes participate readily in
this reaction (2.33). A few representative examples follow.

Na i
S—— 2.49
l:::Il:::I DME ’ liii":::' ( )

green
Na Q - -
Ph,C=CH, —> Na* [Ph,C~CH,]* — 2Na*[Ph,CCHoCH,C Ph,] (2.50)
Ph Ph
Li )
PhC=CPh —— LitT[PhC=CPh]~ — l | (2.51)
Ph: ; ; :Ph
Li Li

The radical anions formed by a single one-electron transfer can
undergo various transformations. In the absence of any other re-
active species, the radical anions tend to dimerize as shown in
eqs. 2.50 and 2.51. In some cases, however, the radical anions
participate in the second one-electron transfer reaction to form
the corresponding dianions (eq. 2.52).

di . . . _
Tmerization M+ R-R M+

Y

MtR* (2.52)
\ M +n=
Mo R

With a given substrate, formation of dianions is favored by

using (1) Tithium, which forms more covalent bonds to carbon than
sodium and potassium, and (2) solvents of Tow dielectric constant

Y
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and poor solvating ability. In other words, the dianion forma-
tion is favored if the ionicity of the metal-carbon bond is low.
A typical example is the formation of the dilithio derivative of
naphthalene as shown in eq. 2.53 (2.34).

Li, THF Li, THF
00 £ OO )
(2.53)

green purp]e

Dianion formation is also favored if the dianion is highly stabi-
lized as in the formation of the dianion of cyclooctatetraene;

see eq. 2.54 (2.35).
K, THF-ether o
2K (2.54)

2.11 TRANSMETALLATION (METHOD XI)

RM + M'X Emm—— RM' + MX (2.55)

The transmetallation reaction shown in eq. 2.55, which does not
involve any oxidation-reduction, is probably the most general me-
thod for preparing those organometallics that cannot be obtained
directly from organic compounds. For this reaction to proceed in
a forward direction, M has to be more electropositive than M'.

It should be pointed out, however, that, even in cases where M is
less electropositive than M', it is still feasible to generate an
equilibrium quantity of RM' and utilize it in the subsequent step.
Thus certain organometallics containing mercury (EN = 1.9), for
example, have been successfully utilized in the vinylic hydrogen-
substitution reaction shown in eq. 2.56, in which organometallics
%onta;ning palladium (EN = 1.35) are products in the first step
2.36).
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RHgX + PdX, ———> RPdX + HgX,

RPAX + CHp=CHY ———>  RCH,CHY (2.56)
Pdx

RCHCHY : > RCH=CHY + HPdX

H PdX

Because of their ready availability and highly electroposi-
tive nature, organolithiums and Grignard reagents have been used
most extensively as parent organometallics (RM). Organometallic
compounds containing essentially all metals, whose electronega-
tivities are greater than those of 1ithium and magnesium, have
been prepared by this method.

As might be expected from the electronegativity values, or-
ganolithiums are generally more reactive than Grignard reagents.
For example, EtLi reacts with TICl3 to form Et3T1, whereas EtMgCl
replaces only two of the three ch]or1ne atoms %o form Et,T1CT.

EtLi X
TICT (2.57)
<ther % Et,TICI

Despite their versatility, there are a few difficulties asso-
ciated with organolithiums and Grignard reagents. Firstly, as
these organometallic reagents react with practically all electro-
philic functional groups, it is either impossible or difficult to
prepare organometallics containing some of such functional groups
by this method. In such cases, the use of less electropositive
metals, such as zinc and aluminum, should be considered. Second-
ly, it is generally cumbersome to prepare organolithiums and
Grignard reagents which are stereochemically defined at the me-
tal-bound carbon atom. On the other hand, some of such species,
trans-alkenylmetals, for example, can be readily prepared by hy-
drometallation of the corresponding alkynes (Sect. 2.6). It is
therefore advantageous to use these readily available substances
as parent organometallics, as shown in the following synthesis of
alkenylmercuries (Sect. 7.2.1)
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HB R H ~ HgX2 R\\ //H
RC=CH —_— S '/C=C\ (2.58)
B H HgX
N P
Group X in eq. 2.55 can be an organic group. In such a case,
the MX is also an organometallic product. For example, a widely
used method for preparing allyllithium involves the reaction
shown in eq. 2.59 (Sect. 6.4.1).

NNsnbhg + LiPh  ———> NUNLi + S, (2.59)

The more electronegative or less basic organic group, allyl, is
nearly exclusively bonded to the more electropositive metal, 1ith-
ium, in the product mixture. Thus as far as the synthesis of al-
lyllithium is concerned, the starting allyl compound contains the
less electropositive metal of the two, tin. It should be clear,
however, that this fact does not contradict the general statement
made above concerning eq. 2.55.

The scope of the transmetallation reaction shown in eq. 2.55
is too broad to discuss in detail, but is discussed in various
sections throughout this book.

2.12 OXIDATIVE-~REDUCTIVE TRANSMETALLATION (METHOD XII)

RM + M! T RM'" + M (2.60)
This redox reaction can proceed forward when the free energy of
formation of RM is more positive (or less negative) than that of

RM" .
R- + M- + M-

AH

RM” + M.

Since few entropy data for organometallic compounds are available,
the heat of formation (AH) rather than free energy is used here.
The AH values for the methyl derivatives of several main group me-
tals are summarized in Table 2.2.
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Table 2.2 Heat of Formation of MenMa

Me M AH (kcal/mole) . MenM AH (kcal/mole)
MeZZn(g) 13 Me3A1(g) -21
Mesz(g) 26 Me4Si(g) -57
MezMg(g) 22 Me4Sn(g) -5
MeSB(g) -29 Me3Bi 46

%These values are taken from Ref. 0.4, p. 8.

These data indicate that Me,B and Me,Si are stable with respect
to their decomposition into the methyl and metal-free radicals
(exothermic), whereas the methyl derivatives of Cd, Hg, and Bi
are thermodynamically unstable (endothermic).

Since organomercuries can be directly prepared by either me-
tal-hydrogen exchange and heterometallation (as thermodynamically
unstable but kinetically stable, though toxic, compounds that can
be easily handled in air at room temperature) they have been most
widely used as the starting materials for this transmetallation
reaction. Using organomercuries, a variety of organometallics
including those that contain alkali and alkali earth metals, such
as aluminum and tin, have been prepared (Sect. 7.3.1).
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3

GENERAL PATTERNS OF
ORGANOMETALLIC REACTIONS

Most of the final products in organic synthesis do not contain
the metal-carbon bond, although there are some biologically im-
portant organic compounds, such as vitamin Byp, which do contain
the metal-carbon bond, and various synthetic organometallic com-
pounds which are becoming increasingly important as final pro-
ducts. Thus the formation of organometallic compounds themselves
seldom represents the completion of a synthesis. In the great
majority of cases, they must be further transformed to produce
organic compounds that do not contain the metal-carbon bond. In
other words, the organometallic compounds usually act as either
reagents or intermediates in organic synthesis.

3.1 REAGENT VERSUS INTERMEDIATE

The distinction between reagents and intermediates is rather
vague. One unambiguous way of defining these terms is to view
any organometallic compounds a part or the whole of the metal-
bound carbon group of which is to be incorporated in the organic
product as intermediates and the others as reagents. It is clear
that a given organometallic compound may act as an intermediate
and/or reagent depending on its specific role in a given reaction.
A case in point is the reaction of Grignard reagents with ketones
(Sect. 4.3.2.2), which can bring about addition, enolization, and
reduction as well as other miscellaneous transformations. In the
addition reaction, the Grignard reagent acts as an intermediate,
whereas in the reduction reaction it acts as a reagent. In a
more ambiguous but perhaps more widely used definition, the re-
agents include, in addition to the above-defined compounds, some
carbon-group-incorporating compounds that are readily accessible
and relatively inexpensive so that the excessive use of such

60
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1

Addition. ;
(CH) ,CHC-OH
1 ‘ 2
R R
(CH,) ,CHMgBr + é:p=o ‘ (3.1)
R "
\\ 1
Reduction $
HC-OH + CH,CH=CH,
12
R

compounds is readily tolerated. Although the distinction between
reagents and intermediates has some practical significance, it is
of no theoretical or mechanistic significance. In this book we
arbitrarily adopt the former definition in most cases simply for
the sake of clarity.

3.2 ORGANOMETALLICS AS INTERMEDIATES

In cases where organometallic compounds are used as intermediates,
the metal-carbon bond must be cleaved. In such cases, organic
synthesis involving the use of organometallics follows either one
of the two general paths shown below.

Scheme 3.1
Type A M-R Formation + M-R Scission M-R"
Type B M-R Formation + M-R Interconversion + M'-R Scission
MI_RI
M or M' = metal or metal-containing group.
R or R' = organic group.

As indicated above, the organometallic interconversion may in-
volve changes in the organic moiety (R) and/or the metal-contain-
ing moiety (M). Since we discuss some of the general patterns of
the formation of organometallics in Chap. 2, we shall now be con-
cerned with the scission of the metal-carbon bond and the organo-
metallic interconversion.
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3.2.1 Scission of the Metal-Carbon Bond

Inasmuch as carbon groups can exist and act as (1) carbanions,
(2) carbocations, (3) carbon free-radicals, (4) carbenes, and (5)
neutral and electron-paired species other than singlet carbenes,
the organometallic compounds might, a priori, be expected to act
as sources of these carbon species. It is, however, often diffi-
cult to establish unequivocally the precise mechanism of a given
organometallic reaction. Fortunately, the successful use of or-
ganometallics in organic synthesis does not always require de-
tailed mechanistic information. Even so, it may still be advan-
tageous to attempt to interpret the observed results from the
mechanistic viewpoint and to make use of the interpretations to
formulate predictions.

In the following discussion, let us consider only a general-
ized situation, represented by eq. 3.2.

M-R + A-B —— ? (3.2)

The reactant A-B can represent a variety of compounds. It can be
either an organic or an inorganic compound. Although not shown
explicitly, groups A and B may be doubly or triply bonded. In-
teraction of M-R with A-B may even be preceded by decompositicon
of M-R and/or A-B.

3.2.1.1 Organometallics as Carbanion Sources

Probably the single most important application of organometallics
to organic synthesis lies in their use as carbanion sources. By
definition the metal-carbon bond is polarized in the sense indi-
cated by 3.1. In cases where the contribution of the ionic re-
sonance structure 3.2 is significant, the organometallic compound
in question might be expected to act as a carbanion source or a
nucleophile.

s+ &-

M—R M R

5.1 3.2
Both organic and inorganic electrophiles can react with such a
nucleophilic organometallic compound. A representative scheme
for the reactions of nucleophilic organometallic compounds with
organic electrophiles is shown in Scheme 3.2.

Proton acids (H-X) and halogens (Xo), along with various
metal-containing compounds (M-X), represent the most commonly en-
countered inorganic electrophiles. Other inorganic electrophiles
include those that contain the S-halogen, S-0, 0-halogen, 0-0,
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Scheme 3.2
R2X R2COX.

R]R2 <+————\\\ //,——————-——> R]COR2 —> and so on
R2COR3 R2CN

R1R2R3COH <—oM-R! —— 5> R1COR? ——» and so0 on

A4 [
L o’ / -C=C-C0 |
1-9-9-0H R1- (; ¢=0 or

|
C-
or - = -CN :
]
C
]

N halogen, and N-O bonds. .Since the reaction of a nucleophilic
ganometa]]ic compound (M] R) with a metal-containing compound
would result in the formation of another organometallic
compound either via complexation or transmetallation, it should
be viewed as an organometallic interconversion reaction and is
therefore discussed later.
The reactant-product relationships of these reactions are
straightforward and can be represented by the following general
equations (egs. 3.3 to 3.5).

+ 8
M—R + Ag—-B —> R—A + M—B (3.3)
M—R + A§:= s ——> R—A—B—M
M—R +A=B —> R—A=—B—M

On the other hand, the mechanistic details of these reactions
seem to vary considerably and can be far more complex than might
be indicated by these equations. A detailed discussion of the
mechanisms of all of these reactions is beyond the scope of this
book. Let us discuss only the case of the cross-coupling reac-
tion between organometallics (M-R1) and organic halides or sul-
fonates (R2X). The following mechanistic schemes appear to be
worth considering.

Bimolecular Nucleophilic Substitution Mechanism (sy2). Until re-
cently, there had been a tendency among chemists to associate
various cross-coupling reactions of organometallic compounds with
organic halides and sulfonates with the sy2 mechanism. Among
other things, the sy2 mechanism implies a colinear arrangement of
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the nonbonding orbital of the carbanion and the R2-X bond during
much of the bond-forming and bond-breaking process, including the
transition state (eq. 3.6).

CRD + Bt~ [RTROC0) — -2 + &30
” (3.6)

It is clear that such a process would be favored by (1) highly
electropositive metals, such as potassium and sodium, (2) highly
electronegative or acidic Rl groups, such as alkynyl groups, and
(3) solvents of high coordination power, such as d1methoxyethane,
which assist jonization of MRI through solvation of the M cation.

More recent studies have indicated, however, that the s,2
process probably represents a re]ative]y small number of organo-
metallic cross-coupling reactions and that it should be replaced,
at least in part, with various alternate mechanistic schemes in a
number of cases.

Substitution via One-Electron Transfer Process. In the s,2 pro-
cess, electron transfer and nuclear transfer take place at the
same time. _Alternatively, one of the nonbondin? electrons of the
carbanion R! or of the bonding electrons of M-R' may be trans-
ferred to RZ-X without being accompanied by any nuclear transfer.
Such an electron transfer reaction will weaken not only the M-R1
bond but also the RZ-X bond which now has one unshared electron
in the LUMO. In either gase, even the formation of the neutral
free radicals -R! and -R% may occur under the reaction conditions.
These radical ions and/or neutral radicals can combine to form
RIRZ and other products (eq. 3.7).

3 ~

+ 2

(m-RH)T + (R%-x)T
or
1 5 M+ R4 (RZ—X)T 1 2 (3.7)
MR+ REX —> | — > R-R% + Mx
(M-RNT 4 R+ x°
or
M+ R+ RZ 4 )

The formation of free-radical species as transient intermediates
can be detected either by ESR or by an NMR technique called
"chemically induced dynamic nuclear polarization" (CIDNP), see
Sect. 4.3.2.1 (3.1).



General Patterns of Organometallic Reactions 65

If an NMR spectrum is taken during the course of a reaction,
certain signals may be enhanced, while others may be suppressed,
either in a positive or negative direction. When this phenomen-
on, that is, CIDNP, is observed with the product of a reaction,
it indicates that the product was formed either partially or en-
tirely via a free-radical intermediate.

Many reactions of alkyllithiums with alkyl bromides, iodides,
and geminal dichlorides in hydrocarbon solvents, such as the one
in eq. 3.8, give products of coupling and disproportionation that
show strong signal enhancements.

CZHSLi + CZHSI — n-C4H]0 + C2H6 + H2C=CH2 + Lil (3.8)

It should be emphasized here that the occurrence of the one-
electron process is, of course, not restricted to the cross-cou-
pling reaction, and that any two-electron process can, in princi-
ple, have its one-electron counterpart which can produce the same
products. In fact, recent studies indicate that a growing number
of reactions, such as addition of Grignard reagents to ketones,
see Sect. 4.3.2.2 (3.2), and conjugate addition of organocuprates,
see Sect. 9.4 (3.3), which were thought to proceed by two-elec-
tron processes, in many cases evidently proceed by one-electron
processes (3.4).

Unimolecular Nucleophilic Substitution Process (syl) in Which the
Organometallic Compound Acts as an amphophile. Both the sy2
mechanism and the one-electron transfer process discussed above
involve formation of the M* cation prior to the crucial carbon-
carbon bond formation. Consequently, such processes become Tess
and less operative, as the metal (M) becomes increasingly elec-
tronegative. Thus, for example, typical organic derivatives of
zinc (EN = 1.66) and aluminum (EN = 1.47) do not react readily
with typical primary alkyl halides, such as ethyl iodide. On the
other hand, these organometallics can react to form cross-coupled
products with hindered alkyl halides, such as t-butyl chloride
and isopropyl mesylate (Chaps. 4 and 5), which would merely un-
dergo B-elimination with more ionic and basic organometallic com-
pounds. The order of reactivity of alkyl halides, that is, ter-
tiary > secondary > primary, clearly indicates that the reaction
involves ionization or extensive charge separation of the alkyl
halides and sulfonates prior to the carbon-carbon bond formation
(sy1-1ike). Such a process may be induced by the interaction of
the Teaving group (X) and the empty orbital of the metal atom (M),
where the organometallic compound acts as an electrophile rather
than a nucleophile (eq. 3.9).
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RI_M + X-RZ —» RI-M"-x + *R?
3.3

—> RI-RZ + Mx  (3.9)

The effect of the ionization or charge separation process is syn-
ergistic in that it clearly increases not only the e]ectroph11i-
city of the R2 group but also the nucleophilicity of the M-R
bond. A subsequent nucleophile-electrophile interaction, in
which the organometa111§ compolnd now acts as a nucleophile,
would then produce R1-R

A1though M-Rr1 acts as a source of a carbanionic species
("RY), it is not entirely appropriate to say that this organome-
tallic reagent is acting as a nucleophile, inasmuch as its role
as an electrophile is of comparable significance. We therefore
propose the term amphophile to denote a species that can act as
both an electrophile and a nucleophile in a given reaction. Of
course, any dipolar molecule or group is intrinsically amphophil-
ic having both electrophilic and nucleophilic ends. Therefore
the use of the term amphophile should be restricted to those cas-
es in which both electrophilic and nucleophilic functions are es-
sential and of comparable significance.

Substitution via Three-Center Interaction Involving the Metal-
Carbon Bond (sg2). In the discussion of_the reaction shown in
eq. 3.9, nothing is said about how the R1 and RZ groups might in-
teract with each other. It is conceivable that the organometal-
lic complex 3.3 undergoes either d1ssoc1at%0n to produce the "R
carbanion which can now couple with the TR¢ cation or the one-
electron transfer. In cases where the cross-coupled products
(R1-R2) are obtained in high yields, however, it is rather un-
likely that the full-fledged carbanion is formed as an active spe-
cies, since such a carbanjon is expected by preference to undergo
g-elimination with the TR cation.

Presently available information suggests that highly elec-
trophilic species including carbon electrophiles may interact di-
rectly with the metal-carbon bond. Both the front-side attack
(3.4) and the back-side attack (3.5) are conceivable.

O OCROCHO

3.5

Front-side attack Back-side attack

0
. c»#%
o
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These processes are represented by the sz2 mechanism (3.5, 3.6).
The back-side attack mechanism should not be confused with the
sy2 mechanism. Although both are three-centered, the central
carbon atom in the sg2 process is nucleophilic, whereas that in
the sy2 process is electrophilic.

An important difference between the front-side attack and
the back-side attack is that the former proceeds with retention
of configuration of the R group, while the latter proceeds with
its inversion. A recent study of iodination of organoborates,
for example, shows that the reaction proceeds with inversion. A
plausible mechanism, shown in eq. 3.10, involves the back-side

attack (3.7).
//BRZ(OMe)———a— Zc:ji::;LH
I

H Ik

(3.10)

Although the number of well-established examples of the ali-
phatic carbon-carbon formation via organometallics that proceed
by the sz2 mechanism is still limited, it appears likely that a
variety of reactions of organometallics having relatively cova-
lent but reactive metal-carbon bonds, such as those containing
Hg, Al, Sn, and certain transition metals, actually involve the
Sg2 mechanisms. Although organoboranes themselves are quite re-
luctant to participate in these reactions, available information
suggests that organoborates are sufficiently nucleophilic to re-
act with various electrophiles. Some of these reactions appear
to proceed by these mechanisms (Sect. 5.2.3).

Substitution via Addition-Elimination. Those metal-carbon bonds
that are highly covalent and short, hence not readily polarizable,
are generally quite resistant to the attack by electrophiles.
Such metal-carbon bonds are represented by the B-C (EN of boron =
2.0) and Si-C (EN of silicon = 1.8) bonds. Thus, for example, it
is exceedingly difficult to cleave the B-C bond of trimethylbor-
ane (but not of tetramethylborate) and the Si-C bond of tetra-
methylsilane with any electrophile including strong mineral acids
and halogens, although trimethylborane is reasonably reactive to-
ward carboxylic acids (Sect. 5.2.3.2). It may safely be conclud-
gd that these metal-carbon bonds are intrinsically nonnucleophil-
i[cH

While the generalization made above is probably true, it
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does not imply that all types of B-C and Si-C bonds are reluc-
tant to participate in reactions with electrophiles. In fact,
various o,B8- and 8,y-unsaturated derivatives of boron and sili-
con are generally far more reactive -toward electrophiles than
their alkyl counterparts. For example, PhSiMe3 reacts readily
with benzyl bromide to form diphenylmethane in the presence of
A1C13 (Sect. 6.4.2.1), whereas Me4Si is completely unreactive.
What factors are responsible for such a marked difference?
Firstly, the unsaturated carbon-carbon bonds, such as alkenyl,
aryl, and alkynyl bonds, are reasonably good nucleophiles even in
the absence of any metal. Secondly, it has now been well estab-
lished that the reaction of the unsaturated carbon-carbon bonds
with electrophiles is strongly facilitated by various metals,
such as Hg, Pb, T1, Sn, and Si, which are either directly bonded
to or separated by one carbon atom from the unsaturated carbon-
carbon bonds (egs. 3.11 and 3.12). Such an effect has been term-
ed o-m conjugation effect, as discussed in Sect. 6.4.1.

+
o+ M MX
-?=?—MXn —_— -9—?—A — —§=?-A — -?=?—A (3.11)
+
] A+ ;l\ +‘\;1Xn ;I\ " Xn I'\
-9=C-C-MX e -?-C-%- < -?—C—C— E— -?—?=C-(3.12)

P |
It should be noted that the o-m conjugation effect facilitates
not only the interaction between the w-system and an electrophile
(A*) but also cleavage of the metal-carbon bond. This addition-
elimination sequence results in the substitution of a metal atom
or a metal-containing group with an electrophile.

The available data indicate that similar addition-elimina-
tion mechanisms probably operate in certain reactions of a,B-un-
saturated organoaluminums with electrophiles (Sect. 5.3.3.2). On
the other hand, the reactions of a,B8-unsaturated organoborons
with electrophiles discussed in detail in Sect. 5.2.3 proceed
?ost]y by)yet another mechanism which is unique to organoborons

eq. 3.13).

R

R R
i_oat L L I
Gt = BgCHE . e AR (3.13)
This reaction, however, does not result in the cleavage of the
B-C bond, and should therefore be viewed as an organometallic in-

terconversion reaction.
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Substitution via Oxidative Addition-Reductive Elimination. Cer-
tain organotransition metal compounds can bring about cross cou-
pling through sequences that evidently are totally different from
any of the mechanisms discussed above. There appear to be at
lTeast two different paths.

The reaction of organocuprates and related compounds with
organic halides has been interpreted by some chemists in terms of
the following oxidative addition-reductive elimination sequence,
see eq. 3.14 (Sect. 9.1).

2

oxi@a?ive ? rgdqctiye
R;Cu' + pl.y addition o1 ¢ o1 elimination o1 o2 | R]-Cu(3.14)
3.6

On the other hand, the reaction of certain main group or-
ganometalilics (M-R') with organic halides catalyzed by nickel and
palladium complexes (eq. 3.15) has been interpreted in terms of
the mechanism shown in Scheme 3.3, which involves an oxidative
add;tion—transmetal1ation-reductive elimination sequence (Sect.
9.2

2 cat. M'L 1 .2

M- R + R"-X ——=———45- R'-R™ + M-X (3.15)
= 1 . [ - .
M =Li, MgX, ZnX, A1, and so on; M'L, N1(PPh3)4, Pd(PPh3)4,
and so on
Scheme 3.3
;
RZ_X X-l;’l'(II)-RZ M-R!
\\\\\\\ !
3.7 L
' << ] l| 2
M'(O)L, < RE-M'(IT) R
L
3.8
1,2
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Although the overall eq*ation shown in egs. 3.14 and 3.15
clearly indicates that the R' group acts as a carbanionic moiety,
it is not possible to classify one or the other of the two or-
ganic groups of 3.6 or 3.8 as either a nucleophile or an electro-
phile in the reductive elimination step which involves the cru-
cial carbon-carbon bond formation at the expense of the cleavage
of the metal-carbon bonds. These reactions are discussed in de-
tail in Sect. 9.2. »

In the above discussion, we arbitrarily chose cross coupling
as a representative case of carbon-carbon bond formation via nu-
cleophile-electrophile interaction. Similar considerations can
also be made, however, with respect to various other nucleophile-
electrophile reactions in which organometallics act as nucleo-
philes, as will become clear from various specific discussions
presented in the following chapters.

3.2.1.2 Organometallics as Carbocation Sources

Since the metal-carbon bond is normally polarized as shown in
3.1, it might seem highly unlikely that any organometallic com-
pound can act at all as a carbocation source, unless the organic
group is oxidized either by added reagents or by some other
means, such as electrolysis. While this generalization is valid
in most cases, there are certain classes of organometallics that
can readily act as carbocation sources.

One trick which organometallics can resort to in generating
carbocationic species is shown in eq. 3.16.

R-MSEXS o ReMT X — RV A M+ X (3.16)

Such a process is facilitated if both the M-X and M-R bonds are
labile. It is important to recognize that the second step of the
reaction involves reduction of the metal by two electrons. Con-
sequently, cleavage of the M-R bond will occur readily if it can
be easily reduced by two electrons. Indeed, various organometal-
1ic compounds containing heavy, highly polarizable metals, such
as Au, T1, Pb, Pd, and Pt, can readily participate in the reac-
tion shown in eq. 3.16.

The carbocationic species thus generated can then undergo
various reactions represented by eqgs. 3.17 to 3.20, which are
characteristic of any carbocations irrespective of their origins.
Whereas the first two reactions produce neutral products which
can exist as stable compounds, the latter two reactions yield new
carbocations which must eventually undergo either hetero coupling
or elimination. These reactions of the carbocations derived from
organometallics of heavy metals will be discussed in Chap. 7 and
Sect. 10.3.
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Hetero coupling: R' + Y~ —> R-Y (3.17)
Elimination: ¢FY-7 — Y=y + 7 (3.18)
Y Y
+ '+
Rearrangement: '? —9— — —?—9 (3.19)
., - + +
Addition: R" + Y=Z——> R-Y-Z (3.20)

3.2.1.3 Organometallics as Carbon Free-Radical Sources

The presence or ready availability of empty orbitals that can act
as low-lying LUMOs or acceptor sites characterizes a large number
of organometallic compounds. These empty orbitals can promote
the formation of carbon free-radicals in a few different ways,
which is briefly discussed below.

Bimolecular Homolytic Substitution (sz2). Whereas the 5,2 reac-
tion has almost never been observed at the carbon center, various
organometallics, such as those containing boron and tin, can
readily participate in the s42 reaction (3.8). A number of syn-
thetically useful organoboron reactions, in particular, have been
shown to proceed by the 542 mechanism (3.9), as discussed in de-
tail in Sect. 5.2.3.

R-M + .Y —» [R---M---Y] ° ——> R- + M-Y (3.21)

a-Hydrogen Abstraction. The availability of an empty orbital can
facilitate the a-hydrogen abstraction reaction shown in eq. 3.22.
This reaction, however, does not involve cleavage of the metal-

carbon bond.
() v 00

W e (3.22)

0 00
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L]

A typical example is the free-radical bromination of organo-
boranes discussed in Sect. 5.2.3.1 (3.10). At present, however,
the scope of the a-hydrogen abstraction reactions of organometal-
lics does not appear to have been well delineated. There are
other ways of generating carbon free-radicals from organometal-
lics which do not appear to require the availability of a low-1ly-
ing empty orbital, as discussed below.

One-Electron Transfer. This process is discussed briefly in
Sect. 3.2.1.1.

R-M —&5 R. + M (3.23)

As mentioned earlier, this process is favored by highly electro-
positive and readily ionizable metals. It is conceivable, how-
ever, that organometallate anions, such as those containing boron
and aluminum, might also readily participate in this process,
which would produce stable neutral species along with carbon
free-radicals (eq. 3.24).

R-M"X3 —=> R« + MX3 (3.24)
M =B or Al
Thermal or Photochemical Excitation. Thermodynamically weak met-

al-carbon bonds can be cleaved thermally or photochemically (eq.
3.25).

R-M v or A

Re + M (3.25)
This is a reaction characteristic of any thermodynamically weak
bond.

Ligand Abstraction-Reductive Cleavage. If an organometallic spe-
cies contains a 1igand that can be readily abstracted by a free
radical, the corresponding metal free-radical may decompose to
give a carbon free-radical and a reduced metal species, provided
that such a reduction is facile (eq. 3.27). This is the free
radical counterpart of the carbocation-forming reaction shown in
eq. 3.16.

R-M-X + Y —> R-M¢ + X-Y —> R- + M (3.26)

Those metals that can be readily reduced by two successive one-
electron reductions, such as mercury, may participate in this re-
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action, as shown in eq. 3.27 (Sect. 7.3.1).

Rigx MeBHAL phan Yo R. + Hg + HY (3.27)

There is no essential difference between the carbon free-
radicals derived from organometallics and those obtained by other
methods. Thus they can now participate in various reactions
characteristic of the carbon free-radicals, which are represented
by the following.

Radical coupling: Re + «R' ——> RR + RR' + R'R! (3.28)

L s 1|
Disproportionation: 2 -C-C. — Je=c_ +H-C-C-H  (3.29)
H
These two processes convert carbon free-radicals into electron-
paired species, and are therefore known as termination processes.
There are other processes that convert one free-radical into an-
other.

Abstraction: R. + Y-R' —— R-Y + .R' (3.30)
Y |
Addition: Re + Y=C —> R-Y-C- (3.31)
Y S Iy
| I |
Rearrangement: -E—Z—?- —_— -C-Z-?- (3.32)

The free-radical rearrangement reaction may be viewed as the
intramolecular version of the abstraction reaction. Although the
free-radical 1,2-rearrangement is rather uncommon, the free-radi-
cal 1,5-rearrangement is a very important process (eq. 3.33).

(8 C. (Go G

U = 2R

3.2.1.4 Organometallics as Carbene Sources

A variety of a-heterosubstituted organometallics (3.9) have acted
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as carbene precursors. and carbenoid species (3.11) (eq. 3.34).
' G
- . HE

j
3
by = s (3.30
\‘\\\\\\\\L’ !

o~

3.11

A11 three carbon species in eq. 3.34, that is, 3.9, 3.10, and
3.11, are capable of acting as actual reactive species.

The a-haloorganometals containing highly electropositive
metals, such as lithium, can be generated as unstable species

which can either act as carbanions 3.10 or generate carbenes 3.11.

On the other hand, a-haloorganozincs, that is, Simmons-Smith re-
agents, evidently react as molecular species 3.9 (Sect. 4.3.3.5).
Finally, a-haloorganomercuries, such as PhHgCCCI3, can be ther-
mally decomposed to produce directly the corresponding carbenes
3.11 (Sect. 7.3.2.2).

The carbanion 3.10 normally acts as a typical nucleophile,
unless it is converted to the corresponding carbene 3.11. The
carbene 3.11 can participate in various reactions represented by
eqs. 3.35 and 3.36, which are characteristic of the singlet car-
benes.

9.n.q N\ 7/ N\ 7/
Addition: ve: + 0= — ,c\?,c\ (3.35)
i
¥ N Vs
Rearrangement: -C—C- —  (=C (3.36)
e yoo N

Insertion into the C-H bond does not appear to be a significant
reaction of the carbenes generated by decomposition of a-haloor-
ganometallics.

Various transition metal complexes having both empty and
filled valence-shell orbitals can stabilize carbenes by forming
metal-carbene complexes (eq. 3.37). As discussed in detail in
Chap. 12, the metal-carbene complexes can also be formed by var-
ious other means.
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+_u- oy et
XpC: + ML —— XoC=ML_, «—> XoC —M/Ln <> X,C"-M Ln (3.37)

One mode of metal-carbene reaction which appears to be high-
1y general is shown in eq. 3.38.

,csML + 1= XoC—ML xoeee” 4 em
2~ " n /_\_>2—"'|n__'> AN 7 n

|
=5 \ (3.38)
ol % +oML
7

The metallocyclic species 3.12 can undergo cycloreversion, reduc-
tive elimination, and other reactions. The formation and decom-
position via cycloreversion of 3.12 appears to be one of the most
plausible paths for olefin metathesis with tungsten and molybden-
um catalysts (Sect. 12.3), and the formation and decomposition
via reductive elimination of 3.12 can be invoked to explain the
results obtained in the transition metal-catalyzed cyclopropana-
%ion SSect. 12.1), as exemplified by the following reaction
3.12).

N,CHCOOEt + CuC1-P(OR)3 —> Et0OCCH=CuC1-P(OR)3

A

COOEt

©>CO0Et —— O:?—P(OR);J,
1

3.2.1.5 Scission of the Metal-Carbon Bond via Concerted
Pericyclic Processes

(3.39)

In a wide variety of reactions involving scission of the metal-
carbon bond, it is difficult or almost certainly inappropriate to
classify them according to one of the four general types discuss-
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ed in the preceding four sections. Many of these reactions ap-
pear best interpreted in terms of pericyclic processes (1.6). It
should, of course, be clear that some of the metal-carbon bond-
cleaving reactions, which can be represented by the four types of
processes discussed above, can also be classified as pericyclic
processes. For example, the formation of :CClp by thermolysis of
PhHgCC13 is best viewed as a carbene-forming pericyclic reaction
(Sect. 7.3.2.2). Because it jis impossible to discuss here all
types of metal-carbon bond-cleaving pericyclic reactions, only a
few representative examples are presented.

Two-Electron Pericyclic Processes. The formation of various ole-
fin m-complexes of transition metals is best represented by the
two-electron pericyclic process. Their thermal decomposition by
the reversal of the above process must also be two-electron peri-
cyclic reactions.

ML
In
N |7 N, 7
/C C\ _ /C—C\ + MLn (3.40)

Four-Electron Pericyclic Processes. Perhaps far more intriguing
are the ubiquitous thermal four-electron pericyclic processes,
such as hydrometallation-dehydrometallation (eq. 3.41) and carbo-
metallation (eq. 3.42), which at first sight might seem thermally
forbidden.

/ N |
\t=C + ML = —C-C— (3.41)
/ N\ n ik
H ML
n
AN / 1
c=C., + RML =—— —(-C— (3.42)
/ AN n (|
R MLn

In cases where the stereoselective cis addition is observed,
these reactions most probably involve concerted, but not syn-
chronous, pericyclic processes. As discussed in Sect. 2.6.1, the
presence or ready availability of an empty orbital evidently
makes otherwise thermally forbidden [2 + 2] reactions thermally
allowed. These reactions appear to be best classified as [;25

+ 52, + 0s] reactions, although the mechanisms of these reac-
tions have seldom been fully established. It also appears that
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various other organometallic reactions can be interpreted in
terms of the same [,2, + 52, + ,0g] processes. It is likely that
certain oxidative add1t1on and reduct1ve elimination reactions
(eq. 3.43) can also be represented by this process, as discussed
in Sect. 8.4. -

oxidative
addition X\
X-Y + ML, =———————— L 3.43
n reductive Y/’M L ( )
elimination

Six-Electron Pericyclic Processes. Despite the highly covalent
nature of the B-C bond, allylic organoboranes can react readily
with various polar and nonpolar compounds, such as water, alde-
hydes, ketones, and acetylenes, as discussed in Sect. 5.2.3.
Moreover all of these reactions are accompanied by allylic re-
arrangement. These results are best interpreted in terms of the
following six-electron pericyclic mechanism.

B B
\_./ N AN
PN S A (3.44)
PN A

72N 7/ N\

X-Y = H-OH, RCH=0, R2C=O, RC=CR', and so on

3.2.2 Organometallic Interconversion Reactions

3.2.2.1 Classification of Organometallic Interconversion
Reactions

Organometallic compounds can undergo reactions which convert them
into new organometallic compounds. These reactions are represent-
ed by the fo]]owing general scheme.

Scheme 3.4

R—M'
R—M
RLM

ri}
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As indicated in Scheme 3.4, such reactions may involve
changes in the metal-containing moieties and/or the organic moi-
eties. Those reactions that involve changes -in the metal-con-
taining moieties are called transmetallation reactions, and are
discussed in Sects. 2.11 and 2.12.

The organometallic interconversion reactions involving modi-
fication of the organic moieties may conveniently be classified
as follows:

Type 1 Organic ligand transformation not involving formation
or cleavage of the metal-carbon bond.

Type I  Organic ligand transformation involving only formation
or cleavage of the metal-carbon bond.

Type III Organic ligand transformation involving both formation
and cleavage of the metal-carbon bonds.

The Type I reactions, exemplified by the reaction in eq.
3.45, can be better viewed as organic rather than organometallic
reactions. No discussion of such reactions will therefore be at-
tempted here.

Ce

CO2H
Me\ H @ 4 Me H

o Se——2c7 (3.45)

HY NsiMes HT D07 DsiMes

Two examples of the Type II reactions are shown below.

_ H R

i-BupATH  HCEECR >e=c{ (3.46)
1-BupAl H

HORC 5 (3.47)

The first reaction involves formation but not cleavage of a met-
al-carbon bond, whereas the opposite is the case with the second
reaction. These reactions should be viewed as metal-carbon bond-
forming and metal-carbon bond-cleaving reactions, respectively.
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We are now left with only the Type III reactions, which can
be further divided into the following two types:

Type A Organic ligand transformation unaccompa.ied by skele-
tal changes in the organic, K ligands.

1. Metal migration (metallotropy).
2. Ligand exchange (disproportionation).
3. Ligand displacement.
Type B Organic Tigand transformation accompanied by skeletal

changes in the organic ligands.

1. Carbometallation.
2. Ligand migration.

We briefly touch on these reactions in the following discussion.

3.2.2.2 Organic Ligand Transformation Unaccompanied by Skeletal
Changes in the Organic Ligands

Metal Migration (Metallotropy). The 1,n-shift reaction of an or-
ganometallic compound produces changes in the organic ligands,
although such changes in some cases are not readily discernible.
The 1,2-, 1,3-, and 1,5-rearrangements appear to be the most com-
mon modes of the 1,n-rearrangements.

(a) Allylic rearrangement (1,3-shift). The 1,3-shift is
commonly called the allylic rearrangement (3.13), and is ubiqui-
tous in organometallic chemistry.

C=C-C*-ML, =——= I M-C-C=C* (3.48)

A possible explanation for the ease with which a variety of coor-
dinatively unsaturated allylmetals undergo the 1,3-metallotropy
is presented in Sect. 1.6.

(b) 1,2- and 1,5-Rearrangements. The fluctional nature of
cyclic allylic organometallics, such as 3.13 and 3.14 was discov-
ered by Wilkinson (3.14) and extensively studied by Cotton and
others (3.15).

[::>>——ée(co)2 [::>>—H9——<:::]
1

3 3.14
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Interestingly, detailed NMR studies -of the metallotropic re-
actions involving n'-cyclopentadienylmetals, such as 3.13, indi-
Eate ;hat the 1,2- and/or 1,5-shift is favored over the 1,3-shift

3.16).

In the case of the n1-cyc]opéntadieny]meta]s the 1,2- and 1,
5-shifts are degenerate and therefore indistinguishable. Orbital
symmetry rules, however, predict that the observed processes
should be represented by the thermally allowed suprafacial 1,5-
shift rather than the 1,2-shift. At least in some cases, such as
those shown in egs. 3.49 and 3.50, this prediction has been borne
out (3.17)

Sn Ph
@ —_— @ == and soon (3.49)
Ph Sn
SnMe
Q — (3.50)
Me3Sn

It appears that the cationotropic 1,2-metal shift is rare,
although certain metal-containing groups appear to participate
readily in the anionotropic 1,2-shift, as shown in eq. 3.51
(3.18).

S1Ph3
Ph— C CH2——N2 e e PhCOCH251Ph3 (3.51)
o\

(c) Others. There are various other types of metallotropic
rearrangements. For example, various ligand displacement pro-
cesses discussed below, such as those involving dehydrometalla-
tion-hydrometallation and dissociation-complexation, can induce
metallotropic reactions. The metallotropic reactions of organo-
transition metal w-complexes are discussed in Sect. 8.5.

Ligand Exchange (Disproportionation). The ready availability of
an empty valence orbital makes various organometallics labile
with respect to ligand-ligand exchange (3.19). On the other hand,
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those organometallics that satisfy the Lewis octet rule, such as
organosilanes, and the 18-electron rule (Sect. 8.1), are quite
stable with respect to ligand exchange.

The ligand exchange process can be most conveniently studied
by NMR (3.19p). It appears that the mechanism of the reaction in
most cases can be represented by eq. 3.52.

G

R

Q », 2, ol

M MJI —=M-R™ + R

O O

RZ

O

Although widely observed, this reaction does not usually
seriously affect the course of organic synthesis via organometal -
lics. It is, however, of critical importance in cases where the
overall skeletal arrangement of an organometallic compound is im-
portant, as in some organoboron reactions. It is discussed later
in appropriate sections.

-M* (3.52)

Ligand Displacement. In the ligand-Tigand exchange reaction, one
ligand is displaced by another ligand. Alternatively, a ligand
may be displaced by some group that initially is not bonded to a
metal atom. Such reactions include (1) metal-halogen exchange
(Sect. 2.3), (2) metal-hydrogen exchange (Sect. 2.5), and (3)
displacement by unsaturated compounds via dehydrometallation-hy-
drometallation (eq. 3.53), dissociation-complexation (eq. 3.54),
and other related processes.

|1 [

: H rlc=c- R2C=C- e

RI-C-C-M === M —_ R2-CI-('I-M (3.53)
[ [

;11 Rlc=c- REC=C- 4 |

R'-C==(C- =———== M T—— R¢-(==C- (3.54)
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3.2.2.3 Organic Ligand Transformation Accompanied by Skeletal
Changes in the Organic Ligands

Carbometallation. This reaction may be represented by eqs. 3.55
and 3.56, and is closely related to hydrometallation (Sect. 2.6)
and heterometallation (Sect. 2.7).

N VZ ||

M-R + /C=C\ —> M-C-C-R (3.55)

M-R + -C=C- ——> M-C=C-R (3.56)

As in the case of hydrometallation, those carbometallation pro-
cesses that proceed readily appear to require coordinatively un-
saturated organometallic species. It is probable that various
hydrometallations and carbometallations are governed by some com-
mon mechanism, such as the one discussed in Sect. 2.6. The car-
bometallation process can repeat itself to produce oligomeric and
polymeric products.

In general, the carbometallation reactions of organometal-
lics containing main group metals are much more sluggish and tend
to be less important than those of certain organotransition met-
als discussed in detail in Sect. 10.2. Carbolithiation (Sect.
4.3.2.5) and carboalumination (Sect. 5.3.2.1), however, have
found significant industrial applications.

Ligand Migration. While various types of ligand migration reac-
tions are conceivable, by far the most common and significant is
the anionotropic 1,2-shift. In this book, carbometallation is
not viewed as a ligand migration reaction. The anionotropic 1,2-
ligand shift of organometallics can be represented by the follow-
ing general equations.

R R
I~ i
M-Y-Z —— M-Y + Z (3.57)
o )
M-Y=Z — M-Y-Z (3.58)
R R
I~ > |
M-Y=2 —> M-Y=Z (3.59)

For the sake of simplicity, no formal charge signs are shown.
This convention is common in organotransition metal chemistry.
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At present, organoborons are the only class of organometallics of
main group metals that widely participate in this reaction.

Their ligand migration is discussed in detail in Sect. 5.2.3.
Organotransition metal compounds, on the other hand, readily par-
ticipate in various ligand migration reactions. Particularly
significant, from the viewpoint of organic synthesis, is the car-
bonylation reaction discussed in Chap. 11.

3.3 ORGANOMETALLICS AS REAGENTS

Transfer of the carbon group from the metal via cleavage of the
metal-carbon bond is the key step in the use of organometallics
as intermediates. On the other hand, in the use of organometal-
lics as reagents, transfer of hydrogen and nonmetallic hetero
atom groups, such as those containing N, 0, P, S, and halogens,
take§ place via cleavage of the respective bond to metals (eq.
3.60).

RMY + 7 — Y-Z + RM (3.60)

H, halogen, N, 0, P, and S groups, and so on

organic and inorganic compounds

In some fortuitous circumstances, however, cleavage of the metal-
carbon bond may also be involved.

3.3.1 Reduction via Hydride Transfer

Transfer of a hydride from a metal hydride to an organic compound
brings about reduction, as represented by the following general
equations.

! 1

-g-Y + HMR, —— H—?— +  YMR, (3.61)

N ]

/C=Y + HMR, —— H—Q—Y-MRn (3.62)
I

-CzY + HMR, —— H-C=Y-MR, (3.63)

In cases where the Y group is a carbon group in egs. 3.62 and
3.63, these equations, of course, represent hydrometallation. In
other cases, the Y group is more electronegative than the carbon
group, that is, C8*-Y6-_ The regiochemical outcome shown in
these equations stems primarily from two facts: (1) In most
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cases the metal atom-is more electropositive than hydrogen, that
is, MS*_HS-_ (2) A combination of the C-H and M-Y bonds general-
ly is thermodynamically more favorable than a combination of the
H-Y and M-C bonds, when Y = N, O, .halogen, and so on.

Some of the most widely used metal hydrides bearing organic
ligands are those that contain boron (Sect. 5.2.3.6), aluminum
(Sect. 5.3.3.3), and tin (Sect. 6.4.3.3). Although various tran-
sition metal hydrides are foymed as reactive intermediates, it is
often difficult to prepare them as discrete reagents that can be
isolated. Despite their instability, however, many of them, such
as those containing the Group VIII metals and copper, hold con-
siderable promise as selective reducing agents (Chaps. 9 and 10).

In some cases, a hydrogen atom in an organic ligand can act
as a hydride. It is usually one of the g-hydrogens, as shown in
eq. 3.64. Certain a-hydrogens, however, can also act as hydrides,
as shown in eq. 3.65 (Sect. 5.2.3.6).

—-MgCl OMgC1
O - Oma, — O oo
H) " MgCl
"y~

(\

H C/ \CH

3 3

R R
N i

R R
N
?L% + R—X ——*Cb + R—H  (3.65)
H

3.3.2 Organometallics as Protecting Agents

Various active hydrogen-containing functional groups can be pro-
tected by forming the corresponding organometallics.
RpMX

B T —>
i protection R deprotection

HY + R,MX' (3.66)

Y = NR2, OR, SR, and so on
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As might be expected, those organometallics that contain rela-
tively covalent and stable metal-carbon bonds are suited for this
purpose. At present, triorganosilanes are by far the most useful
class of organometallic protecting agents (Sect. 6.4.2.4).
Another significant mode of functional group protection in-
volves formation-decomposition of organotransition metal w-com-

plexes, as shown in the following examples; see eqs. 3.67 to 3.68
(3.20, 3.21).

CHs CH3 CH3 CH3
HoC= C-C= CCHZCHOH Lo2(C0)g,  c- - C CCH2CHOH

(OC)3COCO(CO)3 (3.67)
CH3 ChHg . ?H3 gH3
1. BH3-THF _ NO
7 N2, g0y HOH2CCHC CCHzCHOH _FelNO3)3 HOH,CCHC=CCHoCHOH
(CO)3COC0(CO)3
OH
P
/ Fe3(C0)]2
—————
(3.68)
(OY)C5H” n )CSH”—n
oH 0
a few steps /™~ N~ COOH Cr03 <f::1:::ji/ﬁ\V/\\C00H
——— —
Z > CH(OY)CHy -n
C (OY)CSHH n
(Y = THP)

There can be various other ways of protecting functional
groups by means of organometallics. The subject matter, however,
does not lend itself to systematic discussion. We therefore do
not attempt an extensive discussion of this subject.
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ORGANOMETALLICS CONTAINING
GROUP IA, GROUP lIA,

AND GROUP lIB ELEMENTS

(Li, Na, K, Mg, Zn, Cd)

4.1 GENERAL CONSIDERATIONS

Organometallics containing Group IA and Group IIA metals are
characterized by the presence of highly polar metal-carbon bonds.
The Allred-Rochow electronegativity values (Appendix II) for
these elements are as follows: Li(0.97), Na(1.01), K(1.04), Rb-
(0.89), Cs(0.86), Be(1.47), Mg(1.23), Ca(1.04), Sr(0.99), Ba-
(0.97), and Ra(0.97). The high polarity of the metal-carbon
bonds of the organoalkali and organoalkaline earth metals is pri-
marily responsible for both their high reactivity toward carbonyl
and related polar carbon functional groups, that is, high nucleo-
philicity, as well as their high basicity. The terms basicity
and nucleophilicity are very loosely defined in synthetic organic
chemistry. The former generally refers to proton affinity, or
Brgnsted basicity, whereas the latter refers to the affinity to-
ward other electrophilic centers, or Lewis basicity.

The application of francium and radium to organic synthesis
is severely restricted due to their radioactivity and limited
supply. Although it has become increasingly clear that organo-
metallics containing rubidium and cesium can exhibit unique syn-
thetic capabilities, their application to organic synthesis is
still very limited. Nearly the same is true with the Group IIA
metals other than magnesium. Whereas Cu, Ag, and Au can exist as
a? and 48 species and hence are regarded as transition metals,
the Group IIB metals, that is, Zn, Cd, and Hg, do not exist in
oxidation states higher than +2, and cannot therefore have incom-
pletely filled 4 shells. Mercury is a heavy element of relative-
ly high electronegativity, the chemistry of which has Tittle re-
semblance to that of the Group IA and Group IIA metals. Its
chemistry as well as that of thallium and lead is discussed in
Chap. 7. 91
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Because of the long history and wide-spread applications of
the chemistry of organoalkali metals and Grignard reagents, it is
impossible to present a comprehensive coverage of the subject.
For more detailed discussions, the reader is referred to text-
books and monographs on polar organometallics (0.6, 1.14), or-
ganolithiums (4.1), Grignard reagents (0.8, 4.2), and organozincs
and organocadmiums (0.8). Our discussion in this chapter is
highly selective, emphasizing,the chemistry of organolithiums and
organomagnesiums.

4.1.1 Structure

Although organoalkali and organoalkaline earth metals represent
the most ionic groups of organometallics, the metal-carbon bonds
of these compounds generally have appreciable covalent character.
The monomeric covalent structures of these organometallics, that
is, M-R and R-M-X, are coordinatively unsaturated and do not gen-
erally represent their actual structures. As discussed briefly
in Sect. 1.4, organoalkali and organoalkaline earth metals usual-
ly exist as oligomeric or polymeric species, in which the mono-
meric units are held together via multicenter bonding.

4.1.1.1 Organolithiums

There are a few authoritative reviews on the structure of organo-
Tithiums by T. L. Brown (4.3). We have already learned that
methyllithium is tetrameric in the crystalline state (Sect. 1.4).
In nonpolar solvents, such as cyclohexane and benzene, sterically
unhindered alkyllithiums, such as n-butyl- and n-octyllithiums,
are usually hexameric, whereas sterically hindered members, such
as isopropyl- and t-butyllithiums, are tetrameric. Benzyllithium
in benzene is dimeric (4.3). In both tetrameric (1.3) and hexa-
meric (4.1) structures, each 1ithium atom is bonded to three al-
kyl groups, and each alkyl group to three lithium atoms, via
four-center two-electron bonding. In a formal sense, the Tithium
atom is a sextet in these compounds. No 6Li-7Li coupling in 7Li
?MR ?as been observed, indicating that there is no Li-Li bond
4.4).

Organolithiums can form complexes with donor solvents, such
as Eto0, THF, TMEDA, and 1,4-diazabicyclo[2.2.2]octane (DABCO).
These complexes are also often oligomeric. For example, the 1:1
complex between methyllithium and Et,0 is tetrameric.

Organolithiums derived from relatively acidic carbon acids,
such as allyl-, benzyl-, and cyclopentadienyllithiums, have ap-
preciable ionic character. For example, TH NMR spectrum of al-
Tyl1lithium in Etp0 or THF at low temperatures shows an AA'BB'C
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ether. The structures.of PhMgBr - Etp0 (4:7) and EtMgBr - Eto0
(4.8) determined by X-ray diffraction indicate that the magnesium
atom occupies the central position of an essentially tetrahedral
configuration. Polymeric species having a (-Mg-X-),, polymer
chain can also exist in ether.

Another complication associated with Grignard reagents is
the;r disproportionation leading to the Schlenk equilibrium (eq.
4.2).

rs

K
RoMg + MgXp =—— 2RMgX (4.2)

The Schlenk equilibrium constant (K) is much larger in ether

(102 to 103) than in THF (1.10). It is reasonably clear that the
solvation of MgXp, the most Lewis acidic component of the three,
governs the equilibrium and that it is more effective in THF than
in ether.

TH NMR examination of allylmagnesium bromide indicates that
the a- and y-protons are equivalent. On the other hand, iso-
prenylmagnesium bromide does not rapidly 1nterconvert with 3-
methy1-1-buten-3-yImagnesium bromide at -40°C, supporting the co-
valent o-allylic structure 4.4 (4.9).

MeoC=CHCH,MgBr
4.4

In summary, although a wide variety of structures occur in
the chemistry of organoalkali and organoalkaline earth metals,
the common driving force for the formation of associated and/or
solvated species undoubtedly is stabilization of coordinatively
highly unsaturated monomeric units, that is, RM and RMX, through
multicenter bonding or solvation. From the viewpoint of organic
synthesis, it is important to realize that the actual reactive
species are not necessarily the same as those which are observed
spectroscopically. While we may now say that the structures of
many organoalkali and organoalkaline earth metals are reasonably
clear, the structures of the actual reactive species in their re-
actions are much less clear. Fortunately, this does not signifi-
cantly hamper their applications to organic synthesis. For these
reasons, in our subsequent discussions we adopt the conventional
monomeric representations, RM and RMX, for these organometallics.

4.1.2 Configurational Stability

Since carbanions are isoelectronic with amines, free carbanions
might be expected to undergo rapid inversion at room temperature.
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On the other hand, covalent organometallic species are expected
to exist as configurationally stable species. The configuration-
al stability of 3,3-dimethylbutyllithium was studied by 'H NMR
(4.20). 1In ether, the a- and g=protons show an AA'BB' pattern at
-180C, which collapse to an A2Bo pattern at 309C. The activation
energy was estimated to be 62 + 8 kj/mole. Secondary and ter-
tiary alkyllithiums as well as alkenyllithiums are configuration-
ally more stable than primary alkyllithiums. Many stereo-defined
organolithiums of these classes have been prepared and converted
into stereochemically pure organic products. These results indi-
cate that free carbanions may not contribute significantly to the
constitution of simple organolithiums. Consideration of the re-
lative electronegativities of various alkali and alkaline earth
metals suggests that organomagnesiums should be configurationally
more stable than organolithiums. By the same token, organoso-
diums and organopotassiums should be less stable than organolith-
iums. For further discussions of this subject, the reader is re-
ferred to Cram (1.12) and Buncel (1.16).

4.2 PREPARATION OF ORGANOMETALLICS CONTAINING GROUP IA, GROUP
ITA, AND GROUP IIB METALS

4.2.1 Preparation of Organolithiums and Other Organoalkali
Metals

Of the twelve general methods for preparing organometallics dis-
cussed in Chap. 2, oxidative metallation of organic halides
(Method 1), metal-halogen exchange (Method III), metal-hydrogen
exchange (Method V), and transmetallation (Method XI) are of
practical significance as methods for the preparation of organo-
alkali metals. Oxidative metallation of active C-H compounds
(Method 1V), oxidative metallation of unsaturated compounds
(Method X), and oxidative-reductive transmetallation (Method XII)
have also found some Timited applications.

4.2.1.1 Preparation of Organolithiums

Oxidative Metallation of Organic Halides. The discovery that or-
ganolithiums can be prepared by the oxidative metallation of or-
ganic halides made in the early 1930s by Ziegler (4.11), Wittig
(gi12), and Gilman (4.13) has made organolithiums readily avail-
able.

RX + 2Li ——— RLi + LiX (4.3)
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A large quantity of n-butyllithium, which .is used primarily as an
initiator in the polymerization of dienes, is produced by this
method.

The scope of this method is broad, as 1nd1cated in Table 4.1.
It is, however, less general than the corresponding method for
the preparation of Grignard reagents in that those organic ha-
lides that readily undergo Wurtz coupling, such as allyl, propar-
gyl, and benzyl halides, cannot successfully be converted into
the corresponding organolithidms. Hydrocarbons, such as hexane
and benzene, are preferred solvents. On the other hand, ether
and THF may readily be cleaved by many organolithiums. Methyl-
lithium and phenyllithium are insoluble in hydrocarbons, and
their preparation usually requires the use of ethers. Fortunate-
ly, they are quite stable in ether. Alkenyllithiums are also re-
latively stable in ethers. Vinyllithium itself is commercially
prepared in THF. Organic chlorides and bromides are preferred
starting materials, whereas organic iodides tend to undergo Wurtz
coupling extensively. Organic fluorides have almost never been
used.

Various alkenyl halides have been converted to alkenyllithi-
ums with retention of configuration. On the other hand, treat-
ment of 4-t-butylcyclohexyl chloride with Tithium produces a mix-
ture of two epimers, which are themselves configurationally sta-
ble under the reaction conditions. Thus epimerization must occur
during the formation of the organolithium compounds, suggesting
that, at least in such a case, a one-electron transfer process
appears to be operating.

letal-Halogen Exchange. This method has been successfully used
for the preparation of alkenyl- and aryllithiums (2.13). Alkyl
halides are, in general, not reactive enough, while allyl, pro-
pargyl, and benzyl halides are prone to undergo Wurtz coupling.
Its scope, stereochemistry, and possible mechanisms are discussed
in Sect. 2.3. A few noteworthy recent developments should be
briefly mentioned here, however.

Treatment of alkenyl iodides or bromides with either one e-
quivalent of n-butyllithium or two equivalents of t-butyllithium
(2.15) at low temperatures (<-50°C) produces the corresponding
alkenyllithiums with retention of configuration. The second mole
?f t-but{111th1um reacts with t-butyl halide to form isobutylene

eq. 4.4).

//H " (4.4)
:> t-BuLi(2 equ1v)7_ \\C C// + CH2=C(CH3)2 + LiBr
H N\Br -1200 H” N\Li
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Allenyl (<4.4) and cyclopropy]l ha11des (4.15) undergo similar
transformations.

n-CgHy7CH=C=CHx = 2BULT, " conyoCH=C=CHMe (4.5)

2. Mel
90% (X =Br); 93% (X = H)

1 ) 1
R.:I::><:j8r 1. n-Buli, THF, -95¢ R t]::><<:Me (4.6)
R? Br 2. MeI, HMPA R2 Br

65 to 90%

It has recently been demonstrated that, at very low tempera-
tures (<1000C), the metal-halogen exchange reaction can tolerate
various electrophilic functional groups. Some aryl halides that
have been successfully converted into aryllithiums are shown be-
Tow.

@ (4.16a) @\ (4.16a) @ 4.16b) \‘\é (4.16¢)
CH C1
00

COOH

Metal-Hydrogen Exchange. The scope and limitations of this re-
action as a method for preparing organolithiums are briefly dis-
cussed in Sect. 2.5.1 and summarized in Table 4.1. There are a
number of extensive reviews on this subject, such as those by
Wakefield (4.1) and Gilman (4.17). Consequently, a few recent
noteworthy developments are briefly discussed here. At -78°C,
acetylene can be converted to monolithioacetylene which can react
with various electrophiles to form ethynylated prod¥cts (4.18).

R
He=cH 22BULT o hescli -;—5-993-> HC=C- c OH (4.7)
THE, -780C 2. Hy0* I2
65 to 98%

Propyne can be lithiated in both the 1 and 3 positions. The di-
lithio derivative can act first as a propargyllithium derivative
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and then as an alkynyllithium, as shown in ed. 4.8 (4.19).

CHyCzon 2BULT, enycecLi L moBUBY, o BuCHC=CCH0H  (4.8)
TMEDA 2. CHa0.

Transmetallation. The_transmetallation reaction between two or-
ganometallic species R'M!' and R4M¢ would proceed forward, if
their electronegativities (EN) are ENpl > ENp2 and ENyl > ENp2.
The formation of RIMZ between the more e]ectronegat1ve R group
and the more electropositive M2 must be the major driving force
of the reaction (eq. 4.9).

RIMI + R2M2 — 4 RIM2 + R2M! (4.9)

In practice, the choice of R is very much limited by various
factors, in particular "ate" complex formation in the case of the
Group II and Group IIT metals. Only organotins have been shown,
in practice, to be useful starting compounds for the preparation
of organolithijums. Although alkyllithiums are difficult to pre-
pare by this method, it provides a convenient route to organo-
lithiums containing allyl, benzyl, alkenyl, aryl, and cyclopropyl
groups, as briefly discussed in Sects. 2.11 and 6.4.3.1. Certain
proximally hetero-substituted organolithiums have also been pre-
pared by this method, as shown in eq. 4.10 (<4.20).

SnR3 n- BuL1
X X wm

(CH2)3-CH-CH
2)3- N 2
0
Oxidative-reductive transmetallation can also be used to
prepare organolithiums. Organomercuries (eq. 4.11) and organo-
leads (eq. 4.12), for example, (4.21) have been used as starting
materials.

RoHg + 2L ——> 2RLi + Hg (4.11)

(CHo=CH)4Pb + 4Li ———  4CHp=CHLi + Pb (4.12)
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These methods are particularly suited for ‘the preparation of ha-
logen-free organolithiums. The scope of the preparation of or-
ganolithiums by exchange reactions has been expanded in recent
years to include Li-B (Sect. 5.2.3.5), Li-S (4.22 to 4.24), Li-Se
(4.25, 4.26), and Li-Te (4.27) exchanges.

Other methods of preparing organolithiums include ether
cleavage by lithium metal (4.28) or organolithiums (<4.29), see
eq. 4.13, and reactions of olefins, arenes, and acetylenes with
lithium metal or organolithiums. The latter reactions are dis-
cussed in Sects. 4.3.2.5 and 4.4.1.

n-BulLi 7 \x
H —— G izl CH,=CHOLi + CHy=CH, (4.13)

0 25° .16 hr
l RySiCT

CH2=CHOS1'R3

4.2.1.2 Preparation of Organosodiums and Organopotassiums

Two of the most widely used methods for preparing organolithiums,
that is, oxidative metallation and metal-halogen exchange, are
not well-suited for the preparation of other organoalkali metals
due to highly competitive Wurtz coupling. Thus the applicability
of oxidative metallation is largely limited to the preparation of
aryl derivatives of sodium and potassium. The metal-halogen ex-
change reaction involving organosodiums and organopotassiums ap-
pears very facile. The Wurtz-coupling reaction, however, is also
very fast. Consequently, the metal-halogen exchange does not
provide, in practice, a useful method to prepare these organome-
tallics.

At present, metal-hydrogen exchange reactions and transme-
tallation reactions represent some of the most commonly employed
routes to organosodiums and organopotassiums. The former reac-
tion, which was discussed in some detail in Sect. 2.5.1, provides
a convenient route to allyl, benzyl, aryl, and alkynyl deriva-
tives of sodium and potassium.

Perhaps the most common route to alkylsodiums and alkylpo-
tassiums is the oxidative-reductive transmetallation reaction of
alkylmercuries with sodium or potassium (eq. 4.14).
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petroleum

n-BuoHg + Na(excess) ———EEHSE——> 2 n-BuNa + Na(Hg) (4.14)

Alkylpotassiums, such as n-BuK, react.to a considerable extent,
even with petroleum ether, within a few hours at room temperature,
which seriously Timits the synthetic usefulness of alkylpotass-
iums.

4.2.2 Preparation of Organometallics Containing Mg, Zn, and Cd

4.2.2.1 Preparation of Organomagnesiums

There are many extensive monographs and reviews on this subject,
such as those by Kharasch (4.2), Coates (0.6), and Nesmeyanov
(0.8). Furthermore, relatively Tittle progress in this area has
been made in recent years. Consequently, our discussion here is
very brief. Of the 12 general methods of preparing organometal-
lics, oxidative metallation (Method I) by far provides the most
widely used route to organomagnesiums (eq. 4.15).

RX + Mg Ether. pmgx (4.15)

For the discovery and development of this reaction as well as the
investigation of the chemistry of the organomagnesium products,
that is, the Grignard reagents, V. Grignard was awarded the Nobel
Prize for Chemistry in 1912.

As shown in Table 4.2, virtually all types of organomagne-
sium halides can be prepared by this method. Alkynylmagnesium
halides are, however, usually prepared via metal-hydrogen ex-
change. Despite its wide applicability, many limitations also
exist. Di-Grignard reagents, XMg-R-MgX, can present serious dif-
ficulties. 1,2-Dihaloethanes, such as BrCHoCHoBr, give ethylene
and MgX,. Similarly, 1,3-dibromopropane undergoes a complex re-
action with magnesium which leads to cycopropane, propylene, and
other products.

BrCHoCHoBr ;MQ_* BrCHapCHpMgBr —— CH,=CH, + MgBr, (4.16)

Br(CHp) 3Br M9 s Br(cHy)gMgBr —— /\  + MgBry (4.17)

The latter problem has recently been solved by the development of
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the following indirect- method, see eq. 4.18 (<4.30).

BH3 MeLi

H>C=C=CH, -——+ ClHg HgCl——— Li (4]
5 Hg(OAc) \/\/ \/\/
3. NaCl (4.18)

Mg, MgBr)
pe T

F 4
BrMg \\//\\/, MgBr

Alkenylmagnesium halides cannot be prepared readily in di-
ethyl ether. This difficulty has been solved by using THF as a
solvent (4.31). The preparation of allyl-, propargyl-, and ben-
zyImagnesium halides is complicated by Wurtz coupling, which can
be minimized, however, by very slowly adding the organic halides
to magnesium suspended in a large quantity of ether. It is note-
worthy that, in the conversion of propargyl bromide into propar-
gylmagnesium bromide, abstraction of the acetylenic hydrogen atom
does not occur to any serious extent (eq. 4.19).

HC=CCHoBr —19 . HC=CCHoMgBr 1%, ByMgC=CCHoMgBr (4.19)
ether
high yield

The scope of the preparation of Grignard reagents via oxidative
metallation has recently been expanded by the introduction of the
active metal powder technique and the metal vapor technique
(Sect. 2.1).

As the results shown in eq. 4.19 suggest, the metal-hydrogen
exchange (Method V) is not a widely applicable method of prepar-
ing organomagnesiums. The active C-H compounds (px, < 25), how-
ever, can be converted to the corresponding Gr1gnarﬁ reagents by
treating them with highly basic Grignard reagents, such as
i-PrMgC1, as shown in eq. 4.20.

Re=cH L=PrMgCl

RC=CMgC1 (4.20)
The metal-halogen exchange reaction (Method III) of Grignard re-
agents is generally a slow process which does not serve as a good
synthetic method.

In addition to the oxidative metallation of organic halides,
transmetallation reactions (Methods XI and XII) provide generally
applicable routes to organomagnesiums. The transmetallation that
does not involve any redox reaction generally requires organome-
tallics that contain metals that are more electropositive than
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magnesium, such as alkali metals.

RLi —9%2 0 pugx (4.21)

Finally, the oxidative-reductive transmetallation (Method XII)
provides a method for preparing halogen-free organomagnesiums.

RoHg + Mg — RpMg + Hg (4.22)

4.2.2.2 Preparation of Organozincs and Organocadmiums

Various methods for preparing organozincs and organocadmiums have
been reviewed by Sheverdina and Kocheshkov (4.32).

Oxidative Metallation. In 1849, Frankland reported the synthesis
of diethylzinc by the reaction of ethyl iodide with zinc metal
(4.33). This appears to represent the first synthesis of an or-
ganometallic compound. Since then, the oxidative metallation re-
action has been one of the main routes to organozincs along with
transmetallation reactions.

In the conventional procedure, alkyl iodides are reacted
with a Zn-Cu couple, which is prepared by heating a mixture of
zinc metal (12 parts) and copper metal (ca. 1 part), Cu0 or a Cu
salt, such as copper citrate, to high (>400°C) temperatures
(4.32), either in the presence or in the absence of a solvent,
such as ether.

2RI + 2In —— 2RInl —— RoIn + Inly (4.23)
Allylic, propargylic, and benzylic derivatives of zinc are
best prepared by reacting the corresponding bromides with zinc
dust in THF (<.34).

In, THF

CHp=CHCHBr 21 THE, oy - CheHyZnBr (4.24)
HesCCHBr 202 THFL ye-comyzngr (4.25)
4 <200C
A
BrZnC=CCH5
PhcHoBr e THE. ey, zngr (4.26)

It should be pointed out that the reactions shown in egs. 4.24 to
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4.26 are not complicated by Wurtz coupling.
The reaction of methylene iodide with the Zn-Cu couple gives
a useful reagent for cyclopropanation, see eq. 4.27 (4.35).

CHoI, + In(Cu) — ICHpZnI (4.27)
40%

The reaction of a-bromo esters with zinc metal produces the Re-
formatsky reagents, see eq. 4.28 (4.34, 4.36, 4.37).

BrCH,COOR + Zn —— BrZnCH,COOR (4.28)

As discussed in Sect. 2.1, the use of activated zinc powder pre-
pared by treating ZnCl, with potassium metal in THF permits the
conversion of alkyl and aryl bromides to organozinc products,
thereby expanding the scope of the oxidative metallation.

The synthetic usefulness of the oxidative metallation as a
route to organocadmiums appears to be rather limited. Alkyl io-
dides have been reacted with cadmium metal in HMPA to give good
yields of dialkylcadmiums (4.38). A cadmium analogue of the Re-
formatsky reagent has been prepared in DMSO (4.39).

BrCH,CO0Bu-t + Cd ——> BrCdCH,COOBu-t (4.29)

Transmetallation. The reaction of organolithiums or Grignard re-
agents with zinc halides and cadmium halides, such as ZnCl2 and
CdBry, represents one of the most general routes to organozincs
and organocadmiums, respectively. Some typical examples are
shown below.

2PhLi + ZnC12 e PhZZn (65%) (4.30)
2i-BuMgBr + ZnCly ——= i-Bu,Zn (62%) (4.31)
2EtMgBr + CdBrz e Et2Cd (90%) (4.32)

On the other hand, the oxidative-reductive transmetallation reac-
tion of organomercuries with zinc or cadmium is a generally slug-
gish equilibrium reaction, which does not appear to be of high
synthetic significance.

4.3 CARBON-CARBON BOND FORMATION VIA ORGANOALKALI AND
ORGANOALKALINE EARTH METALS
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4.3.1 General Reaction Patterns

The great majority of selective carbon-carbon bond-forming reac-
tions involving the use of organoalkali and organoalkaline earth
metals proceed via nucleophile-electrophile interactions, which
can conveniently be classified into several reaction types ac-
cording to the structures of electrophiles, as summarized in
Scheme 3.2 in Sect. 3.2.1.1. It is also convenient to classify
organometallic nucleophiles according to the following three cat-
egories:

1. "Ordinary" or proximally nonfunctional organometallics,
such as MeMgBr.

2. a-Hetero-substituted organometallics, such as NaCC13.
3. Metal enolates, such as LiO(Ph)C=CH2.

Whether metal enolates should or should not be classified as
organometallics is a matter of semantics. Since metal enolates
can act as intermediates for the conversion of carbonyl compounds
into a-alkylated derivatives, it is convenient to treat them as
organometallic compounds regardless of their precise structures.
In the following subsections, we discuss the reactions of each of
the three classes of nucleophilic organometallics with several
different types of electrophiles.

4.3.2 Carbon-Carbon Bond Formation via Proximally Nonfunctional
Organometallics of Groups IA, TIA, and IIB Metals

4.3.2.17 Cross Coupling with Organoalkali Metals and Grignard
Reagents

The cross-coupling reaction is arbitrarily defined as a process
of a single carbon-carbon bond formation between two unlike car-
bon groups by the reaction of an organometallic species with an
organic halide or a related electrophilic derivative (eq. 4.33).

CRIM + R2X ——>  RV-R% + M (4.33)

The reaction represents one of the most straightforward methods
of carbon-carbon bond formation. It may even be said that, if
one could achieve any type of cross coupling at will, most of the
problems of organic skeletal construction would be solved. De-
spite its inherent simplicity, however, its synthetic utility had
been quite Timited until recently. Until the mid-1960s, alkali
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metals, Tithium and magnesium in particular, had been used almost
exclusively. Mainly within the past decade or so, the scope of
cross coupling has been significantly broadened by the develop-
ment of new cross-coupling procedures involving transition met-
als, particularly Cu, Ni, and Pd (Sects. 9.1 and 9.2). In this
section, the scope and Timitations of cross coupling involving
organoalkali metals and Grignard reagents, as well as some me-
chanistic aspects of the reaction, are discussed.

A systematic and extensive survey of cross-coupling reac-
tions has been presented by Mathieu and Weill-Raynal (4.40). The
cross-coupling reactions of organolithiums and Grignard reagents
have been reviewed by Wakefield (4.1) and Kharasch and Reinmuth
(4.2), respectively.

Classification of Cross-Coupling Reactions. It is useful to
classify the carbon groups to be considered in this section as
follows:

1. sp3 Hybridized carbon groups (Type I)
primary, secondary, and tertiary alkyl groups.

2. sp3 Hybridized carbon groups (Type II)
allylic, propargylic, and benzylic groups.

e sp2 and sp Hybridized carbon groups (Type III)
aryl, alkenyl, and alkynyl groups.

Let us now consider coupling any two of these carbon groups.
The two unlike groups may be of the same type. The information
available clearly indicates that each type of cross coupling pre-
sents unique characteristics and problems and hence deserves a
separate discussion. For the sake of convenience, the cross-
coupling reactions may be classified arbitrarily according to the
following categories:

Category I (Cg 3( )-C..3(I) coupling).

Category II  (Cq 3(I) . 3(II) or Cq 3(II)-CSp3(I) coupling).
Category III (Csp3(II) Csp3(II) coupling).

Category IV (Csp3(I)-Csp2(sp) or CSPZ(SP)-CSP3(I) coupling).
Category V (C5p3(II)'C5p2(sp) or CSPZ(SP)-CSPB(II) coupling).
Category VI (CS 2

sp

(Sp)—CS 2(S ) coupling).

In the following discussions, the first carbon group of each pair
refers to that of an organometallic reagent (RIM) and the second
to the carbon group (RZ) of an organic halide or a related
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species (R2X).

General Discussion of Cross Coupling-with Organometallics Con-
taining Group IA and Group II Elements. As pointed out earlier,
the scope and synthetic utility of the cross coupling with or-
ganometallics containing Group IA and Group II elements are rath-
er limited. This is mainly due to the following complications:
(1) halogen-metal exchange (Sect. 4.2.1.1), (2) a- and g-elimin-
ation reactions (eq. 4.34), and (3) the general lack of chemose-
lectivity.

a-elimination
l”‘/ -
MR + -?—?-X

oo
€T-X —>  -C-C-

(4.34)

H
i .. . _ I /
N8 elimination ¢ Nc=c
i N\

(a) Scope with respect to M. Of the Group IA and Group II
metals, only lithium and magnesium have been used extensively in
cross coupling. The higher alkali metals, such as sodium and po-
tassium, are associated with several serious difficulties.
Firstly, organometallics containing these alkali metals are gen-
erally much less readily available than those containing Tithium
and magnesium, since their preparation by either direct oxidative
metallation (Sect. 2.1) or metal-halogen exchange (Sect. 2.3) is
often accompanied by Wurtz homo coupling. Secondly, some of the
undesirable side reactions, that is, halogen-metal exchange and
a- and g-eliminations, take place more readily with the sodium
and potassium derivatives than with the lithium and magnesium.

As a result, except in cases where organometallics contain-
ing sodium, potassium, and higher alkali metals are more readily
available than those containing Tithium and magnesium, these
higher alkali metals do not generally offer any advantages over
lithium and magnesium.

The nucleophilicity of organometallics containing Be, Zn,
Cd, and Hg is generally too low to be of practical use. Like-
wise, the Group IIIA and Group IVA metals, such as B, Al, T1, Si,
Sn, and Pb, do not readily participate in the direct cross-cou-
pling reaction. This may also be attributed to the relatively
low ionicity of the M-C bond in these organometallic compounds.
As discussed later, however, organoalanes and, to lesser extents,
organozincs and related electrophilic organometallics have ex-
hibited a unique capability to undergo clean substitution reac-
tions with hindered alkyl halides. Perhaps more important is a
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recent finding that organometallics containing moderately elec-
tronegative metals, such as Zn, Cd, Al, and Sn, can readily par-
ticipate in nickel- or palladium-catalyzed cross coupling, as
discussed in detail in Sect. 9.2.

The nucleophilicity of organometallics containing calcium
and the higher Group IIA elements appears to be quite high. At
present, however, relatively little is known about their synthe-
tic capability with respect tg cross coupling.

(b) Scope with respect to the R] and R2 groups. Before dis-
cussing specific cross-coupling reactions, it is worth discussing
the following general limitations:

1. In general, it is quite difficult to achieve successful
cross coupling using highly hindered alkyl halides, such
as tertiary and certain secondary alkyl halides, mainly
due to competitive g-elimination. This seriously limits
the scope of Category I, Category II, and Category IV
cross-coupling reactions.

2. Unsaturated organ1c halides containing the C p2 -X and
Csp-X bonds, that is, aryl, alkenyl, and a1kyny1 halides,
are generally quite inert with respect to the direct
carbon-carbon bond formation through their reaction with
organometallics containing 1lithium, magnesium, and other
main group metals. It is therefore either impossible or
extremely difficult to achieve coupling of two unsatu-
rated groups (Category VI) with these organometallics.
The scope of Category IV and Category V cross-coupling
reactions is also limited by the same fact. There are,
however, a few solutions to this problem, as discussed
later in this section.

3. As pointed out earlier, halogen-metal exchange presents
a general difficulty. The difficulty is particularly
serious when two groups to be coupled are of the same or
of similar types, as in Category I and Category III cou-
pling reactions.

4. Allylic and propargylic organolithiums and Grignard re-
agents can undergo facile allylic rearrangements as dis-
cussed in Sect. 4.1. This often presents difficulties
regarding regio- and stereoselectivity in Category II,
Category III, and Category V cross-coupling reactions.

Mechanistic Considerations. Despite the ubiquitous nature of the
reaction of organolithiums and Grignard reagents with organic
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halides, relatively little is known about the mechanism of the
reaction in a clear-cut and definitive sense. As discussed
earlier, these organometallic compounds often exist as aggregat-
ed species. Thus the actual reactive species could be either ag-
gregated or monomeric. Ion pairing presents another major com-
plication. Until recently, there was a widespread tendency to
view highly nucleophilic organometallics such as those containing
lithium, as carbanion sources and interpret the mechanism of
their reaction with alkyl halides within the framework of the sy
mechanisms, involving the interaction of free carbanion species
with either alkyl halides themselves or carbocationic species
thereof in the rate-determining step. In principle, however,
these organometallics could react with alkyl halides either as
free carbanions or as ion pairs which may be either tight or sol-
vent separated. Even in cases where the nature of the actual re-
active species, with respect to aggregation and ion pairing phe-
nomena, is known, there still exists yet another major complica-
tion. Thus the reactive species could interact with organic ha-
lides via either two-electron or one-electron transfer (free-
radical intermediates). It is also possible that any given re-
action may proceed by more than one mechanism operating concur-
rently. Because we are interested mainly in the synthetic as-
pects of these coupling reactions, only a few plausible mechanis-
tic schemes proposed in recent years are briefly presented. In-
%eresged readers are referred to a recent review of this subject
4.41).

(a) sy2 and other related ionic mechanisms. The sy2 mechan-
ism shown in eq. 4.35 has been proposed primarily on the basis of
the stereochemistry of the reaction, that is, the inversion of
the C; group.

\ (4.35)
QOO

\ /;B) O

Some representative stereochemical data are summarized in Table
4.3. These results indicate that some reactions of allyl- and
benzylmetals containing Li, Na, and Mg with certain secondary al-
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kyl halides proceed with complete, or nearly complete, inversion

of configuration of the RZ group. The stereochemical results ap-
pear best accommodated by some mechanisms of the sy2 type. It is
important to note that these allyl- and benzylmetals are consid-

erably more ionic than ordinary alkyl- and arylmetals containing

the same metal atoms due to resonance stabilization. Consequent-
ly, they can better serve as sources of free carbanions required

in the sy2 mechanism depicted in eq. 4.35 than the alkyl and aryl
derivatives.

Table 4.3 The Stereochemistry of the Reaction of Organometallics
Containing Li, Na, and Mg with Organic Halides and Sulfonates

Yield of
RIM R2x RIRZ (%) Stereochemistry Ref.
s-BulLi 2-0ctlI - 80% racemization 4.42
n-BuLi s-BuBr 37 98% racemization 4.43
n-BuNa 2-0ctBr 35 racemization 4.44
PhLi 2-0ctBr 30 racemization 4.45
AT1y1Li 2-0ctX 59-95 >90% inversion 4.45
4.46
(x = C1,8r,I, or OTs) 2%
ATlylNa 2-0ctBr 83 80% inversion 4.48
Al1yTMgBr 2-0ctBr 78 87% inversion 4.48
PhCHoL i s-BuBr 58 100% inversion 4.46
PhCHoL 1 2-0ctX - 93% inversion 4.46
(X = Br,I, or 0Ts) 4.47

In marked contrast with the allyl and benzyl cases, the re-
actions of primary and secondary alkylmetals, as well as aryl-
metals containing Li, Na, and Mg, with secondary alkyl halides
and sulfonates tend to proceed with extensive racemization. It
is clear that an sy2-type mechanism cannot play a significant
role in such cases.

In cases where the jonization of alkyl halides is facile for
steric and electronic reasons, the syl mechanism involving par-
tial or complete racemization can compete with the sy2 mechanism
or even dominate the course of the reaction. In the reactions of
allylic and propargylic halides, sy2' and syl' mechanisms may al-
SO operate.

(b) One-electron transfer-radical recombination mechanism.
Organoalkali metals and Grignard reagents can be readily oxidized
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via one-electron transfer producing radical cationic species. On
the basis of product studies a number. of workers have suggested
the possible intermediacy of free-radical species in the reaction
of organoalkali metals and alkyl halides. For example, the reac-
tion of 6-bromo-1-phenyl-1-hexyne with, n-BuLi proceeds as shown
in eq. 4.36 (4.49).

PhC=C(CHp) gBr ——2BULT, Ph>=<:| el
- 2 10 . (60%) + CH,=CHC,Hg

+ PhC=CC,H 7-n * PhC=CC,H,-n

81 49
(20%) (3%) (4.36)
+ PhCEC(CHz)ZCH=CH2 (1%)

When D20 was used in place of Hy0 in the work-up, the cyclic pro-
duct was only 25% deuterated. Most of the hydrogen must be in-
corporated into the product before the hydrolysis step. The re-
sults are in accord with a radical mechanism but not with a car-
banionic mechanism, although some of the deuterated product may
arise via the latter mechanism. The radical mechanism is further
supported by the formation of 1-butene.

Clear-cut evidence for the existence of free-radical inter-
mediates in reactions of this type was provided by Ward and Law-
ler (4.50). Thus the reaction of n-BuLi and n-BuBr produces 1-
butene, which shows both emission and strongly enhanced absorp-
tion TH NMR signals, when the NMR measurement is made within sev-
eral minutes of its formation. This abnormal NMR behavior has
been called "chemically induced dynamic nuclear polarization" or
CIDNP (3.1). The observed emission and enhanced absorption sig-
nals require population differences between nuclear spin energy
levels that are more than 10 times greater than those of the
Boltzmann population differences. The large population differen-
ces are attributable to the interaction of protons with the un-
paired electrons of free-radical species. In the above example,
the nuclear polarization presumably occurs in the butyl radical,
which is then converted to 1-butene, which retains the imbalance
of nuclear spin states decaying within several minutes via the
normal spin relaxation process. The following free-radical me-
chanism has been proposed for the reaction (eq. 4.37).

RIM + R2X — [R1. + M" + X~ + R2.] — RIR2 + mx
(4.37)
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Since then, many other examples of CIDNP observed with organo-
lithiums and other organometallics have been reported. A few
representative reagent combinations are: n-BulLi + sec-Bul (4.51),
MeNa + Mel (4.53), n-BuMgCl + n-Bul (<4.53), and £-BuMgCl + -BuBr
(4.53). It should be noted that the proposed free-radical me-
chanism is consistent with the stereochemical results, that is,
extensive racemization (Table 4.3). A word of caution may be in
order. Observation of CIDNP signals does provide strong evidence
of the formation of radical intermediates. It does not readily
permit us, however, to establish the extent to which such free-
radical mechanisms operate.

(c) Radical chain mechanism. In a study of the reaction of
alkyllithiums with alkyl halides by ESR, Russell (4.54) obtained
direct evidence of the formation of radical intermediates. In
the reaction of n-BuLi with RI(R = Et, n-Oct, or t-Bu), only the
R radicals arising from RI before metal-halogen exchange are ob-
served. On the other hand, in the reaction of n-BuLi with cer-
tain alkyl bromides or benzyl chloride, only the signal of the n-
Bu- radical is observed, while both possible radicals were formed
in the reaction of sec-BuLi with EtBr and of n-BulLi with Mel. To
accommodate these results, Russell proposes the following radical
chain mechanism.

k
RIM + R2X =1 R1. + R2. + MX
1 o -5 1 2
RT. + R2x —2, Rlx + RZ. (4.38)
] B Eeg 1 '
R?—-+RM-—k——>— R2M + RI.
RV. + R2. 24, RIR2 + RVH + R2H + R'(-H) + RZ(-H)

Dependin% on the relative magnitudes of k2 and k3, either the RI.
or the R¢. radical or both radicals may be observed. It has al-
ready been mentioned that the same scheme provides a plausible
mechanism for the metal-halogen exchange reaction (Sect. 2.3).

The Synthetic Utility of Cross Coupling with Organoalkali Metals
and Grignard Reagents. Since each of the ten or so different
classes of carbon groups tends to behave differently and present
unique synthetic problems, there are a hundred or so different
cases of cross coupling which should be considered separately. A
detailed discussion of all of these reactions is beyond the scope
of this book. Only a brief summary of the scope and a discussion
of certain cases of special interest are presented.

(a) Category I (alkyl-alkyl) coupling. The generally poor
alkyl-alkyl coupling reaction proceeds satisfactorily in a limit-
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ed number of favorable cases, even when tertiary alkyl halides
are used; see eq. 4.39 (4.55).
e = Me
Eto0
——

. (92%) (4.39)
Br e Me Me

MeMgBr +

In the great majority of cases, however, the use of the organo-
copper procedures (Sect. 9.1) should be considered.

(b) Category II cross coupling. The reaction of allylmetal
derivatives with alkyl halides tends to give mixtures of regio-
and stereoisomers, see eq. 4.40 (4.56).

+

7 (4.40)

o Om T

Similar problems exist in the propargyl-alkyl coupling reaction;
see eq. 4.41 (4.57, 4.58).

HC=CCHoLi + RX —— HC=CCHoR + HpC=C=CHR (4.41)
The regioselectivity problem can be solved by the use of silyl-

protected propargyllithium derivatives, see eq. 4.42 (4.57, 4.59).

//SiMe3

Y
Br ~
+ LiCH205051Me3 — (4.42)

77%

The cross-coupling reactions of substituted allylic and pro-
pargylic halides may also be complicated by the allylic rearrange-
ment. Another side reaction associated with these and benzylic
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halides is a-elimination. Thus, for example, the reaction of n-
BuLi with benzyl chloride in THF ‘gives trans-stilbene (4.60). At
-100°C, 1-chloro-1,2-diphenylethane is obtained in 80% yield, in-
dicating that trans-stilbene is formed via cross coupling-elimin-
ation rather than dimerization of phenylcarbene (eq. 4.43). The
same reaction, however, produces n-pentylbenzene in high yield,
when carried out in hexane.

r 4

. L
PhCH,C] % pren | TM2Cl, PRCHCH2Ph
1
¥ C]l (4.43)
[PhCH:) --------- > PhCH=CHPh

(c) Category III cross coupling. Allyl-allyl coupling is
very important, since a number of terpenoids and other natural
products contain the 1,5-diene unit that can be synthesized via
allyl-allyl coupling. When ordinary allylmetal derivatives are
used, regiochemical, stereochemical, and cross-homo scrambling
reactions tend to accompany the desired reaction. These diffi-
culties have been solved largely by the use of a-thioallyllith-
iums (Biellmann coupling); see eq. 4.44 (4.61).

SPh
THF
—> X AN X AN X X
82%
(4.44)
Li
e
Fei, AN X AN X AN X
70%

Allylic sulfones can also be used in place of allylic sulfides
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(4.62). The regiospecificity of the reaction of allylic sulfones
appears higher than the corresponding reaction of allylic sul-
fides. The reductive removal of the sulfone moiety, however, is
generally considerably more difficult than that of the sulfide
group. In some fortunate cases, the allyl-allyl coupling has
been successfully achieved with ordinary allyllithiums (4.63) and

allylmagnesium halides (<4.64).

I~ <
—<( Li o+ Wu—»w (4.45)
\//

88%

/JL\V/A\\ 2 n-Buli Li: Y
OH ——————> ks OLi

TMEDA

//L\V/A\\ g
" 27 //L\//\\/JL\//\\
> N OH (70%)
I
-
] I
+ BrMg >
(4.47)
Bz Bz0

>50%

Propargylmagnesium bromide and 1-trimethylsilyl-3-Tithiopro-
pyne react with allylic and benzylic halides (4.57, 4.58) as well
as with propargylic halides (4.65) to give the desired cross-cou-
pled products along with minor amounts of allenic products.

These products can be further converted into 1,5-dienes.

Generally speaking, Category III cross coupling tends to be
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complicated by metal-halogen exchange and allylic rearrangement.
These difficulties can, in principle, be overcome by the use of
a-thioorganolithium reagents. This possibility, however, does
not appear to have been tested in the benzyl-benzyl case.

(d) Category IV cross coupling. The direct carbon-carbon
bond formation between alkyllithiums or alkylmagnesium halides
and aryl, alkenyl, or alkynyl halides does not usually take place
under ordinary reaction conditions. This difficulty has been
largely overcome by the development of cross-coupling reactions
of organocuprates (Sect. 9.1). Alternatively, the difficulty
could be circumvented via the charge affinity inversion operation,
which, in some cases, occurs spontaneously. Thus, for example,
the reaction of n-BuLi with various aryl halides, which gives
aryllithiums via metal-halogen exchange in ether, produces n-bu-
tylarenes in high yields in THF. The reaction presumably pro-
ceeds via metal-halogen exchange; see eq. 4.48 (4.66).

ArBr + n-BulLi U7 > ArBu-n

Etzo\ THF (4.48)

ArLi + n-BuBr

As anticipated, sec-BuLi or tert-BulLi does not give cross-coupled
products, but produces aryllithiums. These results can be ex-
ploited in developing the following primary alkyl-aryl coupling
procedure (4.66).

_B 7
ArBr + RBr —SSSBULTArR (4.49)

Alkenyllithiums Tikewise react with primary alkyl bromides and
iodides to give cross-coupled products in high yields. The use
of polar solvents, such as THF and DMF, is essential. Primary
alkyl tosylates and chlorides are poor substrates; see eq. 4.50
(4.67). The reaction appears highly stereospecific.

The reaction of alkynylmetals containing Li, Na, K, and Mg
with primary alkyl halides generally proceeds satisfactorily
(4.40). Treatment of terminal acetylenes with NaNHp, n-Buli, and
i-PrMgC1 represents a few of the most commonly used methods of
generation of alkynylmetals. Here again, the use of polar sol-
vents, such as THF, DMF, DMSO, and HMPA, is advantageous.

(e) Category V cross coupling. As in Category IV cross
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NN+ onOctx —————> N\ cten (4.50)

X Solvent %
1 THF ' 100
Br THF 100
0Ts THF 0
I Et20 0

coupling, the direct carbon-carbon bond formation between allyl-,
propargyl-, or benzylmetals containing alkali metals or Mg and
aryl, alkenyl, or alkynyl halides does not occur readily. Here
too, this problem can, in principle, be solved via charge affin-
ity inversion. There is, however, one significant difference be-
tween Category IV and Category V coupling reactions. The pro-
ducts of Category V coupling contain, in the great majority of
cases, highly acidic C-H bonds which could be competitively ab-
stracted by organometallic species. Consequently, the use of
highly basic organometallics, such as those containing Li, Na,
and K, tends to produce less satisfactory results than those of
Grignard reagents or other organometalilics of lower basicity. In
some favorable cases, even organoaluminums (Sect. 5.3.3.2) and
organoborates (Sect. 5.2.3.3) can react with allyl, propargyl, or
benzyl halides to give cross-coupled products. At present, how-
ever, organocoppers appear to be the most satisfactory class of
compounds for achieving Category V cross coupling (Sect. 9.1).
Another method that is highly suited for the preparation of al-
lylated and benzylated arenes involves the reaction of aryllith-
iums with a,8-unsaturated and arylated carbonyl compounds, re-
spectively, followed by reduction with lithium in NH3 in the
presence of NH4C1; see eq. 4.51 (4.68). When the reactants are
compatible with the reduction procedure, the desired products are
formed in high yields (>80%). Unfortunately, however, alkynyl
and conjugated dienyl and polyenyl groups are incompatible with
the reduction procedure.

0" : H

R/u\TéL\ , Li, NH |

e WL Arl-C L = Ar‘]—CA/‘
' NH4CT ‘

] 0 R R
Ar'Li S (4.51)
R >arf Y Lmy
\\\x————————%> Ar -C-Ar —— Ar T -[-fr
5 NH4C1 R
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(f) Category VI-cross coupling. As discussed earlier, it is
difficult to _achieve the direct tarbon-carbon bond formation be-
tween two spZ and/or sp hybridized carbon groups using organome-
tallics containing alkali metals and magnesium. Fortunately, the
problems associated with the CspZ(sp)-CspZ(sp) coupling have been
solved largely by the development of organocopper chemistry
(Sect. 9.1) and nickel- or palladium-catalyzed cross coupling
(Sect. 9.2). It is also worth mentioning that aryl-alkynyl, al-
kenyl-alkynyl, and alkynyl-alkynyl cross coupling can also be
achieved via organoborates (Sect. 5.2.3.3).

4.3.2.2 Reactions of Organoalkali Metals and Grignard Reagents
with Carbonyl and Related Compounds

The reaction of organometallics with carbonyl and related com-
pounds may arbitrarily be divided into substitution and addition
reactions, as shown in eq. 4.52.

0
. o “
subst1tut1on>r R1_C-Rr2
0 /
]
RIM + R2_C-¥ (4.52)
) QH 9H
N\ addition R]-C—Y R]-C—R1
| 1
R2 R2

The substitution reaction produces ketones, and it may be viewed
as a special case of cross coupling. The addition reaction gives
various types of alcohols.

The Preparation of Ketones by the Reaction of Organometallics of
Group IA and Group II Metals with Carboxylic Acids and Their
Derivatives. The reaction of organometallics of Group IA and
Group II metals with carboxylic acids and their derivatives ap-
pears to involve the initial attack of the carbonyl group by or-
ganometallics. If the presumed intermediate 4.5 is sufficiently
stable under the reaction conditions, it can subsequently be con-
verted into the corresponding ketone via hydrolysis. Quite of-
ten, however, 4.5 presumably decomposes under the reaction con-
ditions, producing the ketone in the presence of the organometal-
lic reactant (R1M). In such cases, the corresponding tertiary
alcohol tends to be formed competitively (eq. 4.53). The synthe-
sis of the tertiary alcohol 4.6 does not present any major diffi-
culty. Even if it is not formed readily, it can be obtained from
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0-M 0

RIM + R2COY —— R1-Coy o~ — 120 plgg

R (4.5)
MY (4.53)

9 R] ?H

RI-G-R2 — "M Rl fg2
Al
4.6

Y = OH, OR, SR, NR2, CN, and so on

the ketone (R]CORZ) in a separate step. We shall therefore focus
our attention on the synthesis of ketones. The early results
have been reviewed by various authors (4.1, 4.2, 4.69, 4.70).
Numerous recent developments, however, make it desirable to up-
date our knowledge of this subject in this section.

As is well known, the approximate order of reactivity of
various carbonyl groups toward organometallic nucleophiles is:
COX(X = halogen) > COOR > CONRy > CN. The reaction of acyl ha-
lides and esters with organolithiums and Grignard reagents tends
to produce tertiary alcohols as major products. To circumvent
this difficulty, various alternate procedures have been develop-
ed. They tend to fall into either one of the following two cate-
gories:

1. Use of less reactive organometallics.
2. Use of less reactive carboxylic acid derivatives.

The use of organozincs and organocadmiums is well known and
thoroughly reviewed; see eq. 4.54 (4.32, 4.36).

RbZn or RACd 1

RCOCI > RCOR (4.54)

In addition to these organometallics, it has recently been shown
that a variety of other organometallics react readily with acyl
halides to produce ketones without the concomitant destruction of
the ketones. They include organometallics containing B (Sect.
5.2.3.3), Al (Sect. 5.3.3.2), Si, and Sn (Sect. 6.4.2.1), Hg
(Sect. 7.3.2.3), Cu (Sect. 9.5), Zr (Sect. 9.5), Fe (Sect. 11.3),
Rh (Sect. 9.5), and Pd (Sect. 11.3). Although their relative ad-
vantages and disadvantages are not very clear, these new proce-
dures seem to offer one distinct advantage over the use of or-
ganolithiums and Grignard reagents in that they can tolerate var-
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ious e1ectroph111c functional groups better than the 1lithium or
magnesium procedure.

Some carboxylic acid derivatives that have been successfully
employed in the ketone synthesis via organometallics containing
lithium and magnesium are summarized in Table 4.4. The courses
of the reaction of Grignard reagents with acyl derivatives can
also be controlled by the use of highly polar aprotic solvents,
such as HMPA, as shown in eg. 4.55 (4.74).

1
RCOY R MgX-3HMPA | pcor! (4.55)

ether or C6H6 63 to 95%
Y = C1, OAc, OMe, NMes

The Carbonyl Addition Reactions of Organometallics of Group IA
and Group II Metals. The synthetic usefulness of the addition
reactions of organometallics with acyl derivatives which lead to
alcohols is limited by the fact that they produce symmetrically
substituted alcohols (eq. 4.52). We shall therefore focus our
attention on the addition reactions of organometallics with alde-
hydes and ketones (eq. 4.56).

1
R
)
R1COH(R?) -;-'—l:{l"ajr—» R-C-OH (4.56)
3 H(R?)

Although the addition reaction shown in eq. 4.56 provides a
reasonably general and highly useful method of carbon-carbon bond
formation, the successful use of this reaction requires clear
knowledge of its scope, limitations, and anticipated difficulties.
There are at least three major side reactions that can complicate
the desired addition reaction, (1) enolization (eq. 4.57), (2)
reduction (eq. 4.58), and (3) condensation (eq. 4.59).

0 M
Ll
R]-(ll—C—H(RZ) _RM R1-(|:=CH(R2) + RH (4.57)
H
R=C-C-M g
RICH(R?) —L 1 >¢) A0 (4.58)
i ] T
0 M C-H(RY)
RNy b







122 Organometallics in Organic Synthesis

1

gL e
| .

R]-?-C-H(Rz) TN R]-C—?—(}-C-H(Rz) —> and so on (4.59)
H(R2)

It is important to note that, in general, the Grignard rea-
gents are far more susceptible to these side reactions than the
corresponding organolithiums., The scope and limitations of the
Grignard addition reaction may be indicated by the results sum-
marized in Table 4.5 (4.75).

Table 4.5 The Reaction of Grignard Reagents with Diisopropyl
Ketone

————— Product (%) ——

Grignard Reagent Addition Reduction Enolization Total
MeMgBr 95 0 0 95
EtMgBr 77 21 2 100
n-PrMgBr 36 60 2 98
i-PrMgBr 0 65 29 94
i-BuMgBr 8 78 11 97
t-BuMgBr 0 65 0 65

In contrast to the Grignard addition reaction, the scope of
which is rather limited, the corresponding reaction of organo-
lithiums is quite general, as indicated by the fo]]owing exam-
ples; see eqs. 4.60, 4.61 (4.76, 4.77).

Li

- > > —|—c—|— (88%)
+CO+ (4.60)
N i —|—-c—|—- (81%)

Q+ (50%)

OH (4.61)

Y

Y

Eon

The stereochemistry of the organometallic addition to ke-
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tones presents interesting synthetic and mechanistic problems.
The stereochemistry of the reactions of simple acyclic ketones
may be predicted on the basis of Cram's rule (4.78), which states
that the conformational requirements of the carbonyl aroup are
generally greater in the transition state than those of either of
the two carbon groups of the ketone and that attack by a nucleo-
phile takes place predominantly from the less hindered side of
the carbonyl group, as shown in 4.7.

RL

<— direction of
preferred attack

0
47

Certain proximal polar groups can seriously affect the stereo-
chemistry of the reaction. The results observed with ketones
having an o-oxide anion and an a-halogen atom can be rationalized
in terms of electronic effects depicted in 4.8 and 4.9, respec-
tively (4.79).

R Rxa-
M| S *\
<—— direction of —> repulsion
preferred attack S M
qlo 08- ‘;—/////
k!
4.8 4.9

The stereochemistry observed with cyclic ketones is more
difficult to rationalize. Some representative results obtained
with 4-t-butylcyclohexanone are summarized in eq. 4.62 (4.80).
Although many different explanations have been proposed, this au-
thor has not yet been convinced by any presented in the past.
Interested readers are referred to pertinent references cited in
Ref. 4.80. It is, however, clear that the equatorial side of the
C=0 group of 4-t-butylcyclohexanone is sterically less hindered
than the axial side. In general, very bulky reactants tend to
attack preferentially from the equatorial side.

From the viewpoint of organic synthesis, it is probably more
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axial
N, RM OH R
i R OH
N\ ——t W + #\NL
equatorial
1 (4.62)
RM Solvent Equational Axial
Attack (%) Attack (%)
Meli Et20 65 35
PhLi Et,0 58 42
HC=CNa Et20-NH3 12 88
MeoMg Et,0 62 38
t-BuMgBr Eto0 100 0
Me3A1(0.5 eq) CeHp 80 20
Me3A1(2 eq) CeHg 17 83
2MeMgI + ZnCly Et,0 38 62

important to be able to improve the isomer ratio. In this con-
nection, recent results obtained with a mixture of Meli and
LiCuMe, are noteworthy; see eq. 4.63 (4.81).

MeLi

Me CulLi
-70 C

94% 6%

The mechanism of the carbonyl addition reaction is not very
well established. Some reasonable speculations can be made, how-
ever, based on the available information. The reaction of MeLi
with 2,4-dimethyl-4'-mercaptomethylbenzophenone is first order in
ketone and 0.25 order in MeLi (4.82). These results are consis-
tent with the following mechanism involving the interaction of
the MeLi monomer with a ketone in the 1:1 molar ratio (eq. 4.64).

The Grignard addition reaction appears to involve a similar
four-center mechanism. Although methylmagnesium halides general-
ly add to ketones via two-electron transfer, highly hindered
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/] ol : R
MeLi + 300 — =0 ——> Me-C-OLi (4.64)
2 R™ Me-i R2

Grignard reagents, such as t-BuMgCl, seem to react, at Teast in
some cases, via one-electron transfer (4.83). For further dis-
cussions of this subject, the reader is referred to reviews by
Ashby (4.80, 4.84).

4,3.2.3 Reactions of Organoalkali Metals and Grignard Reagents
with Epoxides

In an epoxide molecule, the carbon and oxygen atoms of the oxi-
rane ring provide electrophilic and nucleophilic centers, as in-
dicated in 4.10. In addition to the carbon atoms of the oxirane
ring, the B-hydrogen atoms can also act as electron acceptors.

IS
CQ—H‘S+ <——— Brgnsted base

r |
—C c&t
\ 6/
0°7 <«————— lewis acid (electrophile)

4.10

<—— Llewis base (nucleophile)

Various organolithiums and Grignard reagents are capable of
forming carbon-carbon bonds by attacking the ring carbon atoms.
Grignard reagents, however, tend to act as electrophiles as well.
The epoxide-electrophile interaction can induce (1) isomerization
of epoxides into aldehydes and ketones, (2) formation of halohy-
drins, and (3) polymerization of epoxides (eq. 4.65).

|
0 = -?—C=O
b r
E
+ X" |
>T7< ——> -C -C-0FE ———» -C-C-OH (4.65)
S | Jm [
0 H H20 X H
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In general, the reaction of epoxides with organometallics, which
are more Lewis acidic than Grignard reagents, such as organo-
zincs and organocalanes, tends to be complicated by one or more of
these side reactions, although some synthetically useful reac-
tions of organoalanes are known (Sect. 5.3.3.2).

The reaction of epoxides with organolithiums is much less
prone to manifest the above-mentioned side reactions. Highly ba-
sic organolithiums, however, such as n-BuLi, tend to act as Brgn-
sted bases and abstract a g-hytirogen atom, which leads to the
formation of allylic alcohols (eq. 4.66).

H :
"R

| U O I
-L<::;7Lf?- ——> 70-0-C=C- ——> H0-C-C=C-  (4.66)
0

If more basic organometallics, such as those containing sodium
and potassium, are used, this side reaction might be more ser-
ious, but this is not clear. Although Grignard reagents have
been used most widely in the past, it appears that organolithiums
and organocuprates (Sect. 9.5.2) will prove at least as useful as
and probably more useful than Grignard reagents. Some represen-
tative examples of epoxide opening reactions with organometallics
containing Tithium and magnesium are shown below. The early re-
sults on the organomagnesium-epoxide reaction have been summariz-
ed in an extensive review (4.85).

EtMgBr + n-BuOH (82%) (4.67)
g
0
P OH
Li00CC=CLi + C11Hp3m=C—==CHy — C1qHp3—C=CHC=CCOOH
v H (4.68)
PhLi + Ph > PhCh,CHPh  (70% 4.69
0 OH
CH=CHy
HoC=CHLi + [:::L>o i [:::f’ (79%) (4.70)
“OH

Organolithiums tend to attack the Tess hindered carbon atom
of the oxirane ring; see eqs. 4.68, 4.69 (4.86, 4.87). The re-
giochemistry of the epoxide opening reaction with Grignard rea-
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gents is much more complicated. With alkyl-substituted epoxides,
the sy2 opening appears to be favored. With aryl-substituted e-
poxides, however, the syl opening has often been observed (eq.
4.71). The regiochemistry can be further complicated by the iso-
merization-addition path shown in eq. 4.72.

PhCH—CH, + MeyMg ———> PhCHCH,OH (4.71)
Ny I
0 Me
PhCH—CHp + MeMgl ——> PhCH,CHO
N/
PhCHz(‘:HCH3
OH

The reaction usually involves a trans opening of the oxirane ring
(eq. 4.70) (4.88).

4.3.2.4 Conjugate Addition Reactions of Organometallics of Group
IA and Group II Metals

a,B-Unsaturated carbonyl derivatives can act as either carbonyl
or alkenyl (alkynyl) compounds.

5 e - BT SR S
Conjugation with the carbonyl group makes the g-carbon atom a
good electrophilic center. Attack at the carbonyl carbon atom by
a nucleophile gives a 1,2-addition product, whereas attack at the
g-carbon atom provides a 1,4-addition (or conjugate addition)
product (eq. 4.73).

1.2 |
’ -C=C-C-OH
//’ P10
-C=C-C=0 + me+_pd- (4.73)
1,4- N
L o

Despite the fact that numerous data on this reaction have been
accumulated, no unifying interpretation of the available data ap-
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pears to have been presented. Nonetheless, it is becoming in-
creasingly clear that many different types of mechanisms operate
in this reaction and that the 1,4/1,2 ratio is a function of a
variety of factors. The following brief discussion is intended
to facilitate our understanding of some factors, which presumably
govern the 1,4/1,2 ratio, in a qualitative manner.

(1) The formation of the 1,4-addition product should, in
general, be thermodynamically more favorable than that of the 1,
2-addition product, since the former product is stabilized
through delocalization of either an unpaired electron or a nega-
tive charge, while the latter is not (eqs. 4.74, 4.75).

A
1,2 -C=C-C-0
S O O
R + -C=C-C=0 (4.74)
1,4- iy '
: R-C-C-6=0 — R-C-C=C-0-
i
(B o)
e [
R™ + -C=C-C=0 (4.75)
1,4- I | =

It is not surprising therefore that free-radical addition reac-
tions of a,B-unsaturated carbonyl compounds proceed by 1,4-addi-
tion. The great majority of the known conjugate addition reac-
tions of organoboranes (Sect. 5.2.3.3) appear to fall into this
category.

(2) Based on simple considerations of electronegativity, it
may be said that the carbonyl group is "harder" than the alkenyl
group. As the jonicity or "hardness" of the organometallic re-
actants increases, the 1,2-addition, which involves a hard-hard
interaction, can be kinetically more and more favored. The ef-
fect of the gegenion of the organometallic reactant on the 1,4/1,
2 ratio is indicated by the data summarized in eq. 4.76 (4.89).

(3) There is, however, a major pitfall in the above dis-
cussion. In the reaction of 2-cyclohexenone with Grignard rea-
gents containing Me, Et, i-Pr, and t-Bu groups, the 1,4/1,2 ratio
increases as the steric requirement of the Grignard reagent in-
creases, as summarized in eq. 4.77 (4.90).
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PhMX,, + PhCH=CHCOPh —> PhCH=CH(IIPh2 + PhoCHCH2COPh

, i (4.76)

MX,, 1,2(%) 1,4(%)

Na 39 4

Li 69 13

MgBr 0 high

InPh 0 91

O w—0 -

R
(4.77)

R 1,2(%) 1,4(%)

Me 38 15

Et 52 24

i-Pr 10 44

t-Bu 0 70

Since the jonicity of the Grignard reagent should increase as the
number of Me groups increases, one might expect t-BuMgX to exhi-
bit the highest 1,2/1,4 ratio. In reality, however, t-BuMgX does
not undergo the 1,2-addition at all. The results shown in eq.
4.77 may be rationalized as follows. The high carbanionic char-
acter of t-BuMgX renders it highly susceptible to one-electron
transfer reactions involving the intermediacy of the t-Bu radical
whic? should favor the 1,4-addition over the 1,2-addition (eq.
4.78).

t-BuMgX + —?=?-?=O —> t-Bu- + -?=§-§=O’ <+ MgX+
| H,0 | (4.78)
_ t-Bu-?-?=?—0MgX e t-Bu-?—

== 2n

-C=0
|
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Recently it has been proposed that the conjugate addition reac-
tion of LiCuR2 proceeds via one-electron transfer, as discussed
in Sect. 9.4.1. The mechanism shown in eq. 4.78 suggests that
the extent to which a given organometal-enone reaction undergoes
the 1,4-addition via one-electron transfer should be a function
of the reduction potential of the enone.

(4) 1In cases where the formation of kinetically favored 1,-
2-addition products is reversjible, the 1,2-addition products can
be isomerized into the 1,4-addition products via equilibration.
Weakly basic carbanions might participate in such a reaction. At
least in some cases, the reaction of cyanoalanes with enones has
been shown to proceed in this manner (Sect. 5.3.3.2).

(5) Certain highly covalent organometallics are capable of
undergoing six-center pericyclic conjugate addition reactions
with cisoid enones. The ready availability of an empty coordina-
tion site should facilitate such a reaction. Some conjugate ad-
dition reactions of organoboranes appear to proceed via a pericy-
clic mechanism (Sect. 5.2.3.3).

.0
A | |
RM + -C=C-C=0 —> —> R-C-C=C-OM (4.79
o FL\ (I_ T (4.79)
7

(6) The inductive, resonance, and steric effects can also
affect the 1,4/1,2 ratio in a significant manner. As might be
expected, steric hindrance around the carbonyl carbon and g-car-
bon atoms retards the 1,2- and 1,4-addition reactions, respec-
tively. For example, whereas the s-butyl ester of crotonic acid
undergoes predominantly a 1,4-addition reaction with n-BuMgBr,
Eess ?indered esters react at the carbonyl group; see eq. 4.80

4.91).
1. CH3CH=CHCO»Bu-s

2. Hyot

> n-BUCHCHpCOpBU-s

CHs

n-BuMgBr (4.80)

1. CH3CH=CHCO,Me

> CH3CH=CH?(Bu—n)2

2. Hy0 OH
The fact that o,R-unsaturated aldehydes almost never undergo 1,4-
addition reactions with organolithiums and Grignard reagents can,
at least in part, be attributed to the low steric requirements of
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the formyl group.
An interesting and potentially useful example of electronic
manipulation of the 1,4/1,2 ratio is shown in eq. 4.81 (4.92).

0 ‘ Li
n | | I
RLi + -(l:=(|: C-C"-CO0Et —— R-C-C— _t ‘f -COOEt
PPh3 *PPh3
Hp0 R]Xl (4.81)
M0 K9
R-C-C-C-C”-COOEL R-C-C— c C”-CO0Et
+
PPhy PPh3

The 1,2-addition evidently is not favored by the presence of the
negatively charged ylide carbon atom. The requisite enones are
readily prepared as stable species by treating a,8-unsaturated
acyl chlorides with Ph3P=CHCOOEt. The 1,4-addition products can
be treated with alcohols and concentrated HC1 to remove the ylide
moiety (eq. 4.82).

RcoccooEt 2 HOR's peoop: (4.82)

+$Ph reflux
3

The presence of the dipolar isocyanide group in the a-posi-
tion of a,B-unsaturated carbonyl compounds electronically favors
the 1,4-addition; see eq. 4.83 (4.93).

¥+;c' $+zc'
Me,C=C-COOEt ——9X, e, EtC-CHCOOEE (63%)
2 (4.83)

Manipulation of detailed aspects of the conjugate addition
reaction through modification of steric and electronic features
of a,B-unsaturated carbonyl compounds, as exemplified by the two
reactions shown above, seems to represent a promising area for
future investigations. Especially noteworthy is a highly asym-
metrical conjugate addition reaction of organolithiums with chir-
al vinyloxazolines which produces highly optically active pro-
ducts, though in modest yields; see eq. 4.84 (4.94).
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0~—=Ph O~=Ph _1
CHs < :T‘ 2eq LDA //==<i :]“ R'CHO
N—"~~ C1PO(0Pr-1) (i-Pr0),0P N~
) 2 2 |

3
OMe Li <—0Me

-_/r__<§ j]“Ph ——A7_—<< :J‘-Ph .

EYON +
e RZ—Li <—0Me
1
R
1 0 Ph  y.0* .
RE == N—">
H

|
H Li <—0Me
31 to 76% (92 to 100% ee)

2

Rl = Me, Et, c-Hex, or Ph; R® = Et, n-Bu, or Ph

(7) The 1,4/1,2 ratio can also be affected by other reac-
tion conditions, such as the solvent used and the temperature ap-
plied. A recent report indicates that even readily polymerizable
ethyl acrylate can successfully be reacted with ordinary Grignard
reagents at lTow temperatures to produce 1,4-addition products in
good yields; see eq. 4.85 (<4.95).

CHp=CHCOOEt —M9X 5 RCH,CH,CO0EL (4.85)
Et,0, -50°C

R = n-Pent (80%),<i::>}—(68%), PhCHy (69%), Ph (54%)

Through manipulation of the various reaction parameters dis-
cussed above, we can now control the 1,4/1,2 ratio in many of the
reactions of a,B-unsaturated carbonyl compounds with ordinary or-
ganolithiums and Grignard reagents. Even so, these reactions are
not yet highly predictable and dependable. Fortunately, it has
been fully established in recent years that the corresponding 1,
4-addition reactions of organocoppers, especially organocuprates,
are not only more dependable but generally more chemoselective
than the 1ithium or magnesium reactions, as discussed in detail
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in Sect. 9.4.1. Although more limited in scope, the 1,4-addition
reactions of organoborons (Sect. 5.2.3.3) and organoaluminums
(Sect. 5.3.3.2), as well as certain 1,4-addition reactions cata-
lyzed by transition metal complexes, such as Ni(acac), (Sect.
9.4.2), have exhibited a number of unique synthetic capabilities.

4.3.2.5 Reactions of Oréanometa]]ics of Group IA and Group II
Metals with Olefins and Acetylenes

The conjugate addition reaction of organometallics discussed in
the preceding section formally involves addition of organometal-
lics across carbon-carbon double or triple bonds. These carbon-
carbon multiple bonds are electron deficient and, hence, highly
activated toward nucleophiles. On the other hand, "ordinary"
olefins and acetylenes are generally quite inert to organoalkali
and organoalkaline earth metals under mild reaction conditions.
In some special instances, however, facile carbometallation reac-
tions of organometallics containing Group IA and Group II metals
have been observed. The following reactions are worth mentioning
here.

(1) Ethylene reacts with EtLi or n-BulLi under pressure to
give simple addition products and oligomers (4.96).

(2) The corresponding reaction of secondary and tertiary al-
kyllithiums turned out to be more facile than that of primary al-
kyllithiums; see eq. 4.86 (4.97).

RLi + CH2=CH2 —> RCH,CHoLi (4.86)
R = i-Pr, c-C6H]], t-Bu, and so on

Similar reactions of t-Bu,Zn have also been reported (4.98).

(3) Although a1ky1—sabstituted olefins are generally inert,
highly strained olefins, such as cyclopropene (4.99) and norborn-
ene (4.100), can undergo an addition reaction with alkyllithiums.

(4) The intramolecular version of the carbometallation of
organoalkali and organoalkaline earth metals can be considerably
more facile than the corresponding intermolecular reactions, as
in the following examples.

Me

CHLi ; <:::[:;/ (4.87)
= (4.101) Li

Li EEET . (4.88)
= (4.101) Li
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(4.89)

Ph,C=CHCH,CH LT s Ph2c<]
ether I,
(4.102)

(5) Certain hetero-substjtuted olefins and acetylenes under-
go a facile carbometallation reaction, which presumably is anchi-
merically assisted by the hetero substituents (eqs. 4.90, 4.91).

R
CHp=CHoH,0H —2RLLe TMEDAL 5oy Chehy0L (4.90)
(4.103) ///// \\\&

CH3CHCH20H R _o
1. RMgX . . N
2. Hb0 n-bu n-Bu
n-BuC=CCHX ——2—> >c=c< £ C=C=CH
(4.104) H CHy X R
= NRy or OH; R = Me, Et, i-Pr, or Ph (4.91)

(6) Triorganosilyl and organoselenyl groups that are direct-
1y bonded to alkenyl groups activate the latter groups toward or-
ganometallics.

RLi

CHp=CHSiMe3 —————> RCH7CHSiMe3 (4.92)
(4.105) b
1. RL ki
2. H20 Br2
CHyo=CHSePh —— > RCHZCHZSePh —— RCH2CH25P (4.93)
(¢.106)

(7) Allylmetals containing Group IA and Group II metals can
react readily with olefins and acetylenes. This reaction appears
to proceed, at least partially, via six-centered transition
states, such as 4.11, and appears to be closely related to the
corresponding reaction of allylboranes (Sect. 5.2.3.5).




Group IA, Group 11A and Group 1B Elements (Li, Na, K, Mg, Zn, Cd) 135

R
o R-C=CH : Ne=cH
2 nBr - e
RC=CH =————— HyC_ InBr —> H)C InBr  (4.94)
(4.107) *CH=CHa ‘ CH=CH,,
4.1
1 2
: /K/M (i F Pl
R'CH=CH, ——-————> CHaCHCH, C=CH, (4.95)

(4.108)

(8) The currently most important carbometallation reaction
of organometallics containing Group IA and Group II metals is
probably the organolithium-initiated polymerization of conjugated
dienes. The discovery (4.109) that isoprene can be polymerized
by organolithiums to produce cis-poly(isoprene), whose properties
closely resemble those of natural rubbers, led to the first
large-scale industrial utilization of organolithiums. The course
of the polymerization is, however, very much dependent on the
metal atoms of organometallic initiators and solvents. The cis-
1,4-addition occurs only when the reaction is carried out in a
nonpolar solvent using either an organolithium or 1ithium metal
as an initiator (4.110). The scope of this book does not permit
a detailed discussion of this subject. Interested readers are
referred to appropriate reviews on this subject (4.111).

Despite numerous papers and patents, relatively little is
known definitively about the mechanism of the polymerization re-
action. The cis stereochemistry may, however, be rationalized in
terms of a six-centered transition state (4.12).

H3C . H3C H3C
oy SR TTSeon . — 0 Seo (4.96)
Hot” CH, WA R (g o
2l JCH LiCh 2
“Li---R”
4.12

The following stereo- and regioselective dimerization of isoprene;
see eq. 4.97 (4.112), represents a useful modification of the
polymerization reaction discussed above.

(9) Finally, the nucleophilic substitution reaction of naph-
thalene with ¢-BuLi has been shown to proceed via an addition-e-
limination mechanism; see eq. 4.98 (4.113).
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1. CICOOEt .
2: KOAc, CH3CN (4.97)
18-Crown-6
//J\\6¢7 n-Buli . KOH MeOH
_
7 R,NH
NR2 OH
85% 76%
H Bu-t

OO = O3 e OO
l (4.98)

Bu-&t Bu-t

o0 - O

4.3.3 Carbon-Carbon Bond Formation via oa-Hetero-Substituted
Organometallics of Group IA and Group II Metals

The acidity of a C-H bond can be significantly enhanced by either
electron-withdrawing hetero substituents or carbonyl and related
unsaturated groups directly bonded to the carbon atom. This
makes the corresponding organometallics containing alkali and al-
kaline earth metals readily accessible via metal-hydrogen ex-
change.

Although a Timited number of a-hetero-substituted organomet-
allics, such as KCN and NaCCl3, have been known for many decades,
the synthetic significance of oa-hetero-substituted organometal-
Tics in general had not been fully recognized until recently.
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With the advent of highly basic reagents including organolithi-
ums, such as n-BuLi, a wide variety of a-hetero-substituted or-
ganometallics have become readily available. Investigations over
the past few decades have clearly established that a-hetero-sub-
stituted organometallics are a class of uniquely useful species
in organic synthesis.

Hetero atoms that have been incorporated in the a-positions
of these organometallics include the fo]10w1ng halogens (F, C1,
Br, I), oxygen (OR), sulfur (SR, SOR, SO2R, STR2), selenium (SeR,
SeOR, *SeRy), nitrogen (N0, *N=C~, NR(NO) NR(CSR) NR(POX»)

NR2, and the nitrogen atom of the C N or C=NR group phospﬁorus
(P*R3, PRy, PO(OR)2, POR2), silicon (SiR3), tin SnR3%, and boron
(BRy, B(OR)»). The metal-bound carbon atom can be sp° (alkyl,
allyl, propargy] benzyl), sp? (alkenyl, C=0, C=S, C=NR, hetero-
aromatic), or sp(CN) hybridized, and may be bonded to one, two,
or three hetero atoms, which may be the same or different. Some
representative examples of a-hetero-substituted organometallics
containing Group IA and Group II metals are listed in Tables 4.6
to 4.12.

A detailed discussion of all of these a-hetero-substituted
organometallics is beyond the scope of this book. Their chemis-
try, therefore, is discussed in a highly condensed manner in the
following several sections. For further details the reader is
referred to pertinent reviews and original articles cited in the
following discussions.

General Reaction Patterns. The a-hetero-substituted organometal-
lics are often thermally unstable. One of the most commonly en-
countered and useful modes of their decomposition is a-elimina-
tion leading to the formation of carbenes (eq. 4.99).

f i

M-?- —> (- + MX (4.99)

X

Organoalkali metals and organomercuries containing a-halogen at-
oms have proved to be especially useful as precursors to car-
benes, as discussed in Sects. 4.3.3.,5 and 7.3.2.2, respectively.
Under appropriate conditions, a-hetero-substituted organometal-
lics containing Group IA and Group II metals can react with var-
ious organic and inorganic electrophiles in the manner of their
nonhetero-substituted analogues (Scheme 4.1). Many of the pro-
ducts shown in Scheme 4.1 are stable. In such cases, the pres-
ence of a-hetero substituents may not induce any transformation
unique to the a-hetero substituents. In general, however, their
presence permits us to achieve some synthetically useful manipu-
lations, such as "umpolung" (Sect. 4.3.3.1) and regiochemical
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Scheme 4.1

| RCOX > | 0 | ]
RCO-C- +—— " MG ————  -C-CC-

VA JA Z 0-M

R |

I R'COR -C=C-c=0 -
r e AL
M-0 Z JA

control (Sect. 4.3.3.2).

Quite frequently, the reaction of oa-hetero-substituted or-
ganometallics with carbon electrophiles Teads to the formation of
unstable intermediates, which undergo subsequent spontaneous or
assisted transformations under the reaction conditions. Some of
the most useful reactions of this type are olefination (Sect.
4.3.3.3), epoxidation (Sect. 4.3.3.4), and cyclopropanation (Sect.
4.3.3.5). These reactions are shown in egs. 4.100 to 4.102.

Olefination

(4.100)

2o —
1

N’
]
O
+
=
o
~N

| \
-?-M + /C—O — -
z

N<O—
-~

Epoxidation
| N \

-?-M + /C=0 — —?-?- — C—C + MZ (4.101)

A ¥710-M

Cyc]opropaTation R o ?-M | | ﬂ
-C-M + -C=C-C~ -C-C=C- —-C—C-C- .102
C-M + -C=C-C— —> (':Lc/c—> c\C/c (4.102)
Z Z-C

= VAN

It should also be mentioned here that a-hetero-substituted or-
ganometallics can undergo various synthetically useful carbon-
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carbon forming reactions with organoboranes (Sect, 5.2.3.4).

Table 4.6 o-Halo-Substituted Organometallics of Group IA and

Group II Metals@

Method of Use or
Compound Preparation Electrophile Product Ref.
LiCH2C1 n-BuLi Carbene precursor 4.114
(Li == Br)
LiCHCT, n-BuLi Carbene precursor 4.115
LiN(Hex-c) R1CORZ RIRZC(OH)CHCl,  4.116
MeCOR RMeC(C1)CHO 4.117
RCOOEt RCOCHC12 4.118
MCC13 (M = H) Carbene precursor 4,119
(M =1Li,
Na or K)
Li?=?- n-Buli 4.120
C1
LiCBrHR  Li R1COR? RIR2C—CHR 4.121
(metallation)
LiCHBry  LiN(Hex-c) R!CORZ RIRZC(OH)CHBry  4.116
LiCBrpR  LDA RIX RR1CBrp 4.122
LiCBrj n-BuLi Carbene precursor 4.123
Li?=§— n-BuLi(Li = Br) 4.124
Br R]
Li—f£:> n-BuLi(Li = Br) RICORZ RZ 0 4.125
Br
IMgCHoT Mg R1COR? R1R2C=CH, 4.126
(metallation) ; N /
IZnCHpI In(Cu) L=C_ PN 4.127
CHo
LiCHI, n-BuLi(Li = 1)  _~~U_Br A~ CHIp 4.128
LiN(Hex-c)» R1COR2 RIRZC(OH)CHI,  4.116
LiCHOR  LiTMP “c=c t—C 4.129
| 77 N /\ /N
Cl CHOR
K??SC7H7 KOBu-t RCHO RHC:B;CHSC7H7 4.130
C
Li?HSOPh n-BuLi R]COR2 R]R2C<—;CHSOPh 4.131
0
Cl

(continued...)
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Table 4.6 continued

Method of Use or
Compound Preparation Electrophile Product Ref,
RCHO RCOCHC1 4.132
LiCHSON 0 n-Bulj R1COR? RIR2C-CHSOoN O 4.133
] 2 » I 2N_J/ :
C1 HO C1
BrigCHS0pC7H;  EtMgBr CO, C4H,SO,CHCICOOH  4.134
CT
R1COR2 R]RZ?-(I‘,HSOZC7H7
HO C1
Li?HPPh3 n-Buli 4.135
CT
LICCToP(0EL),  n-Bul RIcoR? RIRZC=CC1, 4.136
LiCBroP(OEt) )2 RIcORZ RIRZC= CBrz 4.137
LiCMe 1M s-BuLi RICOR? RTR2C—CMeSiMes 4.138
& hul
LiC(SiMe3), RCHO RCH=C(Br)SiMe3  4.139
Br
LiCRCOOE LiN(SiMe3),  RICORZ RIRZC—CRCOOEL  4.141
Br 5 1.2 0
KCRCOOE® KOBu-¢ rR1cor R'R“C—CRCOOE  4.140
Cl L
(R = H, alkyl,
or aryl)
NaCHCOPh NaOH RCHO RHC—CHCOPh 4.142
] No”
C1
KCHCONEt, KOBu-¢ RTHC=NR2 R1HC—ZCHCONEt2 4.143
CT
NaCHCN NaOH R1COR2 RTR2C—CHCN 4.144
& "o
LiCHCH=CHCOOMe KOBu-t ArCHO ArHCC—CHCH=CHOOO e
é] 4.145
NaCH NO2 NaOH ArCHO ArHC —CH-Ph-N0,- P
& No” .146

2 Unless otherwise specified, the 1isted compounds are prepared
Metal-halogen exchange is shown by

via metal-hydrogen exchange.

(M= X).

140



Table 4.7 a-Oxy-Substituted Organometallics of Group IA and
Group II Metalsd v
Method of .
Compound Preparation  Electrophile  Product Ref.
Li?=CH2 t-Buli PhCHO Ph?H?H=CH2 4.147
OEt HO OEt
R1CORZ then  RTRZCCOCH3 4.148
H30 h
R1 i
|
LiGen LDA 1. R2X R1COR2 4.149
. 2. HCI
Lz 3. NaOH
NaCPh(CN) NaH RX then PhCOR 4.150
' Ha0*
OTHP 3
LiCHZOCAr s-BulLi RX then RCHZOH 4.151
8 TMEDA Hydrolysis
Li?HR1 BuLi R2X R'RZCHOR 4.152
OR (Li = Sn)
LiCHCH=CHp  s-BuLi RIX RICHpCH=CHOSiRy  4.153
(IJSiR3 (major)
R1COR? RTRzg-?HCH=CH2 4.154
HO 0SiR3
Li?HCH=CH2 s-BulLi RX RCHZCH=CHOBu-t 4.155
OBU-£ (major)
Li?HCECSMe LDA RX MeOCH=C=$SMe 4.156
OMe R
KCHSOpC7Hy  KOBu-t R1COOR RICOCHSOpC7Hy  4.157
OMe OMe
S S
Li—<0> RX R—<0:> 4.158
2 See footnote a of Table 4.6.
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Table 4.8 Organometallics of Group IA and

Containing a-Sulfur Substituents2

Group II Metals

Method of _
Compound Preparation Electrophile Product Ref.
LiCHoSCH3 n-BulLi RGHO RCH(OH)CHoSMe  4.159
TMEDA
LiCH2SAr n-BulLi 1. RI RCHoI 4.160
DABCO 2. Mel, Nal,
DMF
1. RICOR2 RIRZC—CHp 4.161
2. Hz0* 0
3. RX then base
Li?R]RZ n-BuLi R3COR4 PhSCR]RZ?R3R4 4.162
SPh (Li = Se) OH
Li?HCH=CR]R2 n-BuLi 1. R3RAC=CHCHoX R1R2C=CH$H2 4.61
SPh 2. L1, EtNH2 — p3pdc-cuch,
rR3cor? see eq. 4.134 4.163
LiCHCH=CH, n-BuLi 1. MgBrp RIR2C-CHCH=CHy  4.164
L 2. RTcoR? 1}
SLi 3. Mel HO SMe
LiCHPH n-Buli PhCHO PhCHCHPh 4.165
SLi HO SH
Li——r(:] n-Buli  RICORZ R]RZ? 4.166
SPh HO SPh
LiC=CHp s-BuLi 1. RBr RCOMe 4.167
St THF-HMPA 2. HgClp, Ho0
MeCN
LiC=CH, s-BuLi 1. RCH—CHy RCH=CHCOMe 4.167
L THF -HMPA N0
2. HgCl,, Hy0
MeCN
LiC=CHOEt £-BuLi RI RC=CHOEt 4.168
SPh SPh
R1cOR2 R1R2$-§H05t 4.168
HO SPh
142 (continued...)



Table 4.8 continued

Method of 1
Compound Preparation Electrophile Product Ref.
S 9
LiCHZS——<< ::] n-BuLi 1. RX RCH,I 4.169
N 2. Mel, DMF
Li?HR] .
s——<g :] n-BulLi 1. R2cOR3 R1CH:t§R2R3 4.170
N 2. Hz0* S
3. A then base
Li%HCECR] n-BuLi R2X RZ?HCECR1 4.171
S S
) )
N N
LiCHCH=CH, s-BuLi 1. RBr RCH=CH(CH2)2CHO 4.172
$CH=cH 2. DME, Hp0
2 CaC03, A
Li?HC(OEt)=CH2 s-BuLi 1. RBr RCH2CO(CHp)oCHO  4.173
$CH=CHy 2. DME, Hy0, A
Li?HR1 LDA Mel Me?HR] 4.174
S-C(S)NMe, S-C(S)NMep
2 1
LiCHCR'=CH,  s-BuLi 1. R2Br RN =R s
| 2. Mel /C—C\ W 4.175
S-C(S)Me : H (CHy)oCSMe
LiCHCR1=CHy,  LDA 1. R2X R R 4.176
SC(S)NMe 2. a(PhH) A
2 3. LDA H CHO
4. MeSSMe
5. HgXo, MeCN
Li?HC(OMe)=CH2 LDA RX R?HC(OMe)=CH2 4.176
SC(S)NMe, SC(S)NMe,
LiCH,SOMe n-BuLi
(NaCHZSOMe NaH E* ECH,SOMe 4.177
KCHoSOMe KOBu-t
LiCH,S0C,H;  LiNEt, PhCH=NPh PhCHNHPh 4.178
CH2S0C7H7

143 (continued...)



Table 4.8 continued
Method of
Compound Preparation Electrophile Product Ref.
LiCHR! Li ICA 1. R2CH)X R1CH=CHRZ 4.179
éoph 2. A (R =Ar, SPh,
SOPh, or CN)
Li CHoSONAr n-BulLi 1.”RCOOR RCOMe 4.180
L 2. H0
RCHO then A RCH=CH2 4.180
. . 3
L1?HR] MeLi 1. R2COR3 R1CH=CRZR 4.181
2. NCS or
SOBu-t S0,C15
Li?HCH=CR]R2 LDA 1. R3X R]R2$CH=CHR3 4.182
2. P(OMe)
SOPh o 4 3 HO
Li H LDA 1. RX R 3 4.183
PhSd}{:::> 2. HNEt, _[::>
OH
NaCHpSO,CH;  NaCH,SOCH5 RCOOR' RCOCHpS0oCH3  4.177a
KCHpSO0»CH+ KOBu-t RCOOR' RCOCH,S0,CHy  4.184
BrMgCH,SO,Ar  EtMgBr RCOOR' RCOCHpS0oAr 4.185
LiCHoSOoNMes  n-BuLi RCOOR’ RCOCH,SOpNMep 41772
LiCHCH—C—R n-Buli 1. RIX "Neee” 4.186a
PRS0, Q7 2 29 HOAc H” NCoR
1. RICOORZ R CO(CHp)p—CR
2. Al1(Hg) 0 0 «4.186p
1. §r7rR] //[jA:]<:0H 4.186¢
0 RI7 07 R
2. Na(Hg)
3. H30*
Li?HCH=CR]R2 n-BuLi R3R4C=CHCHoBr R]R2C=CH?HSOZC7H7
S0,C7H; RIRAC=CHCHp  4.187
KCHC=CR KOBu-t CHp=CHCOOMe RC=C 4.188
0
S02Ph
2 Phso;:><:::2%

144

CO0OMe
(continued...)



Table 4.8 continued

Method of
Compound Preparation Electrophile Product Ref.
Li—4<——_\> n-Buli  RIX Rl
SOZN\R SOZN\R 4.189
R1COR2 R]RZ?—~<F~—\> 4.189
LiCHR n-BuLi 1. R1COR§ RIRZC=CHR 4.190
_ 2. A1(Hg),
Ph(o)s‘gMe Hy0, HOAC
1l
L1R1RZCﬁR n-BulLi R3COR4 R1R2Q;7pR3R4 4.191
NTs 0
LiCHCOOR LiNH, RIX R CHCOOR 4.192
s+ S+
NaCHCOOEt NaH 1k BrCHZCH(OMe)Z R 4.193
Lo 2. NaH / \S
3. RX 0
4. LAH
5. TsOH, A
Li CHCOOEt LDA 1. RIcoR2 RIR2C=CHCOOEt  4.194
L. TMEDA 2. CI1COOEt
SLi
. 0 LDA R1CORZ R1RZC 0 4.195
EtOCS
| 0 0
Li?HCOOLi R1CORZ R1R2?-?Hc00H 4.196
SPh HO SPh
NaCHCOR NaH 1. R'x RCOCH,R] 4.197
SOMe 2. A1(Hg)
1. BrCH,COOEt RCO(CHp)pCOOEt <4.198
2. In-HOAc
M?MeCOCHzM NaH then 1. RX CHp=CHCOCH,R  4.199
SOPh n-Buli 2. A
(M = Li
and/or Na) 145 (continued...)
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Table 4.8 continued

Method of
Compound Preparation Electrophile Product Ref.
i
Na?RCOR] NaH BrCH,COOEt R1COC=CHCOOEt  4.200a
SOZMe »
1. BrCHoCORZ  RVCOCHRCH,COR? 4. 2005
2. In, HOAc
K?HNEC KOBu-t Ii. R]CQRZ R1RZCHCOOH 4.201a
SOAF 2 Js®
K?HNEC KOBu-¢ 1. R1cOR?2 RTR2CHCN 4.201b
2. NaOMe
SOAr MeOH
Li S reflux
:>< j:> n-BulLi See Scheme 4.2 4.202,
R S 4.203
(R =Hor
alkyl)
Li._COOEt LDA RC=CHCOOR ' EtOOC C<CR=CHCOOR'  4.204
< l s
sn | C1
-/
soaw o C
Li CR'=CHRZ LDA R3X 4.205
>< >K<CR] ~CHR2
L
Li COOEt  NaH 1. RBr RCOCOOEt 4.206
§><fs 2. NBS
L
S—\ S\
Li n-Buli RX R 4.207
— 1%
Li_ S n-BuLi 1. ¥ ECOR 4.208
:>< 2. HgO
BF3 Et20
::]:::]; n-Buli R2X i:j:::]: 4.209
NaCH(SPh)» NaNH, RX RCH(SPh)» 4.210
146 (gont1nued...)



Table 4.8 continued

Method of
Compound Preparation Electrophile Product Ref.
NaC(SEt),C00Me NaH CH =CHCOY . MeOOCC(SEt),CH, 4.211
(Y = OR or Me) !
YCOCH,
LiCHSC(S)NMep  n-BuLi 1. RI RCH(OMe), 4.212
SMe 2. HgX,, MeOH
Li?R]SOMe n-BuLi 1. eF . ECOR! 4.213
Me or LDA 2. H30
(R' = H or
alky1)
Li?R1SOEt n-BuLi 1. B ECOR! 4.214
Et or LDA 2. H30
(R" = H or
alkyl)
LiC(SPh) n-BuLj RI RC(SPh) 4,215
3 RTCOR2 R1R20c(§Ph)3
HO
SPh
i} SPh
H,C=C(SR), <::[§SR 4.215
SR
R CH=CHCOR? (PhS)3CR!CHCH,COR?
4.216

S S
Li— :@::-BUH O:o %:@ 4.217
N

2 see footnote a of Table 4.6.

Table 4.9 Organometallics of Group IA and Group II Metals
Containing a-Selenium Substituents2

Method of
Compound Preparation Electrophile Product Ref.
LiCRTRZ n-Buli R3cor4 R1R2§-9R3R4 4.218
SeR (Li = Se) RSe OH

147 (continued...)



Table 4.9 continued

Method of .
Compound Preparation Electrophile Product Ref.
LiCRTCH,R2 LDA 1. R3cor4 R2CH=CRICR3R* 4.210
$e(0)R o oH
s R3X RIR3cCH,R?
Se(0)R
Li?R1CH=CR2R2 1. RX RR1C=CHCRZR3  4.220
SePh Zo Bppeltl OH
LiCHC=CL LDA 1. RY RCHC=CE 4.221
SePh 2. E éePh
LiCHS iMeg 1. RCHpX RCH,CHO 4.222
SePh 2. Ho0p

4 See footnote a of Table 4.6.

Table 4.10 Organometallics of Group IA and Group II Metals
Containing a-Nitrogen Substituents@

Method of
Compound Preparation Electrophile Product Ref.
LiCHoN(NO)R LDA R1COR2 RTRZCCHoN(NO)R  4.223
OH
R1X RICHoN(NO)R 4.223
Li?HPh n-BulLi RX PhRHC$PO(NMe2)2 4,224
MeNPO(NMe ) Me
Li?HCH=CH2 n-Buli RX ?H=CHCH2R 4.225
NMePh NMePh
Li?HCH=CH2 s-BulLi RX R?HCH=CH2 4.226
O O
Li?HR] 1. 4,>\H//R2 R1C(CHp)ofR? 4.227
NO» 0

148 (continued...)



Table 4.10 continued

Method of f
Preparation Electrophile

Compound Product Ref.
2. TiCly
2 R1C(CHp)»CR2 4.228
1. 4¢“\“//R R ﬁ( 2)2”
0 0 0
2. 03,base
Li?HR] RZR3c=NRY N yR4 4.229
N=C R'HC—CRZR3
Li?=CR]R2 n-BuLi = E$=CR]R2 4.230
N=C N=C
LiCR CgHy,N=C  PhCHO PhCHCOR 4.231
H></j>< and ‘RLi 6H
§:j7r—R] R]?HCHZCOR 4.231
0 OH
Li¢=0 LDA Ph,C=0 PhZ]C(:ON(Pr-i)2 4.232

N(Pr‘—i)2

HO
S S -
Li-—4§Nt]:::] n-Buli <i::>#o <:::>-<NI:I:::] 4.217

2 See footnote a of Table 4.6,

Table 4.11 Organometallics of Group IA and Group II Metals
Containing a-Phosphorus Substituentsd

Method of
Compound Preparation Electrophile Product Ref.
NaCRCOOEt NaH R1COR2 R1R2C=CRCOOEt 4.233
PO(OEt)2
NaCHCN NaH R1COR? RVR2C=CHCN 4.234
PO(OEt)z

149 (continued...)



Table 4.11 continued

Method of -
Compound Preparation Electrophile Product Ref.
LiCHCH=CRTRZ  n-BuLi 1. R3X RTRZCHCH=CHR3 4.235
' 2. LiATH
PO(OEt), - 4
LiCR(SMe) n-BuLi R'CHO RTCH=CR(SMe) 4.236
PO(OEt); JHgC15 ,Ho0,CH3CN
RTCH,COR
LiCHSOMe n-BuLji R1CORZ RIRZC=CHSOMe 4.237
PO(OEt)2
LiCHS0Ar n-BuLi R1COR? RIR2C=CHS0,Ar 4.238
P(OEt),
LiCR(SePh) n-BulLi R1CORZ RIR2C=CR(SePh) 4.239
PO(OEt),
2 See footnote a of Table 4.6.
Table 4.12 Organometallics of Group IA and Group II Metals
Containing a-Silicon Substituentsd
Method of Method of
Compound Preparation Ref. Compound Preparation Ref.
Li?HPh n-Buli 4.240 Li?HP(S)th n-BuLi 4.240
SiMes SiMes
Li?HR] n-BuLi 4.241  LiCHPO(0Et),  m-Buli 4.252
SiR3 L ) SiMes
LiCHCHoR)  R3STCH=CH, 4.242  NaCH(SiMe3);  NaOMe 4.250
SiRg +RL i
Li?HCH=CH2 n-BuLi 4.243 LiC(SiMe3)3  LiOMe, 4.250
SiMes el 4.244
Li?=CH2 t-BuLi 4.244  LiCR(SiMe3), 4.251
. (Li = Br)
S1Me3
150

(continued...)
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Table 4.12 continued

Method of Method of

Compound Preparation Ref. Compound Preparation Ref.

Li(IIHCOOR] LDA 4.245  LiCHSMe n-BuLi 4.252
SiR3 SiMes

Li?HCOOLi 4.246 Li?HSPh n-BuLi 4.253
SiMe3 SiMe,

Li?HCN 4.247 Li?HSOPh n-BuLi 4.240
SiMes SiMe3

Li?HCONRz Egki or 4.248 Li?(SR)Z n-BuLi 4.254
SiMeg SiMes

LiCMeCH=NR  LDA 4.249 L1.7<5> e e
SiMes b

LiCHPPh,  n-BuLi a.2e0  SiMe3
SiMe3

4 See footnote a of Table 4.6.

4.3.3.1 "Umpolung" -- Charge Affinity Inversion

The carbonyl and neighboring carbon atoms of carbonyl compounds

norma]]y act as either nucleophilic or electrophilic centers as

shown in 4.13. This charge affinity pattern can be reversed, as
shown in 4.T4 through the use of various "masked" carbonyl com-

pounds. The charge affinity inversion operation has been termed
"umpolung" by Seebach (4.256).

Masked Carbonyl Compounds or Acyl Anion Equivalents. Our brief
discussion of this important subject may be supplemented by re-
Eerrin% to extensive reviews by Seebach (4.256, 4.257) and Lever
4.258).
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(a) Cyanides, nitronates, and other classical acyl anion
equivalents. For many decades, metal cyanides and metal nitro-
nates have been used as acyl anion equivalents. Note that these
compounds are, in a formal sense,-a-hetero-substituted organo-
metallic species. A few representative carbon-carbon bond-form-
ing reactions of metal cyanides are shown in eq. 4.103. The cy-
ano group can be readily converted into various carbonyl groups
either by reduction or by hydrolysis.

RX

//, 5 RCN
R1COR2 Rl\ M
MCN > L (4.103)
RZ” CN
\\\ L1 o
gUsC= 00N Nc-§-§-c=o

One practical difficulty in the use of alkali metal cyanides,
such as NaCN and KCN, lies in their extreme insolubility in typi-
cal organic solvents. It has, however, been at least partially
solved by the development of (1) polar aprotic solvents, such as
DMF, DMSO, and HMPA, and (2) phase transfer catalysts (4.259).
The formation of cyanohydrin can be facilitated by Me3SiCN
(4.260), and various difficulties encountered in the conjugate
addition reaction of alkali metal cyanides can be overcome by
EtoA1CN, as discussed in Sect. 5.3.3.2.

As might be expected from the relatively high acidity of ni-
troalkanes (e.g., px, of CH3NO, = 10), metal nitronates (4.15)
readily undergo conjugate addition reactions with a,8-unsaturated
carbonyl compounds (eq. 4.104).

. R
0 i
- -C=C-(C= IS RINgl
RCHoN0, 12 ReHNT Mt tetet=o 0gN-C-C-C-C=0
.-
H
4.15 (4.104)

The §-carbonyl nitroalkane products can be converted into 1,4-di-
carbonyl compounds by various methods. The classical Nef reac-
tion (4.261), which involves treatment with NaOH followed by min-
eral acids, is often incompatible with the carbonyl and other
functional groups present in the products. Consequently, a num-
ber of alternate procedures have been developed. Treatment of
nitroalkanes with aqueous TiCl3 (4.227), which presumably pro-
ceeds as shown in eq. 4.105, appears particularly promising.
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TiCls _0
RIRZCHNO, ———— RIRZCHN' . —> RIRZCHN=0
Hp0-THF 0-Ti (4.105)

TiCl; ., H,0
— 5 RIRZ2c=NOH ——2» R'R%Cc=NH —= RTRZ2C=0

Although no detailed discussion is intended, it may be
pointed out here that alkynylmetals and alkenylmetals can also
act as acyl anion equivalents, as exemplified by eqs. 4.106 and
4.,107.

100R2
Re=cLi RCORT RC=C-CRIRZ Lol RCHa-CRIRZ  (4.106)
OH , 0 OH
152 R, oln2ecennd TN RleZencor3
RIRZ2c=cHLi X5 RIR2c=CHRS — 5 RIRZCHCORS (4.107)
2. [0]

(b) Other a-hetero-substituted organometallics used as acyl
anion equivalents. Extensive investigations pioneered by Corey,
Seebach, and others over the past decade or two have established
that a wide variety of a-hetero-substituted organometallics can
serve as acyl anion equivalents. Some representative examples
are shown in Table 4.13.

Table 4.13 Some Representative Acyl Anion Equivalents

Compound Ref. Compound Ref.
Li::><5::> 4.202 LiC(SPh)3 4.215
R S 4.203 Li\ /SR 4.196
L1’><S:> RT” COOH
4.158 "

R 0 LiC=CHy 4.167
Li_ .S SEt

>< > 4.204 LiC=CH 4.148
R S [ 2
. OEt

i =%

::>< —_/S 4.207 M\\C//OX 4 150
: . R™ N

(continued...)
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Table 4.13 continued
Compound Ref. Compound Ref.

Li_ ,S : Li._ _SiMes
>< j@ 4.208 >C< 4.222
R s R™ SePh

LT><S::::][:::I:Me » LiCHoN(NO)R 4.223
4.209 Je
R s Me L1?-NR 4.231

1
S R
Li— ::[:::] 4.217 LiC=CH, 4.244
N L,
S1Me3
Li\\
]/C(SR)Z 4.210
R
Li\\ //SOR 4.213
1-0
R SR 4.214
Li___-S-C(S)NMe;
PG 4.212
R SMe

Before we discuss the chemistry of masked carbonyl anions, a
brief discussion of "unmasked" carbonyl anions is presented here.
It has recently become feasible to deprotonate nonenolizable for-
myl derivatives to give metal carbonylates of alkali metals.

Thus Schollkopf (4.262) and Seebach (4.263) have treated DMF and
its thio derivative, respectively, with LDA at low temperatures
(<-780C) and obtained unstable Tithio derivatives which undergo
carbonyl addition reactions (eq. 4.108).

1c0R2
HCNMe e LiGhie, S RIR%C-Chie, (4.108)
=780y HO X
X =0 and S

Alternatively carbonylation of certain Tithium amides has provid-
ed products which behave as lithioformamides, as shown in eq.
4.109 (4.264).

LiNtBu-£ ~5 LiCONHBu-£ 1e31CTy Mo SiCONHBU-t  (4.109)

While these metal carbonylates of main group metals are interest-
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ing, their synthetic values are severely limited due to their ex-
treme instability. On the other hand, acyltransition metal com-
pounds, such as NaRCOFe(CO)4 and LiRCONi(CO)3, have proved to be
highly useful intermediates, as discussed in detail in Sect.11.2.

Dithiane and related cyclic and acylic S,S-acetal deriva-
tives. Dithiane (4.16) is probably the most widely used acyl an-
ion equivalent. Since its use as an acyl anion equivalent was
reported by Corey and Seebach (4.202a) in 1965, it has been ap-
plied to the synthesis of a wide variety of organic compounds in-
cluding natural products. These results have been extensively
reviewed by Seebach (<4.203).

Conversion of dithiane (px, = 31) and its organo-substituted
derivatives into the corresponding 2-lithiodithianes is usually
achieved by treating them with n-Buli in THF or other organic
solvents at -30 to 0°C (eq. 4.110).

S. R . S. R
< >< n-Bul1 < X (4.110)
s THF, -30 to 0°C SN 5

4.16

Some representative reactions of 2-lithiodithiane derivatives are
summarized in Scheme 4.2.

Scheme 4.2
<:5><R R1X RTCN <S><R
s/ gl \ / s’ Ncor!
1
R
O O e
1 1
s’ NCor s/ N S R

P
<5><R R1CORZ / ~C=C-C=0 <5><R
S (liR]RZ
OH
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It should be noted that 2-lithiodithiane and its derivatives nor-
mally undergo only 1,2-addition reactions with a,B-unsaturated
carbonyl compounds.

The dithiane ring is relatively stable and can withstand
various conditions required for other reactions. This often rep-
resents an advantage as well as a disadvantage. Its conversion
to the carbonyl group has presented a difficulty in some cases.
Over the past several years, ‘a number of methods for this trans-
formation have been developed. The reagents used in these pro-
cedures include Hg0-BF3-0Et» (4.265), CuClp-Cu0-aq acetone
(4.266), TiCl4-HOAc-H20-CHC13 (4.267), T1(00CCF3)3 (4.268),
Ce(NHg)2(NO3)g (4.269), chloramine T-H20-MeOH (4.270), mesityl-
S020NHp (4.271), NCS and NBS (4.272), and various alkylating a-
gents, such as Mel, Me0SO2F, and Meerwein salts.(<4.273).

As shown in Table 4.13, a number of other cyclic and acyclic
S,S-acetals have been suggested as dithiane substitutes. Rela-
tive advantages and disadvantages of these acyl anion equivalents
are not very clear, however, because experimental data for com-
parison are usually not available. Lithiodithiolane is too un-
stable to be of practical use. One noteworthy advantage of using
acyclic S,S-acetals is being able to achieve the 1,4-addition
with a,B-unsaturated carbonyl compounds which tend to undergo the
1,2-addition reaction with the corresponding dithiane derivatives,
as shown in eq. 4.111 (4.274).

Li(II(SMe)g
C(SMe)2

SiMe3 Q
/ :
SiMe3

0 (4.117)

=20, 3

Both cyclic and acyclic S,S-acetals can be totally desulfur-
jzed by Raney nickel (4.275), LiATHg-CuCl12-ZnClp (4.276), LiAlHg-
TiCly (4.277), and hydrazine (4.278). On the other hand, treat-
ment with calcium in liquid NH3 converts S,S-acetals into sul-
fides; see eq. 4.112 (4.279).
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: 1
Ra-Ni, and- so on\ R\\ H

v

/ ’ i RZ/C\H
'I .
R SR
NG (4.112)
RZ” SsR

i} 1
\Ca NH, ‘ R\C/SR
R2” H

Methyl methylthiomethyl sulfoxide and related S,S-acetal S-
oxides. Methyl methylthiomethyl sulfoxide (MMTS) (4.213) and its
ethyl homologue (4.214) have been developed as useful alterna-
tives to dithiane and related S,S-acetals (eq. 4.113). Although
the ethyl derivative is less readily available of the two, it is
reported to be superior to MMTS in some reactions presumably due
to the absence of competitive methyl hydrogen abstraction.

1 1 + 1
SO 1. base B e B 1. base RS\ 7 H30 _ E
/C\ ] P P 2 ’ O"C\ 2
RS H2 E RS H2. E2 RS E E
¥ ¥ ¥
0 0 0 (4.113)
R = Me or Et

These S,S-acetal S-oxides are considerably more acidic than S,S-
acetals. Consequently, generation of their metallated deriva-
tives can be achieved with a variety of bases, such as n-BulLi,
LDA, NaH, and KH.

The reactions of these metallated species are generally
quite analogous to those of lithiodithianes. The following dif-
ferences should be clearly noted, however. Whereas metallated S,
S-acetals in general are quite reluctant to undergo the 1,4-addi-
tion reaction with a,8-unsaturated carbonyl compounds, the cor-
responding S,S-acetal S-oxides readily undergo the 1,4-addition
reaction (4.280). The 1,4/1,2 ratio of a given reaction, how-
ever, is affected by various factors. Thus it has been reported
that the Tithio derivative of MMTS undergoes predominantly the
1,2-addition reaction with cyclohexenone, whereas the 1,4-addi-
tion predominates in the case of cyclopentenone (4.280»). Anoth-
er difference to be noted is that, whereas the reaction of 1i-
thiodithiane with cyanides is often complicated by a-hydrogen ab-
straction, the corresponding reaction of S,S-acetal S-oxides is
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straightforward. .

Since sulfoxides are chiral, S,S-acetal. S-oxides are often
obtained as diastereomeric mixtures, which could represent an in-
convenience. Conversion of S,S-acetal S-oxides into carbonyl
compounds can be achieved by acidic hydrolysis.

; 1
CH,=CHCOCH RS R

N
" “\CH.,CH.,COCH
///’// S oCH,COCH,
0
1 1
R -
S:>C::R' CH 3CH=CHCOOMe _ RS\\C//R -
RS Li R?’/ \\?HCHZCOOMe
0 0 0 CH

3
\C/
e
0
Others. As shown in Table 4.13, various other a-hetero-sub-
stituted organometallics have been shown to act as acyl anion

equivalents. Several notable examples are shown in eqs. 4.115 to
4.119.

Y

t-BuLi 1. RICOR? )
EtOCH=CH2 S Li?=CH2 ———————:—%» R'R (')COCH3
Ref. 4.148 OEt 2. H30 OH (4.115)
1. n-0ctBr
> n-0ctCOMe
2. HgC]z, H20 90%
s-BuLi MGl
EtSCH=CH2 R L1C=CH2—— (4.116)
Ref. 4.167 J
SEt //O\\
o PhCH—-CH2
> PhCH=CHCOMe
2. HgC]Z, H20 689

MeCN
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n-Buli RlcHO | (4.117)
?HR(SMe) e Li?R(SMe) —— > R CH=CR(SMe)
Ref. 2.236
PO(OEt)2 Po(OEt)2 HgCl,, H,0
MeCN
1
R'CH,COR
1. PhCHO
o AE Ph(I:HCOR
2. H,0 OH
RLi
C=N R LiﬁR — (4.118)
Ref. 4.231 0
N 4
XX |1 L\g
> R ?HCHZCOR
2. H,0 OH
RCH,Br 30% H,0,
L1$H51Me3 - - RCHZ?H81Me3 ————= 5> RCH,CHO (4.119)
SePh SePh
H,0
LDA 30% H,0, -
Ref. 4.222
30% H,0 0
A i 2520 7N es
('IHZS1Me3 [RCH=CHSiMe,] - [RCH CHS1Me3]
SePh

It is instructive to note that, except in eq. 4.118, hetero-
substituted alkenes act as key intermediates, which are converted
into the corresponding carbonyl compounds via oxidation and/or
hydrolysis (Scheme 4.3). Similarly, alkenylboranes can be oxi-
dized to give aldehydes and ketones (Sect. 5.2.3.2).

As mentioned earlier, it is often difficult to identify the
most suitable masked carbonyl reagent for a given synthetic task.
Nevertheless, various reagents discussed above seem to add con-
siderable flexibility to the carbon-carbon bond formation via
acyl anion equivalents.
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Scheme 4.3
] .
t=L-or e : fo? tLosin
-L=L- -C=C-S1Me
N ¥ H,0 3
|0 2
-C-C-
5
Pl HgC1 (0] I
-C=C-SR 2 e N -C=C-BX,
H,0 H,0

1,3 Charge Affinity Inversion Operations. Generation and use of
acyl anion equivalents represent but one of many possible types
of charge affinity inversion operations. To classify various
types of normal and charge-affinity-inverted reagents, Seebach
(4.257) has proposed the terms E? and N? to represent electron-
donating and electron-accepting species, respectively, that have
a reactive center on the nth carbon atom. Several examples of
normal and charge-affinity-inverted reagents are shown below.

Normal reagent: N] E2 N3
] e ;

RS —x8 Re-C8 =M%t Re-cd=¢dt -

i 0 7

0 0 0
Charge-affinity-  E) N2 g3
inverted reagent: | _ | |

RCO—mMS* R(:-c“”—x‘S RC- 95

So far we have dealt only with E] reagents, that is, acyl
antion equivalents. Generation_of El reagents and their use as
Nl substitutes, that is, E! > N operation, or any E? = N7 oper-
ation may be termed the 1,1 charge affinity inversion operation,
as suggested by Evans (4.281). It is conceivable that a series
of 1,n charge affinity inversion operations could be developed,
where n = 1, 2, 3 and so on. At present, however, the 1,3-inver-
sion operation appears to be the only inversion operation other
than the much more common 1,1-inversion operation. In addition
to the reviews by Seebach (4.256, 4.257) and Lever (4.258) cited
above, a review by Evans (4.281) presents a lively discussion of
the 1,3-inversion operation.
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Alkylation on the alkenyl carbon atom of 2-cyclopenten-1,4-
diol with an alkyl halide is not a normal synthetic operation.
It can, however, be achieved via-a 1,3-inversion operation, as
shown in eq. 4.120 (4.183).
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This principle has been applied to the synthesis of a number of
y-substituted allylic alcohols. It should be clearly noted that
the 2,3-shift of allylic sulfoxides and sulfenates plays a cru-
cial role in the sequence shown in eq. 4.120.

Other Carbon-Carbon Bond-Forming Reactions of a-Hetero-Substi-

tuted Organometallics Involving Sigmatropic Shifts. Other 2,3-
and 3,3-shifts have been combined with the alkylation of a-oxy

(4.282), a-thio (4.172, 4.175, 4.176), and a-seleno (4.220) or-
ganolithiums to develop stereoselective procedures for the syn-
thesis of olefins.

. n-Buli \\CH Li*

A
N

(4.121)
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. R , |
|/\ 1. s-Buli Y\ DME, H,0 R\C C/H (4.122)
2. RBr

SN S Cal0g, & KT T CH,CHyCHO
R] R1,, R]
. Li 5 RZ
X s-Buli X 1. RBr G
o LA S 7
S\C/Me S\C/Me 2. Mel MR
I i (4.123)
S S SMe
2 R
R SMe CuC]
————ie 7 ————>
" N R'x 5 X H0,
—> R 7 —__)_
Phse R Phse R Py, CHCl,

(4.124)

4.3.2.2 Regioselective Carbon-Carbon Bond Formation via a-
Hetero-Substituted Organometallics of Group IA and Group
IT Metals

Alkylation of ketones can take place on either of the two a-car-
bon atoms. In fact, it is often difficult to achieve a highly
regioselective alkylation. Likewise, allyllithiums and allylmag-
nesiums can be alkylated in either the a- or the y-position. The
carbanion-stabilizing ability of various heterosubstituents has
been exploited in alleviating the regioselectivity problems asso-
ciated with metal enolates and allylmetals.

Regioselective Alkylation of Ketones. g-Carbonyl sulfoxides and
sulfones can be regioselectively monometallated and alkylated.

Reductive cleavage of the C-S bond produces regioselectively al-
kylated ketones (eq. 4.125), thereby providing a useful alterna-
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tive to the classic alkylation reaction of malonic and acetoace-
tic esters.

: n-Buli 1. R%X : )
R'CH,COCH,SO R ———— R'CH,COCHSO R ————> R'CH,COCH,R
or LDA L. 2. Al(Hg)
(n =1 or 2) (4.125)

The corresponding dianions permit monoalkylation on the less
acidic a-carbon atom (eq. 4.126).

1. LDA 1. R%X
1 : 1 : 1.2
R'CH. COCH,SO.R —— > R'CHCOCHSO,.R ——> R'RZCHCOCH,SO,R
2COCH,S0, s CHSO, 250,
T T 2. H.0
Li Li 2
(4.126)

A1(Hg) 1.2
— > RR CHCOCH3

It is also possible to dialkylate the dilithio derivatives, as
shown in eq. 4.127 (4.283).

1. LDA
PhCHZCOCHZSOZPh ————— Ph SOZPh (4.127)
2. n-Buli

3. Br(CH2)3Br

Regioselective Carbon-Carbon Bond Formation Involving Allylic
Organoalkali Metals. Several extensive reviews on this subject
are available (<¢.20, 4.257, 4.258, 4.281). As already indicated
in the preceding section, a-hetero-substituted allyllithiums can
undergo, in favorable cases, highly regioselective carbon-carbon
bond formation (eq. 4.128).

+
F d /\(x
// a-attack E
453§v//x (4.128)
. Y E X
Li \ s W
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The o/y ratio, however, is a function of a number of factors in-
cluding the nature of X, and the nature of other substituents,
gegenions, electrophiles, solvents, and additives. Unlike the
alkylation of metallated B-carbonyl sulfoxides and sulfones, it
is often difficult to attain a high regioselectivity in the reac-
tion of a-hetero-substituted allylmetals. The following tenta-
tive generalizations concern1ng the a/y ratio are presented here
as a crude empirical guide.

(a) a-Hetero substituents. The heteroatom groups SR, SOR,
SO02R, SeR, and POX2 tend to direct electrophilic attack to the
a-position, whereas the OR and NR2 groups favor attack at the vy-
position. The a/y ratio tends to increase in the order: SR <
SOR < SO2R. Thus whereas the lithium derivative of an allylic
sulfide reacts with aldehydes and ketones at both a- and y-posi-
tions, the corresponding sulfone tends to react exclusively at
the o-position, for example, egs. 4.129 and 4.130 (4.284).

ﬁ/ SPh CHCOCH3
\)\/‘\

N Li N ~ SPh
32% OH
49% (4.129)
Z SOZPh CH3COCH3 = SOZPh (4.130)
N . NS OH
L1
71%

Replacement of the phenyl group of phenyl sulfides with nitrogen-
containing heteroaromatic rings 1ncreases the a/y ratio, presum-
ably through chelation; see eq. 4.131 (4.281)

\\V/l§b . n-BulLi \\T/l§b \V/J\\//H e

. n- HexI
THF n-Hex
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X Yield (%)

<<:::>—S 84
@s 79

[::§>_s 86

]
Me

a (%) v (%)
75 25
90 10
92 8

(b) Substituents on allylic atoms. The o/y ratio depends on
the substitution pattern in the allylic moiety, as summarized be-
low for the ethylation reaction of allylic sulfoxides (<.281).

a/y = 6.7

(c) Gegenions.

PhSO\\//i§> PhSO\\T/4§§

a/y = 2.4 a/y = 2.5
PhSO\\V//QkT// PhSO\T::::]
a/y >> 10 a/y >> 10

The dilithio derivative of allylmercaptan

reacts with electrophiles to give mixtures of a- and y-products,
with the latter predominating (eq. 4.132), whereas the magnesium
derivative gives the a-products exclusively; see eq. 4.133

(4.257).
. [::>>=0 (4.132)
Lis MeS y
.+ 2. Mel
Li
53%

20%
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++ - 1. 0
Mg 'S O‘ MeS
NS L o ) S only (76%) (4.133)
2. Mel OH

4

(d) Electrophiles. The ao/y ratio is often very much depend-
ent on the nature of electrophiles. For example, whereas the
alkylation of the Tithium derivatives of allylic sulfides takes
place predominantly at the a-position, for example, eq. 4.44,
their reaction with carbonyl compounds tends to occur predomin-
antly in the y-position, for example, eq. 4.129.

(e) Solvents and additives. The o/y ratio in the reaction
of Tithium derivatives of allylic sulfides with carbonyl com-
pounds also depends on the solvent used as well as strongly coor-
dinating additives, as exemplified by the results shown in eq.
4.134 (4.285).

Z i CHyCO0H; m j\/\/
. 4.134)

Li
Solvent Additive o (%) y (%)
THF - 25 75
THF DABCO 0 100
THF HMPA 40 60
THF [2.2.2] cryptate 100 0

In summary, while the currently available data may allow us
to make reasonable predictions as to the regiochemistry of the
reactions of a-hetero-substituted allylmetals of Group IA and
Group II metals with electrophiles, further investigations will
be required before the practicing synthetic chemists can make ex-
tensive use of these reactions to their advantage.
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4.3.3.3 O0Olefination Reactions Involving a-Hetero-Substituted Or-
ganometallics of Group IA and Group II Metals

Some applications of a-hetero-substituted organolithiums to the
synthesis of olefins via olefin interconversion are discussed in
Sect. 4.3.3.1. In this section, applications of a-hetero-sub-
stituted organometallics to the synthesis of olefins via olefin-
ation are briefly discussed. A few synthetic strategies that
have been exploited in the olefination of a-hetero-substituted
organoalkali metals are shown below:

1. Carbonyl olefination reactions

MCR3R4 (4.135)
7 -MOZ
RICOR® —— 5 g RZC—CR RY — o RIR%c=cr3R?

MO Z
Z =P, Si, and S groups, M = alkali metals

2. Olefination via 2,3-shift reactions

M(I:R3R4

0<Z
RVRZCHX R]RZC CR3 4, r'R%c=cr3%R*

3p4
QAR / i
o (4.136)
1,2 3,4 Lo

R'R ?—?R R
HZ
Z =S and Se groups, M = alkali metals

3. Olefination via sulfur extrusion

S02
R]R2$502$R3R4 RIR2C——cr3R?
MoX

M = alkali metals

-0
2, RIR%c=cr3%*  (4.137)

Carbonyl Olefination Reactions. Although the Wittig reaction is
probably the most commonly used carbonyl olefination reaction, it
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is not an organometallic reaction, and is therefore outside the
scope of this book. The reader is referred-to reviews by
Maercker (4.286), Schlosser (4.287), and Johnson (4.288).

(a) The Wadsworth-Emmons reaction. The carbonyl olefination
reaction of a-metallated phosphonates, called the Wadsworth-
Emmons reaction, is a useful modification of the Wittig reaction.
Some representative examples are summarized in Table 4.11. 1In
cases where the carbonyl compound is an aldehyde, the Wadsworth-
Emmons reaction often, but not always, leads to the formation of
the (E)-isomer in a highly stereoselective manner (~95% selectiv-
ity), as shown in eq. 4.138 (4.233).

CH H
CH3CH0 + Na?HCOOMe —_— 3::C=C:: (4.138)
PO(OEt)2 DME H CO0Me
96% E

The stereoselectivity of the Wadsworth-Emmons reaction appears to
be generally higher than that of the corresponding Wittig reac-
tion. The reaction of a-metallated phosphonates with ketones,
however, in general, is not stereoselective. Even in the olefin-
ation of aldehydes, the use of sterically hindered phosphonates
produces mixtures of (E)- and (Z)-isomers (<4.233d).

Introduction of additional hetero substituents in the phos-
phonate ester can provide unique synthetic procedures as exem-
plified by the transformation shown in eq. 4.139 (4.289).

LiCMe(SMe)
PO(OEt), Me  HgCT
Oro 220 (On, 22y,
NSMe H,0

MeCN (4.139)

(b) The Peterson reaction. The reaction of a-silylorganoal-
kali metals with carbonyl compounds, known as the Peterson reac-
tion, provides an alternate method for the carbonyl olefination.
A variety of a-silylorganoalkali metals, such as those summarized
in Table 4.12, undergo this olefination reaction. Several repre-
sentative examples are shown in Scheme 4.4.

Unlike the Wadsworth-Emmons reaction, the Peterson reaction
is seldom highly stereoselective. It does, however, provide a
convenient route to certain hetero-substituted olefins, as shown
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Scheme 4.4
MCH(S iMe.,) COOR .
; >~ RIRZC=CHCOOR
MCH(SiMe;)PO(OEL),
> RIRZC=CHPO(0EL),
MCH(SiMe,)SR
R!coR? . > RIRZC=CHSR

s
"0
|s
SiMe s
3 R]RZCd< ::>
s

MCH(S1iMe

Y

)
372 R]R2C=CH51Me3

in Scheme 4.4. It is important to notice that the olefin-forming
ability of a trialkylsilyl group is greater than that of a phos-
phonate group. It should also be noted that the reaction of a-
halo-a-silylorganometals with carbonyl compounds can form either
olefins or epoxides; see eqs. 4.140, 4.141 (4.139, 4.138).

LiCBr(SiMe3)2
RCHO RCH=CS1’Me3 (4.140)
-115°C, THF é
[
we
LiCSiMe3
' Me
1 2 C1 1.2 | (4.141)
R COR e R'R C——CSiI"le3
0

(c) Miscellaneous carbonyl olefination reactions. Certain
organoalkali metals containing a-sulfur substituents can undergo
carbonyl olefination reactions similar to the Wadsworth-Emmons
and Peterson reactions. A few representative examples follow.
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1. L1CHZSOII\I~©—CH3 .
: (4.142)

Li
2. Hy0 .
RCHO . R(ltHCHZSONH@—CH3
(4.180) OH
toluene R?H-?H ai
b =y — > RCH=CH, + SO, + H N@—CH
reflox . 0—S-0H 2 2 * Hy 3
NH@-CH3
LiCHR
1 2 Ph(0)S=NMe 1.2 Al(Hg) 1.2
RICOR® ———— RIRC—OHR  ——————> R'REC-CHR
(4.190) L0 0=S=e 0 ke
L (4.143)
Li
R1C0R2 + —_— R]RZC 0 (4.144)
Etocs  § (4.195)
|(5

Olefination via 2,3-Shift Reactions. Alkyl sulfoxides and selen-
oxides undergo a thermal 2,3-sigmatropic shift reaction to form
olefins. Thus the combination of the alkylation of a-sulfur- or
a-selenium-substituted organoalkali metals and the 2,3-shift pro-
vides a method for the conversion of alkyl halides into olefins,
as shown in eq. 4.136. The following examples are representa-
tive.

1 RZCHZX 1 2 & 1 2
LiCHR| ———= > RICH-CHR® ——> RICH-CHR® (4.145)
Phses0  (4:219)  ppdasg
2
1 RCHX 1 2 & 1 2
LiCHR| ——2—  RICH-CH,R® ———> R'CH=CHR® (4.146)

|
Phs-0  (4:179)  prsso
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R' = Ar, SPh, SOPh, COR, COOR, CN

1 1

R X 1 1. aq HOAc R\\ /H
LiCHCH, —C—R ——— > R'CHCH, —C+i—R —— >  C=C
Lo d Yo (486a) Lo b ¢ o 2. base W Ncor
Ay oPh
(4.147)

The formation of o,B-unsaturated carbonyl compounds and related
conjugated olefins is stereoselective, producing the more stable
(E)-isomers. For further details of olefination via organoselen-
iums and organosulfurs, the reader is referred to reviews by
Clive (4.290) and Trost (4.291), respectively.

Olefination via Sulfur Extrusion. Although more limited than the
other olefination reactions of a-hetero-substituted organometall-
ics discussed above, the Ramberg-Bachiund reaction (4.292), the
sulfur analogue of the Favorskii rearrangement, provides a unique
route to olefins (eq. 4.137).

R oh sc1, [g

Y\/ —c %O\S/O\/\KR
(4.148)
R SO R LDA R SO R
Li L1

_2> 2 = = R

all-trans-g-carotene

R H
Y\/o - @:WWOH = vitamin A
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4.3.3.4 Epoxidation Reactions Involving a-Hetero-Substituted Or-
ganometallics of Group IA and Group II Metals

The Darzens glycidic ester condensation (4.294) represents a
classic example of epoxidation of aldehydes and ketones with a-
haloorganometallics (eq. 4.149).

KCHCOOEt o
&
R1CORE ——— > R RZ?—(':HCOOEt — 5 R ch\——/CHCOOEt
AR 0

(4.149)

Although no detailed discussion of the Darzens reaction is in-
tended here, it should be pointed out that, in many cases, the
reaction produces (E)-isomers stereoselectively. The main syn-
thetic use of the Darzens reaction lies in the carbonyl intercon-
version shown in eq. 4.150.

1 2 Darzens 1.2 3 1. NaOH 1.2 3
R'"COR® ———————> R R C——CR'CO0Et ~———— R 'R"CHCOR
N0~ 2. Hy0*
3. 1 (4.150)

Unfortunately, however, the conversion of glycidic esters into
carbonyl compounds is usually a low-yield process.

As summarized in Table 4.6, a wide variety of a-haloorgano-
metallics containing alkali metals have been shown to undergo
epoxidation reactions which presumably are closely related to the
Darzens reaction. These reactions are represented by eq. 4.151.

[P 1,2 1,2

R'COR® + MCYZ — R R°C—CYZ — R'R°C——CYZ (4.151)
[ +_ /] N0~
X M0~ XY

X =2Cl, Br, or I; Y, Z = H, alkyl, aryl;

CN, SR, SOR; SOZR, SiR3, and so on

Related to these epoxidation reactions is the reaction of
carbonyl compounds with either sulfonium of sulfoxonium ylides
(4.295). Some recent results (4.161, 4.191) indicate that it is
often more advantageous to use the corresponding sulfur-contain-
ing organometallics and generate the required sulfur betain in-
termediates via alkylation, as shown in eq. 4.152, especially in
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cases where the carbonyl compounds are sterically hindered.

2 gk
CH,sT(0) R
R COR? 2 n2 R1R2§7|qu R1R2C\ —CH,
4 - -J+
%zb(O)nR / 0/*{0) 1, ’
RX 4.152
R]R2(|3—|CH2 T ( )
Mo 5(0) R

The presence of an extra alkyl substituent in sulfur ylides re-
lative to the corresponding organometallics presumably exerts
steric hindrance to their addition to carbonyl compounds.

4.3.3.5 Cyclopropanation Reactions Involving o-Hetero-Substi-
tuted Organometallics of Group IA and Group II Metals

As discussed briefly in Sect. 3.1.1.4, organometallics containing
good leaving a-substituents, such as halogens, can act as precur-
sors of carbenes and related carbenoids. If the metal-carbon
bond of such organometallics is highly ionic, they may decompose
first to the corresponding carbanions and then to carbenes, as in
the well-established case of generation of dichlorocarbenes by
the reaction of chloroform with a base, such as NaOH (4.119).
Although methylene, that is, :CHp and its alkyl-substituted homo-
logues are more stable as triplets (4.17) than as singlets (4.18),
halocarbenes, such as :CClp, have singlet ground states, presum-
ably due to the stabilization of the singlet states through the
py-py interaction between the empty p orbital and lone-pair elec-
trons of halogens.

YO ®D

° w5

4.17 4.18

A detailed discussion of carbene chemistry is not intended
here. The reader is referred to monographs by Kirmse and by
Jones and Moss (3.11). It may be pointed out here, however, that
cyclopropanation of olefins and carbene rearrangement are their
two most important reactions. Insertion of carbenes into the C-H
bond does not appear to be an important process for those car-
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benes generated from a-heteroorganometallics. As originally pro-
posed by Skell (4.296), the cyclopropanation-reaction of singlet
carbenes is believed to be a concerted process and should there-
fore be stereospecific, whereas the corresponding reaction of
triplet carbenes must be a stepwise, nonstereospecific process.
In this section, some carbene or carbenoid reactions of a-hetero-
substituted organometallics of Group IA and Group II metals is
discussed briefly. The reaction of a-haloorganomercuries is dis-
cussed in Sect. 7.3.2.2, and the chemistry of transition metal-
carbene complexes is discussed in Chap. 12.

Halocarbenes. Haloforms are sufficiently acidic so that their
treatment with a variety of bases can produce the corresponding
dihalocarbenes; see eq. 4.153 (4.119, 4.123).

XCH + MY — 5> XM —— > X.C: (4.153)
3 -HY 3 _MX 2

Y = alkyl, NR2, OR, OH, and so on

In addition to simple haloforms in which all three halogen atoms
are the same, various "mixed" haloforms, such as CHFIp(4.297)
and CHC1Brp(4.298), can also serve as carbene precursors. The
carbene products generated from mixed haloforms can be predicted
on the basis of the relative leaving ability of halogens, that
is, I > Br > C1 > F. Alternatively, trihaloacetic acids and
their esters can be treated with bases to produce carbenes, as
shown in eq. 4.154 (4.299).

0 0y
I NaOR I~ _
EtOCC13 _ EtO(ll—CC13-—)- CC]3———->:CC12 (4.154)
RO

Generation of monohalocarbenes from dihalomethanes requires high-
1y basic reagents, such as organolithiums (4.300) and alkali
metal amides, such as NaN(SiMe3)s (<4.301).

Other Hetero-Substituted Carbenes. Various hetero-substituted
carbenes can be generated by treating appropriate a-hetero-sub-
stituted organic halides and related derivatives with strong
bases, as shown in eqs. 4.155 and 4.156.

MelLi

CH2C1OR Li?HOR————»—:CHOR (4.155)

(4.302) C1



Group IA, Group lIA and Group 11B Elements (Li, Na, K, Mg, Zn, Cd) 175

NaOH
CH2C1 SR ——— s NaClHSR ———= :CHSR (4.156)
(4.303) ' 'C]

.

Methylene and Its Derivatives Substituted with Carbon Groups.
Although methyl halides have not successfully been converted in-
to methylene by treatment with bases, certain dihalomethanes can
be treated with alkyllithiums at low temperatures to form methyl-
ene via metal-halogen exchange, as shown in eq. 4.157 (4.114).

n-Buli
CHZBTC1 —————ie LiCHZC] + n—BuBr——e»:CHZ (4.157)

In general, the metal-halogen exchange reaction of polyhalogen-
ated compounds, especially those containing iodine and bromine,
provides a useful alternative to the metal-hydrogen exchange
route (<4.300).

Higher alkyl halides containing g-hydrogen atoms preferen-
tially undergo g-elimination when treated with strong bases. On
the other hand, benzylic halides can be converted into benzylic
carbenes, which can undergo the expected cyclopropanation reac-
tion (4.304). The corresponding reaction of allylic halides
leads to the formation of cyclopropenes via intramolecular cyclo-
propanation, as shown in eq. 4.158 (4.305).

Et
b Nali, 22
CHy=COH)C1 ——2 > CH,=C-CH: — > (4.158)

The Simmons-Smith Reaction. The reaction of the organozinc rea-
gent prepared from methylene jodide and Zn-Cu couple with ole-
fins, known as the Simmons-Smith reaction, has proved to be a
convenient method for the synthesis of cyclopropanes (4.127,
4.306). The active species is believed to be iodomethylzinc io-
dide rather than free methylene. The following concerted mechan-
istic scheme has been proposed (4.306, 4.307), and is consistent
with the observed data.

Zn-Cu >e=c{  1sz---scInl
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Thus the reaction is first-order.in both o]ef1n and ICHpZnI. Al-
though electron-donating substituents of olefins, such as alkyl
groups, tend to facilitate this reaction, there is a delicate
balance between electronic and steric effects, as reflected in
the following reactivity order (4.306).

L O e

In general, attack by the Simmons-Smith reagents from the less
hindered side of the double bond is preferred. Proximal oxy
groups, such as OH and COOR, however, strongly favor attacking on
the c1s side of the oxy substituents, as shown in eq. 4.160

(4.308)
CH I
(4.160)
n-Cu

Another synthetically useful as well as mechanistically revealing
feature of the reaction is that it proceeds with retention of the
configuration of olefins, as shown in eq. 4.161 (4.309).

n- Cu

The reaction of the Simmons-Smith reagent with silyl enol ethers
provides a convenient route to cyclopropanols; see eq. 4.162 and
Sect. 6.4.2.2 (4.310).

2
CH., 1 R
R]CHZCORZ . R]CH=(|:R2 —22 R]CH\ /c<
OSiMe3 Zn-Cu CH2 OS1Me3
(4.162)
H30+ RZ
1 /
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The Furukawa Modification of the Simmons-Smith Reaction. An im-
portant modification of the Simmons-Smith reaction has been re-
ported by Furukawa (4.311). In this modification, CH2I2 is treat-
ed with dialkylzinc, such as EtpZn, to generate the iodomethyl-
zinc reagent via metal-halogen exchange. Unlike the generation
of the Simmons-Smith reagent, this reaction is homogeneous and
proceeds readily under mild conditions, thereby preventing var-
ious difficulties encountered in the original Simmons-Smith reac-
tion.

R
CHol, + Et.Zn ——s ICH; “Et ——» ICH.ZnEt + EtI (4.163)
21y 2 2 2
NZnEt
CHCH
CH3CHI,, N 3,
s N
//// EtZZn
CHAr
ArCHI
N S 2 . N 5
>e=c{ - >ct—¢( (4.164)
Et,Zn
CHX
\ CHXYT AW
p "N
EtZZn

X,Y = F, C1, Br, or I

As indicated in eq. 4.164, the Furukawa procedure appears to
be much more general than the Simmons-Smith reaction. For exam-
ple, whereas the Simmons-Smith reaction is not readily adaptable
to alkylidene transfer, in many cases the modified procedure is
readily applicable to this type of transformation. Cationically
polymerizable olefins, such as vinyl ethers, are generally not
very suitable for use in the Simmons-Smith reaction. On the
other hand, the Furukawa reagents can react smoothly with such
olefins. It is important to note that the modified procedure
seems to retain essentially all advantageous features, such as
stereospecificity, of the original procedure.
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4.3.3.6 Miscellaneous Synthetic‘Applicafions of a-Hetero-Substi-
tuted Organometallics of Group IA and Group II Metals

Although the great majority of synthetic applications of a-het-
ero-substituted organometallics of Group IA and Group II metals
are represented by the reactions discussed in the preceding sec-
tions, their applications to organic synthesis are by no means
limited to those discussed above. The primary products in their
reactions with carbon electrophiles (Scheme 4.1) and nucleo-
philes, such as olefins, can be further transformed into a myriad
of organic compounds by taking advantage of the presence of a-
hetero substituents. The synthetic scope of such transformations
is limited only by creativity and imagination. A systematic dis-
cussion of this subject is not possible here. Only a few speci-
fic examples are discussed merely to indicate their synthetic
potential yet to be fully explored. The reaction of alkyl hal-
ides, such as RI, with o-thiomethyllithium derivatives followed
by treatment with an approproate alkylating agent, such as Mel,
permits a one-carbon homologation of alkyl halides; see eq. 4.165
(4.160, 4.169).

LiCH,SR' Mel .
RL ————= RCHpSR' ————> Ry T5R"Me —Rali,1 (4.765)

r
S

R' = Me, Ph, —<& :J, and so on
N

One inspiring example of imaginative explorations in this
area is that of Trost (4.312). Taking advantage of the presence
of an a-thio substituent as well as of the strained cyclopropyl
ring, the products of the reaction of a-thiophenoxycyclopropyl-
lithium (4.19) with carbonyl compounds have been converted into a
variety of organic compounds, as exemplified by Scheme 4.5.

4.3.4 Carbon-Carbon Bond Formation via Alkali and Alkaline Earth
Metal Enolates

4.3.4.1 General Considerations

Until recently, the chemistry of carbonyl compounds had dominated
the carbon-carbon bond formation via polar reactions, and metal
enolates had been major sources of carbanionic species. Although
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recent developments in other areas, such as those discussed in
preceding sections, have drastically changed this situation, the
chemistry of metal enolates remains highly significant. In this
and in several sections that follow, both new and old carbon-car-
bon bond-forming reactions involving enolates of Group IA and
Group II metals are briefly discussed with emphasis on new devel-
opments. Our brief discussion may be supplemented with many ex-
cellent discussions presented previously. House (4.316) provides
one of the most extensive discussions on this subject and covers
the Titerature through 1970. For more recent results, the read-
er is referred to some recent reviews by Jackman (<4.317),
d'Angelo (4.318), and Seebach (4.20), in addition to various oth-
er reviews and original papers cited in this and in several sec-
tions that follow.

It is useful to note that the enolates of Group IA and Group
IT metals undergo the carbon-carbon bond-forming reactions sum-
marized in Scheme 3.2, as do many other types of polar organo-
metallics. The enolate versions of these reactions are summar-
ized in Scheme 4.6.

Scheme 4.6
2 2
1 l? 3 R4X R4CN i 84
RIC—C—R RC—C—CR
K4 \ / 3
0 R
U
’ R c—|c~?~$—c=o
0 R OH R4 cor? M-0 R _C=C-C=0 K3
! 5 ] |
RCICICR.Q._._ RIC=CR” 1t 1 o or
3 .4 or 2
1 8 c=C-CcsN ) R
L R'C—C—C—C—C=N
lge s 1
R
2 <A 2
R
WL g Ricox \ 0 oo
R'C—C—CR R'C—C—C—C—OH
13 F|23 |

Before discussing these carbon-carbon bond-forming reactions,
however, a very brief discussion of the structure and preparation
of metal enolates is in order.
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Structure. Although some B-carbonyl organometallics represented
by 4.20 containing relatively electronegative metals, such as Hg,
Si, Ge, and Sn (<4.319), are known, structure 4.20 appears to be
unimportant in metal enolates containing relatively electroposi-
tive metals, such as Li, Na, K, and Mg.

+

0 M 0 M 0-M
L Y. R! (= c—g? R —C=c—R
R R R
4.20 4.21 4.22

If the ionicity of the bonds to the metal atoms of metal enolates
were very high, ionic Structure 4.21 would be the most accurate
representation of the monomer form of metal enolates. In such
cases, the question of the M-0 bonds versus the M-C bonds is
rather meaningless. In reality, however, spectroscopic studies
of certain lithium and sodium enolates (4.320, 4.321) suggest
that, at least in these cases, structure 4.22 is most consistent
with the available data. Thus, for example, the Tithium enolate
of phenylacetone exhibits a pair of strong IR absorptions in the
1550-1585 cm-1 region (4.320). Likewise, the 'H NMR spectrum of
Eithio;sobutyrophenone indicates two distinct methyl signals
4.321).

Another question of fundamental significance is that which
concerns the degree of aggregation, as discussed in Sect. 4.1.
The degree of aggregation_of lithioisobutyrophenone has been
studied by measuring the 13¢C NMR relaxation times (4.322). The
results indicate that it is tetrameric in THF, dioxane, and te-
trahydropyran. In our subsequent discussion of metal enolates,
in most cases we simply adopt the monomeric representation 4.22
for metal enolates regardless of their exact structures.

Preparation. By far the most important method for preparing
metal enolates is metal-hydrogen exchange (Method V), although
other methods commonly used for the preparation of "simple" or-
ganolithiums and Grignard reagents, such as oxidative metallation
(e.g., eq. 4.166), metal-halogen exchange (e.g., eq. 4.167), and
transmetallation (e.g., eq. 4.168), have also been used on oc-
cation.

n
BrCHZCOOEt HZC=CC00Et (4.166)

ZnBr
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LiCuMe

R]CO?HRZ 2 R](|3=CHR2 (4.167)
By (4.323)‘ oM
= Li or CuL
n
2 2
1 ﬁ{3 MEL 1 1 53
R'c=CR ~ RIc=CR® + SiMie, (4.168)
0siMe, (4.524) oLi

In addition to these methods, the conjugate addition of
either organometallics (e.g., eq. 4.169) or metal hydrides (e.g.,
eq. 4.170) and the dissolving metal reduction of a,B-unsaturated
carbonyl compounds (e.g., eq. 4.171) have provided regioselective
routes to enolates.

\\\OH
L1CuMe
(4. 325
= Li or CuMe Li 63% (4.169)
.i
L1BH Bu- COOMe
<) 2 C00Me
(2. 326
(4.170)
(4. 327 Li0
(4.171)

Dissolving metal reduction is also applicable to the generation
of enolates from cyclopropyl ketones; see eq. 4.172 (4.328).

0 OLi

Li, NH3
(4.172)
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In the preparation of metal enolates via metal-hydrogen ex-
change, unsymmetrical ketones having both o- and a'-hydrogen
atoms can give two regioisomeric enolates (eq. 4.173).

0 oM oM
R1 3 R1 R3 R] R3
2 4y, ———= = 4 + 2 N
R R % R R 4
H H H H R
(4.173)

It is, of course, very desirable to be able to generate regiose-
lectively either one of these two regioisomers.
Recent developments of nonnucleophilic but highly basic rea-

gents, such as LiN(Pr-i)o (LDA), LiNPr-i(Hex-c) (LICA), LiN-
(SiMe3)2, and KN(SiMe3)s, have made it possible to generate re-
g1ose?ect1ve1y "kinetic" enolates at lTow temperatures, -73°C, for
example, in aprotic solvents, such as THF. Under these cond1—
tions, the least hindered hydrogen atom is abstracted, as shown
in the foilowing examples.

Scheme 4.7

Ketones must be added slowly to a solution of a base to minimize
the amount of free ketones that can act as proton donors capable
of inducing undesirable scrambling.
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In most cases, "kinetic" and "thermodynamic" enolates are
different. Equilibration of enolates, which is strongly catal-
yzed by proton donors including the ketones used for the gener-
ation of enolates, usually leads to mixtures of two or more re-
gioisomers in which "thermodynamic" enolates predominate. This
is usually accomplished by generating enolates at or above room
temperature in protic solvents. The equilibrium is dependent on
both gegenions and temperatdre. Some typical results are summar-
ized in Scheme 4.8.

Scheme 4.8
M= (60% internal) = K (80%)
M= Li (90% internal) M= Li (95%)
07 :: :: Li0 :: :: 0’ :: :i LiO0
(55%) (100%)

S O—Q

In some cases, "kinetic" and "thermodynamic" enolates are identi-
cal, as shown in eq. 4.174.

0 0K 0K
WA — W/K + % (4.174)
88 : 12

Although less general and less convenient, the other methods
of generating enolates discussed above are regiospecific. There-
fore, under nonequilibrating conditions, regiochemically pure
enolates can be generated.
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Even in cases where no regiochemical problem exists, the ex-
tent of enolate formation is a matter of serious concern. Before
the advent of strong nonnucleophilic bases, the synthetic organic
chemist often dealt with enolates formed as equilibrium mixtures
containing both the starting carbonyl compounds and their enol-
ates. While the use of such equilibrium mixtures may be advan-
tageous in some cases, they present a serious problem of self-
condensation. Here again, however, the use of strong nonnucleo-
philic bases, such as LDA and LICA, has solved many problems as-
sociated with the enolates of carboxylic acids and their esters
by permitting complete metal enolate formation (4.329).

An important addition to the list of strongly basic but non-
nucleophilic bases is KH (4.330). Using KH as a base, not only
ketones (4.330) but aldehydes; see eq. 4.175 (4.331), can be con-
verted into enolates without the complication due to self-aldol-
ization. On the other hand, esters cannot be converted into
enolates with KH, since the Claisen condensation is highly com-
petitive (4.332).

3
3! KH, THF i LT R P E
HC-C-R R cecR Rl = e e R (75
r'zz }Lz 2. H30 ;'12

4.3.4.2 Alkylation of Metal Enolates

The alkylation of metal enolates has been reviewed by many auth-
ors (4.316 to 4.318). Although the reaction has been widely
used, it has also been plagued with several difficulties, such as
those lTisted below:

1. Regiochemistry,

la. C-alkylation versus 0-alkylation,
1b. a-Alkylation versus o'-alkylation,

;o
0-alkylation ’_?&TC:=$&_

e TR
—lat=r C_-aTkylation —Cal=CaR (4.776)
\ 0

Ponl
C_-alkylation R__?&TC__E&_H
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2. Mono- versus po]&-a]ky]ation,

ﬁ 1. base 9‘ 1. base ﬁ
-C-CHy —— -C-CH,R  ———— —C-CHR2
2. RX 2. RX
(4.177)
1. base 8 g
e -C—CR3
2. RX

3. Stereochemistry,
4. Chemoselectivity,

5. Use of alkenyl, aryl, alkynyl, and hindered alkyl halides.

C-Alkylation Versus 0-Alkylation. The C-/0-alkylation ratio is a
function of various factors, of which the following appear to be
some of the most significant. Firstly, as already pointed out in
Sect. 1.6, the oxygen and a-carbon atoms represent the "hard" and
"soft" ends of enolates. Thus the C-/0-alkylation ratio in-
creases as the softness of the alkylating agent increases. For
example, the C-/0-alkylation ratio increases in the order:

ROTs < RC1 < RBr < RI. Likewise the C-/0-alkylation ratio gener-
ally increases, as the ionicity of the metal-to-enolate bond de-
creases: NtRg < Kt < Na* < Li*. Secondly if one compares the
bond energies of C- and 0O-alkylation products, it is evident
that, in the absence of any special effects, the C-alkylated pro-
ducts are thermodynamically more stable than the 0-alkylated pro-
ducts.

{"85 kcal/mole

el

175 kca1/mo1e—>? $<-85 kcal/mole
4
kcal/mole 85 kcal/mole

85 kcal/mole - E

4
14

o1 —0O

If the difference in product stability is strongly reflected in
the transition state, the C-alkylation should predominate.
Thirdly, solvents play an important role in determining the C-/0-
alkylation ratio. If there is strong solvation in the vicinity
of the oxygen atom and a weaker solvation at the carbon atom, re-
latively greater reactivity at carbon will be observed. One of
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the most dramatic manifestations of the solvent effects in enol-
ate alkylation is shown in eq. 4.178 (4.333).

DMF OCH,Ph

0" 97%
+ PhCH,Br o ph (4.178)
OH 0CH,Ph
\ CF CH,0H “ “,
79

85%

Polar aprotic solvents, such as DMF and DMSO, effectively solvate
cations but not anions. The usual mode of phenolate alkylation
involves attack at the oxygen site, and that is what we find. In
CF3CH20H the oxygen end of the phenolate is strongly solvated
through hydrogen bonding. This disfavors 0-alkylation.

In general, metal phenolates tend to undergo O-alkylation in
preference to C-alkylation. It is generally difficult to attain
a high C-/0-alkylation ratio. 1In the alkylation of 1,3-dicar-
bonyl compounds, the C- and 0O-alkylation processes are often com-
petitive. In most cases, however, their alkylation reactions can
be steered in the desired direction by properly selecting metals,
leaving groups, and solvents. For example, if TI10Et is used as a
base, an exclusive C-methylation of acetylacetone takes place;
see eq. 4.179 (4.334).

1. TIOEt
) 3

100%

Finally, 0-alkylation is usually not competitive in the alkyl-
ation of mono carbonyl compounds.

Co-Alkylation Versus Cq'-Alkylation and Mono-alkylation Versus
Poly-alkylation. One of the most commonly encountered difficul-
ties in the alkylation of ketones is the formation of mixtures of
regioisomers as well as of mono- and poly-alkylated products.
Until recently, this problem had been solved mainly by some in-
direct methods including (1) malonic ester and acetoacetic ester
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syntheses (4.335) and related methods for alkylation, for exam-
ple, eq. 4.180 (4.336), (2) ketone syntheses wvia B-ketosulfones
and g-ketosulfoxides discussed in Sect. 4.3.3.2, and (3) a-alkyl-
ation of ketones involving blocking and unblocking of one of the
two a-positions, for example, .eq. 4.181 (4.337).

-+
0 HCOOEt 0 07" Na'
Ve NaOMe Me< CHoNa g, Ve CHO
B S —_—t
I " (4.180)
n-BuBr U CHO™  Naon ™Y
™ Me e (74%)
H,0
0 1. HCOOEt 0
NaOMe CHO
e
2. H,0
. (4.181)
n-BuSH 0 1. KOBu-t 0
- - :: l fi CHSBu-n
p-CH3CEH,SOSH CHSBu-n 2, CH41
C6H6’ reflux
(84%)
0
KOH, H,0
———— e

While these multistep methods are generally tedious and are
being replaced gradually by simpler methods, such as those dis-
cussed later, some of these conventional methods are still valu-
able in that (1) they often represent the only practical methods
for certain transformations, (2) regioisomerically pure products
can be obtained, and (3) the regiochemistry of alkylation can be
controlled cleanly through generation of either mono- or di-
anions, as shown in eq. 4.182 (4.338).
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0+ R R
PhSC HCCH,, ————> PhSCHCCH
0 e y 3 I 3
i 0 - 0 (4.182)
PhSCH,CCH, 0 '
6 o 1. RX i
N> PRSCTHCCH; ————> PhSCH,CCH,R
v 2. H,0 ¥
0 > lilg 0

In principle, regio-defined enolates, "kinetic" or "thermo-
dynamic", can be regiospecifically alkylated, provided that the
rate of alkylation is higher than that of equilibration. Indeed,
some of the more reactive alkylating agents, such as Mel, allyl
bromide, and benzyl bromide, can participate in highly regio-
specific alkylation reactions as shown in eq. 4.169 to 4.171.

Of particular importance is the regiospecific alkylation appli-
cable to the annulation of the cyclohexenone ring (4.339) which
represents a significant alternative to the Robinson annulation
(Sect. 4.3.4.4). The key idea is to use those allylic or benzy-
1ic halides which are not only highly reactive but capable of
acting as masked carbonyl derivatives. Some of the more promis-
ing examples are shown in eq. 4.183 to 4.186.

MCPBA
(): (4.340) (Il
OL1 S1Me S1Me
91% 89%
KOH
—_— (90%)
EtOH 0

(4.183)
NaNHz NaNHZ, NH3
4 341) ~

63% (4.184)

Vi
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0 0 0
+ ]\
10 0)‘ (4.342) ¢
/A ;
1. Et;08F, o) (70%)
2. NaOH, H,0 (4.185)
oLi I
* |
4343
Co0—+— €00+
90%
1. NEty, CICOOEt (4.186)
24 NaN3
(70 to 80%)
3. MeOH, A

4. K2C03, MeOH

The alkylation of enolates with less reactive alkylating
agents presents the above-mentioned problem of the formation of
regioisomers as well as of poly-alkylated products. In princi-
ple, this problem can be solved by stopping or slowing down the
equilibration of enolates without significantly retarding de-
sired alkylation. One promising approach is to convert regio-de-
fined potassium enolates into the corresponding potassium enoxy-
triethylborates prior to alkylation; see eqs. 4.187, 4.188
(4.344). Under these conditions, neither regiochemical scram-
bling nor poly-alkylation competes seriously with the desired
mono-alkylation. If either 1ithium enolates or hindered trial-
kylboranes, such as s-Bu3B, are used, the formation of enoxybor-
ates either does not take place or is incomplete.
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0 1. KN(SiMe -78°C OBEt K

3)2’
2. BEt3, -78°C \@ Mel \@/ ﬁ

80% 6%
(4.187)
1. ki
3 2. BEt, BELK  hhext
PhCCH, ~ PhiscH, ———— »  PhiCH o
68%
3 (4.188)
i
+ PhCCH(Cghy 57n),
<5%

Alternatively, the reaction of regio-defined silyl enol
ethers with alkyl halides can be promoted by certain fluorides;
see eq. 4.189 (4 345), or TiCly; see eq. 4.190 (4.346). The
latter reagent is unique in that it permits the hitherto diffi-
cult tertiary alkylation of ketones.

051'Me3 BrCHZCOOMe 0
PhCH,N"Me 5F~ CH,COOMe
(4.189)
(4.345)

56%

0SiMe, —C1, TiCl
;-3 4 |
PhC=CH PhCCH, ——  (4.190)

43%

2 (4.346)

Stereochemistry of the Alkylation of Enolates. In cases where
the steric requirements of the two sides of an enolate anion are
considerably different, attack by an alkylating agent from the
less hindered side is favored, as expected. The following two
examples fall into this category. In analogy with the discussion
presented in Sect. 4.3.2.2, the equatorial side of the methylene-
cyclohexane system must be the less hindered side of the two.
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axial CH

[ 3 :
\ C-0Ac 1. Meli . COMe
‘\\ 2. MeI‘
—_— >
‘7414:::::: ; . . (4.347)
£ 4.191
equatorial 559 ( )
2 7%24:::::::7L—C0Me
+
10%
OAc 1. Meli
. MeI
(4.192)
76% 10%

Much less clear is the stereochemistry of the alkylation of
endocyclic enolates. The available data suggest that the pre-
dominant attack takes place such that the entering alkyl group
ends up as an axial substituent, as shown in eq. 4.193 (4.349).

0 D.C H,C
3 0 3 0
H3C CD,1  HyC D,C (4.193)
e e ol

83% 17%

The results have been interpreted in terms of the stereoelectron-
ically favorable arrangement in the axial attack relative to the
equatorial attack. On the other hand, an essentially 50:50 mix-
ture of cis- and trans-isomers is formed in the methylation of
4-t-butylcyclohexenolate; see eq. 4.194 (4.347).

—<<:::>—+—- = = - o:iz:::>_}. + o=<<::>>+- (4.194)
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Although the significance of a twist-boat conformation was sug-
gested, this explanation does not appear to be totally convinc-
ing. It should be noted that the products in eq. 4.194 are epi-
merizable under the reaction conditions, which is not the case
in the three preceding reactions.

a-Arylation and o-Alkenylation. Until recently, the a-arylation
and a-alkenylation of enolates had been very difficult. A few
methods have recently been developed for these purposes. The
most promising by far is Bunnett's photochemical arylation; see
eq. 4.195 (4.350), and alkenylation; see eq. 4.196 (<.351).

0K PhX 0

| I
MeC=CH2 MeCCHZPh (4.195)
hv

X = C1 (68%), Br (52%), 1 (71%)
0K

[ PhCH=CHBr
MeC=CH2 —_— MeCOCHZCH=CHPh + MeCOCH=CHCH2Ph
hv
48% 34%
(4.196)

The results have been interpreted in terms of the SRN] mechanism;
see eq. 4.197 (4.350).

e
ArX ——— ArX®
ArX*® —_— Are + X~
. _ (4.197)
Ar. + R° —_— ArR*

ArR® + ArX = —— ArR + ArX®

a-Alkylation of Aldehydes, Esters, Nitriles, and Other Related
Compounds. Various aspects of the alkylation of ketones are pre-
sented in the above discussions. Some representative alkylation
reactions of other carbonyl and related compounds are now brief-
ly presented. The metallated derivatives of esters, aldehydes,
and various related compounds are now readily available through
appropriately strong but nonnucleophilic bases, as discussed in
Sect. 4.3.4.1. In many cases, their alkylation proceeds satis-
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factorily, as summarized in Table 4.14. In most of the examples
listed in Table 4.14, there is no ambiguity regarding the struc-
tures of the products. In the alkylation of dienolates, a-alkyl-
ation is strongly favored over y- a1ky1at1on, as shown in eqgs.
4.198 to 4.200.

1. LDA
;2. RX .
ZCH,CH=CHCOOR"  —————> ZCH=CHCHCOOR (4.198)

2
R

Z =H (2.353), SMe (4.357), OMe (4.358)

1. LDA

CN 2. RX
Y — //’\\r’ (4.199)

4 376

1. LDA

2. RX COOMe
<i:::>—COOMe ————— (4.200)
(4.366) R

In the alkylation of the dianion of 2-butynoic acid, however, y-
alkylation is the predominant path; see eq. 4.201 (4.370).

//l§b//ﬁ\\8r //L\\//\\V//CECCOOLi
LiCH,C=CCOOL1 X

27" (4.201)

The observed a-selectivity in alkylation is in sharp contrast
with the y-selectivity in various carbonyl addition reactions of
the corresponding dienolates discussed in the following section.
The use of heterocyclic masked enolates is discussed in Sect.
4.3.4.6.



Table 4.14. a-Alkylation of Aldehydes, Esters, Nitriles, and
Other Related Compounds

Carbonyl or ” Alkylating
Related Compound Base Agent Yield (%) Ref.
(Aldehydes)
R'RZCHCHO KH Y\/Br 88 to 96  4.331
n-RI about 50 4.331
(Esters and Lactones)
CH,C00+- LICA RX 42 to 96  4.329
n-PrCO0Me LDA, THF RX 88 to 98 4.352
MeCH=CHCOOEt LDA, HMPA RX 90 to 96 ¢.353
1 scR'R2COOMe 2 Li Melor PhCH,Br 72 to 85 4.354
LDA, THF RX >90% 4.355
n-C6H]3CH=CHCOOMe LiB(Bu—s)3H RX 50 to 63 4.356
MeSCHZCH=CHCOOMe LDA RX 63 to 92 4.357
MeOCHzCH=CHCOOMe LDA RX 42 to 81 4.358
HOOCCHZCOOEt LICA RX 50 to 98 4.359
PhCH=NCH2COOEt LDA RX 75 to 90 4.360
PhCONHCHZCOOEt 2 LDA, TMEDA RX 48 to 71 4.361
NNHTs
CO0Me 3 LDA RX 49 to 64 4.362
RCH{OH)COOEt 2 LDA RX 57 to 79 4.363
MezNCH=NCHR]COOMe LDA RX 65 to 84  4.364
> 1
ﬁR‘SCHzcom NaH, DMF RX 38 to 68 4.365
195

(continued...)
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Table 4.14 continued

Carbonyl or ‘A1ky1ating-
Related Compound Base Agent Yield (%) Ref.
[::::L\ LDA RX 52 to 96 4.366
COOMe ’

(Carboxylic Acids)
Me,, CHCOOH 2 LDA RCH, X 46 to 80 4.367
Me3S1'CH2C00H 2 LDA RX 60 to 95 4.368a
PhSCHR COOH 2 LDA RX 95 to 98 4.368b
MescHR! coon 2 LDA RX 59 to 80 4.369
MeC=CCOOH LiN //iisz/‘\\gr 53 to 59 4.370
R]CH(COOH)Z 3 n-BulLi RX 74 to 88 4.371
PhCONHCH,,COOH 3 LDA RX 23 to 60 4.361

COOH

NMe2
Li, NH5 RX 45 to 80 4.372

(Amides)
[jA:l\ LDAor LiNMe, RI 68 to 85 4.373

N-"0

Me
RTRECHCONMe, LiNEt,, HMPA RBr 69 to 86 4.374
MeCONMe2 LDA MeI and 62 and 99 4.375

PhCH,Br
196

(continued...)



Table 4.14 continued
Carbonyl or Alkylating
Related Compound Base Agent Yield (%) Ref.
(Nitriles)
>~ CN LDA RX 72 to 98 4.376
Ph?HCN LDA RX 48 to 96 4.377
OS1Me3
(Other masked carbonyl compounds)
NOH
R! CCH R 2 Buli RX 37 to 81 4.378
“—<:§:NOMe LDA Mel 86 to 94 4.379
NNMe2
I 1
CH3CR LDA RX 83 to 95 4.380
R]CHZCH=NNMe LiNEtZ RBr 75 to 79 4.381a
MeR]C=N—<:> LiNEt, RX 62 to 80 4.381b
4.381c
Me, CHCH=N - LDA, DME RBy 59 to 76 4.382
R](RZCHZ)C=NR LDA CH2=?CHZBr 43 to 84 4.383
OMe
N
QOMe LDA, HMPA RI 52 to 60 4.384
MeCH=CHCH=N—<<:::> LDA, HMPA RX 98 to 100 4.385
i>—CH3 BuL1i RX 70 to 90 4.386
—N
197

(continued. . .)
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Table 4.14 continued

Carbonyl or " Alkylating.
Related Compound Base Agent Yield (%) Ref.
L 1.2 |
_4::N>>—CHR R RLi RX 60 to 75  4.387
”
Ph 0
~\[: 2>—CH2R] BuLi or LDA  RX 30 to 84 4.388
(B N
|
MeO
S .
[:&2>_CH3 BuL i RX 80 to 95  4.389

4.3.4.3 Reactions of Enolates with Carbonyl Compounds

The reactions of enolates with carbonyl compounds may arbitrarily
be divided into the following two types (eq. 4.202).

R*COR® .
R -C-
?_M addition
R]-C=$—R3
RZ R*cox 0
R -C-
substitution

The aldol reaction (4.390) represents the addition reactions, and

the Claisen condensation (4.391) represents the substitution

reactions. Some representative addition and substitution reac-
tions of enolates with carbonyl compounds is briefly discussed in
this section, while the reaction of enolates with o,B8-unsaturated
carbonyl compounds, that is, the Michael reaction, is discussed

in the following section.
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The Aldol and Related Reactions. A wide variety of reactions of
enolates with carbonyl compounds fall into the category of the
aldol and related reactions.

(a) The aldol reaction (4.390). The aldol reaction can be
carried out under either acidic or basic conditions (4.390). The
base-catalyzed aldol condensation is shown in eq. 4.202. On pro-
tonolysis the reaction produces B-hydroxy ketones which can be
dehydrated to give a,B-unsaturated carbonyl compounds. Both g-
hydroxy and o,g-unsaturated carbonyl moieties are found among
various natural products. In many cases, their biogenesis is
presumed to involve enzyme-catalyzed aldol condensation process-
es. The reaction has also played an important role in the labor-
atory synthesis of many natural products and related substances,
especially those containing five- and six-membered rings, as
shown in eqs. 4.203 (4.392) and 4.204 (4.393).

0 0
aq KOH
- — |y
(4.203)
cis-jasmone
1. 0504, Py
2 HZS’ DMSO
3. Pb(OAc)4
————
(4.204)

dehydroprogesterone

Despite its obvious significance, however, the aldol reaction has
beeq plagued with various problems. Some of these problems and
their possible solutions are discussed later in detail.
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At this point it is useful to note that the following well-
known name reactions may be considered variations of the aldol
reactions.

(b) The Reformatsky reaction (4.36, 4.37). The Reformatsky
reaction may be viewed as the ester version of the aldol reac-
tion.

> +
1 H30 4

RVCOR? + BrZnCH,CO0R —> —>—> R 1p2

RZCCH,COOR ———> R RZC=CHCOOR
- -H,0

{0 2 (4.205)

(c) The Stobbe reaction (4.394). A variation of the Refor-
matsky reaction involving the use of potassium salt of ethyl
succinate is called the Stobbe reaction.

1 1

RZ\C=0 + E:ZEESEE KT R2>C-——CHCOOEt
RS 2 HO - RE |
& //CHZ
C-OEt
0 (4.206)
R i CE
—_— 2 £—COOEt C=C-COOEt
R 2. H.ot R2/ I
0y - M3 CH,COOH
0

(d) The Knoevenagel reaction (4.395). Various reactions of
relatively acidic carbonyl compounds with aldehydes and ketones
are classified as the Knoevenagel reaction, which does not even
require any metal containing reagent.

amine
1 2 RCOOH 1.2
R COR™ + CHZCOY - R R™C=CCOY (4.207)
% reflux %
Y = R, OR, and so on; Z = COY, CN, Ph, N02, and so on

(e) The Mannich reaction (4.396). The aminomethylation of
ketones, aldehydes and other related active hydrogen compounds is
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called the Mannich reaction. Its similarity to the aldol reac-
tion in the reactant-product relationship is indicated in eq.
4.208.

0 HC 0
10 20t ~p- 10 2
R\-C-C-H + CHy=0 + RON'H,C1T ——— R -C-C-CH,NR,
' EtOH I
reflux (4.208)

(f) The Claisen-Schmidt reaction (4.397). This reaction re-
presents nothing but a special case of the aldol reaction in
which one of the carbonyl compounds is an aromatic aldehyde.

0l NaOH Ar H
ArCHO + H-C-CH(R) —— o= Nc=¢” (4.209)
I H,0 H~~ "NCOH(R)
EtOH trans

(g) The Perkin reaction (4.398). It should also be pointed
out that various carbonyl olefination reactions, such as the
Wadsworth-Emmons reaction and the Peterson reaction discussed in
Sect. 4.3.3.3, and epoxidation reactions represented by the Dar-
zens reaction (Sect. 4.3.3.4) are closely related to the aldol
reaction.

1. KOAc

Ar H
Ne=¢” (4.210)

2. H,0 H-" “NCOOH

ArCHO + (CH3CO)20

Problems and Solutions in the Aldol Reaction. Of various pro-
blems associated with the aidol reaction, the following three are
discussed in some detail: (1) cross/homo ratio, (2) regioselec-
tivity, and (3) stereoselectivity.

(a) Cross/homo ratio and regioselectivity. In cases where
both of the two carbonyl compounds are enolizable, the aldol
reaction can be and has often been accompanied by cross-homo
scrambling leading to the formation of all four possible pro-
ducts, as shown in eq. 4.211.



202 Organometallics in Organic Synthesis

| R RZ g3
1 2 3 g base 3 1o, 1.0 L g
R'CHpCOR® + RPCH,COR' —— R'CH,C—CHCOR® + R CHC —CHCOR
© HO HO
A g
4 R3CH2('J—CHC0R2 + R3CH2|C—CHC0R4
HO HO
(4.211)

It is therefore important to be able to direct the reaction so
that only one cross-aldol product is obtained. A number of sel-
ective procedures have been developed in recent years, of which
the following are worth mentioning here. The first major break-
through was achieved by Wittig (4.399) with preformed 1ithium
salts of imines (eq. 4.212).

RNH LDA

R]CHZCORZ 2, R]CHZﬁRz - R]CH=?R2
NR LiNR
(4.212)
1 4 .1
ROCH,C0RY  p3gy N el o . PR
e ‘2‘>|C/ \|C|R2 —> R°CH,C—CHCOR
R HO
O\L'i\\\NR

An operationally more convenient procedure for cross-aldol
condensation has been developed by House (4.400), which involves
the reaction of preformed lithium enolates with aldehydes in the
presence of ZnCl2 or MgClp, as shown in eq. 4.213.

112 ZnC]2

Ph_ M
2. n-PrCHO n-pr_ > 4
PhCH=Cle ————— L7 TC-Me ——= n-PrCHCHCOMe
OLi i é) I HO
~N o
ZnC 81% (4.213)

The aldol reaction can be further complicated by regiochemical
scrambling. It has been reported, however, that, as in alkyl-
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ation (Sect. 4.3.4.2), even regio-unstable "kinetic" enolates can
undergo regio-specific aldol reactions when the desired aldol
processes are sufficiently rapid.

X LDA fe RCHO Elﬁ\\/ji\v//\\
A~ 2, = — (4.214)
(4.401) THF

-78°C
R = n-Pr (65%), Ph (80%)

oLi CH;COCH, oLi 0
B St e, Sle S
Z"\Ph (__)> ph (56%) (4.215)
4.402

An indirect but potentially highly useful approach by Kuwa-
jima (4.403) involves the reaction of dianions of g-ketosulfoxid-
es with aldehydes and ketones (eq. 4.216). The products can be
further converted into a variety of cross-aldol derivatives.

1. NaH
2. Buli Lo
CHyCOCH,SOPh  —————5>  R'RCCH,COCH,SOPh  (4.216)
3. R'COR
65 to 91%

A more recent trend in the aldol reaction is to use metal
enolates containing highly covalent metal-oxygen bonds, such as
B-0 and Si-0. Thus Mukaiyama and others (4.404) have developed
selective procedures involving the intermediacy of enoxyboranes,
as shown in eq. 4.217.

1. n-Bu,BOTf
EtoN, Et,0 o
2. PhCH,CH,CHO |
CH,COPh PhCH,,CH,CHCH,COPh (4.217)
3. H,y0

75%

Although not yet fully developed, the following aldol reaction of
potassium enoxytrialkylborates discovered in our laboratories
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appears to be readily applicable to the hitherto difficult selec-
tive ketone-ketone condensation, as shown in eq. 4.218 (4.405).

OBEt K 0

H,0
[:f:] Z:;:} ‘. OH  (4.218)

Also highly promising are the aldol reaction of silyl enol
ethers, promoted by TiCl, (Sect. 6.4.2.2) or by trialkylammonium
fluorides (4.406), and the copper- and aluminum-moderated reac-
tion of zinc enolates; see eq. 4.219, for example (<4.407).

0 Zn, Et,A1C] OH O
Br 2
CuBr
+ i-PrCHO (4.219)
-20°C
93%

(b) Stereoselectivity. Aldol condensation can be addition-
ally complicated by the formation of stereoisomeric mixtures.
Consider, for example, the reaction of an enolate derived from a
primary alkyl ketone (R1CHZCOR) with an a]dehyde having an asym-
metric carbon atom in the a-position (RIRZR3CCHO), which proceeds
cleanly as in eq. 4.220.

2 -

: ; Py
R]—?—CHO + R'HC=CR ———m R]—T§—$ ? COR (4.220)

3

R RBH H

Since the o- and B-carbon atoms in the product can be either R or
S, there can be four diastereomers even in the event that the y-
carbon atom is 100% R or S. In such a case, the stereochemical
relationship between the a- and g-carbon atoms, as well as be-
tween the B- and y-carbon atoms, must be considered. The avail-
able data suggest that the relationship between the g- and y-car-
bon atoms may be predicted based on Cram's rule (Sect. 4.3.2.2),
as depicted in eq. 4.221.
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L I— RI H
nuC H + R'HC=CR ———> Muy R (4.221)
/\/ (')‘ .
0 « HO H O
HL ////{
predominant
attack
S M
0

Much less clear is the relation between the o- and g-carbon
atoms. At least three distinct stereochemical results have been
reported. Dubois (4.408) and Heathcock (4.409) have found that
aldol condensation is subject to kinetic stereoselection, with
(E)- and (Z)-enolates giving exclusively or predominantly the
threo and erythro aldols, respectively (eq. 4.222).

o)
)
o
[}
ac
o
o

R? -
= 2
(E)-isomer R//A\]//u\\R (threo)
R]
RCHO i (4.222)
2
1 NS
R HO 0
2 2
(Z)-isomer R R® (erythro)
1
R

On the other hand, the completely opposite stereospecificity,
that is, (E)»erythro and (Z)-threo, has been reported for the
reaction of enoxydimethylalanes and acetoaldehyde (4.410). Fin-
ally, House (4.400) has reported a nonstereospecific but stereo-
selective aldol reaction which is carried out under the influence
of ZnCl12 or MgBrp. Under such conditions, the threo isomer cor-
responding to the six-membered metal chelate intermediate with
the greater number of equatorial substituents predominates, re-
gardiess of the enolate geometry (eq. 4.223).
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RCHO + R]HC=(IIR2 ,
ZnCl,
H H
(major) 0\%¥f’//%S;R1 / y O\i%’///{SQR] (minor)
major "0 1 minor
\Z | \\RZ \an 0\\R2
H R

(4.223)

=
o
o

HO 0
(threo) R R2 R/l\TJJ\\R2 (erythro)
R]

R!

The procedure developed by House has recently been applied to the
synthesis of lasalocid A (4.23) obtained as the major isomer of a
40:10:7:3 mixture as shown in eq. 4.224 (4.411).

CO,R
2
HO H

0°C, 3 min HO

4.23 (44%)

Miscellaneous Examples of the Aldol and Related Reactions. Over
the past several years, a number of variations of the aldol reac-
tion have been reported. Some representative examples are sum-




Group IA, Group IIA and Group 11B Elements (Li, Na, K, Mg, Zn, Cd)

207

marized in Table 4.15. In the reaction of dienolates with car-
bonyl compounds, carbon-carbon bond formation takes place predom-

inantly in the y-position.

Table 4.15. Miscellaneous Variations of the Aldol Reaction

Enolate Carbonyl Product
Precursor Base Compound Yield (%) Ref.
(Esters and lactones)
CH ,C00Bu-¢ LICA r!cor? high 4.412
Etl 1 2

CCOOPy-i Li R'COH(R®) about 70 4.413
A2

Cl
CH 3C0SBu- ¢ LDA RICOH(R?) 68 to 80  4.414
XCH,CO,Bu-t LDA RICOH(R®) 65 to 85  4.415
(X=0Bu-t, NMe,)
BrCH,CO,EL active Zn RICOH(R?) 95 to 98  4.416
C=NCH,,COOR Buli RICOH(R?) 55 to 83  4.417
MeCH=CHCOOEt LICA Me2C0 78 4.418

0
LDA CH,0 95 4.419a
:ii:?:7’o LDA o, 75 4.419b
(Acids)
R]?HCOOH Za R2C=N 63 to 77 4.420
Br

(continued...)



Table 4.15 continued

Enolate Carbonyl - Product
Precursor Base Compound Yield (%) Ref.
1.2 . 3.4
R'RZCHCOOH BrigN(Pr-1), RCOH(RY) 43 to 88  4.421
Me,C=CCOOH 2 Buli R CORZ 30 to 64  4.422
Br (-100°C)
Me CH=CHCOOH LiNEt, R COR? 48 to 64  4.423
(Amides)
l ’ LDA R COR? 55 to 88  4.424
Me
R
R'RECHCONEL, BrMgN(Pr-1),  RCOH 85 to 88  4.421
R]RZCHCONMez LiNEt, R3COH(RY) 39 to 91  4.425
MeCONYe, LDA RICOH(R®) 97 to 99 4.375
(Nitriles)
CH1CN NaOCgH, ;-n <:>:o 70 4.426
RVRZCHCN LiNEL, RICOH(RY) 70 to 96 4.427
PRCHCN LDA RICOH(R®) 96 to 100 4.428
OSiMe3
(Other masked carbonyl compounds)
CH2=CHNH—<<::3> LDA RCN 71 to 91 4.429
PRCH,C=NNHTS MeL i R1COR? - 4.430
Me
NNHTs
1 2 . 3 4
R CCH,R 3 BuLi R3COH(RY) 48 to 78 4.431
208

(continued...)
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Table 4.15 continued

Enolate Carbony1 Product
Precursor Base Compound Yield (%) Ref.
NOH
RV CCH, R 2 Buli 3con(r? 55
2 uLi RZCOH(R™) 45 to 4.378b
RIRZCHCH= -NNMe,  LiNEt, rR3cor? 87 to 90  4.432
Me3S1'CHR]CH=NX LDA RZCHO 88 to 94  4.433
(X=Bu-t, NMeZ)
| >—CH BuLi RCHO - 4.434
‘\\\

MeO

. 1.2
EN/>—CH3 n-BulLi R'cOR - 4.435

The Claisen Condensation and Related Reactions. Since the re-
sults of earlier investigations of the Claisen, eq. 4.225 (4.391),
Dieckmann, eq. 4.226 (4.436), and Thope-Ziegler, eq. 4.227
(4.436), reactions have been extensively reviewed, no detailed
discussion of these relatively well-established reactions is pre-
sented. The following comments may be of use, however, in apply-
ing these reactions to organic synthesis.

0 0

NaH, EtOH CHO
+  HCOOEt —m oo > (4.225)

74%

0 ONa
|

0 , Na, EtOH HOAC
EtOC(CH,) ,COEt ———nsm COOEt e COOEt

80% (4.226)
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Me
LiN
CN \ N
Ph . H3O

Li—

Et20

CN » A\ 0
NLi 72%

(4.227)

The Claisen condensation is an equilibrium reaction that
tends to reverse itself in many cases. This difficulty can, in
principle, be overcome by shifting the equilibrium through metal-
lation of the 1,3-dicarbonyl product.

Under equilibrating conditions, the Claisen condensation may
give mixtures of cross- and homo-condensation products. On the
other hand, the regioselectivity of the Claisen condensation
carried out under these conditions can often be distinctly higher
than that in the alkylation of the same enolate, as Shown in eq.
4.228 (4.336).

0
NaOMe CHONa
+ HCOOEt —0—————— (4.228)
Et20
85%

In contrast to the corresponding alkylation, the Claisen conden-
sation tends to take place exclusively or predominantly in the
less hindered a-position which has been interpreted in terms of
the relative stability of the enolates of two possible 1,3-dicar-
bonyl compounds.

A recent trend in the Claisen and related reactions is to
use preformed metal enolates and reactive acylating agents, such
as acyl halides, as shown in eq. 4.229 to 4.231.

1. 2 LDA
1.2 2. CICOOEt 1.2
R R™CHCOOH R'R ?COOH (4.229)
(4.437) COOEL

50 to 88%
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1. 2 LDA
2. R3coc -
3. aq HCI
4. 150-200°C
R!RZCHCOOH ~ R'RZCHCOR® (4.230)
(4.436) 30 to 70%
1. LDA :
R
2. RCO.,CO,Et |
R'RéCHCOR® 2727 RCOCCOR] (4.231)
(4.439) ﬁz
49 to 76%

It is noteworthy that, under these kinetic conditions, even race-
mizable chiral centers can retain much of their chirality, as
shown in eq. 4.232 (4.440).

//Me 1. LDA //Me
CH3C0-Q<:1H SRR —%—COCHZCO-C””,H
Bit: : Et
retention of configuration
(4.232)

4.3.4.4 The Michael Reaction

The Michael Reaction and the Robinson Annulation Reaction. The
conjugate addition of enolate anions to a,B-unsaturated carbonyl
and related compounds is known as the Michael reaction; see eq.

4.233 (4.441).

9-M 0 0 oM
-C=9f + -(=C-C- —— -C-C-C-C=C- (4.233)

As is the case in any other conjugate addition reaction of or-
ganometallics, the products of the Michael reaction are metal en-
olates that can participate in various reactions that typical en-
olates undergo. Unlike the reaction of "ordinary" proximally
nonfunctional organoalkali and organoalkaline earth metals with
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a,B-unsaturated carbonyl compounds, in which the 1,2-addition
path tends to predominate, the corresponding reaction of metal
enolates usually undergoes the 1,4-addition. Although it is not
completely clear, the above-mentioned difference, in part, must
be due to the charge delocalized or "soft" nature of enolates,
the effects of which are at least twofold. Firstly, the softness
of enolates should favor attack at the soft olefinic site. It is
instructive to note that the dianions of free carboxylic acids
incapable of effective charge delocalization tend to undergo 1,2-
addition, as shown in eq. 4.234 (4.442).

1. PhSC HCOO™ OH
2 TN, 3 ©<CH(SPh)COOMe
Q:o (4.234)
S PhSC HCOOMe ’ QZO

PhSCHCOOMe

Secondly, charge delocalization makes enolate anions relatively
weak bases in the Brgnsted sense, which should promote the rever-
sal of both 1,2- and 1,4-addition processes. Under equilibrating
conditions, the formation of the 1,4-adduct should be favored, as
discussed in Sect. 4.3.2.4.

The Michael reaction represents one of the most widely used
carbon-carbon bond-forming reactions. Particularly attractive
from the viewpoint of natural product synthesis is the combin-
ation of the Michael reaction with the aldol reaction, known as
the Robinson annulation (4.443). In favorable cases, the Michael
reaction and the Robinson annulation proceed quite satisfactor-
ily. Thus, for example, relatively acidic carbonyl compounds,
such as 2-methyl-1,3-cyclohexanedione, can be converted into
Michael adducts and annulated products in high yields, as shown
in eq. 4.235 (4.444).

@Mm o,

64%
(4.235)
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With less acidic carbonyl compounds the Michael reaction
tends to be complicated by various problems including (1) poly-
merization of a,B-unsaturated carbonyl compounds, (2) regiochemi-
cal scrambling, (3) the reverse Michael reaction, and (4) compe-
tition arising from the aldol, Claisen, and other reactions of
enolates. Various procedures have been developed to circumvent
these difficulties. An early trend was to use the mildest possi-
ble bases, such are amines and hydroxides, and to run the reac-
tion in protic solvents in order to minimize certain side reac-
tions. Other early modifications include (1) the use of the
Mannich bases (4.445) and g-halo ketones as precursors of enones
and (2) the use of enamines (4.446) in place of metal enolates.
For extensive discussions of these older techniques, the reader
is referred to reviews by Bergamann (4.441), House (4.316), and
Jung (4.339a).

None of the above modifications, however, permits clean re-
giospecific trapping of "kinetic" enolates by a,B-unsaturated
carbonyl compounds, which would require generation of "kinetic"
enolates under aprotic conditions and their consumption via the
desired conjugate addition at rates faster than undesirable side
reactions. This was first achieved by Stork (4.447) with a-
silylated enones, such as methyl a-trimethylsilylvinyl ketone, as
shown in eq. 4.236.

SiMe3

Li, N, /ﬁ/
_— —_—
0 Li0

NaOMe, MeOH

-

==

(60%)

0

The trimethylsilyl group presumably accelerates the Michael
reaction through its anion-stabilizing effect and, perhaps more
importantly, retards the polymerization of the enone through its
steric hindrance. The results shown in eq. 4.236 indicate that
the desired Michael reaction is faster than the regio-isomeriza-
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tion of the "kinetic" enolate intermediate.

Another recent trend in the area of annulation is to use the
alkylation of enolates as a more flexible substitute for the
Michael reaction, as discussed in Sect. 4.3.4.2. Taking advan-
tage of the fact that the product of the Michael reaction is an
enolate, the following efficient syntheses of bicyclic; see eq.
4.237 (4.448), and tricyclic; see eq. 4.238 (4.449), compounds
involving the double Michae] annulation have been achieved.

0l
LICA COOMe
OMe
&

(
“oLit
(4.237)
S QT::::]]\\ (90%)
COOMe
€ 0OM NaCHZSOMe Me00C
= =z
0
(4.238)
MeOOC COOMe 0 O00Me
Me0OC
Me0OC 419

Miscellaneous Variations of the Michael Reaction. Various a-

hetero-substituted enolates have successfully been used in the
Michael reaction. The structures of some a-hetero-substituted
enolates are shown in Table 4.16.

Table 4.16. The Use of a-Hetero-Substituted Enolates in the
Michael Reaction
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Enolate Acceptor Yield (%) Ref.
9Na
Me0C=C(SEt)2 H2C=CHCOX 92 to 95 4.211

(X = Me, OMe, OBu-t)

Li0 5
Ne=¢” i] MeC=CHCOOEt 80 4.204
Et0” s L
/___/
MN=C=C\\ 0 90 4.450
O0R
Lio_
C=CHN=CHPh <z::>»:o 90 4.451
Et0””
CH
LiN=C=C:: 6713 <::::>:0 91 4.452
SePh

In addition to the a-silyl enones, a-sulfur-substituted a,B-
unsaturated carbonyl compounds, such as 4.24 (4.453), have also
been used as Michael acceptors. Other noteworthy additions to
the 1ist of acceptors include an iron m-complex 4.25 (4.454), cy-
clopropyl ketones and esters, such as 4.26 (4.455), 2-vinyl-6-
methylpyridine, such as 4.27 (4.456), and a vinyl sulfide sul-
foxide 4.28 (4.457).

?Me N ?Me
CH2=CC00Me 5CH2TCHCOMe i OOM? | P CH2=CSOMe
n°-C Fe(C0), PPh.Br NZ
4.24 .25 4.26 4.27 4.28

The 2-vinylpyridine derivative (4.27) has been developed as an
efficient bis-annulating agent; see eq. 4.239 (4.456).
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| S
Q 0 N= > 60
KOAm-¢ _
e e
a5
5 2. H30
s
MeO
80 (4.239)

A vinyl sulfide sulfoxide 4.29 has been used in an efficient syn-
thesis of 4.30; see eq. 4.240 (4.453).

MeSO
0
oLi >= 'SMe 1.
o She 4.29 P, KOBu :
o AN " Meos
SMe
99% 4.30 (80%)

(4.240)

4.3.4.5 Reactions of Metal Enolates and Related Compounds with
Epoxides

As shown in Scheme 4.6, the reaction of enolates with epoxides
produces y-hydroxy carbonyl compounds. A few noteworthy examples
follow (eqs. 4.241 to 4.244).

0
0 1. L1CH COOLi

2. H30
(55%) (4.241)
< (4.459) <

N
C5H”-n

1.
+
N 2. H,0
3
n-CcH, CH ]L d:o (72%) (4.242)
5 Hll_i 0

(4.460) 0
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I LiNEt HMPA

:izr—CH CH
Me// —<<:::> n- PrCOCHZCHZCHCHZCH

(4.461) OH
95% (4.243)

Note that the reaction shown in eq. 4.243 is readily applicable
to the synthesis of 1,4-diketones.

NaCHZSOCH3

(4.462)

(93%)

W

0 (4.244)

Very interesting results have been observed in the epoxyni-
trile cyclization, which can be explained in terms of stereoelec-
tronic constraints (4.463). For example, the four-membered ring
formation is favored over the usually favored five-membered ring
formation in the reaction shown in eq. 4.245 (4.463b).

1. LiN(SiMe3)2 OH
2. HA](Bu—i)2 OTHP

OTHP
Oiil\v/j<;;\V// (4.463) CHO

52% (4.245)

The back-side attack at the tertiary carbon atom of the epoxide
ring leading to the five-membered ring formation is not compe-
titive, presumably because the carbanionic center cannot readily
reach around and attack the tertiary carbon from the side oppo-
site the oxygen atom, as depicted in eq. 4.246.

0//

\jz:;VC=C=N-

(4.246)
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As expected, the three-membered ring formation is favored over
the four-membered r1ng formation, and partition between the five-
and six-membered rings appears to be governed by various factors
including steric hindrance.

4.3.4.6 Carbon-Carbon Bond Formation via Masked Enolates

The chemistry of metal enolates can, in principle, be expanded
by changing various structural parameters of the metal enolates.
A priori, any metal-containing species that may be classified
either as metal enolates or their hetero analogues would be re-
presented by either 4.31 or 4.32.

M-X-=C- M-X=C=C-
Y
4.31 4.32

In reality, metallated nitriles appear to be the only readily
accessible species represented by 4.32. Simi]ar]y, only 0, N,

and S can be X in 4.31. Interestingly, few species represented
by 4.31 in which X is S have been developed as useful reagents or
intermediates in organic synthesis. We therefore restrict our
discussion to those species represented by 4.31 in which X is
either 0 (4.31a) or N (4.31b). On the other hand, various ele-
ments including C, N, O, and S can be Y, as shown in Table 4.17.

Table 4.17. Metal Enolates and Masked Metal Enolates

Organic Organic
Structure Precursors Structure Precursors
M—O—?=$— aldehydes, M-m—$=$— imines, oximes,
" ketones —?— hydrazones, and so on
M-O-?=?— acids, M-m-?=?— -N=?—?H—
esters, -0 -0
lactones

M-O—§=?- amides, M—N-C=$- —N=$-?H-
lactam
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M-0-C=C- thiol-ester  M-N-C=C- -N=C-CH-
B =5 -S

If the metallated thiol-esters are excluded, the chemistry
of 4.31a has now been reasonably well established, as discussed
in several preceding sections. On the other hand, active and
systematic investigations of the chemistry of 4.31b are largely
of recent origin. For the sake of convenience, we arbitrarily
term the metallated nitriles and species represented by 4.31b
masked metal enolates. Many examples of these species are list-
ed in Tables 4.14 and 4.15, and a few of their reactions have al-
ready been discussed in Sects. 4.3.4.2 to 4.3.4.5. In this sec-
tion, we focus our attention on just one well-investigated case,
that is, the chemistry of oxazolines and dihydro-1,3-oxazines,
which seems to represent new directions in the chemistry of enol-
ates. Although not discussed here, it may be pointed out that
investigations of metal enolates and their masked analogues con-
taining various metals other than Group IA and Group II elements,
such as B, Al, Si, Sn, and transition metals, also appear to be
a promising area.

Carbon-Carbon Bond Formation via Oxazolines and Dihydro-1,3-oxa-
zines. Over the past decade Meyers and his associates have de-
veloped oxazolines, 4.33 and 4.34, for example, and dihydro-1,3-
oxazines, 4.35, for example, as useful masked enolates. Several
reviews on the subject are available (4.464, 4.465).

0 Ph 0 0
_l:jN2>—CH3 ~?[:: 2>—CH3 :i;:M>—CH3
N

MeO
4.33 4.34 4,35

The oxazoline and dihydro-1,3-oxazine rings are relatively
stable to bases. Although organolithiums can attack the C=N bond
of these heterocycles (eq. 4.247), it is generally inert to Grig-
nard reagents, unless it is converted to the corresponding imin-
ium salt. Thus their reactivity as masked carbonyl derivatives
is generally Tower than that of cyanides. On the other hand,
these heterocycles are relatively sensitive to acids and can
readily be converted into the corresponding carboxylic acids and
esters on acidic solvolysis, as shown in eq. 4.248.
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: ‘ ]
2R3 2R oLi - 1. Y e
:>—c "L:: —— Rcoe-r?
a - _elg? 2 MOt '
Li R (4.247)
7
Hy0"
- > RCOOH

0
R‘<§Nj:] ~ Y, EtOH (4.248)
RCOOEt

Alternatively, dihydro-1,3-oxazines can be converted into alde-
hydes via reduction with NaBH, followed by hydrolysis. Further-
more, the a-hydrogen atom of an alkyl substituent in the 2-posi-
tion can readily be abstracted with strong bases, such as n-BuLi
and LDA. These properties can now be exploited in developing
various procedures for the syntheses of aldehydes, as shown in
eq. 4.249 (4.386), ketones,as shown in eq. 4.247 (4.387a), car-
boxylic acids and esters, as shown in eq. 4.250 (<.387b), and lac-
tones, as shown in eq. 4.242 (4.460).

R]CH2_4G9

Rl cH=( (4.249)

R
0 0
2.3 | 1.2
R°R’CC R'RECH=(
l H—<N H—<N
+ +
H..0 lNaBH4 H30 l NaBH,

R'RZCHCHO
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. ’ //f——————————%h RCHZCOOH
n-BulLi

: 0
CH RCH .
3—<\Nl 2R 2_<\N:}‘ H', EtOH

:
RR'CH
—<\q—- EtOH
\————> RR! CHCOOEL

The results shown above indicate that the whole of enolate
chemistry could be rewritten using 1,3-oxazolines and dihydro-
1,3-oxazines as masked carbonyl compounds. One critical question
that might be raised here is whether or not it is necessary or
desirable to attempt to do so. This author believes that the de-
velopment of new procedures for carbon-carbon bond formation is
still a viable research project so long as the procedures devel-
oped are satisfactory and offer some unique synthetic utilities.

Recent investigations by Meyers have established that cer-
tain readily available chiral oxazolines, for example, 4.34, are
highly promising reagents for asymmetric carbon-carbon bond form-
ation. For a highly stimulating discussion, the reader is re-
ferred to a review by Meyers (4.464c). The following examples
represent a few of the as yet very small number of asymmetric
carbon-carbon bond-forming reactions that may be considered use-
ful (ee > 70 to 80%).

. OEt 3
HOaph g1, E=ni-HCT 1. LDA, -78°C
_OMe £ ~ R CH2—<\j/
Ho NN © (4.388) 2. R2X
f

(4.251)
1

Ph H0" R,
Y _— H—-C{ | ———>H~c COOH
H (thN LY:

X\ L1 « OMe OMe
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Pho 2. rx H,,
Me3S10 j/ —— 0
3. H0" R

OMe 70 to
75% ee

(4.252)

1. LDA
1. Buli 0

2. RX ‘< j/ \/\OS1Me P»/@
RCH
2 3. H0* !

80 to
86% ee

. RL1

j,Ph 2. 1t R BBr, (1
/\/\/< (4.467) ,/\(

COOH
OMe 85 to

98% ee
(4.253)

4.4 CARBON-HETERO ATOM BOND FORMATION VIA ORGANOALKALI AND OR-
GANOALKALINE EARTH METALS

The metal atom of the metal-carbon bond of organoalkali and or-
ganoalkaline earth metals can be replaced with either nonmetallic
elements, such as H, N, 0, P, S, and halogens, or various metal-
lic elements (transmetallation).

4.4.1 Formation of Carbon-Hydrogen Bonds -- Reduction of Organic
Compounds via Organometallics of Group IA and Group II
Elements
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Conversion of the metal-carbon bond of organometallics of Group
IA and Group II metals can be achieved either via protonolysis
or via hydrogenolysis (eq. 4.254). Deuterium labeling can be
achieved through the use of the corresponding deuterium com-
pounds. :

HX(DX)
RH(D) + MX

RM (4.254)

H, (D
o RH(D) + MH(D)

Except for organomercury compounds, organometallics of Group IA
and Group II metals are readily protonolyzed by water (hydroly-
sis), alcohols, and various other proton acids. Many of these
reactions take place cleanly and quantitatively. Since the pro-
tonation is operationally simpler and generally cleaner than the
corresponding hydrogenation, the latter reaction is seldom used
in organic synthesis. In cases where the metal-bearing carbon
atom is configurationally stable, the hydrolysis of organoalkali
and organoalkaline earth metals appears to proceed generally with
retention of configuration.

1 1

RZ\\C=C(:H P20 - RZ::C=C/’H (4.255)
RS Li R ~p
D,0 (4.256)
Li (4.468) D
H H

Although protonolysis is one of the most significant and
widely used methods for the conversion of organometallics of
Group IA and Group II metals into organic products, the success-
ful use of simple protonation reactions does not require exten-
sive discussion here. In this section, only those protonation
reactions that pertain to the reduction of organic compounds are
briefly discussed.

4.4.1.1 Reduction with Dissolving Metals -- General Discussions

Aqdition of electrons to organic substances usually takes place
either by one-electron or two-electron transfer. Dissolving
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L4

metal reduction generally involves a series of one-electron
transfer steps, while reduction with metal hydrides, including
catalytic hydrogenation, usually, but not always, involves two-
electron transfer reactions.

Metals. The metals used commonly in the dissolving metal reduc-
tion include Li, Na, K, Mg, Ca, Zn, Al, Sn, Ti, and Fe. The ver-
satility of the alkali and alkaline earth metals in the dissolv-
ing metal reduction stems from the fact that they are readily
oxidized to the corresponding cations, as indicated by their low
jonization energies (Appendix IV) and by their high oxidation
potentials (Table 4.18).

Table 4.18. Oxidation Potentials? (in Tiquid NH3 at 25°C)
Reaction e (V)
R L Ay +2.34
Na ——= Na® + e +1.89
R K+ + e- +2.04
Mg —— Mg'2 + 2¢° +1.74
Ca ——> Ca™ + 2¢° +2.17
n ~———— Zn+2 + 2e° +0.54

2The oxidation potentials in the table are taken from Jolly, W.
L., J. Chem. Educ., 33, 512 (1956).

General Scheme and Selection of Proton Donors. Both multiple
bonds and single bonds have been reduced with dissolving metals.
Although the exact course of reduction depends on a number of
factors, including metals, proton donors, and solvents, the gen-
eral scheme for the dissolving metal reduction may be represented
by Scheme 4.9. For the sake of simplicity, only the scheme for
the double bond reduction is shown. The scheme for the reduction
of single or triple bonds may be obtained by deleting or adding
one X-Y bond, respectively.
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Scheme 4.9
radical X-Y~ TX-Y
| or ]
///r g X-Y X-Y
e~ . protonation X-YH “X-YH
X=Y —— [X-Y~ - | or [ —— | or_
i HX-Y HX-Y
X -Y
double
one-electron
\\\ transfer _
TX-Y

Of the three paths shown in Scheme 4.9, the double one-elec-
tron transfer process is relatively uncommon and appears to be
practically limited to cases where the electrostatic repulsion
between the two negatively charged centers can be minimized (1)
through delocalization, (2) by the formation of tight ion pairs
or highly covalent species, or (3) by the use of solvents of Tow
?ie]ecgric constant. A typical example is shown in eq. 4.257

4.469).

H Li

Li, THF
OLY e
H Li
l:::"!::l (4.257)
H Na
Na, DME “
N Q) e
H

The relative rates of radical coupling and protonation reactions
can be controlled most readily by controlling the rate of pro-
tonation which, in turn, can be achieved by choosing an appro-
priate proton donor. In the absence of a substance that can act
as an efficient proton donor, radical coupling becomes the pre-
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dominant reaction path. Even if a proton donor is used, radical
coupling can still be a serious side reaction. Effective sup-
pression of radical coupling can, in principle, be achieved by
promoting protonation through the- use of strong acids. Unfor-
tunately, however, metals of high oxidation potentials are read-
ily decomposed by strong acids, which severely restricts the
selection of proton donors. From the practical viewpoint, the
dissolving metal reductions /may be classified into the following
four categories according to the proton donor used:

1. Reduction with metals and protic acids (pKa < 10).

2. Reduction with metals and neutral protic compounds (pKa 15 to
30),

3. Reduction with metals and protic bases (pKa > 30),

4. Reduction with metals in aprotic solvents.

Reduction Potential of the Organic Substrates. It is essential
to select a proper reagent combination that best suits the de-
sired transformation. In addition to the parameters discussed
above, the reduction potential of the organic substrate, which
can be quantitatively expressed in terms of the polarographic
half-wave reduction potential defined as shown in Fig. 4.1, is an
important criterion in this respect.

422—Limit1ng current

Current

Residual —
current GT

1
| 2

Potential (v)

)

Fig. 4.1. Polarographic half-wave reduction potential (e

1
2
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When the electrode potential is low, only the residual current
is observed. As it approaches the reduction potential of the
substrate, a rapid reduction, which is reflected by a sudden in-
crease in current, is observed. It reaches the limiting value,
however, as the reduction becomes of diffusion control. The
electrode potential corresponding to the half-way point of the
diffusion current is defined as the polarographic half-wave pot-
ential (ey). The reduction potential is a measure of the elec-
tron affinity, that is, the energy liberated when an electron is
added to the substrate. Thus it should be roughly proportional
to the energy of the Towest unoccupied molecular orbital (LUMO).
Table 4.19 1ists the half-wave reduction potentials of some
organic substances versus a standard calomel electrode (SCE).
The smaller the absolute value is, the easier the reduction is.

Table 4.19. The Half-Wave Reduction Potentials of Some Organic

Compoundsa
Compound e, versus SCE Compound e, versus SCE
2 2

= b
@-)3CH 1.05 CH,CH=CHCO,Me ~2.33
@@@ 1.21 @—CH=CH2 2.37

H=CHCHO 1.34 @@ _2.46
HO -1.59 ~|—<}002Me -2.502
CH=CHCOCH -1.642 +®—LN ~2.552

Q@

Q
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©©© -1.96 ‘CH2=CHCH=CH2 -2.63
QD
'd

3Unless otherwise noted, the values are taken from Streitwieser,

A., Jr., Molecular Orbital Theory for Organic Chemists, John
Wiley & Sons, New York, 1961.

QHouse, H. 0., Acc. Chem. Res., 9, 59 (1976).

The following discussion of specific dissolving metal reduc-
tions and related reactions is very brief. For further details,
the reader is referred to a textbook by House (4.316) and refer-
ences cited in this section.

4.4.1.2 Reduction of Carbonyl Compounds with Alkali and Alkal-
ine Earth Metals

The Bouveault-Blanc and Related Reductions. Aldehydes, ketones,
and esters can be reduced to alcohols with alkali metals in the
presence of alcohols, such as EtOH, used as proton donors. The
reduction of esters by this method is called the Bouveault-Blanc
reduction which most 1likely proceeds by the following mechanism
(eq. 4.258).

Na . EtOH . Na @
RCOOEt ———= REOEt ————= REOEt ———= RCOEY
ONa OH OH
EtOH H Na i EtOH
——— ROOFt ——— RCH ——> RCH ———— ROH (4.258)
OH 0 ONa OH
Na M@ Etod
—= RCH ————> ROH,0H

OH
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Similar mechanisms may be written for the reduction of aldehydes
and ketones. The dissolving metal reduction of ketones tends to
produce thermodynam1ca11y more stable products, as shown in eq.
4.259 (4.470)

L1, NH
(4.259)
Et2 , t- BuOH

98% trans

In this respect, the dissolving metal reduction is often comple-
mentary with the metal hydride reduction, which tends to give the
thermodynamically less stable isomers (Sect. 5.2.3.6).

The Clemmensen Reduction. In the presence of efficient proton
donors, such as HCI, the reduction of ketones and aldehydes with
zinc amalgam can produce the corresponding methylene and methy]l
compounds, respectively. The Clemmensen reduction has been re-
viewed in a comprehensive mander by Martin and Vedejs (4.471).
The reaction is commonly run in a three-phase system consisting
of zinc amalgam, aqueous HCI, and a nonpolar organic solvent,
such as toluene, to minimize.unwanted radical coupling. Amal-
gamation of zinc raises its hydrogen overvoltage to the point
where it can resist the attack by HCl1. Hydrogen halides are
about the only strong acids whose anions are not reduced by zinc
amalgam. It should be noted that the potential required for re-
duction of ketones in strong acidic media is substantially less
(ca. -1.0 V) than that in neutral media (-2.0 to -2.5 V).

The mechanism of the Clemmensen reduction is unclear, since
alcohols are not reduced under the Clemmensen conditions, they
cannot be intermediates. The reaction is often complicated by
skeletal rearrangements. The following scheme is based on the
one that was proposed in the literature; see eq. 4.260 (4.472).

Zn

R]—'(':—Rz =0 R]-ﬁ—RZ T M R]-(;Z-Rz + .7nCl
0 *OH OH
ZnC1 ZnC1 ZnC1
b HC | |
102 11 2 1 I+ 2
Mo g.plogpt == o plogipst - - . pl cfp (4.260)
OH *0H
2
In %nmz 1 %nc; HC1 1 2
— R-C-R® ———= R-C-R" ——— R'-0H,R

ZnC1
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The intermediacy of a carbocationic intermediate in the above
mechanism is consistent with frequently observed skeletal rear-
rangements. Any of the organozinc intermediates shown in eq.
4.260 can be protonolyzed under the reaction conditions. Thus
various minor modifications of the above mechanism may also be
considered as plausible paths.

It is useful to know that the deoxygenation of ketones can
also be achieved by various other methods including (1) the
Wolff-Kishner reduction, (2) treatment of tosylhydrazones with
NaBH3CN (Sect. 5.2.3.6), (3) reduction of ketones to alcohols
followed by tosylation and reduction with LiAlHg4 or LiBR3N (Sect.
5.2.3.6), and (4) conversion of ketones into thioketals followed
by hydrogenation over Raney nickel (Sect. 10.1.3).

The reduction of oa-halo, a-hydroxy, and a-acetoxy ketones
with zinc and HOAc follows a different reaction path, the over-
all change being the removal of the a-hetero substituents (eq.
4.261).

18’|‘23 Zn, HOAc

I
RI-c-CRZR®S — o R'_C-cR%R®

(4.261)

X = halogen, OH, 0OAc, and so on

The reaction can be used in tandem with the acyloin reaction for
the conversion of dicarboxylic acid esters into cyclic ketones,
as shown in eq. 4.262 (4.473).

1. Na /7 Nc=0  1In > c=0

COOEE —— ——= ——— (CH,y)g |

= (CHy)g )
2. H30 \&® CHOH  HC1 ",

HOAc

EtOOC(CH2)8

The mechanism of the reaction has not been clarified. It
may involve the initial attack by zinc either at the carbonyl
group, as in the Clemmensen reduction, or at the C-X bond. Al-
ternatively, zinc may interact simultaneously with both the car-
bonyl and the C-X bond, as shown in eq. 4.263.

g“.Zn."}
0y (x 0ZnX
i In i l |
R1-C-CRZRS — = R1-C XX cR%R3 — = R1_c=cR?R® (4.263)
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The Acyloin Reaction and Related Reactions. In the absence of
efficient proton donors, the radical coupling process predomi-
nates. The reductive coupling of esters with sodium gives acy-
loins (4.474). Unlike essentially all other known cyclization
reactions of chain molecules, the acyloin reaction can readily
produce medium ring carbocycles in high yields. The synthesis of
large rings by ordinary cyclization reactions requires the use of
either the high dilution technique or other special reaction con-
ditions. On the other hand, the acyloin reaction does not re-
quire such special reaction conditions.

The reaction presumably proceeds by the mechanism shown in
eq. 4.264.

ONa
Na ! |
ZRRUORI e e e 2R(’:0R' —— > RC—OR'
xylene
ONa R?———OR'
ONa (4.264)
RC=0  2Na  RC-ONa H3o+ RC=0
———— || ———= || —
RC=0 RC-ONa RCHOH

Although small and common rings (four- to seven- membered)
can also be prepared by the acyloin reaction, the Dieckmann cy-
clization reaction (<.475) induced by the endiolate intermediate
tends to be competitive in these cases. This problem, however,
can be alleviated by trapping the endiolate intermediate with
Me3SiCl, as shown in eq. 4.265 (4.476).

Na, toluene .
E£00C(CH, ) cCOOEE - 051Mes (4 265)

Me3S1C1 051'Me3

75%

Reduction of ketones with alkali and alkaline earth metals
in the absence of proton donors produces pinacols. In the past,
Mg, Mg(Hg), and A1(Hg) have been used extensively. More recent-
1y, however, the combined use of Mg(Hg) and TiCl4 has been re-
commented for this transformation; see eq. 4.266 (4.477).
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TiC1,-Mg(Hg) [j::]
' OH

0 THF
CHO ' OH

0% (4.266)

4

4.4.1.3 Reduction of Alkenes, Alkynes, and Arenes with Alkali
and Alkaline Earth Metals

Alkenes. Simple alkenes are not readily reduced with dissolving
metals. They can, however, be reduced with sodium in a mixture
of t-BuOH and HMPA at 25°C (4.478). A wide variety of olefins,
such as 1-hexene, methylenecyclohexane, 3-hexene, cyclohexene,
norbornene, and 29-10-octalin, have been reduced to the corre-
sponding alkanes and cycloalkanes.

Alkenyl groups that are conjugated with carbonyl, alkenyl,
or aryl groups are readily reduced with dissolving alkali metals.
The reduction of a,g-unsaturated carbonyl compounds with alkali
metals provides a regiospecific route to the corresponding metal
enolates, as discussed in Sect. 4.3.4.1.

In contrast with catalytic hydrogenation (Sect. 10.1.3), the
dissolving metal reduction of a,B-unsaturated ketones generally
produces thermodynamically more stable stereoisomers, as shown
in eq. 4.267 (4.327).

LS NH3
—_— (4.267)
0 t-BuOH

(1 equiv)

= =000

Conjugated dienes can be readily reduced with alkali metals, as
exemplified by the reaction shown in eq. 4.268 (4.479).
Na

2 1iquid NH 5

CH

CH2=CHCH=CH CH=CHCH3 (4.268)

3
(E)- and (Z)-isomers
Styrene and its derivatives can also be reduced with alkali

metals. This reaction provides an important procedure that has
been used for the synthesis of 19-norsteroids; see eq. 4.269
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(4.480), including a number of oral contraceptives.

MeO

The more stable trans isomer is formed selectively.
Acetylenes. Internal acety1enes are readily reduced to trans-

olefins with alkali metals in 1iquid NH3. The reaction most
probably proceeds by the mechanism shown in eq. 4.270.

M /D My | R O___ R\C A

RC=CR ———» RMC=C — ————> » c=C
R H” R H b
MR MMM, R M (4.270)
S EERSEE c=¢c”

e T
M= Li, Na, or K

Trans stereochemistry may be explained based on reasonable as-
sumptions that the trans-alkenyl radical is the more stable ster-
eoisomer and that it is this isomer that is converted into the
configurationally rigid alkenylmetal intermediate with retention.
With respect to stereoselectivity, the reaction is complementary
with t?e catalytic hydrogenation over Lindlar's catalyst (Sect.
10.1.3).

In the absence of an efficient proton donor, terminal ace-
tylenes are converted to metal acetylides which are resistant to
the attack by alkali metals in 1iquid NH3. In the presence of
NHaCl1, however, the formation of metal acetylides can be prevent-
ed, and the terminal acetylenes can also be converted into ole-
fins (eq. 4.271).

It has recently been reported that internal acetylenes can
be reduced to cis-olefins with zinc powder in 50% aq 1-propanol
(4.481). cis stereochemistry can be explained in terms of either
the metallocyclic intermediate 4.36 or a heterogeneous surface
reaction mechanism 4.37.
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‘Na ) A Na
> RC=CNa — > N.R.
Tiquid NH liquid NH3

et (4.271)

Na

RCH=CH
1liquid NH3
NH4C1

R R R R

Ne-” N/

L/

Zn - Sl _ S5 RE
4.36 4.37

The Birch Reduction. The reduction of arenes with alkali metals
is called the Birch reduction (4.482). The reaction provides a
unique and synthetically highly useful route to dihydroaromatic
derivatives. The reaction typically involves treatment of arenes
with lithium or sodium in liquid NH3 either in the presence or in
the absence of an alcohol, such as EtOH and ¢-BuOH. Lithium has
both a higher molar solubility and a higher redox potential in
NH3 than sodium or potassium, and reactions with lithium are
often cleaner than those with the heavier alkali metals.

Ease of reduction can be roughly correlated with the reduc-
tion potential of the substrate and decreases in the order:
anthracene > phenanthrene > naphthalene > biphenyl > benzene.
Benzene itself cannot readily be reduced with alkali metals in
Tiquid NH3, and its reduction to 1,4-cyclohexadiene requires the
use of a more efficient proton donor, such as EtOH. The results
can be accommodated by the following scheme (eq. 4.272).

H H

@«———‘M——>
(4.272)
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For the reduction of biphenyl and fused polycyclic aromatics,
Tiquid NH3 is a sufficiently strong acid.

The regiochemistry of the Birch reduction presents an inter-
esting puzzle. The major products are skipped dienes rather than
conjugated dienes or styrene derivatives. An early explanation
was based on electron repulsion between the two carbanionic cen-
ters of a dianion intermediate. The available data, however, in-
dicate that in the great majority of cases dianions are not
formed. Although there is no intuitively obvious explanation,
the most satisfactory explanation is based on the MO theory. It
is reasonable to predict that protonation takes place on the car-
bon atom of the highest electron density, as determined by the
coefficients of the LUMO. Thus, for example, the first proton-
ation in the reduction of naphthalene may be predicted to take
place in the a-position based on the coefficients of the LUMO in-
dicated in 4.38.

0.18 H H
0
M
4.38
(4.273)
H H H H
—_— —_—
0.5 o H

4.39

Simple HMO theory fails to correctly predict the regiochemistry
of the second protonation, since it gives the same coefficient of
0.50 to both a- and y-positions of the allylic moiety in 4.39.
When the electron-donating and electron-attracting effects of the
benzyl and the aryl groups, respectively, are taken into consid-
eration, we can predict that the second protonation will also
take place in the a-position.

The contrasting regioselectivities exhibited by electron-
donating and electron-attracting substituents can also be ex-
plained in a similar manner. The available information is sum-
marized in Scheme 4.10. Typical examples follow. Arenes con-
taining electron-donating substituents tend to give the most
highly substituted 1,4-dienes, as shown in eq. 4.276.
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as indicated for the cases of naphthalene derivatives in Scheme
4.11.

Scheme 4.11

\ :
(X = electron attracting)
X /
Q0 !
— :

The course of the Birch reduction can be further controlled
in a delicate manner either by varying proton donors or by using
suitable additives, as exemplified by the results shown in eq.
4.277 (4.482c).

Na, EtOH Li, NH3 (4.277)

Iron catalyzes the reaction of alkali metals with NH3 to form
metal amides, thereby preventing or minimizing overreduction by
excess alkali metals.

electron donating)

4.4.1.4 Reduction of Carbon-Hetero Atom Single Bonds with Alkali
and Alkaline Earth Metals
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C-X(halogen) Bonds. The two-step procedure for the reduction of
carbon-halogen bonds is discussed in Sect. 4.4.1. B-Chloro en-
ones can be converted into dehalogenated enones with Zn-Ag in
MeOH (<.483). .

C-0 Bonds. Various types of activated C-0 bonds can be cleaved
with alkali metals. The C-0 bonds between benzylic or allylic
groups and the oxygen atom as well as those of epoxides are suf-
ficiently reactive so that they do not require an additional
activating group, as indicated by eqs. 4.278 to 4.281.

Na, NH

PhCH,~OR < PhCHy + HOR  (4.278)
1 1
R Li, NHgo NH,CI R

Ar-C-OH Ar-C-H (4.279)
éZ (4.484) &2

The reaction shown in eq. 4.279 can be used in tandem with the
carbonyl addition reactions of organolithiums or Grignard rea-
gents to produce a variety of alkyl-substituted arenes, as shown
in eq. 4.280.

OH (4.280)
oo Ot K g AN
e ————
NH4C1
90%

It is noteworthy that neither regiochemical nor stereochemical
scrambling takes place to any significant extent.

1. Li, NH2CH2CH2NH2

2. Hy0
CX - (K, o
(4.485) H

93%

The reaction involves predominant cleavage at the less hindered
epoxide carbon atom.
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Cleavage of other types of C-0 bonds generally requires the
presence of an activating group. Phosphoryl groups are some of
the most commonly used activating groups, as shown in the follow-
ing examples.

“To C]PO(NMeZ)

2
2. Li, EthH,
R, CHOH ~  RyCH, (4.282)
(4.486)
1. CIPO(NMe,),
2. Li, EtNH « M
~C=C-0L] 2 c=c” (4.283)
b (4.486) 7N

e C]PO(OEt)Z, NaOH
R

R 2. Li, Na, or K, N,
H 2§§z§>—H (4.284)
(4.487)

<

O\P/NMe2
v o
H OH C1,P0O(NMe.,,)
=Y/ 2 2)
H‘C CIH (4.488) TR I
3 771578 HiC  CoHig-n

]Na, xylene

(4.285)

H3C C7H15-n

Q—S Bonds. Reductive cleavage of the C-S bond with alkali metals
is facile and general with respect to the organic group bonded to
sulfur. 1Its scope may be indicated by the following examples.
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W - EtNHz /(/\/(/\/‘\
4 489
(4.286)

It should be noted that the‘p1eavage of the allyl-S bonds with
Tithium in EtNHp proceeds in a regio- and stereoselective manner,
as mentioned in the discussion of the Biellmann 1,5-diene synthe-
sis (Sect. 4.3.2.1). Even secondary alkyl-S bonds can be cleaved
with dissolving metals; see eq. 4.287 (4.490).

R “SPh R L1, NH
(4.287)

C-N and C-P Bonds. Although the C-N and C-P bonds of amines and
phosphines are highly resistant to the action of dissolving
metals, certain activated ammonium and phosphonium salts can be
reduced with dissolving metals, as shown in eqs. 4.288 and 4.289.

CH3 CH3
+
H,C CHZN_Me3 Na(Hg), Hy0  H,C CH, (ra
I (4.491) <:>
90%
RS : R3
R]\[/\(\/KR L Eidilgy R \[/\/\/I\ 4
Z N4 < . ~ 7N}
2 +
R PPh3 (4.492) R2 (4.289)

4.4.2 Formation of Other Carbon-Hetero Atom Bonds Containing
Nonmetallic Elements

The metal-carbon bond of organometallics of Group IA and Group
IT metals can be converted into various other carbon-hetero atom
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bonds including C-X(halogen), C-0, C-S, C-Se, C-N, and C-P bonds
(Scheme 4.12).

Scheme 4.12

Xz " RoZ
X ——_ S C-0R
RSZ R,NZ

c-R-——+— C-M ———— C-NR2

RSeZ / N R2PZ
C-SeR C-PR2

X = halogen, Z = a good leaving group

These reactions seem to require reagents, represented by Y-Z,
which are either highly polarizable or polarized such that the Y
and Z groups are partially positively and partially negatively
charged, respectively (eq. 4.290). The mechanistic details of
these reactions, however, are not very clear. There are indica-
tions that some of these reactions proceed by one-electron pro-
cesses.
co—mtt ¥ sy o+ M-z (4.290)
Since the Group V, Group VI, and Group VII elements of our inter-
est, that is, halogens, 0, S, Se, N, and P, are generally highly
electronegative, the availability of suitable leaving groups Z,

which can induce the desired bond polarization, is very limited.
4.4.2.1 Halogenolysis

Conversion of the carbon-metal bond of organometallics of Group
IA and Group II metals into carbon-iodine and carbon-bromine
bonds is generally a facile process of high synthetic signifi-
cance. Although Tess facile, formation of the carbon-chlorine
bond is also a synthetically useful reaction. On the other hand,
the corresponding fluorination does not appear to be of much syn-
thetic use.

Preferred reagents are molecular halogens, their complexes
with phosphines and amines, for example, Brp-PPhs and Bro-pyri-
dine, and N-halosuccinimides. The use of complex reagents and
N-halosuccinimides is desirable in cases where organometallic in-
termediates contain some functional groups that are sensitive to
molecular halogens, such as olefins.
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Halogenolysis of the
proceed with retention of
stereochemical details of

metalfalkenyl'carbon bond can often
configuration. On the other hand, the
the halogenolysis of the metal-alky]l

carbon bonds are not very clear. - Some representative examples
of halogenolysis follow.
Ly
n-BuC=CLi ,~———  n-BuC=CI (4.291)
THF
BY‘2
Ph2C=C61Li e Ph2C=CC1Br (94%) (4.292)
(4.493)
Li
—_>. (64%) (4.293)
Cl (4.494)
OLi
Brz, _78 C
(85%) (4.294)
(4.495)
0 F (CH Br (85%)

4.4.2.2 Formation of C-0,

Formation of C-0 Bonds.

(4.295)

C-S, C-Se, C-N, and C-P Bonds

Autoxidation of organoalkali and organo-

alkaline earth metals can give a variety of products, the major
products obtained after hydrolysis being alcohols and coupled hy-

drocarbons.
better yields of alcohols
ganolithiums (<.497).

Autoxidation of Grignard reagents generally gives

than the corresponding reaction of or-

Although high yields of alcohols have been

obtained in some favorable cases, for example, eq. 4.296 (<.4938),
these reactions have not yet been developed into synthetically

useful procedures.
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Ul 02 (
Li = Et OH 4.,296)
\ 2. HyOt \V4

70%

Et

An indirect but more dependable method for converting or-
ganometallics of Group IA and Group II metals into alcohols in-
volves their conversion into organodimethoxyboranes followed by
oxidation with alkaline hydrogen peroxide; see eq. 4.297 (4.499).

K FB(OMe) B (0OMe NaOH OH
H202 (4.297)

The following reactions appear to be satisfactory for the hydro-
xylation of metal enolates.

1. MoOg, Py, HHPA
-C=C-OM
(4.500) \ 0
. Ll
Me3S1C1 1. MCPBA —?—C— (4.298)
HO
2. H50
1 .
~C=C-0SiMe, 2 /
(4.501)

Formation of C-S and C-Se Bonds. Organometallics of Group IA
and Group II metals can react with disulfides (e.g., MeSSMe, and
PhSSPh), sulfenyl halides (e.g., MeSC1, and PhSC1), diselenides
(e.g., PHSeSePh), and selenenyl halides (e.g., PhSeCl) to form
the corresponding sulfides and selenides, respectively.

RZSX

i R R
R'M ) (4.299)

RZSeX
S~ Rlser?

X = halogen, SR2 or SeR2






Group IA, Group 11A and Group 11B Elements (Li, Na, K, Mg, Zn, Cd) 245

PhSeSePh
HMPA

(4.508)

(4.306)

While sulfenyl and selenenyl halides are more reactive than
the corresponding disulfides and diselenides, the latter rea-
gents are more convenient. In the sulfenylation, ester or lac-
tone enolates react readily with both MeSSMe and PhSSPh, ketone
enolates react only with the more reactive PhSSPh in THF. The
use of HMPA as a cosolvent permits the use of MeSSMe, however.
The relative reactivities of ketone and ester enolates are in-
dicated by eq. 4.307 (4.312).

COOMe COOMe

. L1NR
2. MeSSMe
(4. 312)

COOMe ey

The corresponding selenenylation appears to be much more
facile than sulfenylation and can be achieved with PhSeSePh,
PhSeCl, or PhSeBr. Although the method does not appear to have
been used with aldehyde enolates, it works well with Tithium en-
olates derived from esters (<4.509), lactones (4.506, 4.508),
nitriles (4.507), and lactams (4.510). Ketone enolates have not
successfully been . selenenylated with PhSeSePh. Selenenyl hal-
}des, §uch as PhSeCl1 and PhSeBr, however, are satisfactory

4.506).

One of the major synthetic applications of sulfides and
selenides is based on the fact that they can readily be convert-
ed into olefins via oxidation-elimination. Conversion of sul-
fides and selenides into the corresponding oxides is achieved
with various oxidizing agents, such as NalOg and H202. The
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elimination reaction of g-carbonyl-substituted sulfoxides takes
place at 25 to 80°C with aryl sulfides and at 110 to 130°C with
alkyl sulfides. The corresponding elimination reaction of sel-
enoxides is much more facile and-usually takes place at or be-
low room temperature. The regiochemistry of the 2,3-shift of
sulfoxides in acyclic systems generally, but not always, follows
the order: C(=C-CHp ~ C C-CHp > ArCHp ~ CH3 > 3C-CHp >> 3C-CHR.
The regiochemistry in cyclic systems is controlled to some de-
gree by the cis, syn nature of the 2,3-shift process. The
following examples indicate the synthetic utility of the olefin-
ation sequence.

H SOPh
COOMe P(OMe)S, 70°C
(4.511)
. LiCA
2 PhSSPh
(4. 512)
acorenone
(4.309)
PhSe
(4.310)

NaIO4, MeOH

(4.513)
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Introduction of two sulfur substituents in the a-position
of carbonyl compounds can readily be achieved, as shown in eq.
4.311 (4.514). This bissulfenylation reaction can be adapted to
?chiev§ a 1,2-carbonyl transposition, as shown in eq. 4.312

4.515). .

0 1. LICA

2. PhSSPh SPh
PR - (90%) (4.311)

(4.514) Ph

0 1. LiN
0 OMe 0 ¢ 0 .
PhS €
<::> 2. PhSSO,Ph  pps
—_— e e e g
(4.515)
N

N Me (4.312)

Me
Another useful application of a-sulfenylation of carbonyl

compounds is the following oxidative decarboxylation; see eq.
4.313 (4.516)

CH,0CH oH
//»\\COOH . LDA, HMPA “"'3
2. MeSSMe SMe

COOH COOH
1. NCS, NaHCO3 (4.313)
MeO
MeOH
— /4
2. HC1, H20 0

Various other sulfur compounds react with organometallics
of Group IA and Group II metals. A few examples are shown below.
It is interesting to note that the reaction of sulfonates gives
sulfones, whereas that of thiosulfonates gives sulfides.
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RIL

ArS0,0R > ArSOZR] (4.314)
(4.517)

R = Ph, n-alkyl; R' = alkyl, aryl

RILT 1
ArSOZSPh PhSR (4.315)
(4.515)
502C12 -85 to -20°C
RLi R502C1 (4.316)
(4.518)
40 to 60%

R = Bu, s-Bu, i-Bu, neo-Pent

For additional examples and other applications of sulfenyl-
ation and selenylation of organometallics of Group IA and Group
%I metals, see recent reviews by Trost (4.312, 4.519) and Clive

4.290).

Formation of C-N and C-P Bonds. Although conversion of organo-
metallics of Group IA and Group II metals into amines has not
been investigated extensively, the following procedure appear
promising.

RMgX + MezNOTs e 2 RNMe2 (4.317)
(4.520)
RCHCOOLi + NHZOCH3 ——— > RCHCOOH (4.318)
t. (4.521) '
i NH2

Far more general and straightforward is conversion of organomet-
allics of Group IA and Group II metals into phosphines. A few
representative examples are shown below.

—-C=CLi + PC1, - (+c;c-)3p (4.319)
(4.522) c
, 989%
Li N@—U’ + PhPCI > (H NO) PPh (4.320)
2 2 e 2 O 2

93%
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Li—@—h’ + Ph,PCI Ph2P©—PPh2 (4.321)
(4.524)

68%

4.4.3 Transmetallation Reactions of Organometallics of Group IA
and Group II Metals

As pointed out in Sect. 2.11, the ready availability of organo-
Tithiums and Grignard reagents and the high electropositivity of
1ithium and magnesium make these organometallics highly desirable
reagents for the preparation of organometallics containing var-
ious other metals. The reaction is also discussed in almost all
of the following chapters. For extensive discussions of the
reaction, the reader is referred to monographs by Wakefield
(4.1), Coates (0.6), and Nesmeyanov (0.8). In this section, a
brief survey of the reaction and a few specific examples which
are not discussed in other chapters will be presented.

Organolithiums can be and have been converted into organo-
metallics containing essentially all metals except some of Group
IA and Group IIA metals (<4.1). Although it may seem contradic-
tory to the generalization presented in Sect. 2.11, organolith-
iums have been used even for the preparation of organosodiums and
organopotassiums by making use of the fact that organosodiums and
organopotassiums tend to be insoluble in hydrocarbons; see eq.
4.322 (4.525).

RLi + MOBu-t ——— RM¢ + LiOBu-t (4.322)
M= Na or K

While organolithiums do not appear to have been used in preparing
organometallics containing Ca, Sr, and Ba, organoberylliums and
organomagnesiums can be prepared from organolithiums (eq. 4.323).

MgC1, RLi
RLi ———=> RMgCl ——— R,Mg (4.323)

Although the transmetallation reaction of organolithiums and
Grignard reagents is of wide applicability and often proceeds
cleanly, several side reactions can complicate the desired reac-
tion. Two of the most common side reactions are "ate" complex-
ation and disproportionation. "Ate" complexes are often formed
as intermediates in the transmetallation reaction. When they
contain a good leaving group, they can decompose under the reac-
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tion conditions to form the desired transmetallated products. If
not, they are obtained as unwanted products.- A general reaction
scheme for the reaction between an organolithium and a chloride
of a divalent metal, for example, “is as follows.

LiR
MC12 —_— LiMRC]2 ——— > MRCI
s -LiCl
"ate" complex (4.324)
LiR LiR
- LiMR,(1 ——— MR, ——— LiMR
2 . 2 3
-LiC1
"ate" complex "ate" complex

In the reaction shown in eq. 4.324, it might appear that the use
of MCTp and LiR in the 1:2 ratio would exclusively produce MRp.
In reality, however, the formation of LiMR3 is often competitive.

Another very commonly encountered reaction complicating the
transmetallation reaction is disproportionation. Except in cases
where the overall structure of organometallics is important as in
the carbonylation of organoboranes (Sect. 5.2.3.3), for example,
the disproportionation reaction does not usually affect the
course of an organic synthesis in a serious manner. Thus chem-
ists can successfully use Grignard reagents without knowing the
exact Schlenk equilibrium constants.

4.5 OTHER SYNTHETIC APPLICATIONS OF ORGANOMETALLICS OF GROUP IA
AND GROUP II METALS

4.5.1 Other Synthetic Applications as Intermediates

So far we have focused our attention mainly on those synthetic
applications of organoalkali and organoalkaline earth metals that
involve only the formation and scission of metal-carbon bonds
(Type A process in Scheme 3.1). Although much less commonly en-
countered, those that additionally involve organometallic inter-
conversions (Type B process) can also be synthetically useful.
Organometallic interconversion reactions are classified into
three types in Sect. 3.2.2.1. Of the three, only those that in-
volve organic ligand transformations accompanied by both form-
ation and cleavage of the metal-carbon bonds (Type III) are worth
mentioning here. They include metallotropy, disproportionation
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ligand displacement, carbometallation, and Tigand migration
(Sect. 3.2.2). The synthetic utility of the carbometallation of
organoalkali and organoalkaline earth metals is discussed in
Sect. 4.3.2.5. Of particular interest here are some metallotro-
pic reactions of organometallics of Group IA and Group II metals.

4.5.1.1 Allylic Rearrangement and Acetylene "Zipper"

As pointed out in Sect. 1.6, the 1,3-shift or allylic rearrange-
ment of organometallics is often a very facile process. Although
it usually represents a nuisance, it can provide useful synthe-
tic procedures in favorable instances. A few recent discussions
of the allylic rearrangement of organomagnesiums are available
(4.526 to 4.528).

One of the most interesting and useful functional modifi-
cation reactions involving organoalkali metals is the acetylene
"zipper" reaction which presumably proceeds via a series of ally-
lic (propargyl-allenyl) rearrangements. The reaction involves
treatment of internal acetylenes with potassium 3-aminopropyl-
amide (KAPA) in 1,3-diaminopropane (APA), which induces an ex-
ceedingly facile multipositional isomerization of the internal
acetylenes into terminal acetylenes; see eq. 4.325 (4.325).

KNH (CH, ) .NH
R'C=C(CH,) CH 2’3 2 R](CHz)n 4 1C=CK
NH (CH,) 5NH,

2)n 8

(4.325)

Although many related acetylene isomerization reactions had been
reported previously (4.530), the new procedure appears to be far
more facile and generally applicable than any of the previously
known procedures. Typically, the isomerization of 7-tetradecyne
into ;—tetradecyne is over in a few minutes at 15 to 20°C (eq.
4.326).

NN T NN
KNH(CH2)3NH2
NH, (CHy ) JNH.

(4.326)

P e

15 to 20°C
1 to 2 min
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The product yields are often quantitative in the isomerization of
simple acetylenes.

Although the exact course of the react1on is unclear, it can
be rationalized in terms of a series of deprotonation-allylic re-
arrangement-protonation processes, which may be either stepwise
(eq. 4.327) or synchronous (eq. 4.328).

H K K
. KN N .
R'-C=C-C-R2 2, R -QC%-RZ—» R!_C=c=C-R?
H H H
N : 3 o KHN NH., : H ,
2 Rl_c=c=C-R R'-C=C=C-R (4.327)
H K
H H
| H,N NH |
- R1—(|:-C:C-R2 2 2 R1—IC—C c-R?
K ¥
HNJ &NH
1 | 2 HoN NHK 1 : Kv’H
R -C=C-C-R R -CEC C R
|
H H
~ (4.328)
HNy  TNH
J +k,
kA |
- . Rl- (':“ CRE— o R]('ICEC RZ
K H

Although both schemes are consistent with the fact that isomer-
ization does not proceed past a tertiary carbon center, the
latter scheme, proposed by Brown (4.529), appears to be more
plausible than the former in that the latter can readily explain
the high efficiency of KAPA. Clearly, the major driving force of
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the reaction is provided by the high stability of potassium ace-
tylides formed as the final isomerization product.
Hetero-functional groups tend to interfere with the acetyl-
ene "zipper" reaction. The hydroxyl (4.531) and diorganoboryl
(4.532) groups which can be readily converted into negatively
charged groups, however, are tolerated. As might be expected on
the basis of electrostatic repulsion between the carbanionic cen-
ters and the negatively charged functional groups, the acetylene
isomerization proceeds away from the negatively charged function-
al groups. A few synthetically useful examples are shown below.

1. KAPA-APA
(CH,)) ,C=C(CH,)) = (
HO(CH C=C(CH CH HO(CH.,, )}, ~C=CH 4.329)
2P 2’773 (4.531a) 2710
90
( ) ) KAPA-APA
B(CH C=C(CH CH,, === B(CH,)_.C=CK
—+—$=CHBP
HZO?—NaOH 0K
ﬁ (4.330)
HO(CH,) cC=CH ~}—C(CH2)7C5CH
95% 79%

4.5.1.2 Cationotropic 1,2-Shift Reactions

Although cationotropic 1,2-shift reactions are relatively rare,
certain types of organoalkali metals undergo such 1,2-shift reac-
tions. The Wittig rearrangement (<4.533), for example, eq. 4.331,
represents a classic example of this class of reactions.

. Li CH
PhLi I 3
CH30CH2Ph e CH3OCHPh ———= Li0CHPh (4.331)

In'the Grovenstein-Zimmerman rearrangement (4.534), an aryl
group migrates from a carbon atom to an adjacent carbanionic cen-
ter as shown in eq. 4.332.
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2 Li
Ph..CCH.C1 > Ph,CCH,Li —— LiCPh,CH,Ph (4.332)
372 65 to -30°C 3 2 qoc 2772

Although no 1,3-shift reaction of this type appears to have been
reported, the corresponding 1,4- and 1,5-shift reactions are
known. A typical example of the 1,4-migration reaction is shown
in eq. 4.333 (4.535). ’

Ph
PhZC(CH2)3K e o . _— PhZ(IJ(CHz)ZCH2 (4.333)

® ©  Q
Q Q Q

While these organometallic rearrangement reactions are in-
teresting, their synthetic usefulness appears to be rather limit-
ed.

4.5.2 Synthetic Utilities of Organometallics of Group IA and
Group II Metals as Reagents

One of the most important applications of organometallics of
Group IA and Group II metals is their use as strong Brgnsted
bases. It does not, however, require a detailed discussion here.
Although organometallics of Group IA and Group II metals that
contain g-hydrogens can act as hydride donors, for example, eq.
3.65, it does not usually represent a synthetically useful appli-
cation.

In the great majority of cases, conversion of organic com-
pounds into the corresponding organoalkali and organolakaline
earth metals represents activation of the organic compounds. In
some cases, however, it can be used to deactivate or protect cer-
tain functional groups. For example, conversion of terminal ace-
tylenes into the acetylides of alkali or alkaline earth metals
makes the terminal alkynyl group resistant to hydrogenation and
dissolving metal reduction (eq. 4.334).



Group A, Group l1A and Group 11B Elements (Li, Na, K, Mg, Zn, Cd) 255

NaNH
_ _ 2 _ _
1iquid NH3
(4.334)
1. Na, NH3 CH (CH )2\C C/H
i RN =
2. H30 H (CH2)4C_CH
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5

ORGANOBORONS AND
ORGANOALUMINUMS
(B, Al)

5.1 GENERAL CONSIDERATIONS

The Group IIIA elements consist of boron (B, 2.01), aluminum (A1,
1.47), gallium (Ga, 1.82), indium (In, 1.49), and thallium (T1,
1.44). Their Allred-Rochow electronegativity values are indi-
cated in parentheses. Whereas organometallics of boron and alu-
minum have found numerous applications in organic synthesis,
there have been virtually no synthetically useful reactions of
organogalliums and organoindiums. Gallium-containing compounds
are far more expensive (10 ~ 103x) than the corresponding com-
pounds containing other Group IIIA elements. Based on cost
alone, it seems unlikely that organogallium compounds will find
many synthetic applications in the near future. Although not in-
expensive, indium-containing compounds are not prohibitively ex-
pensive either. Their costs are roughly comparable with those of
the corresponding thallium compounds. It is therefore not incon-
ceivable that organoindium compounds might soon find useful syn-
thetic applications in organic synthesis. Indeed, it has recent-
ly been shown that the Reformatsky reaction can be carried out
with activated indium metal; see Sect. 2.1 (5.1), although the
results are inferior to those of the corresponding zinc reaction;
see eq. 5.1 (5.2).

1 2 activated M 1.3
R COR™ + BrCHZCOOEt SRR ?CHZCOOEt (5.1)
OH
286 34 to 55% (M = In)

95 to 98% (M = Zn)
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The current Timited scope of organoindium chemistry, however,
does not permit further discussion of the subject in this book.

Within the last decade, organothalliums have emerged as
uniquely useful organometallics. While thallium compounds share
many features with the lighter members:-of the Group IIIA ele-
ments, their chemistry is dominated by certain features unique
to some heavy elements, such as Hg, Pb, Pd, and Pt, and is
therefore discussed with that of organomercuries and organoleads
in Chap. 7.

5.2 ORGANOBORONS

Since 1972 at least four extensive monographs on organoboron
chemistry pertinent to organic synthesis have been published
(5.3 to 5.6). One by Brown (5.5) entitled organic Syntheses via
Boranes 1S unique in that it contains a number of detailed ex-
perimental procedures. There are a few earlier monographs (5.7
to 5.9) and a few more general treatises (0.6, 0.8). Their use-
fulness, however, is severely limited due to the fact that most
of the synthetically interesting reactions, with the notable ex-
ception of the hydroboration-oxidation reaction, were developed
after their publication.

5.2.1 Fundamental Properties of the Boron Atom and Organoboron
Compounds

Except for carboranes (5.10) and a very limited number of highly
labile subvalent boron compounds, B-X (5.11), organoboron com-
pounds generally exist as either tricoordinate or tetracoor-
dinate species. The trisubstituted derivatives of boron are
called boranes and exist either as essentially trigonal planar
monomeric species or as aggregates in which the boron atoms
occupy the central position in an essentially tetrahedral con-
figuration. 1In fact, nearly all monoorganoboranes (RBH») and di-
organoboranes (RoBH), as well as the parent borane (BH3§, exist
as dimers, although highly hindered members of diorganoboranes,
such as 5.1 may exist as monomers (5.12). On the other hand,
triorganoboranes (R3B) are usually monomeric. For the sake of
simplicity, however, organoboranes are often treated as monomers
in cases where the degree of aggregation is not a significant
factor.
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5.2.1.1 Electronegativity and Atomic Size

The electronegativity of boron has been estimated at 2.0, which
is relatively close to the value of 2.5 for carbon, and is
greater than that of the alkali and alkaline earth metals and of
essentially all transition metals which range from 0.86 to 1.75
(Appendix II). According to an empirical equation by Pauling
(1.1), the boron-carbon bond may be estimated to be about 90%
covalent and only about 10% ionic. It is therefore not sur-
prising that organoboranes generally do not react in the manner
of Grignard reagents or organolithium compounds with typical or-
ganic and inorganic electrophiles, such as (1) organic halides
and sulfonates, (2) various types of carbonyl compounds, (3)
epoxides, and (4) water and other "active" hydrogen compounds,
under the usual ionic reaction conditions. The relatively short
carbon-boron bond length, for example, 1.57 A for Me3B, must also
be responsiblé for the highly inaccessible nature of the bonding
electrons of the carbon-boron bond in these and other reactions
of organoboranes. It should be worth noting, however, that this
very property of organoboranes renders them highly tolerant of a
variety of electrophilic functional groups.

R'X ; i (

i = No reaction or poly-
No reaction — o poly

merization of epoxides
>c=o R3®  H,0 or
No reaction 4_______4// No reaction
HOR
(5.2)
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5.2.1.2 Empty p Orbital

The presence and/or ready availability of the empty p orbital
makes organoboranes electrophilic or Lewis acidic. Thus organo-
boranes react readily with a variety of neutral or negatively
charged bases to form the corresponding complexes. For example,
organoboranes readily form 1:1 complexes with various amines
and, in some cases, even with ethers, such as tetrahydrofuran
(THF). Similarly, their reaction with a negatively charged
species forms the corresponding organoborates, for which the
monomeric ion pair with the essentially tetrahedral borate anion
appears to be a reasonable representation (5.13).

& R
1 \““\ +,- - +
R — + MY — > Y—anulneR3 M (5.3)

\ 2 \Rz

1

As will become clear, this complexation reaction seems to be one
of the crucial steps in essentia]]y all of the ionic reactions
of organoboranes.

The Lewis acidic property mentioned above is shared by many
other organometallics including organoalanes, and is therefore
not unique to organoboranes. Far more unique, however, is the
ability of the boron p orbital to part1c1pate effectively in the
pr-pr bonding with the adjacent p or sp” (n =1, 2, or 3) or-
bitals of other second-row elements, such as C, N, 0, and F.
This appears to be responsible, at least in part, for the highly
unique 1,2-migration reactions and other reactions of organo-
boron compounds discussed later. Various types of pg-py inter-
actions pertinent to the present discussion are shown below.

00 00 M

B—X B

00 0 0 00

The low-lying empty p orbital can also accommodate readily either
one electron or a free radical, thereby making organoboranes
highly reactive with respect to free-radical reactions.
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While quantitative interpretations of the chemistry of organo-
boron compounds remain difficult, chemists are now in a position
to be able to rationalize and, in many cases, even to predict
the results on a qualitative basis in terms of a relatively few
parameters such as those discussed above.

5.2.2 Preparation of Organoborons

5.2.2.1 Preparation of Organoboranes

Of the twelve general methods for the preparation of organometal-
lics (Chap. 2), only hydrometallation (Method VI), transmetal-
lation (Method XI), heterometallation (Method VII), and metal-
hydrogen exchange (Method V) are readily applicable to the pre-
paration of organoboranes with at least some degree of general-
ity. When applicable, hydroboration (5.14) is usually by far

the most convenient and is therefore the method of choice. On
the other hand, various transmetallation reactions probably re-
present the most general approach, which has provided various
routes to those organoboranes that are not readily accessible via
hydroboration. 1In several significant respects, these two
methods complement each other. Since the transmetallation route
requires the intermediacy of another organometallic compound, the
organoboron compound prepared by this method shares the same
limitations and restrictions that the parent organometallic com-
pound encounters. For example, if organolithiums are used as
parent species, it is difficult to prepare organoboranes con-
taining electrophilic functional groups. Organoboranes that have
stereodefined carbon centers adjacent tc the boron atom are also
difficult to prepare by this method. On the other hand, a num-
ber of such organoboranes have been prepared via hydroboration,
as discussed later. In any event, these two by far represent
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the most significant methods for the preparation of organo-
boranes.

Before discussing the scope and limitations of these meth-
ods, however, a brief discussion of other direct and indirect
methods is presented below. For further details of this subject,
readers are referred to a few recent review articles (5.15,

5.16) and references therein.

Metal-Hydrogen Exchange. Haloboranes can react with arenes to
form arylboranes; see eq. 5.5 (2.21, 5.17).

ArH + BX3 T TS Ar‘BX2 +  HX (I585))

A1l of the trihaloboranes except BF3 are useful in this reaction.
The reaction can be catalyzed by a number of reagents, such as
aluminum, or may be photochemically induced (5.18).

Heterometallation. Haloboranes also react with alkenes and
alkynes; see, for example, eq. 5.6 (5.19, 5.20).

RC=CR + XBY, —— R(X)C=CR(BY (5.6)

2 2)
This reaction, however, has not yet been adequately developed
for use in organic synthesis. Highly electrophilic diboron com-
pounds of the XoB-BXo> type add in a cis manner to unsaturated
carbon-carbon bonds or cyclopropanes to give 1,2- or 1,3-diboryl
compounds; see eq. 5.7 (5.21).

R R
Neee”

p = N (5.7)
C]ZB BC]2

RC=CR + BZCl e

4

There exist a number of indirect routes to organoboranes.
Inasmuch as most of the polar reactions of organoboranes involve
transformation of one organoborane into another via 1,2-migra-
tion as discussed later in more detail, they represent a number
of indirect routes to organoboranes. Then there are various
other organoborane interconversion reactions of which (1) dis-
proportionation, (2) isomerization and displacement, and (3) sub-
stitution are worth mentioning here. Generally speaking, dis-
proportionation is probably the most facile thermal process that
can take place even at 0°C or below. Isomerization and displace-
ment, which presumably involve dehydroboration-rehydroboration,
usually become facile only at about 150°C. Substitution
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generally requires even higher temperatures, and is significant
only above 200°C.

Disproportionation. Although stereochemically quite rigid, or-
ganoboranes are generally far more labile than the corresponding
carbon compounds and tend to undergo disproportionation, as re-
presented by eq. 5.8.

\,1 .1 22/1 \,1 .2 ) 7

e B B W
B'-R' + R°-B° ———- B'-R° + R-B (5.8)
/ \ / \

The reaction is markedly catalyzed by boron hydrides and alanes,
and generally proceeds readily even at or below room temperature
in the presence of a suitable catalyst. An important conse-
quence is that hydroboration requiring the use of a boron hy-
dride is usually accompanied by disproportionation. Although
not yet established, the following four-center mechanism appears
consistent with the results obtained with a boron hydride as a
catalyst. Consistent with this mechanism is the observation
that the disproportionation reaction proceeds with retention of
configuration of the organic groups

_ _\ R /
Nl gl 4 heg! === B] o/ — %l + rls
/ \ / \ -/ \
/ 2y /
\ _-R<_
/B1-H + RZ-BZ\: >B]\ /:52\;:*>B]-R2 + H-82
“H- (5.9)
1 / /
\81_R1 H_Bz/ .\ 1/R\\Bz __m \B1_H . rl.g?
/ \ /S TN \

In many cases, disproportionation represents an undesirable side
reaction which is to be avoided. In many other cases, however,
it can be used as a useful method of preparation, as exemplified
in eq. 5.10 (5.22)

( CH2 5 > _____* 3 HB > (5.10)

Isomerization and Displacement. At elevated temperatures, gen-
erally at about 150°C, organoboranes undergo a facile isomeri-
zation that places the boron atom predominantly at the least
hindered position of the alkyl groups. The boron atom, however,
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will not migrate past a quaternary carbon center. The results
are consistent with the following dehydroboration-rehydrobor-
ation mechanism; see eq. 5.11 (5.3).

i o

R-(IZ—(IZ—H T—" R-C=C-H — R-g-(I:-H (5.11)
B H B-H H B

7 B / PN

Also consistent with this mechanism is the fact that the pre-
sence of another olefin of equal or greater reactivity causes
the original olefin to be displaced by the added olefin (5.3).

Substitution. The substitution reaction here refers to the ir-
reversible process represented by eq. 5.12.

\ / A\, /

B-H + H-C— —— B-C— + H

/ \ /0 \ 2

Usually, the B-H species is generated in situ via dehydrobor-
ation at high temperatures. Although the intermolecular substi-
tution reaction has been restricted largely to aromatic hydro-
carbons, a number of intramolecular cyclization processes have
been observed with aliphatic derivatives (5.23).

(5.12)

5.2.2.2 Hydroboration

Hydroboration involves the addition of the B-H bond to the C=C
or C=C bond (egs. 5.13 and 5.14).

\C=C/ + H—B/ e —é—é— (5.13)
/ N\ \ i1y
B
\
_ / L
—C=C + H B\ e /c C\/ (5.14)
H B\

As mentioned earlier (Sect. 2.6), various other metal hydrides
also undergo similar hydrometallation reactions. At the pre-
sent time, however, hydroboration, discovered by H. C. Brown in
1956 (5.24), is by far the most general and versatile hydrometal-
lation reaction for preparing organometallics as discrete pro-
ducts or intermediates.
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Diborane (BZH5), which distils at -92°C, is most cleanly
generated by adding BF3-0Etp to NaBHg suspended in diglyme. The
diborane gas generated is distilled through a couple of dry ice-
acetone traps into THF to give the 1:1 complex (BH3:THF) dis-
solved in THF (5.5).

3NaBH4 + 4BF3~0Et2’ﬁ—————> 4BH3 + 3NaBF4 (5.15)

Alternatively, this reaction may be carried out in the presence
of olefins and acetylenes in THF or diglyme. Borane-THF is now
commercially available. The scope and limitations of the reac-
tion have been well delineated mainly by Brown and his associ-
ates, and several excellent reviews are available (5.3 to 5.5,
5.14, 5.25, 5.26).

Scope and Limitations. (1) Except for certain exceedingly hin-
dered olefins virtually all olefins and acetylenes undergo hy-
droboration with reactive boron hydrides. In this sense, hydro-
boration seems roughly as general as bromination of these un-
saturated compounds. (2) The general reactivity of BH3-THF and
BH3-SMep towards typical organic functional groups may be sum-
marized as follows. These organic functional groups are arranged
in decreasing order of reactivity.

carboxylic acid very fast alcohol
olefin and acetylene e organoborane
aldehyde ja5% alcohol
ketones R alcohol
nitrile (BTG amine
epoxide Sl alcohol
ester ___flgﬁ___> alcohol

acyl chloride __!EEZ_EISEL> alcohol (?)

nitro —_— 3 No reaction



Organoborons and Organoaluminums (Boron, Aluminum) 295

carboxylic acid salt —————— > No reaction

Since hydroboration proceeds more rapidly than most of the other
reactions listed, it is generally feasible to prepare organo-
boranes containing various functional groups such as epoxide,
ester, acyl chloride, and nitro groups. Although the cyano
group can be accommodated, yields are generally modest. Carbo-
xylic acid, aldehyde, and ketone must generally be protected.
(3) No skeletal rearrangement of the organic moiety has been ob-
served. As already mentioned, however, isomerization involving
migration of the B-C bond occurs at moderately high temperatures.
(4) One of the major limitations is that only certain types of
"mixed" organoboranes are readily available. This stems largely
from the fact that many tyBes of monoalkylboranes (RBH2) and di-
alkylboranes (R2BH and RIR are not readily available as pure
substances via hydroboration. The reaction of unhindered ole-
fins (such as ethylene), most of the monosubstituted olefins,
and certain disubstituted olefins, with BH3-THF tends to produce
fully alkylated boranes (R3B) as major products regardless of
the reactant ratio used.

BH
3
RCH=CH, —— 34 (RCH,CH,).B (5.16)
2 fast 2723

BH3
1SR )3B (5.17)
fast

Moderately hindered olefins, such as cyclohexene and 2-methyl-
2-butene, tend to produce dialkylboranes, some of which can be
prepared cleanly. In many cases the corresponding trialkylbor-
anes can be prepared at or above room temperature.

BH ,0°C 25°C
O 2 O O
fast slow
(

5.18)
H,C CH
3| BH,,0°C S 25°C
H,CC=CHCH, ——>—> H,CCHCH-),BH ————>  Sia,B
3 3 3 2 3
fast slow (5.19)
(SiazBH)

More highly hindered trisubstituted olefins, however, do not
form the corresponding R3B.
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\\\ BH2 1 \\\)ZBH

P _—
-« ffl*

\\\)3B

(dipinanylborane) (5.20)

Tetrasubstituted olefins do’not generally cleanly form even di-
alkylboranes, the usual products being monoalkylboranes.

HaC CH3 gy oe ||

,0°C
t=C &g BH, === ),BH  (5.21)
- fast | |
HyC CH,

3

(thexylborane)

The chemistry of thexylborane has been reviewed comprehensively
(5.27). Some of these partially substituted boranes have proven
to be valuable reagents, as discussed later.

Mono- and dialkylboranes react with unhindered and moder-
ately hindered olefins to form mixed trialkylboranes of the type
R1R§B. Recent development of heterosubstituted hydroborating
agents, such as catecholborane (5.28), mono- and dihaloboranes
(5.29) have made this type of mixed organoboranes widely avail-
able. It is still difficult, however, to prepare totally mixed
organoboranes (R1R2R3B) except for certain special ones, such as
thexyldialkylboranes ( |—=— BR 1RZ).

Finally, various dienes and tr1enes have been converted to
cyclic organoboranes (5.26). It should be noted that in gener-
al, hydroboration has to be followed by disproportionation and/
or isomerization for the production of a single cyclic species
in high yield. Some of these, most notably 9-BBN, have proved
to be valuable reagents.

BH3 THF
= -~ ( HB@) (5.22)
0°cC reflux

9-borabicyclo[3.3.1] nonane(=9-BBN)

THF
> HB (5.23)

Y

=— 0°C reflux

3,5-dimethylborinane
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Regiochemistry (Directive Effect). Just as electrophilic aroma-
tic substitution reactions are, hydroboration is influenced by
(1) inductive (+I and -I1), (2) resonance (4R and -R) and (3)
steric (S) effects (IRS effects).

Presumably the B-H bond is polarized with the hydrogen atom
having some hydride character. In addition, the boron-containing
moiety clearly is sterically more demanding than the hydrogen
atom. Some representative results showing the general trend in
regiochemistry are summarized below. As a rule, the anti-
Markovnikov addition of the B-H bond is observed with simple al-
kenes (R, R2, and R3 are alkyl groups).

Borane H,C CHR! HZC====CR]R2 RIHC==CRZR® Ref.
4 4 4 4 4+ 4+
BH.-THF 94 6 99 98 2 5.14

3
C1BH OEt >99.5 <0.5 >99.9 <0.1 99.7 0.3 5.29

f—}———BH 9 to 95 5 to 6 5.30

S1a28H 99 1 >99 <1 >99 <] 5.14

These results are readily explained by a combination of induc-
tive (+I) and steric effects exerted by the alkyl substituents.

G

Another point of significance is that the use of either dialkyl-
boranes, such as SiagBH, or haloboranes, such as CI1BH»:-0Etp, is
advantageous in controlling the regiochemistry of hydroboration.

Hetero substituents on or near the carbon-carbon double or
triple bond can exert strong directive influences. For example,
the hydroboration of vinyl halides places the boron atom pre-
dominantly on the a-carbon atom, whereas the alkoxy group, which
is directly bonded to the olefinic carbon, strongly directs the
beron to the g-position (5.31). Some representative results ob-
tained with borane-THF are shown below.
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CH3CH2CH===CHC1 ) CH3CH2CH===CH0Et
+ 4 4 4
15 85 ) ~100 A0
(CH3)2 == CHC1 (CH3)2C===CHOEt
i qr 9P 1
A0 100 » 100 A0

On a qualitative basis, these results are readily interpreted on
a reasonable assumption that the -1 effect is more significant
than the +R effect in the cases of vinyl halides, whereas the
hydroboration of enol ethers is totally dominated by the +R
effect.

_f:=C+X —%ﬁmﬁ—oﬁf%H—Uﬁmm

| | 1Y ||

There is little doubt that these IRS effects are also oper-
ating in the hydroboration of dienes and polyenes. It has also
become evident, however, that some additional effects operate in
such cases. Anomalous results are often attributable to the cy-
clic nature of hydroboration. These results recently have been
discussed in detail (5.26).

Stereochemistry. Hydroboration involves an exclusive cis addi-
tion of the B-H bond. The ready availability of stereodefined
organoboranes shown in eqs. 5.20 and 5.24 makes organoboranes a
class of uniquely valuable organometallics.

R

R lm/
@/ N (5.24)
//,,B/

\

Equally valuable are various stereodefined alkenylboranes read-
ily obtainable from acetylenes (eq. 5.25).

/
HB R _H(X)
RescH()  —— 5 O/ (5.25)

X = halogen, alkyl \

Although various disubstituted boranes, such as dicyclohexyl-
borane, SiapBH, and catecholborane, as well as certain monosub-
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stituted boranes, such as C1BH-0Etp, are satisfactory for this
transformation, borane-THF and many partially substituted bor-
anes tend to react further with the alkenylboranes to produce
gem-dibora derivatives.

The exclusively cis nature of hydroboration provides strong
support for the concerted mechanism discussed earlier (Sect.
2.6). When olefins possess two nonequivalent faces, hydrobor-
ation takes place predominantly, often nearly exclusively, on
the less hindered side.

BH,
m =P i/ (995 exo)(5.26)
\

Asymmetric Hydroboration. The reaction of a-pinene with borane
takes place nearly exclusively on the less hindered side to give
dipinanylborane. If a-pinene is optically pure, an optically
pure sample of dipinanylborane with the opposite rotation sign
can be obtained (5.32). This reagent permits a remarkably high
degree of asymmetric induction (often >90% ee) in its reaction
with certain olefins, such as cis-2-butene (eq. 5.27).

e s e CH
*

O.BH HT Ny W).B=C—H  [0] o
\N2 N2

> | —> HO0—C—H

CH..CH I
otH3
CH,CH,
(5.27)

The following asymmetric synthesis of a prostaglandin intermedi-
ate in 92% optical purity demonstrates the synthetic utility of
asymmetric hydroboration (5.33).

CH,CO0CH CH,COOCH
(+)-dipinanylborane [0] HO =

> ‘xii:7 (5.28)

[a]D -136°
(92% optically pure)
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Although highly promising, there exists a serious limitation

that must be overcome before the asymmetric hydroboration can be-
come a method of wide applicability. Dipinanylborane, which, as
the monomer, is a molecule of Co symmetry, is a highly hindered
borane and has a tendency to form monopinanylborane (Cy symmetry)
via dehydroboration. The available information indicates that,
whereas dipinanylborane is a satisfactory asymmetric hydro-
boration agent, monopinanylborane is not. Apparently, the C»
symmetry, which renders both faces of dipinanylborane equival-
ent, is an essential requirement for a highly satisfactory asym-
metric hydroborating agent. Because dehydroboration becomes a
serious problem with hindered olefins, satisfactory results have
been obtained only with unhindered internal olefins. An ideal
asymmetric hydroborating agent would be an optically pure di-
alkylborane with C2 symmetry and high stability that can react
with a wide range of internal olefins, for example 5.5 or 5.6.
The only question is how to make them conveniently.

H H
e 4t oy HeoS
%%.3 )?J%k
H3C CH3
585 5.6

5.2.2.3 Organoboranes via Transmetallation

Despite many unique advantages associated with hydroboration,
there are various types of organoboranes that cannot be prepared
readily by this method. Such compounds include those organo-
boranes in which the boron atom is bonded to aryl, cis-alkenyl,
alkynyl, methyl, neopentyl, and many tertiary alkyl, for exam-
ple, t-butyl, groups. Secondary alkyl groups, which can be de-
rived from internal alkenes bearing two different groups of com-
parable steric and electronic requirements, present a difficult
regiochemical problem. Various transmetallation reactions re-
presented by eq. 5.29 have provided a number of routes to such
derivatives.

MR MR
3 T MBRKy > BRK, ——> B,
" l-MX (5.29)

BR, -«—— MBR_X <—— MR, X
3 -MX 3 2

BX
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The scope of the method is too broad to be discussed in detail
here (see 0.6, 0.8, 5.6, 5.15). Since’ the electronegativity of
boron is higher than that of most metals, the forward reactions
are favorable with various types of organometallics including
those of K, Na, Li, Mg, Al, Zn, Cd, and Sn. These metals are
arranged more or less in decreasing order of reactivity. Organo-
alkali metals and Grignard reagents (5.34) are the most versa-
tile organometallics in this reaction. Organotins, along with
other types of organometallics, however, have provided certain
unique routes to organoboranes (e.g., 5.35)

(T SnR, —— BPh - < “BTph  (5.30)

Various groups can be used as the leaving group X (5.6, 5.15).
Their relative order of reactivity appears to be: halogen > OR

> SR > NRo. Boron hydrides can also be used (5.6, 5.15). The
transmetallation reaction provides a genera]]y satisfactory

route to triorganoboranes of the R3B and RIRZB types. As a meth-
od for the preparation of RBX2 and RoBX, howgver, it is only
marginally satisfactory. RIRZBX and R]R2R3B are not generally
obtained in high yields due to extensive disproportionation.

5.2.2.4 Preparation of Organoborates

As shown in the preceding section, organoborates are formed as
intermediates in the transmetallation reaction. In this section,
we are specifically concerned with thermally stable tetraorgano-
borates and triorganoborohydrides, two classes of organoboron
compounds which have recently exhibited useful synthetic cap-
abilities (5.13, 5.36, 5.37).

Although there are some other routes, the reaction of tri-
organoboranes with polar organometallics and metal hydrides re-
presents the most general and convenient method by far for the
preparation of tetraorganoborates and/or triorganoborohydrides
(egs. 5.31 and 5.32).

(5.31)

—_— c
MH + BR3 MBR3H (5.32)
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These are simple acid-base reactions in which BR3 acts as a
Lewis acid and MR' or MH as a Lewis base. Thus the formation of
stable "ate" complexes is favored by the use of strong bases
such as those containing K, Na, Li, and Mg. When these organo-
metallics are used, the reactions appear to be quite general.

An extensive survey has been made by Negishi (5.38) using or-
ganolithiums. The results jindicate the following: (1) Thermal-
ly stable tetraorganoborates can be obtained from a variety of
primary alkyllithiums, aryllithiums, alkenyllithiums, benzyl-
lithiums, and alkynylTithiums. Al1yllithium forms relatively
weak organoborates in which the two terminal allylic carbons are
equivalent by NMR. On the -other hand, lithium enolates and cy-
clopentadienyllithium do not form organoborates under the con-
ditions used. Since sodium cyanide, which is a much weaker base
(pKa 9 to 10) than those mentioned above, forms stable organo-
borates, the extent of charge delocalization is evidently far
more significant as a factor in controlling the stability of or-
ganoborates than in controlling the px, value. (2) Another sig-
nificant observation is that, if MR' is sterically demanding and
contains one or more B-hydrogens, it tends to form the corre-
sponding triorganoborohydride. This side reaction appears an-
alogous to the reduction reaction frequently observed in the
reaction of organolithiums or Grignard reagents with ketones
(Sect. 4.3.2.2). As a rule, secondary or tertiary alkyllithiums
with B-hydrogens undergo either a predominant or an exclusive
borohydride formation even with moderately hindered triorgano-
boranes (5.38). This side reaction, however, has provided one
of the most general routes to triorganoborohydrides (5.39), as
exemplified by eq. 5.33.

+L'i + B(Bu-sec)3 e e LiB(Bu—sec)3H (5.33)

The reaction of triorganoboranes with metal hydrides, such as

LiH and KH, represents another general route to triorganoboro-

hydrides; see eq. 5.32 (5.40). The reaction of LiH, however, is

sluggish when organoboranes are hindered. The use of KH, which
zs fa; more reactive than LiH, is advantageous in such cases
5.41).

5.2.3. Reactions of Organoborons

5.2.3.1 General Reaction Patterns

Only in a relatively few cases have the mechanisms of organo-
boron reactions been fully established. Nevertheless, it is use-
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ful to attempt to summarize and classify various organoboron
reactions based on the available data including the reactant-
product relations.

Ionic Reactions. The weakly nucleophilic but highly electro-
philic nature of organoboranes has already been mentioned. The
organoborates formed by the reaction of organoboranes with basic
or nucleophilic species are often thermally stable and do not
undergo any further spontaneous reactions in such cases. When
the nucleophile is appropriately substituted, however, the 1,2-
migration reactions represented by the following general equa-
tions take place.

g R N
- _IN [ -
R—B< + Y- —» —B—Y-[Z\ U -EIS-Y + 7 (5.34)
L | J
- R N R
/ _ Iy [
R-B\ = Vel —m o ea ol T T Y (5.35)
| ) [
" R ) R
/ - _IN/X Il
R-B\ T N Wty -———»—I|3—Y=Z (5.36)
L

The key features common to all of these reactions are the form-
ation of the borate anion as a transient species and the intra-
molecular 1,2-migration. Various minor variations of these
mechanistic pathways, such as stepwise analogs and vinylogs, are
also conceivable. It is important to note that the great major-
ity of ionic reactions of organoboranes discovered and developed
by H. C. Brown and others (5.3 to 5.6) can be rationalized in
terms of these mechanistic pathways. Although there is little
doubt about the intermediacy of the appropriately substituted
organoborates, it has seldom been established. At least in one
case, however, Matteson and Mah (5.42) have clearly established
the intermediacy of an a-bromoorganoborate (5.7) as summarized
in eq. 5.37.

Ph-B-CHR BuO"
R U "
BuO—B-CHR ———> (Bu0),B-CHR (5.37)
BuO §;¥

BuO Br 5.7
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The products of 1,2-migration reactions are new organobor-
anes which must be further converted into the desired organic
compounds. This is accomplished in most cases by one of three
methods: (1) protonolysis (eq. 5.38), (2) oxidation (eq. 5.39),
and (3) elimination (eq. 5.40).

HX
\B-R — -~ RH + \B-X (5.38)
/
\ L \
B-R ——— > ROH + ‘B-OH (5.39)
/ H20 /
—é-'c- S - \c=c/ + \B—X (5.40)
[ /\ /
B. X
7

These reactions are discussed later in more detail.

Ionic Reactions of Stable Organoborates. We have so far dealt
with the ionic reactions of organoboranes which presumably go
through unstable organoborates (egs. 5.34 to 5.36). It has re-
cently been recognized that thermally stable organoborate anions,
which are negatively charged and coordinatively saturated, act

as unique nucleophiles (5.13). They react with a variety of or-
ganic and inorganic electrophiles via either intermolecular or
intramolecular transfer, as represented by egs. 5.41 to 5.44.

Intermolecular transfer:

_l/\+ |

-[|3-R + B —> _B_ + R-E (5.41)
Intramolecular transfer:

| |

B-Y-Z + ET —%  -B-Y + I-E (5.42)

NG n

R

_ 1™ + |

-B-Y=Z + E ——> -B-Y-Z-E (5.43)

| N A |

R R

_I™ n |

|;3—YEZ + B — -[lS-Y=Z-E (5.44)
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In the intermolecular transfer reaction the organoborate acts as
the boron version of a Grignard-like reagent with very mild reac-
tivity. On the other hand, the intramolecular transfer reactions
are closely related to those of organoboranes. The only differ-
ence is that the organoborate reactions: require activation by
electrophiles, whereas the organoborane reactions generally
occur spontaneously. It should also be emphasized that these
intramolecular transfer reactions are not only highly unique as
organometallic reactions, but tend to take place much more read-
ily than the intermolecular reactions in cases where both can
occur. These reactions may be best interpreted within the
framework of the well-known anionotropic 1,2-migration reactions,
such as the Wagner-Meerwein rearrangement. Significantly, the
intramolecular transfer reactions of both organoboranes and or-
ganoborates have proceeded with retention of configuration of

the migrating group. Mechanistic considerations also predict
inversion of configuration at the migration terminus, which has
been)borne out in some cases; see eq. 5.45, for example (5.43 to
5.45).

H——B@H ' Q/

7
Meo/ >c=c< . /”c=c< (5.45)
Br’) C4Hgn H-B\ C4Hgn
Tr
RCOH % /H
H/ \c JHg-n

Concerted Reactions. Considering the relatively covalent nature
of the B-C bond and the size of the boron atom and its valence
shell orbitals, which are comparable to those of the carbon
atom, organoborons might be expected to participate readily in
some concerted pericyclic reactions. The information available
strongly indicates that the protonolysis of organoboranes with
carboxylic acids is best viewed as a concerted [2_ + 4.] reac-
tion in which the boranes act as 2-electron components Al-
though relatively few other reactions of this type have been ob-
served, there exists a strong possibility that additional reac-
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tions, which may be represented by eq. 5. 46 or its modifications,
may be found in the future.

\
z ——> R-Z + B-W + X=Y (5.46)
/
X-—-Y ;
In fact, a recent study on the conjugate addition reaction of
organoboranes (5.46) suggests that, at least in some cases, the

reaction may proceed by a nonfree-radical mechanism. The follow-
ing concerted mechanism appears plausible.

—B—R —B- R
\\:r / / \ /
oy ¢/ —m o c (5.47)
N7\ NN
C==0 =0
/ \ / \

Within the last decade or two, a considerable number of or-
ganoborane reactions, which appear to be best represented by the
concerted [4, + 2.] reaction in which the boranes act as four-
electron components, have been observed.

/ %
o X==C( X==C
\B/_/ C\\C/ \B/ \C \B \c/ (5.48)
g \ ' > / '
/ ‘h—z \ / =7 / \Y z \

Although the examples observed to date have been essentially re-
stricted to some reactions of (1) allylic boranes and (2) al-
kenyloxyboranes (eqs. 5.49 to 5.51), it is 1ikely that the gen-
eral scheme will represent many other unknown reactions.

\ / / \N/ /
c'—¢ C==C
>/ \\c< > >B\ >C< (5.49)
(IJ—H (I) H
o/ 2
\ s/ \ / \ \ /
> C 5.50
/BO: c\ /B\o—c/ \ ( )
/\ / \
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\c/—c/ \c/=c/
\ / \ / \ W~
/B c\ > /B\ /c\ (5.51)
—C=C- . o=
Vi \

Free-Radical Reactions. Recently it has been established that
organoboranes readily participate in at least two distinctly
different free-radical reactions. Although there has been es-
sentially no firmly established example of the bimolecular homo-
lytic substitution (SHZ) taking place at a simple saturated car-
bon center, organoboranes readily participate in this reaction,
which may be represented by eq. 5.52 (5.47).

\ I
Xe + /B-R —> [X---?---R —> X-B + R-  (5.52)

Once an organic free radical is generated, it can participate in
various free-radical reactions, as discussed later in detail.
It should be pointed out that the s,2 reaction is not unique to
organoboranes and that a number of other metals, such as Li, Mg,
%n, C?, Al, and T1, have also participated in the sy2 reaction
5.47).

Far more unique to organoborons is the a-abstraction reac-
tion exemplified by the bromination reaction of organoboranes;
see eq. 5.53 (5.48).

b Br, |
—-B—C—- ——>» —B—C— + HBr (5.53)
| hv |
H Br

The available data support the following free-radical chain
mechanism (5.49).

| |
—B—

|
(':—— + Bre —m— —B—C— + HBr
H (5.54)
Lo |
e e By e SR
Br

The p,-p, interaction discussed earlier (5.3) must be respon-
sible for promoting this reaction. A more recent study suggests
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that the o-C-H of B-alkyl1-9-BBN is 5.5 times as reactive as that
of cumene and some 600 times as reactive as the tertiary C-H of
isobutane (5.49).

s ™ s
<K:::B-?-CH3 <<:::>—?—CH3 CH3-(|I—CH3
H i H H
4 4 +
600 120 1

What are the factors controlling the point of attack by a
free radical? Although this question has not been fully solved,
nitrogen and oxygen free radicals have participated mainly in
the s,2 reaction, whereas the bromine free radical undergoes the
a-abstraction. Based on these observations, we may tentatively
conclude that those free radicals that can form thermodynamical-
1y highly stable bonds to boron, such as the B-0 and B-N bonds,
prefer the sy2 reaction. With others the o-abstraction can be a
dominant course of the reaction.

There can be a variety of other free-radical reactions for
organoboron compounds. For example, the following photochemical
reaction of trinaphthylborane has been interpreted in terms of
the boron di-m-methane free-radical reaction (5.11). At pre-
sent, however, the sy2 reaction and the a-abstraction reaction
represent the great majority of the free-radical reactions of or-
ganoboranes.

Np

|
B
hv O O O O

Np = a-naphthyl (5.55)

5.2.3.2 Formation of Carbon-Hetero Atom Bonds via Organoborons

Organoboron compounds can be converted into various organic com-
pounds containing C-H, C-0, C-X (X = halogen), C-N, and C-S
bonds. Virtually nothing is known about the formation of the
C-P bond via cleavage of the C-B bond. Organoboron compounds
can serve as precursors of other organometallic compounds.
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Protonolysis. Although the B-N, B-0, and B-S bonds are thermo-
dynamically highly stable, they are solvolytically quite labile.
Thus, for example, hydrolysis of borane derivatives containing
these bonds readily produces the corresponding amines, alcohols,
and thioalcohols, respectively (eq. 5.56).

\
B-X + H20 —— >B-OH + HX (5.56)
X = NR]RZ, OR, or SR, where R = an organic group

On the other hand, the B-C bond of organoboranes is usually
quite resistant to hydrolysis. In most cases, however, it can
be cleaved by treating an organoborane with a carboxylic acid
(5.3 to 5.6). Other stronger acids, such as hydrochloric acid,
are less effective. The unique effectiveness of carboxylic
acids has been interpreted in terms of the following mechanism
(eq. 5.57).

\ N \
JBR Reook —= \J K0 —peon 4 JBOOCR (5.57)

/° ‘T)VC\R

The reaction may be viewed as a concerted [25 + 45] reaction.
It is significant to note that the reaction proceeds with reten-
tion of configuration of the R group in accordance with the pro-
posed concerted mechanism. The order of the ease of protonoly-
sis is: alkynyl > alkenyl or aryl > alkyl.

Unlike organoboranes, certain tetraorganoborates undergo a
very facile cleavage of one of the four B-C bonds when treated
with various proton donors (eq. 5.58).

HX
R*-B'R3 —> R*H + BR, (5.58)

*

R™ = alkyl, aryl, and so on

Under acidic conditions, alkenyl- and alkynylborates undergo an
entirely different reaction which involves the formation of car-
bon-carbon bonds, as discussed later. These organoborates, how-
ever, can be cleaved stereospecifically with aqueous bases; see
eq. 5.59 (5.50). Under the same conditions, alkenylboranes are
unaffected. This basic hydrolysis nicely complements the con-
ventional acidic protonolysis and should prove useful in cases
where organoborons contain acid-sensitive groups. As might be
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1
R
e
s

1 2
H(R?) . R H(R®)
q NaOH
=C< : —> \C=C<
B"R, H// H

(5.59)
H

98% stereospecific

expected, the basic hydroTysis of the alkynyl-boron bond of
either organoboranes or organoborates is very facile. The allyl-
boron bond can be cleaved readily even with water, presumably

via the unique six-center mechanism shown in eq. 5.49. The
reactions of organoborons with various proton donors are sum-
marized in Table 5.1.

Table 5.1 Protonolysis of Organoborons

Organoborons
Reagent Organoboranes Organoborates
Acids Protonolysis with Facile protonoly-
carboxylic acids@ sis or 1,2-migra-
tion
Bases (aqueous) Stable® Cleavage of un-

saturated groups

%ase of protonolysis varies. Alkynyl and allyl groups are
cleaved under either condition.

Hydrogenolysis. The B-C bond is quite stable to hydrogenolysis.
Since the hydrogenolysis reaction has been carried out at ele-
vated temperatures, it is not clear if the reaction involves
direct cleavage of the B-C bond with hydrogen or dehydroboration-
hydrogenation (5.51).

Oxidation. Organoboranes are readily oxidized by a variety of
reagents. The presence of an empty p orbital and the high ther-
modynamic stability of the B-0 bond (115 to 135 kcal/mole) must
be responsible for the ease of oxidation.
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(a) Oxidation with alkaline hydrogen peroxide and tertiary
amine N-oxides. The oxidation of organoboranes with 30% hydro-
gen peroxide and a suitable base, such as NaOH, NaOAc, or the
NaH2P04-KoHPO4 buffer solution, is by far the most dependable
and convenient Taboratory method (5.3 to 5.6). This reaction as
well as the reaction with amine N-oxides is believed to proceed
as shown in eq. 5.60 (5.52).

* *
R R
\ * - _|—‘ /\ | _
/B-R + 0-7 —> ——||3—0—z —_— ._llg_o + 7
Z = -0H, -N+R3, and so on lHZO (5.60)

\ *
B-OH + R -OH
/

Essentially all types of organoboranes can be converted into the
corresponding alcohols with retention of configuration. Alkenyl-
boranes are converted into ketones and aldehydes (eq. 5.61), and
arylboranes into phenols; see eq. 5.62 (5.53). Under aqueous
conditions, however, the alkynyl-boron bond undergoes protonoly-
sis preferentially.

1 2
R RZ (H) 1
Neee” 2z R]CHZCORZ(H) (5.61)
H/ \B/ NaOH
\
H.,0
vt 272 ArOH (5.62)
\ NaOH

As might be expected based on the mechanism shown in eq.
5.60, the coordinatively saturated organoborates are not oxidized
until they are converted into organoboranes via protonolysis or
via some other reactions. Thus, for example, only three of the
four alkyl groups (R) of LiBRg can be converted into alcohols.

(b) Other oxidation reactions. Organoboranes can be dir-
ectly converted into ketones by oxidation with chromic acids
(5.54). The reaction of organoboranes with oxygen involves an
Sy2 reaction (5.47). The initial product is a peroxide; see
eq. 5.63 (5.55), which reacts further with a second mole of oxy-
gen to form a diperoxide (eq. 5.64).
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R3B + O2 e RZBOOR (5.63)
RZBOOR + O2 —_— RB(OOR)2 (5.64)

Addition of 30% H202 liberates the alkyl hydroperoxide; see eq.
5.65 (5.56).

RB(OOR)2 + H202 + 2H20 —> 2RO0OH + ROH + B(OH)3

(5.65)

A free-radical chain mechanism involving an sy2 reaction is con-
sistent with the results (eq. 5.66) (5.57).

R3B + O2 — Re ar RZBOO-

Re % 02 —— > ROO- (5.66)

ROO- + R3B _ RZBOOR + R-

When a trialkylborane is reacted with 1.5 molar equivalents
of oxygen and then with aq NaOH, all three alkyl groups are con-
verted into the corresponding alcohol in >90% yield. The course
of the reaction may be depicted as shown in eq. 5.67.

2R3B + 302 —> R,BOOR + RB(OOR)2

2
NaOH
R.BOOR + RB(OOR), — > R.BX + RBX, + 3NaOOR
2 Z 2 2
2 . (5.67)
H.,0
o S g 2
RBX, + NaOOR ——> —[|3—0—0R —=< 5> 2HOR

H..0
R,BX + 2NaOOR — 2 o 4HoR

One drawback of the free-radical oxidation is that it is not
stereospecific, for example, eq. 5.68.

Halogenolysis. Organoboranes themselves are relatively inert to
iodine. Under basic conditions, however, a facile iodinolysis
reaction takes place (5.58, 5.59). There is little doubt that
the actual reactive species are organoborates. Indeed, lithium
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_CH _CH CH
<i::];; 3 02 NaOH <i::];; 3 3
. +
).,B OH OH
3
81% 19%  (5.68)

tetraalkylborates react with I» to give alkyl iodides (1 mole)
and trialkylboranes (5.38). A recent study indicates that the
reaction proceeds with inversion of configuration of the alkyl
group; see eqs. 5.69, 5.70 (5.60).

NaOMe
B/ S ’ (5.69)
\ I,
H I
_~)B-CHCH CHy o oMe
H, —12—+ CH3EHCH2CH3 (5.70)

499% (84% optical purity)

The following sy2 mechanism appears plausible.
OMe

I s
R—[:B_-OMe 2, c10C1OCRrROC B_\i) (5.71)
: -

I + I-R + B-OMe
/

A very similar reaction takes place between organoboranes
and Bry; see eq. 5.72 (5.61).

0°C
R,B + 3Br, + 4NaOMe —> 3RBr + 3NaBr + NaB{OMe)
3 e THF -
(5.72)

Primary alkyl bromides are usually obtained in excellent yields.
Secondary alkyl bromides can also be prepared by this reaction,
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although their yields are modest. This reaction also proceeds
with inversion (5.62). c

Under acidic or neutral conditions, an entirely different
bromination reaction takes place, although the organic products
are the same bromides, as shown in eqg. 5.73.

R3B + Brz ————> RBr + BrBR2 (5.73)

A detailed study by Lane and Brown (5.63) has established that
the reaction proceeds via the free-radical chain mechanism shown
in eq. 5.54. The a-bromoalkylborane intermediate undergoes a
slow protonolysis reaction with HBr formed under the reaction
conditions (eq. 5.74). This protonolysis presumably is much
faster than usual due to the presence of the a-bromine atom.

I I
RZB—(|Z— + HBr —> RZBBr‘ + H—(ll— (5.74)
Br Br

Secondary alkyl groups are considerably more reactive than pri-
mary alkyl groups in sharp contrast with the order of reactivity
observed in the ionic bromination reaction. Tertiary alkyl
groups which do not have any o-hydrogen should be inert. The
use of B-alkyl-9-BBN permits a near complete conversion (80 to
90%) of olefins into alkyl bromides; see eq. 5.75 (5.64). The
9-BBN moiety does not competitively react, because its rigid
conformation is such that an effective p;-py delocalization be-
tween the a-free radical and the empty boron p orbital is pro-
hibited.

|
— 5 \:7 + Br—?—- (5.75)
H

The a-bromoalkylboranes formed as intermediates undergo a fas-
cinating carbon-carbon bond-forming reaction in the presence of
a nucleophile, as discussed later.

A few reactions that convert organoboranes into alky]l
chlorides are known (eq. 5.76). Their synthetic scope, however,
is not very clear.

Alkenyl-, aryl-, and alkynylboranes can undergo entirely
different reactions with halogens. Iodination and bromination
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C]NR2 (5.65)

566) \

R,B > RCI (5.76)

3
VUC]Z (5.67) /

of alkenyl- and alkynylboranes can induce a highly unique carbon-
carbon bond formation, as discussed later. When no carbon-car-
bon bond formation is possible, as in the reaction of alkenebor-
onic acids with I2 or Br,, the corresponding organic halides can
be prepared in high yie]gs The following syntheses of alkenyl
jodides and bromides (5.68) are attractive and unique in that

the required alkeneboronic acids can be obtained readily via hy-
droboration (eq. 5.77).

R
1. HB<Z:© /" NaOH  HS I
B 80 to 100%
RC=CH > c=C (>99% E) (5.77)
2. Hy0 H/ \B(OH)2

N2 s ST
2. NaOMe, H/ \H

MeOH g9 to 100%
(99% 7)

The diametrically opposed stereochemical results are intri-
guing, and have been interpreted as follows.

H
R H R H - OH / OH)
s I OH ] 7'B(OH),
::C=C\\ 2> :;C\-+ p// > L gl‘
= \\ // = R’
H B™(OH) 4 H I B™(OH), ; I
syn elim. R\' /” (5.78)
- c=C
W N
R H B Hd R B
Br T B -OMe r
>c=c</ —2, ]c—(lz’/\ - \c=c< (5.79)
-7 anti /
H B\ R, Br T H
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In the absence of a good nucleophile, the bromination of alkenyl-
boranes can produce (E)-alkenyl bromides in moderate yields
(5.69). Unfortunately, the reaction is generally not highly
stereospecific. There does not appear any obvious advantage in
preparing aryl and alkynyl halides via organoboranes.

Amination. Am1nes containing.good leaving groups such as NH,C1
(5.70), NH20S03H (5.71), 2,4,6-Me3H2CeS020NH2 (5.72), and NMe,Cl
(5.65) can react with organoboranes (egqs. 5.80, 5.81).

R R
NH,, X i, HO
RyB —=—> RZB ?1 Hy ——>R,B"-N'H, —=— RNH, (5.80)
X g
X = C1, 0SO4H, 2,4,6-MeH,C,SO,
CTNMe,
RyB ———=> RiMe, (5.81)

Olefins can be converted into stereo- and regiodefined amines
via hydroboration-amination, for example, eq. 5.82.

E;%;:Y/’ EE%:]/" NH,, 050,
TNH

58% (5.82)

Alkyl and aryl azides react analogously with organoboranes;
see eq. 5.83 (5.73).

RN, B H,0
X,BR ——> X,B vR ————— XBNRR' —%—> HNRR' (5.83)

("

The reaction of 2-iodoalkyl azides with organoboranes followed
by treatment of the intermediates with KOH produces wn-alkyl- and
nN-arylaziridines; see eq. 5.84 (5.74).
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H A t
R, 13 1N,
RBCT, + §—c\ s/ \__g3 (5.84)
sR3 20 KoH M
I e A 2

More recently, the following double alkyl migration reac-
tion was introduced; see eq. 5.85 (5.75). .

He. H
—+-o0c1 1. N H
NH,ODNP  ————> [CTNHODNP] ifpetrs
CH,C1, 2. Hy0,/NaOH (5.85)
OH
DNP = 2,4-dinitrophenyl 50%

It is important to note that all of these amination reactions
can be rationalized by the same common 1,2-migration mechanism.

Formation of the Carbon-Sulfur Bond via Organoboranes. The
reaction of trialkylboranes with alkyl and aryl disulfides pro-
duces dialkyl and alkyl aryl sulfides (5.76).

R3B + R'SSR" — RSR' + RZBSR' (5.86)

The reaction has been shown to proceed by a free-radical chain
mechanism ( g. 5.86).

initiator

R3B > R-

(5.87)
Re- + R'SSR' ———> RSR' + -SR'

Transmetallation Reactions of Organoborons. Since boron is re-
latively electronegative, organoboron compounds do not readily
serve as precursors of other organometallics. A significant ex-
ception is their reaction with mercuric salts to form organomer-
curials (Sect. 7.2.1). There have also been some indications
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that other organometallics are formed as unstable intermediates.
Thus treatment of organoboranes with Ag(I) salts produces the
dimers of the alkyl groups, presumably via organosilver inter-
mediates (5.77). More recently, it has been reported that the
products of the reaction of alkenylboron derivatives with either
Cu(I) salts or MeCu undergo reactions characteristic of organo-
coppers, as discussed in Sect. 9.1.

5.2.3.3 Formation of Carbon-Carbon Bonds via Reactions of Or-
ganoborons with Electrophilic Reagents

In Sect. 5.2.3.1 we briefly discussed the fact that organoboranes
do not readily react with electrophilic reagents, whereas the
corresponding organoborates can act as either Grignard-like rea-
gents or undergo unique intramolecular transfer reactions in
their interaction with electrophiles. Under appropriate condi-
tions, however, organoboranes can react with so-called electro-
philic reagents via free-radical or concerted mechanisms. Some
typical carbon-carbon bond-forming reactions of organoboranes
and organoborates with electrophilic reagents are discussed in
this section.

Reaction with Proton Donors. Whereas alkyl-, aryl-, allyl-, and
benzylboron derivatives undergo cleavage of the B-C bond with
certain Brgnsted acids, the corresponding reaction of alkenyl-
and alkynylborates generally leads to the formation of a carbon-
carbon bond between two boron-bound organic groups via 1,2-mi-
gration (egs. 5.88, 5.89).

R + R R
| 1. H | 5 | 1
TP b i G
H H
R + R
. H ol |
_C:C_B—_.*—Cz —_

B —-—-—r-——C=C-?—— (5.89)

The reaction provides a route to certain Markovnikov organo-
boranes which cannot be readily prepared by hydroboration (5.78).
The organoborane intermediates have been converted into alcohols,
aldehydes, or ketones via oxidation (5.78, 5.79) or olefins via
protonolysis (5.80) or dehydroboration (5.81).
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Reaction with Iodine and Bromine. The reaction of alkenyl- and
alkynylborates can provide an efficient and selective method of
coupling two unlike boron-bound groups. Di- and trisubstituted
olefins, shown in eqs. 5.90 to 5.93 (5.82 to 5.85), acetylenes,
shown in eq. 5.94 (5.86 to 5.88), conjugated enynes, shown in
eq. 5.95 (5.89), conjugated diynes, shown in eq. 5.96 (5.90),
have been prepared in high yields.

R]\ H . R]\ H R 32
¢/ —2 5 ¢c—¢{ = —— HeSC—loy
/ \\ { /\\ //\ Z I B_
H 8% w7 e I |
RZ RS
base R] Rz
> \C=C/ (5.90)
anti H// \\H
R! H
: N
syn
L/ H/ \Rz

The use of thexylborane (5.83), 9-BBN (5.84), or alkaneboronic
acids (5.85) permits, in some favorable cases, a high-yield con-

version of the alkyl or alkenyl group on the boron atom into the
desired product.

Me._ Me _ _-Me
[ 0 L
HC=CCOOEt / 1. Br Y,
H-8 e H—B\ g™ c=C
! /c=c/ e b ookt
' Ncooet

52% (95% E)

/O (5.91)
@B‘ > e b2 <:>_</ (5.92)
\)/ ( )

100%
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Me\ ',Me
2
§ ox —_— — Pent-n
(Me0) ,B NaOMe -MeOH Y
Pent-n 0X
58% (>99% E)
R! RZ
1 -2 .+ I2 AN NN'\) 1 2
R'C=CBTRILTT —=> c=C — > R'Cz=CR (5.94)
17 BRZ
2
R] = H or an organic group, R2 = ]0, 20, alkyl, or aryl
__C=CEt 1.1 EtC=C H
Sia g H 2 > Neee”
. ./ 2. NaOAc
/C_C\ 3. H,0,, NaOAc W’ \(CH2)60AC
H (CH,) cOAC 0 e
60% (5.95)
_ H H
1. Sia,BH . Ne=e” 0
2. HOAc Et/ >c=c<
3. HZOZ’ NaOAc H (CH2)60AC
C=CR! I
Li*|sia 8, 2 _ Rlescoczcr? (5.96)
S C=CR NaOH

It should be noted that these intramolecular coupling reactions
of organoborons provide viable alternatives to more conventional
cross-coupling reactions involving Li, Mg (Sect. 4.3.2.1), Cu
(Sect. 9.1), and Ni or Pd (Sect. 9.2).

A few related reactions of tetraarylborates are known; see
eq. 5.97 (5.91). Currently available procedures, however, do
not appear suitable for selectively coupling two unlike aryl
groups.
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“Or —+~ 0-0 O

Reactions with Alkyl Halides, Acyl Halides, and Epoxides. As
mentioned earlier, organoboranes are generally inert to alkyl
halides and acyl halides. While organoboranes may act as catal-
ysts for the polymerization of epoxides, no carbon-carbon bond
between these two reagents is readily formed. The nucleophili-
city of the B-C bond can be markedly enhanced by converting or-
ganoboranes into organoborates. The reactions of organoborates
with carbon electrophiles have recently been reviewed (5.13,
5.36). Therefore only a very brief discussion is presented here.

5.97)

(a) Intermolecular transfer reactions. The Grignard-1ike
reaction, that is, intermolecular transfer reaction, of organo-
borates is relatively rare. Acyl halides represent about the
only class of carbon electrophiles that can readily participate
in the intermolecular transfer reaction; see eq. 5.98 (5.92).
This ketone synthesis is highly chemoselective.

25° o

200 — 5 R'cor® + BR

L1'+[R1-B_R3] + R (5.98)

3

R' = alkyl, benzyl, aryl, MeSOCH,

Even acyl halides preferentially undergo the intramolecular
transfer reaction with cyanoborates (5.93), alkenyl- and alky-
nylborates (5.94), and thioalkoxymethylborates (5.95).

Alkyl halides and epoxides are generally quite reluctant to
participate in the intermolecular transfer reaction. Only high-
1y reactive alkyl halides, such as Mel and allyl bromides, react
with Tithium arylborates and sulfinyl- and sulfonyl-substituted
1ithium borates to form cross-coupled products, for example, eq.
5.99 (5.13). Me

B7Bu, el > @@ (79%)

@@ : AN (5.99)
r
N_Z © (92%)

Y
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More recently, however, it has been found that the inter-
molecular transferrability of organoborates can be enhanced by
forming copper(I) borates, as indicated in Scheme 5.1 (5.96).
Despite these promising new developments, it may be said that
the intermolecular transferrability of organoborates is general-
1y low and that organoboranes are quite nonnucleophilic.

F 4

Scheme 5.1

Br
[R3BMe] Li \c=c/

PhCH.Br w Neooet R M

RCH,Ph > c=C
? CuX 7N
50 to 707  (5-96D) //// (5.96¢c) H COOEt
55 to 98%
- Br

R :Zf:::;____ [R,BMe] Cu ZNCN R(CHy) ,CN
50 to 90% (5-96d) (5.96a) 84 to 93Y

PhCOC] \\\\\//A\\
RCOPh <e——————1//// COOEt R(CH,) ,CO0EE
75 to 90y  (5-96¢) (5.96a) 449

(b) Intramolecular Transfer Reactions. o,g-Unsaturated or-
ganoborates, in particular alkynyl-, alkenyl-, and cyanoborates,
have a strong tendency to undergo the intramolecular transfer
reaction (egs. 5.42 to 5.44). The organoborane products thus
formed can be either oxidized or subjected to protonolysis to ob-
tain organic products. Some typical results are summarized in
Schemes 5.2 to 5.4.

Scheme 5.2
1. R3X 1. R3COX 2

: [0] 2. [0]

RCOCHRRW 1 (5.94) RCC

78 to 93% T 3 N o3
1. BrCH,COY RL:T——CECRZ 1. Y 30 to 40%
R]CO?HRZ 2. [0] R! 2. [0] R! COCHR
CH, COY (5.97p) (5.98) CH2CHR30H

74 to 78% 53 to 82%
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Scheme 5.3
1 1. HCECCHZBP 1. ICHZCN 1
R CH,C=CH ' R CH,CN
2 2. HOAc 2. HOAc 2
S L =
2 (5.97e) (5.97¢) 2
H R R] H R
74 to 77% | ) ] 64 to 72%
: 1. BrCH,COY 'T'CECR VAL : )
R CH,COY R R
2 2. HOAc 2. HOAC /
\\C=C// <&———————-4/ \\_______%, \\C=C
H// \\RZ (5.97b) (5.98) H/’ \CHZCHR3OH
69 to 74% 70 to 80%

Unlike the reaction with simple alkyl halides, such as Mel, the
reactions shown in Scheme 5.3 are reasonably stereoselective
(>90%). The stereochemistry of these reactions, however, is
somewhat unpredictable and difficult to rationalize.

Scheme 5.4
1. R'CHO
2. [0] 1
> RCHCHZCHR
(5.99p) |
- 1 OH OH
RyB CH=CH, . T 52 to 80%
2. [0] 1
> RCHCHZCHZCHR
(5.99a) !
OH OH
77 to 93%

It is useful to note that alkynylborates can act as enolate
equivalents in some of these reactions, for example, eq. 5.100.
The alkylation of arylborates can proceed either via in-
termolecular transfer, for example, eq. 5.99, or via intra-
molecular transfer (5.100). For example, the reaction of LiBBu,-
(Naph) with CH30S02F produces the double alkylation product 5.8
in 70% yield a%ter oxidation and the dihydroaromatic derivative
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T] .
|
—II3—C C-R . R!-C=C-R?
R3X ’ R3X  (5.100)
R! _R? .
Ne=c” . r'cochr2R3
/ ’%R3

—B
|

5.9 in 56% yield along with a 22% yield of 5.8 after hydrolysis.
The results can be interpreted in terms of intramolecular 1,2-
migration (eq. 5.101).

(n—Bu)ZB_-Bu-n
! I (n—Bu)ZB/// Bi{—n Bu-n
lMeOSOzF 4 e
- O s OO
-HB(Bu-
(n-Bu),B-Bu-n (Bu-n)y
5.8
[o] -
Oo Me —| (5.101)
(n—Bu)ZB\\\\Bu;In H \\BUH_H
N N aq NaOH NS
e —————> ‘ e
5.9

Reactions with Aldehydes, Ketones, and a,B-Unsaturated Carbonyl
Compounds. Ordinary ketones are generally quite inert to organo-
borons, although allylboranes, shown in eq. 5.102 (5.101), enol-
boranes, shown in eq. 5.50 (5.102), and enolborates, shown in

eq. 5.103 (5.103), react with ketones.
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R
o/ R COR? &0 H20 (lz o
| R
R! (5.102)

1 0 R

B R — CoR’ t
B e
\%\0/ 3 A ICOH (5.103)
/\ R?

The reactions of allylboranes and enolboranes appear best view-
ed as [25 + 45] pericyclic processes. Aldehydes have partici-
pated in other reactions with organoborons as well. Their reac-
tion with alkenylborates is shown in Scheme 5.4. Monomeric for-
maldehyde reacts with organoboranes to give one-carbon homolo-
gated alcohols in the presence of air; see eq. 5.104 (5.104).

02 H,0

Y = - RZBOCHZR —= RCHZOH
R,B + CH,0 (5.104)

3 2 no O2 )
e T RZBOCH3 + olefin

More recently, it has been shown that alkenyl-9-BBNs undergo a
Grignard-like addition reaction with aldehydes at 65°C. The
yields of the products, however, are genera]]y modest (5.105).

R]
. R CHO \\ //

H/ \@ T2 01 / \CHR o

Unlike simple aldehydes and ketones, their o,B-unsaturated
derivatives are quite reactive toward organoboranes. Most of
the earlier results have been thoroughly reviewed (5.3 to 5.6,
5.106). Many, but not all, of these reactions have been shown
to proceed by a free-radical chain mechanism (eq. 5.106). The
reactions of B-unsubstituted enones are very facile and uniquely
useful in that most of the other conjugate addition reactions,
such as those involving copper (Sect. 9.4), tend to give poor re-
sults with these unhindered enones. Methyl vinyl ketone, acro-

(5.105)
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initiator

R3B > R
I I
R- + ?=?-?=0 R-?-?=?-0 (5.106)
| P |
©
|

lein, a-methyl-, and a-bromoacroleins have reacted satisfactorily
(5.107). On the other hand, the conjugate addition reaction of
g-monosubstituted enones generally requires some external free-
radical source, such as 0, peroxides, and Tlight. Under these
conditions, the following enones have reacted with organoboranes
to give 1,4-adducts (5.108).

Me\\

H COMe H CHO
Ne=¢” Ne=¢”’
e’ N e’ Ny

One of the serious limitations of the 1,4-addition reactions of
organoboranes is that only one of the three organic groups is
utilized. This problem has been partially overcome by g-alkyl-
boracyclanes; see eq. 5.107 (5.109).

R- B:) C=-C-0 et ey R-C-~CHC=0 (5.107)

-3::> = —B: > E, and so on

It has recently been reported that alkenyl- and alkynyl-9-
BBNs react with enones to produce 1,4-adducts (5.110). Even some
B,B-disubstituted enones have reacted, albeit slowly. Enones
capable of assuming a cisoid conformation react, whereas transoid
enones have not. These results are not consistent with the free-
radical mechanism presented above. The following six-centered
pericgc]ic mechanism has been suggested as a plausible path (eq.
5.110).
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R? R!
Ne- ’/I (5.108)
// \\c CH-C=0
35 to 93%

|
s R]c:c-g-gH-$=0 (5.109)
70 to 100%

(5.110)

Organoborates should be capable of undergoing conjugate ad-
dition reactions. Indeed, a very facile conjugate addition takes
place intramolecularly; see eq. 5.111 (5.111).

~Me
Me \\\ Me\\ Pl
J8 )S;
NaOMe CHCH=C
B\t=o/H /ﬁ\;ic/H B\()Me ’
HY NCo,Et Me0” .~ \\;\E-OEt
0)
(5.111)
_- Me
NaOH -
—_—
Hy0,
CHCH, COOH
OH

More recently, a few intermolecular conjugate addition reactions
of organoborates involving CuBRg (5.96a) and alkynylborates
(5.112) have been reported. The full scope of such reactions,
however, remains to be further explored.
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5.2.3.4 Formation of Carbon-Carbon Bonds via Reactions of Or-
ganoboranes with Nucleophilic Reagents

In Sect. 5.2.3.1 we discuss the fact that organoboranes react
with appropriately substituted nucleophiles to undergo the intra-
molecular transfer react10ns represented by eqs. 5.34 to 5.36.

The scope of the carbon-carbon bond formation via the intramole-
cular transfer reactions of organoboranes is so broad that it is
not possible to discuss all of these reactions in detail in this
book. The reader is referred to monographs cited earlier (5.3

to 5.6) and a general review (5.113). Specific reviews are cited
later.

Reactions with o-Hetero-Substituted a-Carbonyl Carbon Nucleo-
philes. The reaction of organoboranes with a-halo enolate anions
provides a useful method for a-alkylation and a-arylation of car-
bonyl compounds, for example, eq. 5.112 (5.114).

K" HBrCOOE® N p
R3B > RZB—CHCOOEt —— RZB-CHCOOEt
|
Br
(5.112)
tautomerization ?Et R'OH
RCH=C-OBR2 e RCHZCOOEt + RZBOR'

The unusually facile protonolysis involves the reaction of enol-
boranes formed via tautomerization (5.115). A wide variety of
a-halo enolate anions, such as those derived from the following
compounds, undergo this alkylation reaction.

BrCHZCOOEt BrZCHCOOEt RCHBrCOOEt
BrCHZCOCH3 BrCHzCOPh <i::2?=0

Br
C]CHZCN C]ZCHCN RCHCTCN
C]CH(CN)2 BrCH(CN)COOEt BrCHZCH=CHC00Et

The following observations are worth noting: (1) Introduction
of hindered and/or stereo-defined alkyl groups and aryl groups in
the o-position of carbonyl compounds can now be achieved. (2)
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a,o-Dihalo enolate anions can be converted into either a-halo-a-

alkyl or a,a-dialkyl derivatives. (3) The use of B-alkyl-9-BBNs
permits a high-yield conversion of the alkyl group into two-car-
bon homologated carbonyl compounds (5.116). (4) In some cases,
the use of highly hindered phenolate bases, for example, potassi-

%m 2,6Sdi—t-buty1pheno1ate, is either necessary or advantageous
5.117).

Related to these alkylation reactions are the reactions of
organoboranes with a-diazo carbonyl compounds, for example, eq.
5.113 (5.118), and the corresponding sulfur ylides, for example,
eq. 5.114 (5.119).

N,CHCOOEY R i
C1,,BR C158-CHCOOEE ——> C1,BCHCOOEL
o
N2X le (5.113)
RCH,COOEt
+ - R
Me,S*CTHCOOE ) HX
R-B > R;B-CHCODEt ——> RCH,COOEt

3
\( (5.114)

If the mechanism proposed for these reactions were correct,
the presence of an a-carbonyl group is not a necessary require-
ment. Various other a-hetero-substituted carbon nucleophiles
should also undergo similar intramolecular transfer reactions.
Indeed, a number of such carbon nucleophiles, such as those shown
below, have been shown to undergo the expected intramolecular
transfer reactions.

R
|
LiC=N—— (5.120) Li?=CH2 (5.121)
OMe
AN
M N
Li ZBr (5.122) Li (5.123)
N 0
= + - a
C H2N Me3 (5.124) C H2P Ph3 (5.125)
CH, S Me (5.126)

2 2
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Reactions of oa-Hetero-Substituted Organoboranes with Nucleo-
philes. Inspection of the structure of the presumed key inter-
mediate (5.10) in the intramolecular transfer reaction of organo-
boranes discussed above suggests that, in addition to that route,
there are at least two other conceptually and practically dif-
ferent routes to 5.10 as shown in Scheme 5.5.

Scheme 5.5

N

= |
WelBel= mr i) ———= X—?—Y—Z

X
9,10

If the hypothetical species 5.10 were indeed intermediates
of these reactions, the same products should be obtained regard-
less of the method of their generation. There can be, however,
major differences in product yield, ease of generation of 5.10,
and other significant aspects of the reaction.

The required appropriately a-hetero-substituted organobor-
anes can be prepared by various methods, of which the free-radi-
cal bromination of organoboranes (Sect. 5.2.3.2) and the hydro-
boration of haloalkenes and haloalkynes (Sect. 5.2.2.2) have been
most widely used. A brief discussion of the reactions of such
organoboranes is presented below.

-0

X—?-Y-Z + R
X

(a) Reaction of a-bromoboranes obtained via bromination of
organoboranes. The reactions of triethylborane and tri-sec-butyl-
borane with Br, in the presence of H,0 have been shown to proceed
by the following mechanisms, in whicﬁ the free-radical bromin-
ation and the intramolecular 1,2-migration alternate; see egs.
5.115, 5.116 (5.127).

These reaction sequences provide a unique method for

coupling two boron-bound alkyl groups, as exemplified by eq.
5.117 and 5.118 (5.128, 5.129).
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B Et Et
ry I H,0 [
EtBB — > Et-B-CHMe —— > Et-B-CHMe
I ' (5.115)
Br HO
o, B TR
—_— ?-?HMe ——— (HO) B- C Me ————> HO- C Me  (85%)
HO BrY Et Et
Br S-?uFt H20 Ft Pu—s Br,
s-Bu3B T s-BuB-(li-Me —_— Me—'C—l?—?-Et —_—
Br H OHMe (5.116)
Et Bu -s HZO EtEtEt [0] Ilitllitl;:t
Me-C-B-C-Et —— He C C C B(OH) ——— H-(II-EZ-(II-OH (46%)
BrOHMe MeMeMe MeMeMe
OCH OCH

r .
65%)
<;;f;£§i;7 [0] <<:::i::::>
OH (5.117)

H—B/O H—BQ 4COOEL

\(CH2)3COOEt H,0 (5.118)

g
\_ﬂ, Q (CH,) ;CO0EL
90

.(b) Reaction of a-haloboranes obtained via hydroboration.
As discussed in Sect. 5.2.2.2, hydroboration of alkenyl and alky-
nyl halides produces a-haloboranes. Especially noteworthy is the
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nearly exclusive formation of 1-halo-1-alkenylboranes (5.11) in a
regio- and stereoselective manner. Even more spectacular is the
reaction of 5.11 with nucleophiles, such as NaOMe, which induces
the intramolecular 1,2-migration proceeding with complete inver-
?ion o; configuration at the migration terminus; see eq. 5.119
5.130).

He< R \ v R

XC=CR! / Neee! —%aﬁ:c c/

/ \R1 ) X\,\R1
5.11
(5.119)
H 2 H
RZCOOH
B/ g i/ N
v

Such a displacement reaction proceeding with clean inversion at
an sp? hybridized carbon center has rarely been observed in the
past. The configuration of the migrating group is completely re-
tained. Protonolysis of the alkenylboranes thus formed also pro-
ceeds with complete retention. Various highly stereoselective
procedures for the syntheses of monoolefins, shown in eq. 5.120
(5.131), conjugated (E,E)-dienes, shown in eq. 5.121 (5.132), and
even (E)-1,2,3-butatrienes, shown in eq. 5.122 (5.133), have been
developed based on the sequence discussed above.

-Me

Me__ -
1. H-sH, /Q 1. NaOMe O\
EEE = N ___cu I__'__ —_— = =
<i:::I/ 2. BrC=CR °

C C//
\\ // 2. i-PrCOOH H// ‘\\R

(5.120)
(5.121)

1. H—BH 1. NaOMe
C1C=CR / \H T N
2. HC=CR' H_ M 2. i-PrCOOH ./ \C=C
/

/
N\
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\ /
H-sn NaOMe R H
2 Hees
21CCR ~——mm > H—B/ ﬂ o Ne=c=c=¢”
\c c” W AV
7 \R (5.122)

Carbonylation and Related Reactions of Organoboranes. (a) Car-

bonylation. All of the 1,2-migration reactions of organoboranes
discussed so far are represented by either eq. 5.34 or eq. 5.35.
Let us now discuss some reactions that can be represented by eq.
5.36.

The reaction of organoboranes with CO is one of the most
general and versatile reactions which organoboranes undergo. A
variety of primary, secondary, and tertiary alcohols, aldehydes,
and ketones have been synthesized by this reaction. Since this
reaction has been extensively reviewed (5.3 to 5.6, 5.134, 5.135),
only a brief summary is presented here.

In 1962 Hillmann (5.136) reported that trialkylboranes re-
acted with CO at about 10,000 psi at 25 to 75°C to form 2,5-di-
bora-1,4-dioxanes (5.12). At >140°C, 5.12 were smoothly convert-
ed into the corresponding boroxines 5.13. In the absence of pro-
tic solvents, mixtures of 5.12 and 5.13 are formed. No intercon-
version between 5.12 and 5.13 takes place even at 200°C.

CR
0 03
H,0 “INgR Hy0 07"
6RB + 600 ——> 3 2| [—— . cé [ISCR
50°C RB\O/CRZ 150°C  RyCB | _-BCRy
5.12 5.13 (5.123)

Oxidation of 5.12 produces a 1:1 mixture of a ketone (R2C=0) and

an alcohol (ROH), whereas its hydrolysis gives a d1a1ky1carb1no1

(RZCHOH) On the other hand, oxidation of 5.13 gives the corres-
ponding trialkylcarbinol (R3C0H)

H,0

g 207 R.C=0 + ROH
RZCI/ \El‘R <~ NaOH ‘ (5.124)
RB R
~o R H,0 R,CHOH
NaOH
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CRy
B
-~ H202
, R4COH (5.125)
R3CB\O _BCR, NaOH
5.13

Subsequent studies by Brown (5.137) have established that,
in many cases, the reaction proceeds even at atmospheric pres-
sure. Since the reaction of two different organoboranes does not
give any crossover product, the transfer of the alkyl groups from
boron to carbon must be an intramolecular process. The following
mechanism is consistent with the available data (Scheme 5.6).

Scheme 5.6

RB + CO=—R,B™-C=0" —> R,BCR —> RB—CR
3 3 270 \_/ 2
0

0
5.14 515

0
R,C~ BR
—— 2| ]

RB\O/CR2

Do |l

RB— CR, —> R-B-C'R
\./ 2 I

2
0/ 0

3 \0/ 3
5.13

Under the usual carbonylation conditions, it has not been
possible to obtain the product of single alkyl migration 5.14.
It has, however, been possible to stop the reaction after migra-
tion of one alkyl group by carrying out the reaction in the pre-
sence of LiATH(OMe)3. On oxidation of the intermediates thus ob-
tained, aldehydes were formed in high yields (5.138). It has al-
so been possible to obtain the corresponding methylols (5.139).
The use of 9-BBN permits a high-yield conversion of olefins into
aldehydes, while LiATH(OBu-t)3 makes this aldehyde synthesis
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[0] _»RCHO
LiATH(OMe) W

R3B + CO RZBFR OH™ (5.126)

OA](OMe)3L1

RCHZOH
highly chemoselective, for example, eq. 5.127 (5.140).

co H,0,
@3-(%) J0AC HC (CHy) j0Ac
LiA]H(OBu—t)3 NaH,P0,-K,HPO, g
(5.127)

92%

The thexyl group exhibits a very low migratory aptitude for
migration in the carbonylation of thexyldialkylboranes. This
makes it possible to synthesize mixed and cyclic ketones in high
yields; see eqs. 5.128, 5.129 (5.141).

1 1

R .
C0(1000 psi) H,0
-8 H—- c(iR T2 QiR (5.128)
Np2 H,0, 50°C HO o2 NaOAc
H
b 9
H-8H, B, 1. CO,H0
—————
/ | 2. H50 ,NaOAc )
| 2 2 :
v H
66%
(100% trans)
(5.129)

This ketone synthesis has been applied to the syntheses of juva-
bione, shown in eq. 5 130 (5 142), and a steroidal compound,
shown in eq. 5.131 (5.143)

COOMe CO0Me CO0Me

F;i;] |—+—BH F;i;;{ 1. €0, Hy0
(5.130)
:¥i//L\ 2e H202, NaOAc 0

78%
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B, s 1. €0, HO

i 2. H,0., NaOAC

250°
MeO Me0
' (5.131)
0 : HC1
) —_—
H
MeO MeO
53%

The carbonylation of organoboranes at 150°C in the presence
of a protic solvent followed by oxidation provides a means for
converting organoboranes into the corresponding carbon structures
with complete retention of the overall and stereochemical inte-
grity of the organoboranes, as shown in eq. 5.132 (5.144).

1. BH,-NEt

3 3 H H H
130 to 140°C H2, Et3N
2. 200°C 0
]
H H
1. CO, (CHZOH)2 1. CO, (CHZOH)2
2. NaOH, H202 2. NaOH, H202
/
H OH H

T---—

(5.132)

Although CO does not require a more complicated apparatus
than that which catalytic hydrogenation requires, and is there-
fore not inconvenient to use, there exists an unfortunate but
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prevailing tendency among practicing chemists to avoid CO in
laboratories. More recently, a few organoboron reactions, which
allow transformations similar to those discussed above, have been
developed.

(b) The reaction of cyanoborates with electrophiles. Treat-
ment of trialkylboranes with KCN or NaCN produces the correspond-
ing trialkylcyanoborates, which are isoelectronic with the tri-
alkylborane-CO adducts in Scheme 5.6. Trialkylcyanoborates, how-
ever, do not undergo spontaneous 1,2-migration, presumably due to
the lack of an electrophilic migration terminus. The earlier
discovery by Koster (5.145) that the 1,2-migration of alkynyl-
borates can be induced by their treatment with electrophiles led
Pelter (5.93, 5.146) to develop a closely related cyanoborate-
electrophile reaction. Trifluoroacetic anhydride (TFAA) has been
used most extensively as the required electrophile. The reaction
is applicable to the synthesis of ketones and dialkyl- and tri-
alkylcarbinols. Aldehydes have not yet been prepared by this
reaction. The results obtained to date may be represented by the
following scheme.

Scheme 5.7
' R' COX =
RgB—CzN ———> R—B—C—R
o) (N
R'COX = (CF5€0),0, Pheoct, O Y
and so on é.
R 2recox mi= )

—>R—B—C—R ———> R'C0-B—C—R ——> R'CO—B—CR
g ) g Gt—cor 0 NEOR
e N¢Z ‘ e

| | |
R R! R'
} o] } o]
RCOR + ROH RyCOH

It appears that virtually all of the compounds that have been
prepared by this reaction can also be prepared by the carbonyl-
ation reaction. On the other hand, it is not clear to the author
if the reverse is also true. It should be noted that the cyano-
borate-electrophile reaction requires a strong Lewis acid, such
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as TFAA. Thus those functional groups that are destroyed by such
reagents may not be tolerated.

(c) The reaction of organoboranes with polyhalocarbanions.
One serious limitation associated with both the carbonylation and
the cyanoborate-electrophile reaction is that only triorganobor-
anes can be used successfully. It is often advantageous to be
able to use dialkylborane derivatives in the synthesis of ketones
and dialkylcarbinols. This problem has been partially overcome
by the development of the reaction of organoboranes with Tithio-
dichloromethyl methyl ether as shown in Scheme 5.8 (5.147).

Scheme 5.8
LicCT,0Me Rt
Y8R, > Y2B-C-OMe
R C1
Y R MeO. R
|| N
— = ;B-(l:-R B-(I:_Y
MeO C1 o’ R
1[0] lm
RyC=0 YR,C-OH
Y = alkyl, OH, OR, and so on

Although this reaction is nothing but a triple-migration version
of some of the reactions discussed earlier in this section, the

exact order of the ligand migration is not clearly established.

In the reaction of dialkylborinic acid esters, the intermediates
have been identified as either a-chloroboronic acid esters or a-
methoxyboronic acid esters (5.147c, 5.147e).

The reaction appears quite general as a route to trialkyl-
carbinols, as indicated by eq. 5.133 (5.1474). The following
synthesis of bicyclo[3.3.1]nonan-9-one demonstrates a unique ad-
vantage of the reaction over the carbonylation or the cyanobor-
ate-electrophile reaction; see eq. 5.134 (5.148). At present,
the synthesis of ketones by this reaction requires dialkylborane
derivatives. Thus the scope of the ketone synthesis is limited
by the lack of a general route to mixed dialkylborane derivatives.
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CHC1,0M ; oM
B/Q Ze}J /e

[
SPent-n. LiOCEt, | >c
15°C Pent-n
(5.133)
1. (CH,0H),, 65 to 80°C
Sy (|3—0H (75%)
2. H,0,, NaOH
¢ Pent-n
Me 1. CHC120Me,
0-B e (5.134)
2. [0]
Me

90%

5.2.3.5 Other Carbon-Carbon Bond-Forming and Bond-Cleaving Reac-
tions of Organoborons

Miscellaneous Elimination Reactions. It has been amply demon-
strated that organoborons carrying a good leaving group in the a-
position undergo the intramolecular transfer via 1,2-migration
(eq. 5.34). We have also learned that those carrying a good
leaving group in the g-position undergo g-elimination (eq. 5.90).
Usually, the base-catalyzed elimination is an anti process,
whereas the thermal elimination is a syn process. What about or-
ganoborons carrying a good leaving group in a more remote posi-
tion?

(a) Cyclopropane synthesis via y-elimination. Organoborons
carrying a good leaving group in the y-position undergo a facile
y-elimination to form cyclopropane derivatives; see eq. 5.135

(5.149).
__:I /N N zfx + —p7 (5.135)
Nt AN

|
X = halogen or 0502R
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(b) Fragmentation reactions of s§-hetero-substituted organo-
borons. &-Hetero-substituted organoborons can undergo either
formation of cyclobutanes (5.149d) or a Grob-type fragmentation
reaction (5.150). The latter appears to require rigid and favor-
able conformational arrangements, as shown in eq. 5.136.

OMs ’ (OMS

BH3 “OH
—_—— =
[

7\

Little is known about the reaction of organoborons carrying more
remote leaving groups.

Generation and Reactions of Boron-Stabilized Carbanions. Just as
the carbonyl group stabilizes an adjacent carbanionic center, the
empty p orbital of the boron atom of organoboranes should also
exhibit a similar effect. The intrinsic difficulty is how to
generate such species without forming undesirable organcborate

complexes.
(GG
N ﬁ S /(,) (_)\

/

B-C- + Y (5.137)

' AN |
Y-B -C—
|
One successful approach involves the use of so-called highly
basic but nonnucleophilic bases (5.151). The boron-stabilized

carbanions thus generated can react with carbonyl compounds to
undergo a Wittig-like reaction (eq. 5.138).

e
A
O Crows = e D=0
(EZ:::B (01|
(5.138)
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An alternate approach involves generation of gem-dibora and gem-
tribora compounds fo11owed by treatment with a base, for example,
eqs. 5.139 and 5.140 (5.152, 5.153)

1. 2 eq HB 5
] 1. R%X 1 5
R C=CH CH CHB _ R CHZCHR OH
2. MeLi 2. H,0,,
1 272
NaOH (5.139)
. 1 2
0 Mel i R COR O\ 1.2
l: )3—)3CH e [ \B— CHL1 —_— B-CH=CR R
0 0/
l[O] (5.140)
OHCCHR]R2

(63 to 97%)

Miscellaneous One-Electron Transfer Reactions. It has been am-
ply demonstrated that organoborons are good sources of carbon
free-radicals. It now appears that, under electrolytic condi-
tions, even carbocations can be generated from organoboranes via
free radicals. The anodic oxidation of organoboranes using gra-
phite as the anode produces alkyl methyl ethers, when carried out
in the presence of NaCl04, NaOMe, and MeOH, and alkyl acetates,
when carried out in the presence of NaOAc and HOAc (5.154). The
formation of alkyl methyl ethers, for example, has been ration-
alized as follows.

“OMe -e
R3B —_—— R3B OMe ——> R3BOMe —R. + RZBOMe
-e MeOH (5.141)

Re — > R" — > ROMe

Electrolysis of organoboranes in CH3CN (5.155a) and CH3NO2
(5.155p) has produced homologated nitriles and nitro compounds}
respectively.

Carboboration Reactions. Unlike organoalanes, ordinary organo-
boranes do not readily undergo carbometallation with olefins and
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acetylenes. Allylboranes, however, are exceptional and react
with acetylenes and olefins to form the corresponding addition
products (5.101), as shown in Scheme 5.9. The results have been
interpreted in terms of a [25 + 45] process which is analogous
to the "ene" reaction.

Scheme 5.9 1

P R
R‘ 2 R'  H,C==CHR' R ne=c
RC=CH | 2 | 2 W

(CH,= CeH 9)3B ——— (CH,=CCH,),B CHy = (CHZ-CCHZ)ZB CHy
s20°C B o=¢

\_2 / \_ 2

H/ R H R

20 to 1 ooocl
1 1 1
1 R R R

|
| >100°C , CH,C=CH,
,=CCH,,B R® <———— CH,=CCHE

R
CH

1
R R%

The formation of the monocyclic intermediate involves an allyl-
boration reaction of the terminal olefin group, whereas that of
the bicyclic product must be a rare example of the addition of an
alkenyl-boron bond to an olefin.

Miscellaneous Reactions. There can be a variety of organoborane
reactions in which the boron atom acts as a carbonyl-like elec-
tron-withdrawing group. For example, there have been indications
(5.156) that alkenyl- and alkynylboranes act as efficient dieno-
philes in the Diels-Alder reaction. Although highly promising,
the scope and synthetic utility of such reactions are yet to be
explored.

5.2.3.6 Organoboranes and Organoborates as Reagents in Organic
Synthesis

The single most important application of organoboranes and or-
ganoborates to organic synthesis is the reduction of organic com-
pounds with these reagents via hydride transfer. Some represen-
tative organoboranes and organoborates that have been used as
selective reducing agents include partially alkylated organobor-
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anes, such as 9-BBN (5.157), disiamylborane (5.158), and thexyl-
borane (5.27, 5.159), trialkylboranes, such as B-alkyl-9-BBN's
(5.160), partially organo-substituted borates, such as NaBH3CN
(5.161), LiBR3H and KBR3H (5.162), and tetraorganoborates, such
as lithium dialkyl-9-borabicyclo[3.3.1]nonanates (5.163). Since
there are many excellent reviews of these reagents, such as those
cited above, a very brief discussion is presented here.

Organoboranes and organoborates may be viewed as modified
borane (BH3) and borohydrides, for example, NaBHg, respectively.
The effect of an alkyl group in organoboranes appears twofold.
Introduction of an alkyl group not only decreases their electro-
philicity via inductive effect but also exerts steric hindrance.
As a result, partially alkylated organoboranes are generally
milder reducing agents than BH3 itself (5.164), as indicated in
Table 5.2. On the other hand, the presence of three or even two
electron-donating organic groups in organoborates make them some
of the most powerful nucleophiles known to organic chemists,
while NaBH3CN, which contains the electron-withdrawing CN group,
is a milder reducing agent than NaBHs. In Tight of the very Tow
nucleophiiicity of tetraalkylborates in the intermolecular sense
(Sect. 5.2.3.3), the exceedingly high nucleophilicity of trial-
kylborohydrides might be puzzling. It may be noted that, where-
as attack of the B-C bond of organoborates, front or back, by an
electrophile appears severely hindered by steric crowding (5.16),
the s orbital of the hydrogen atom of the B-H bond of borohy-
drides does not appear to suffer from similar steric hindrance
(5.17). 1t is even possible that the alkyl groups of organo-sub-
stituted borohydrides may exert steric acceleration in addition
to their inductive effect mentioned above.

Front attack 1 l
w_t \ d
C}B’QC(::\)+— Back attack C:/B_@%
g X

5.1
Bl . 5.17

As a rough guide, the reducing properties of some representative
boranes and borates are summarized in Table 5.2. Some noteworthy
reducing properties of organoboranes and orbanoborates are brief-
ly discussed below.

Thexy]borane (5.27, 5.159). Under carefully controlled condi-
tions, thexylborane can reduce free aliphatic and aromatic carbo-
xylic acids to aldehydes.
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Disiamylborane (5.158). Lactones can-be reduced to hydroxyalde-
hydes with one mole of disiamylborane. Similarly, tertiary
amides can be reduced to aldehydes. In many cases, however, the
same transformations can also be achieved with diisobutylalumin-
um hydride (DIBAH); see Sect. 5.3.3.3. Disiamylborane can also
be used to protect free carboxylic acids.

9-BBN (5.157). Quite unexpectedly, 9-BBN reduces acyl chlorides
relatively rapidly. Another somewhat unexpected finding is the
reduction of conjugated enones to allylic alcohols with one mole
of 9-BBN (5.165). Although many other reducing agents can also
be used for this transformation, 9-BBN ranks among the best a-
Tong with DIBAH (Sect. 5.3.3.3).

NaBH3CN (5.161). One of the most unique features of NaBH3CN is
that it is reasonably stable in aq acidic media. Under neutral
or weakly basic conditions, practically all electrophiles, except
alkyl halides and sulfonates (5.166), are inert. As a reagent
for the reduction of alkyl halides, however, NaBH3CN is generally
inferior to trialkylborohydrides. Under acidic conditions, a
wide variety of functional groups can be reduced. The reductive
amination of aldehydes and ketones with NaBH3CN represents one of
the best methods for converting them into amines. Oximes and en-
amines can be reduced to ~v-alkylhydroxylamines and tertiary am-
ines, respectively (5.167). Treatment of aliphatic ketone and
aldehyde tosylhydrazones with NaBH-CN in acidic DMF-sulfolane
provides a selective and high-yie1g method for deoxygenation of
aldehydes and ketones; see eq. 5.142 (5.168).

1. TsNHNH

2
> CH.(CH.,) ,COO(CH.).CN
2. NaBHCN, 100°C 274 2'6

DMF-sulfolane

CH3C0(CH 3COO(CH CN

2) 2)6

5% (5.142)

This reaction represents a useful alternative to the Wolff-Kish-
ner reduction. The reduction of a,B-unsaturated aldehydes and
ketones by this procedure is accompanied by complete allylic re-
arrangement, for example, eq. 5.143 (5.169).

o TSNHNH2

2. NaBH3CN
<i:::>—CH=CHCHO ——— H2CH=CH2 (5.143)

3. H*
85%
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Some of the unique reducing capabilities of.NaBH3CN are summa-
rized below.

Scheme 5.10

s N N
C=C-C-OH > CHOH SCHNHR

C=C- c=0[H" ////Efiﬁg//ﬂfﬁ/f

o
C=NOH

Ne=
C=NNHTs N
> CHNHOH

NaBH3CN
DMF—C4H8SO

| | I

CH-C=CH CHCHNS X

| |+ *
N N N
H H H

Trialkylborohydrides (5.162). Trialkylborohydrides have exhibit-
ed exceptional synthetic capabilities in the reduction of four
types of organic compounds, that is, (1) alkyl halides and sul-
fonates (5.170), (2) epoxides and other strained cyclic ethers
(5.171), (3) aldehydes and ketones (5.172), and (4) conjugated
enones (5.173).

The reduction of primary and secondary alkyl halides can
most efficiently be achieved with trialkylborohydrides (5.170).
Some noteworthy examples follow.

CHs LiBEEH, THF CHs
CH,CCH,Br CH.CCH. (96%)  (5.144)

|2 65°C, 3 hr 3173

CH ’ CH
3 3
LiBEt,D, THF
. (5.145)
Br 650C H
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The available data indicate that the reaction is of the s,2 type.
The exceptional nucleophilicity of trialkylborohydrides may be_]
indicated by the following second-order rate constants (1 mole
min-1) for the reaction of various nucleophiles with n-octyl
chlgride in THF at 25°C- (5.170): LiBEt3H(2 x 10-1), NaSPh(1 x
10-2), LiATHg(5 x 10-3), and LiBH4(2 x 1079). Although trialkyl-
borohydrides are inert to aryl halides, they can be activated to-
ward aryl and alkenyl halides by the addition of Cul (5.174).

The exceptional nucleophilicity of trialkylborohydrides is also
evident in their reactions with alkyl tosylates (5.170b) and with
epoxides (5.171).

<::::>—-0Ts _—— <i:::> & <i:::> + <::::>»—0H (5.146)

Me
it N\p” 88% 12% L
H/
LiATH, 549 259 19%
OH
0
== oH *
LiBEE JH 937 <0.1%
(5.147)
LiATH, 15% 859%

One of the most remarkable properties of trialkylborohy-
drides is their unprecedented ability to reduce ketones selec-
tively and consistently from the Tess hindered side of the car-
bonyl group (5.172). Although some trialkylborohydrides of com-
plex structure were used in earlier studies (5.172a, 5.172b),
steric hindrance appears to be the single most important factor.
Lithium trisiamylborohydride (5.172e) is probably the most ster-
eoselective nonenzymatic reagent for the reduction of ketones.

0 OH

O3 LiBSiagh CHs
e, (99.7% cis) (5.148)
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0 OH
LiBSia3H
—_— > (99.6% trans)
CH, “CH, (5.149)
0 OH
LiBSia3H
> (99.0% cis) (5.150)
CH3 CH3

It should be clear that, except in rare situations where some
bulky substituents occupy the 2- and/or 6-axial positions, the
so-called equatorial side of cyclohexanones, which has only the
2- and 6-axial groups, is the less hindered side. The 2- and 6-
equatorial groups as well as the carbonyl group are in the neu-
tral plane, and everything else is on the axial side, as shown in

Do 18

neutral plane

axial side — —-equatorial side

Trialkylborohydrides tend to undergo conjugate reduction of
enones to form the corresponding regio-specified enolate which
can be alkylated regiospecifically, for example, eq. 5.151

(5.173b).
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0 1. KB(Bu-s)H, -78°C 0

2. Mel, -78°C

(5.151)

N N
98%

In some cases where the g-carbon atom of enones is relatively
hindered, the carbonyl group has been reduced, for example, eq.
5.152 (5.173a).

LiBRH
Z:::X\‘¢9\\“//CSH]]-n —® . 15a- and 15 g-alcohol
' (ca. 90:10)

0

(:)\CONH (5.152)

Lithium Dialkyl1-9-borabicyclo[3.3.1]nonanates (5.163). Lithium
di-n-buty1-9-borabicyclol3.3.1]nananate reduces tertiary alkyl,
benzylic, and allylic halides without reducing primary and secon-
dary alkyl halides (5.175). It is one of the bridge-head hydro-
gens that acts as a hydride (eq. 5.153). Aldehydes, ketones, and
epoxides can also be reduced (5.176).

n-B n-Bu Bu-n

u Bu-n
g Lit ¢ R —— e + RH

R\ H—ee A
(5.153)

B-Alky1-9-BBNs (5.160). B-Alkyl1-9-BBNs having tertiary C-H bonds
in the g-position, for example, B-(2-methylcyclopentyl)-9-BBN re-
duces aldehydes at 65°C (5.160). Benzyl-a-d alcohol of 90% enan-
tiomeric excess has been obtained using B-a-pinany1-9-BBN of 92%
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enantiomeric excess; see eq. 5.154 (5.160b).

OH

: @ + PhCD — > Ph=—C—=D (5.154)

90% ee

=511

92% ee

5.3 ORGANOALUMINUMS

In addition to a few general treatises (0.6, 0.8) that discuss
the chemistry of organoaluminums established through the mid-
1960s, there is an extensive monograph on organoaluminum chemis-
try published in 1972 (5.177). An extensive review in German is
also presented in Houben-Weyl (5.178). The synthetic aspects of
organoaluminums have been reviewed by Bruno (5.179), Reinheckel
(5.180), and Negishi (5.36).

5.3.1 Fundamental Properties of the Aluminum Atom and Organoal-
uminum Compounds

Aluminum Ties immediately below boron_in the Periodic Table and
has the electronic configuration: 3s%3p. As might be expected,
these two elements display similar properties. One of the most
significant properties common to both of these elements is their
ability to form Lewis-acidic sextet species as stable compounds
that have an empty p orbital available for coordination. Such
sextet species, which may exist as dimeric or polymeric aggre-
gates, are called alanes, regardless of their degree of aggrega-
tion. Many of the reaction characteristics of organoboranes as-
sociated with the availability of the empty p orbital are also
found in organoalanes.

There are, however, a number of significant differences
which must be emphasized here.

The Allred-Rochow (1.8) and Pauling (1.1) electronegativity
values for aluminum are 1.47 and 1.61, respectively, which are
roughly 0.5 lower than the corresponding values for boron. Thus
the A1-C bond is considerably more ionic than the corresponding
B-C bond. Moreover, the former is considerably Tonger and more
polarizable than the latter. For example, the Al-C bond lengths
of Me3Al, which exists as a bridged dimer 5.19, are 1.97 and 2.14

(5.181). The B-C bond length of Me3B is 1.57
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Me 2.k A
Me ,’75;\ Me
o \ / J \\ /
1.97 A =7 Al Al
Me// Ny Me
*Me
5.19

These properties combine to make organcaluminums better car-
banion sources than the corresponding organoboranes. Indeed, it
has long been known that organoalanes undergo Grignard-1like reac-
tions, that is, intermolecular transfer reactions, with a variety
of organic and inorganic electrophiles. As will become clear
from the discussions presented later in this chapter, the inter-
molecular transfer is the predominant mode of reaction of organo-
aluminums.

There are, however, some significant differences between the
intermolecular transfer reactions of organoaluminums and those of
Grignard reagents or organolithiums. Just recall the case of
cross coupling (Sect. 4.3.2.1). The order of reactivity of alkyl
halides toward the highly basic organometallics is: primary >
secondary > tertiary. Moreover, hindered alkyl halides undergo
mainly g-elimination reactions. On the other hand, the order of
reactivity of alkyl halides toward organoalanes is: tertiary >
secondary > primary. In fact, typical primary alkyl halides,
such as ethyl iodide, are quite inert, indicating that the in-
trinsic nucleophilicity of the A1-C bond of organoalanes is rath-
er low. These results indicate that the reaction of Grignard
reagents and organolithiums is essentially associative or s,2-
like, whereas that of organoalanes is dissociative or syl-1ike.
Complexation between organoalanes with alkyl halides, in which
the organoalanes act as electrophiles, must be a crucial step of
the cross-coupling reaction of organoalanes, and appears far more
significant than in the corresponding reaction of Grignard rea-
gents and organolithiums. The effect of complexation seems two-
fold or synergistic. It should increase not only the electro-
philicity of the alkyl group of alkyl halides through polariza-
tion or ionization, but also the nucleophilicity of the Al-C bond
by weakening it electronically and sterically and making the
bonding electrons more readily available for interaction with el-
ectrophiles. This point is further elaborated later.

Alanes react with various bases to form the corresponding

gc?gt species called aluminate or alanate anions as shown in eq.
.155.
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| - -\
Ca + Ty > CAT-Y (5.155)
\\‘\ \ ' \‘/

Recent studies have established that organoaluminates are reason-
ably good nucleophiles whose reaction characteristics resemble
those of organolithiums and Grignard reagents (5.36). In parti-
cular, the ready availability of stereodefined alkenylaluminates
makes such species uniquely useful, as the synthesis of the corre-
sponding alkenylmetals containing Tithium and magnesium is often
cumbersome.

Quite interestingly, organoalanes and organoaluminates have
rarely participated in the intramolecular transfer via 1,2-migra-
tion which dominates the reactions of the corresponding organo-
boranes and organoborates. The precise reason for this highly
contrasting behavior is not yet clear. The ready availability of
the intermolecular transfer paths might simply be blocking the
intramolecular transfer paths. Alternatively, the 3p orbital of
aluminum might not participate effectively in the pg;-p; overlap
with the 2p orbitals of C, N, and 0, which are considerably small-
er than the aluminum 3p orbital. Whatever the reason may be,
there are only a few known 1,2-migration reactions of organoal-
anes, as exemplified by eq. 5.156 (5.182).

H\\ //H H\\ //H H\\ //H

1 /c=c\ g CHNy, g _/c=c\ 2 1 /C:C\ 2

RHA1 R R,AT \V R ——> R,ATCH, R
CHz‘\Ng (5.156)

The following tentative generalization may be useful:

1. Organoalanes can act as Lewis acids or electrophiles, as do
the corresponding organoboranes.

2. Organoalanes can also act simultaneously as both electro-
philes and nucleophiles ("amphophiles") in their reactions
with alkyl halides and other types of organic and inorganic
compounds.

3. Organoaluminates can act as unique nucleophiles in their
reactions with various electrophilic compounds.

4. Organoaluminums appear quite reluctant to participate in the
intramolecular transfer.
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5.3.2 Preparation of Organoaluminums

5.3.2.1 Preparation of Organoalanes

Oxidative metallation (Method I), hydrometallation (Method VI),
and transmetallation (Method XI) represent three general methods
for preparing organoaluminums. Before discussing these reactions,
however, some of the general organoalane reactions which convert
one organoalane into another are discussed briefly.

Disproportionation. Organoalanes are considerably more reactive
with respect to disproportionation than the corresponding organo-
boranes.

R< 7 s

eI ] 2
//A1\‘,r./A] -X + R—A1\ (5.157)

2 R
N~

1 1.~

AT
5

X =2C, N, 0, or halogen group

N
A1 -R + X-Al

Typical examples follow.

2R3A1 i A1C13 —— T 3R2A1C1 (5.158)
R3A1 + 2A1C13 B e.h 3RA]C]2 (5.159)
R3A1 < R3A]2C]3'~r—————— 3R2A1C] (5.160)

The disproportionation reaction often takes place even under very
mild reaction conditions, thereby providing a convenient indirect
route to organoalanes. Although it can also represent a problem,
the overall structural integrity of organoalanes has seldom been

critical in organic synthesis. Consequently, disproportionation

is usually not a deleterious factor.

Dissociation and Displacement. Organoalanes are considerably
more labile than organoboranes with respect to dissociation into
olefins and aluminum hydrides. In fact, it is difficult to pre-
pare pure trialkylalanes uncontaminated with dialkylalanes from
di- and polysubstituted olefins. Dissociation must involve the
precise reversal of hydroalumination.

[
—GC= =—= 3e=t{ + HAI (5.161)
H

5 N
AT
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If an unhindered olefin is present in the reaction mixture
undergoing dissociation, it can react with the aluminum hydride
generated via dissociation. The overall transformation involves
displacement of one olefin with another that can form the more
stable organoalane of the two.

The displacement reaction provides a useful method for the
synthesis of certain organoalanes; see eq. 5.162 (5.183).

(Me,,CHCH

o 2)3A1 + 3H,C=CH, — Et,A1 + 3Me

,C=CH, . C=CH, (5.162)

2

Carboalumination. At elevated temperatures, organoalanes can al-
so undergo addition reactions with olefins, acetylenes, dienes,
and polyenes (5.184). The reaction often takes place in competi-
tion with the displacement reaction.

petl —— RL-Cad (5.163)

/
R-AT |

I
— (st~ ———3 R-C=L-AIC (5.164)

In cases where the organoalane products possess reactivities com-
parable to those of the starting organoalanes, polymerization in-
volving multiple carbometallation takes place. Thus, for example,
ethylene reacts with Et3Al and n-Pr3Al, but not with Me3Al, at

90 to 120°C and 100 atm to form trialkylalanes containing long
linear alkyl groups (5.185).

CH,=CH, _ACHy) CoHg
AUC M), —E—Lm RIT—(CH,) Co  (5.165)
(CoHg) CoMls

The chain Tength of the alkyl groups is a function of various
factors. At 100 atm, the alkyl chain grows to about Cygg and is
detached as a long chain olefin via displacement.

The polymerization reaction can produce trialkylalanes con-
taining C4 to C3g Tinear alkyl groups by controlling the ratio of
ethylene to Et3A1. Controlled oxidation of the products produces,
after hydrolysis, primary alcohols.

The reaction, on the other hand, can be markedly facilitated
by the so-called Ziegler-Natta catalysts so as to product poly-
olefins of high molecular weight (5.186). Since this reaction
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involves the use of transition metal compounds, it is discussed
later in more detail (Sect. 10.2).

Carboalumination of olefins is probably of Tittle signifi-
cance as a method for preparing monomeric organic compounds,
since it is generally difficult to suppress undesirable side
reactions, such as polymerization and displacement. Moreover,
there is 1ittle incentive to prepare monomeric organic compounds
via carboalumination of olefins. On the other hand, carboalumin-
ation of acetylenes offers an attractive possibility of synthe-
sizing tri- or tetrasubstituted olefins in a selective manner.
Until recently, however, the synthetic scope of carboalumination
of acetylenes had been very limited. Some of the more useful ex-
amples are shown below.

Acetylene itself reacts with trialkylalanes, such as Et3Al
and (i-Bu)3Al, to form alkenylalanes (5.187).

HC=CH + R,Al ———> RCH=CHA1R2 (5.166)

3

The synthetic utility of the reaction does not appear to have
been well delineated.

The reaction of organoalanes with monosubstituted acetylen-
es is usually complicated by (1) metallation of acetylenes and
(2) formation of the two possible regioisomers (5.188), as exem-
plified by the reaction shown in eq. 5.167.

70 to 90°C
EtsAl + HC=CPh ——————> (5.167)
H Ph H //Ph
Et,AIC=CPh + :>c=c<: . :>c=c\\
50% Et AEL,  Et,Al Et

The synthetic utility of the carboalumination of disubstituted
acetylenes is severely limited by (1) the Tack of high regiosel-
ectivity and (2) the competitive dimerization and polymerization.
A typical example follows (5.188).

Ph

85°C Ph\\ //Ph Ph\\
Et3A1 + PhC=CPh ——> C=C + //C= AlEt
H

=C//
Ph \\Ph

major minor (5.168)

c 2
et/ \\A1Et2 C

N N\
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The minor product presumably arises via d1ssoc1at1on, hydroalum-
ination, and carboalumination (eq 5.169).

PhC=CPh N A
EtyAl ————>  Et,ATH > C=C
W At
2 (5.169)
PhC=CPh .. /Ph
= ATEL,
N’
/ \

Only in some favorable cases is the reaction both regio- and
stereoselective (5.189).

o, Me Ph
90°C .
Ph3A1 + MeC=CPh ——> C=C (5.170)
Ph’/ \\A1Ph2

Recently, it has been discovered that mono- and disubsti-
tuted acetylenes react under very mild conditions with reagents
obtained by mixing organoalanes with C12ZrCp2 to produce the
corresponding alkenylmetal derivatives in a highly stereoselec-
tive manner; see eq. 5.171 (5.190).

1 2
: , , 25 to 50°C R N /H(R )
RIC=CH(R?) + R3AT-C1,ZrCp, — 5 (5.171)
3 27772 en 1) 3/ \
2t A1R C1,ZrCp,

This reaction holds considerable promise as a selective route to
tri- and tetrasubstituted olefins, as discussed later in more de-
tail (Sect. 10.2).

It should be kept in mind that the organoalane interconver-
sion reactions discussed above can accompany and complicate the
preparation of organoalanes with the reactions discussed below.

5.3.2.2 Oxidative Metallation of Organic Halides with Aluminum
Metal

Certain organic chlorides, bromides, and iodides, but not fluo-
rides, react with aluminum to produce organoaluminum sesquihal-
ides (5.191).
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6RX _____-_>4A1 2 R‘A1/X\A1/R —_— R\Al/X\Al/ ; + R\A1/X\A1/X
neat or R” X7 X RZ X7 MR X7 ™7 MR

hydrocarbon
(5.172)

The reaction is analogous to the formation of Grignard reagents
from organic halides but is of much more limited scope.

Organic halides which have been successfully converted to
organoaluminum sesquihalides include: methyl, ethyl, n-propyl,
allylic, propargylic, and benzylic halides. The reaction repre-
sents the most convenient route to organoalanes containing some
of these groups. It is difficult to use higher alkyl halides.
Phenyl iodide reacts with aluminum at 100°C. Aryl bromides and
chlorides are unreactive toward ordinary aluminum metal, although
they will probably react with the aluminum vapor and powder dis-
cussed earlier (Sect. 2.1).

These organoaluminum sesquihalides are satisfactory reagents
in most cases. They can also be converted to mono-, di-, and
triorganoalanes, however, via disproportionation.

5.3.2.3 Hydroalumination

Hydroalumination with Hydroalanes. Certain aluminum hydrides
react with olefins and acetylenes to form the addition products
(5.187, 5.192).

N\

/ / O 7

pe=e + B ———> H-C-C-A1 (5.173)
i / Npap”
—c=c— + M —> e=c{ (5.174)
H o mi

In most cases, the aluminum hydride reagents used are diorganoal-
uminum hydrides. Although they can be prepared by the reduction
of various organoalanes of the RyATX type with saline metal hy-
drides, such as LiH and NaH, it is the so-called "direct" synthe-
sis that has made certain dialkylaluminum hydrides industrially
important chemicals.

The direct synthesis of organoalanes consists of the follow-
ing two reactions (5.193).

50 to 300 atm

> 6R2A1H (5.175)

4R3A1 e 2 0 3H,
100 to 120°C
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60 to 80°C.

Se=c? > 6R,Al (5.176)

6R2A1H 6 ,C=C{
The net change is shown in eq. 5.177.

M + 3H, + 60, ————> 2RAI (5.177)

2 3

It is important to note that aluminum metal and hydrogen do not
react even under these drastic conditions, unless a trialkylalane
is present. The direct synthesis, which is also called the
Ziegler synthesis, can be carried out either in one step or two
steps. The one-step procedure is, of course, the more desirable
of the two. There are, however, at least two side reactions,
namely, hydrogenolysis of trialkylalanes and carboalumination of
olefins, which must be taken into consideration. Both of these
problems can be avoided in the two-step procedure. Triisobutyl-
alane, which does not participate readily in either of the side
reactions, is usually prepared by the one-step method, whereas
triethylalane requires the two-step procedure.

It should also be noticed that typical alkylalanes are re-
markably stable to hydrogen. The hydrogenolysis of R3A1 to form
R2ATH can be achieved only at 2120°C and about 300 atm, unless
catalyzed by some transition metal compounds.

Scope of Hydroalumination. The scope of hydroalumination of
olefins is considerably more limited than that of hydroboration,
mainly due to (1) competitive dissociation and displacement and
(2) competitive carboalumination. The two hydrometallation reac-
tions, however, share some significant common features. Both
reactions involve a cis addition which predominantly proceeds in
the anti-Markovnikov sense. It is therefore 1ikely that the me-
chanisms of the two reactions are also very similar (Sect. 2.6.1).

(a) Olefins. The approximate order of reactivity of various
types of olefins is: HoC=CHp > HpC=CHR > HpC=CRR' > RCH=CHR'.
Many exceptions exist, however. For example, norbornene is more
reactive than 1-hexene. Triisobutylaluminum contains a small a-
mount (~10%) of diisobutylaluminum hydride (DIBAH). It is there-
fore difficult to prepare by hydroalumination pure trialkylalanes,
which are sterically more demanding than i—Bu3A1.

(b) Dienes. The course of hydroalumination of dienes
(5.194) is often considerably different from that of the corre-
sponding hydroboration (5.16). The reaction is often followed by
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the intramolecular carboalumination, which provides an attractive
method of forming carbocyclic derivatives, as shown in the follow-
ing examples, see eqgs. 5.178, 5.179 (5.195).

“A1(Bu-1i)
)= l BU A]H
___—> — E>—CH2A1(Bu—i)2 (5.178)
=~ (Bu-1)
(i-Bu) A]H
—__> = B (5.179)

A](Bu—i)2

(c) Acetylenes. Hydroalumination of acetylenes has proven
to be of considerable synthetic interest in recent years, al-
though its scope is much more limited than that of hydroboration.
Under carefully controlled conditions, usually at about 50°C, di-
alkylaluminum hydrides react with acetylenes to give 1:1 cis-
addition products (5.187, 5.196).

1

: HATR,, R\ H
R'C=CH N = c< (5.180)
H ATR,
1 2 1 ?
HATR R R R R
RIcCzcRE.  —e 2 5 N # Ne=c”
H” \A1R2 R2A1/ Ny
(5.181)

The reaction can, however, be complicated by (1) substitution of
the methine hydrogen or other heterosubstituents, such as bro-
mine and SnR3, and (2) competitive carbometallation. Moreover,
the regiochemistry and stereochemistry of hydroalumination of in-
ternal acetylenes are often nonselective. The representative re-
sults are summarized in Table 5.3.

One of the serious Timitations of hydroalumination is its
incompatibility with various functional groups. As discussed
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later, various functional groups are readily reduced by aluminum
hydrides. Even most of the etherial functionalities cannot be
tolerated, although they are not usually destroyed. This repre-
sents a major disadvantage of hydroalumination in relation to
other hydrometallation reactions.

Table 5.3. Regio- and Sterebchemistry of Hydroalumination of
Acetylenes with DIBAH

L. Product
AC(]etylene2 Conditions Distribution (%)
(R COLECBR ) cis-o cis-B trans-f Substitution Ref.
n—C4H9CECH 50°C 2 88 6 5.197
PhC=CH 20°C 71 29 5.198
n—C4H9CECCH3 70°C 33 67 5.200
—ﬁ—CECCH3 70°C 15 85 5.200
PhCzCCH3 50°C 82 18 5.200
PhC=C—— 50°C 100 0 5.199
PhC=CBr 100°C 100 5.198
60°C, 96 4 5.198
PhCECSiMe3 {:
20°C 4 96 5.198
PhCzCSnMe3 20°C 100 5.198
1 2 1 2 1
R R R R R AR
cis-o = \C=C< cis-B = \C=C/ trans-f = \C=C< 2 2
R2A1/ H H” DAl R, H” R

Hydroalumination with Hydroaluminates. Unlike dialkylalanes
(RoATH), hydroaluminates, such as LiAlHg and LiAl(Bu-i)pMeH,
react with internal acetylenes to form the (Z)-isomers via trans
addition (5.201).
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100 to 130°C H_ Et (5.182)
LiA1(Bu-1),MeH + EtC=CEt >  C=C
(CH,0Me),, Et”  OA1(Bu-i)

2MeL1

The well-known reduction of propargylic alcohols with LiAlHy
to form the trans isomers of allylic alcohols presumably involves
the trans hydroalumination (5.202).

LiAlH, RO M H0 R_ M
RC=CCH,OH —— > c=c/ —25> c=C (5.183)
2 Na1™7 e H” “CH..OH
s \\0// 2 2
5.20

If the reaction involves the intermediacy of alkenylaluminates,
such as 5.20, it should also be applicable to the synthesis of
trisubstituted allylic alcohols as well. Indeed, Corey (5.203)
has developed such a procedure, which is regio- and stereoselec-
tive, and applied it to the synthesis of various natural products,
such as farnesol (5.21), juvenile hormone (5.22), and a synthetic
precursor (5.23) of a-santalol.

1. LiAlH,
NaOMe R LiCuMe R H
\\C=C//H 2 Nc=c”
2.1 1”7 CH,OH Me””  NCH,OH
2 2 2
RC=CCH ,OH (5.184)
\\ 1. ?uLi
2. (i-Bu),ATH R I LiCuMe, R Me
t > e ——5 e
3. EtOAc H \CHZOH H” CH,OH
4. 1,
/lQV/\\/le/“\/lQV/\\OH :%;y/\;:1§¢/\\/L§//COOMe
5.21 5.22
XY 0H

Do 23
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One of the major Timitations of the trans hydroalumination
of acetylenes is that the terminal acetylenes cannot be used in
this reaction, since their reaction with hydroaluminates produces
alkynylaluminates. A similar reaction also occurs with hydro-
alanes complexed with tertiary amines (5.179).

1 50 to 60°C

NaATR;H  + HC=(R! —————> NaA1R3(CECR]) (5.185)
: , 20 to 40°C .
ROATH-NRL + HC=CRZ  —————> R,AICCRO-NRY  (5.186)

5.3.2.4 Organoalanes via Transmetallation and Organoaluminates
via Complexation

Organoalanes that cannot be prepared via oxidative metallation or
hydroalumination can most conveniently be prepared by treating
organometallics containing alkali metals and magnesium with al-
uminum halides (eq. 5.187).

RM + XAlY, —> RAlY, + MX (5.187)

2 2
M= Li, Na, K, Mg, and so on

Typical examples are shown below.

@Li + (21A1(Bu-i)2 — <C:—>>—A1(Bu-i)2 (5.188)

OEt2

3CH,=CHMgBr + A1CT ——X> (CH,=CH),A1-0Et,  (5.189)

3
OEt,

3RC=CNa + AICT, = —N(RE=CEATRUEE (5.190)
Hexane

3RC=CLi + AICI, S (RCEC)3A1 (5.191)

The immediate products of the reaction of alanes with polar or-
ganometallics are organoaluminate complexes (MAIRXYp). If they
decompose, organoalanes (RA1Y2) are formed. If they do not, the
organoaluminates are obtained as the final products. As in the
case of the synthesis of organoborates, this complexation method
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represents by far the most general route to organoaluminates. It
is also possible to obtain organoaluminates by treating organo-
alanes with either organometallics or inorganic salts; see eq.
5.192 (5.204).

0

MR+ XATY,
M[R-A1XY2] (5.192)

MX  + RA]Y2

A few representative examples are shown below.

LiH + A]Et3  — LiA]Et3H (5.193)

R H R H
n-BuLi + >c=¢” s L] DNe=¢” (5.194)
H” \\Al(Bu—i)z H” \>A1(Bu—i)2
n-Bu

Finally, certain ether-free organoalanes can be prepared by
treating organomercuries with aluminum metal (Method XII, Sect.
2.12), as in the following synthesis of trivinylalane (5.205).

Pentane
g+ 2A1l ————> 2(CH =CH)3A1 + 3Hg (5.195)

3(CH,=CH)
2 -20°C 2

2H

5.3.3 Reactions of 0Organoaluminums

The general patterns of the reactions of organoaluminum compounds
are briefly discussed in Sect. 5.3.1. Various specific reactions
of organoaluminums of synthetic interest are presented in this
section.

5.3.3.1 Formation of Carbon-Hetero Atom Bonds via Organoalumin-
ums

Reactions with Nonmetallic Reagents. The A1-C bond can be
cleaved readily with a variety of inorganic reagents to form the
corresponding compounds containing the carbon-hetero atom bonds.
These reactions represent a convenient and general means of con-
verting organoaluminums into organic compounds. Some of the more
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useful transformations are summarized in Scheme 5.11 (5.179).

Scheme 5.11

HX R'SOZX
RH =< > RSOZR'
(X = OH, OR, and so onj\\\ //
X SO
2 / 2
RX R—A1\ - RSOZH

1. 0 / \ 50
ROH < 2 3 RSO,

2. H,0

Under appropriate conditions these reactions provide the indi-
cated products in high yields.

Reactions with Metallic Reagents. The aluminum-containing moiety
of organoalanes can also be replaced with various metal-contain-
ing groups via transmetallation; see eq. 5.196 (5.206).

AN //R\ / AN
Al-R + X-M —— A1T "M —> Al-X + R-M (5.196)

\X/

5.24
The most noteworthy example of these types of reactions is the
formation of an active catalyst in the Ziegler-Natta polymeri-
zation reaction, which is believed to be either organotitanium
species or Al1-Ti complexes represented by 5.24 (M = Ti); see
Sect. 10.2.

Organometallics that can be prepared by this method include
those that contain Be, Zn, Hg, B, Ga, Si, Sn, Pb, Ti, Zr, Ni,
and Ru (5.206). The alkylating ability of organoalanes are,
however, generally considerably lower than that of the corre-
sponding alkali metal derivatives. Thus if one is only inter-
ested in the preparation of organometallics containing other met-
als as discrete products, there is 1ittle advantage in using or-
ganoalanes as starting material over organoalkali metals and
Grignard reagents.

The above argument does not apply to the cases where only
equilibrium amounts of organometallics are to be generated as
intermediates. Recent studies in the author's laboratory indi-
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cate that alkenylalanes, readily obtainable via hydroalumination
of acetylenes, react with nickel and palladium complexes to form
the corresponding alkenyl derivatives of nickel and palladium
that undergo reductive elimination to form olefins; see eq.
5.197 (5.207).

|l_ H R2 H R2
RI-M-X + Ne=¢Z — = L Ne=¢ 4 RyATX
' R,AT H DT IR
L 2 -\
R L
R' = alkenyl or aryl l (5.197)
2 _ .
R™ = an organic group . R
= o — \ _ /
M = Ni or Pd, L = PPhy el
= R H
X=1or Br

It is important to notice that the preparation of the correspond-
ing alkenyl derivatives of 1ithium and magnesium is more cumber-
some. Moreover, for reasons as yet unclear, the use of organo-
lithiums and Grignard reagents in the nickel- or palladium-cat-
alyzed cross-coupling reaction frequently fails to provide the
desired products in high yields. The transmetallations of or-
ganoalanes with transition metal compounds is discussed later in
greater detail (Sect. 9.2 and 9.3).

5.3.3.2 Carbon-Carbon Bond Formation via Organoaluminums

As discussed earlier, both organoalanes and organoaluminates
react with a variety of carbon electrophiles. Organoalanes can
act as "amphophilic" species (species that act as both a nucleo-
phile and an electrophile in a given reaction), and often nicely
complement the synthetic capabilities of the nucleophilic organo-
aluminates.

A general scheme for some representative reactions of or-
ganoaluminums with carbon electrophiles is shown below. Some of
the products often react further. Clearly, organoaluminums act
as "Grignard-1ike" reagents in these reactions, although the
mechanistic details and outcomes of these reactions are often
unique. Some of the unique features of these reactions are dis-
cussed in this section.
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Scheme 5.12
: R'X
R-R < \\\\ RCOOH
] |
'I R COX > C: CO_
RCOR = R—A1\ > | C-CO-
1
: R!COR? e N o
R-C-0H - R-C-C-OH
IIQZ [

Reactions of Alkyl Halides and Sulfonates. (a) With organoal-
anes. Typical primary and secondary alkyl halides do not react
readily with organcalanes. On the other hand, tertiary alkyl
halides and secondary alkyl sulfonates react with certain organo-
alanes to form cross-coupled products (5.208).

A few synthetically useful examples are shown below (5.209).

Me MeC1 =
R—(%—C] + Me3A1 —> R-— (l: —Me + Me2A1C]
Me -78°C Me (5.198)

(R = Me, Et, i-Pr, and t-Bu)

Particularly noteworthy is the reaction of alkynylalanes with
tertiary alkyl halides and secondary alkyl sulfonates, which per-
mits a clean t-alkyl-alkynyl coupling (5.210).

(CH,C1),, 0°C
R+ (R'C=C), RC=CR' (5.199)
- c—<<::j> zlii;;;~c_cc Hg-n [:::]Lc CCyHg-n
- 90% 96% 1%

The corresponding reaction of alkenylalanes has been practical
only with secondary alkyl sulfonates. The reaction, however, is
complicated by (1) stereochemical scrambling and (2) rearrange-
ment of the secondary alkyl group to form a tertiary alkyl group,
when possible. The reaction most probably involves ionization of
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the alkyl sulfonate to form an ion pair as a transient species.
These results suggest the following addition-elimination path
for the related alkyl-alkynyl coupling reaction.

a-attack

+w”\
R'— A1~—X
/ AN
R
" 7
R + R'CECA]\:-X R'C=CR (5.200)
g-attack 7
N> R'-— C=C “A1—X
k} N

In any event, the ability of organoalanes to undergo coupl-
ing reactions with hindered alkyl halides appears to exceed that
of any other organometallics. This area clearly deserves fur-
ther exploration.

Organoalanes also react with certain alcohols and their de-
rivatives other than sulfonates. The reaction of tertiary alco-
hols requires high temperatures (80 to 200°C), and its scope
Yith rispect to the structure of organoalanes appears limited

5240 o

Me3A1
Ph,MeCOH Ph,CMe
2 2772
benzene, reflux
62%

(5.201)

Various derivatives of allylic alcohols react readily with or-
ganoalanes, providing a promising procedure for allyl-alkyl coup-
1ing; see eq. 5.202 (5.212).

R
¥ RLA] AN
U K ey R, (5.202)
5.25 5.26
X R Total Yield, % 5.25 : 5.26
P(0) (0Et), Me 590 9 : 10

Ac Me 74 92 8
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Ac Bu-1 66 97 3
CO,Et Bu-i 73 97 3
OTHP Me 80 96 4
OTHP Bu-i 3 -

(b) With organoaluminates. The scope of the reaction of or-
ganoaluminates with organic halides appears quite limited. The
reaction of alkenylaluminates with highly reactive primary alkyl
halides, however, provides a facile stereoselective route to
trans-disubstituted olefins; see eq. 5.203 (5.213).

1 2
. R H(R?)
1. i-Bu,ATH
R'C=CH(R?) ----J§7-4> Ne=¢”
ZBRL W A1 (Bu-1) RL
R3X = Mel (60 to 65%), ;R H(R?)
n-Cghy ;1 (49%), R™X Ne=¢” (5.203)
PhCH.Br (46%), W g3

H C=CHCHZBP

2 (50 to 73%)

Reactions of Carbonyl Compounds. Just as organolithiums and
Grignard reagents do, organoaluminums can participate in (1) al-
kylation, (2) reduction, and (3) enolization of various carbonyl
compounds, such as aldehydes, ketones, carboxylic acids and their
derivatives, and nitriles (5.214). In addition, organoaluminums
undergo conjugate addition reactions with o,B-unsaturated car-
bonyl compounds. In this section, we focus our attention on the
alkylation and conjugate addition reactions. In general, trial-
kylalanes possess a greater alkylating ability than alkylalumin-
um halides. Alkylaluminum alkoxides are even less reactive.
Branched alkylalanes, such as triisobutylalane, are poor alkyl-
ating agents, and mostly undergo reduction.

(a) Reaction of acyl halides. The reaction of acyl halides

with organoalanes
for the synthesis
related reactions
4.3.2.2), B (Sect.

represents one of the most convenient methods

of ketones via acyl halides, along with the

of organometallics containing Cd (Sect.
5.2.3.3), Cu (Sect. 9.5), and Fe (Sect. 11.2).
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Rlcox + R A1x, — [Rlcal*RZA1X, 1~ ——> R'COR?
n 3-n n 4-n

R' = alkyl, aryl, alkenyl, R® = alkyl or aryl  (5.204)

The reaction presumably proceeds via an acylium ion, as shown in
eq. 5.204 (5.215). Thus organoalanes presumably act as "ampho-
philic" reagents. Acyl chlorides and monoorganoaluminum dichl-
orides (RAIC12) are most commonly used. Tri- and diorganoalanes
also react, but afford only partial utilization of the organic
groups. Moreover, these reagents have a greater tendency to
react with the ketone products. The solvent of choice is methyl-
ene chloride. Aromatic hydrocarbons have also been used, but
they tend to undergo Friedel-Crafts acylation. The reaction of
organoalanes with acyl halides is chemoselective and general
with respect to acyl halides. The scope of the reaction with
respect to organoalanes is not clear, as most of those which
have been used are alkylalanes.

(b) Reactions of aldehydes and ketones. Although organoal-
uminums can react with these carbonyl compounds to give addition
products, these reactions are often complicated by reduction of
carbonyl compounds and other side reactions and are generally
inferior to the corresponding reactions of organolithiums and
other polar organometallics. In some cases, however, organoal-
uminums offer certain unique advantages, as shown in the follow-
ing examples.

The reaction of trans-alkenylaluminums with aldehydes pro-
duces stereodefined allylic alcohols. Organoaluminates (5.216)
appear generally superior to the corresponding organoalanes
(5.217). These reactions proceed with nearly complete retention
of configuration.

2

R H
/ D N e
H ATR, e
R (|ZH/ NH
OH
: 30 to 50%
R' CHO 5 (5.205)
R H »
\ /c=c< He R
H ATR.,Li c=C
3 RUOH
OH

68 to 73%
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Similarly, the reactions of alkenylaluminates with CO»
(5.216), (CN)p (5.218), and CICOOR (5.219) proceed with reten-
tion (Scheme 5.13). The corresponding reactions of alkenylal-
anes give much poorer results.

Scheme 5.13
o, R]\C_C/H(RZ)
e H-" COOH
R]\C_C/H(RZ) (cn), R]\C_C/H(RZ)
W NATR,L Ho Nen
\_ CiCOOEt R1\ ) _H(R®)
H/C—C\COOEt

The stereochemistry of the reaction of cyclic ketones with or-
ganoalanes varies widely depending on the R3Al/ketone ratio,
thereby permitting the formation of certain stereoisomers which
are obtainable only as minor products in the corresponding reac-
tions with organolithiums and Grignard reagents (5.220).

% A x% N
Benzene

(5.206)
Me3A]/Ketone Axial Equatorial
1.0 76 24
2.0 17 83
3.0 12 88

Other carbonyl and related compounds, such as esters and
nitriles, cannot readily be alkylated but are readily reduced by
various organoalanes, such as triisobutylalane.

(c) Exhaustive alkylation. A limited number of oragnoal-
anes, such as Me3Al, can undergo a unique exhaustive alkylation
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of ketones, aldehydes, carboxylic acids, and carbinols at ele-
vated temperatures of 100 to 200°C (5.221, 5.222).

Scheme 5.14
1 2

RCHO R' COR n
e, P T
RCMe, RCOOH Me Al R'RZR3coH W

Reactions of a,B-Unsaturated Carbonyl Compounds. (a) With or-
ganoalanes. Organoalanes appear to react with conjugated enones
by various mechanisms. Some of the reactions appear to proceed
by a free-radical mechanism, shown in eq. 5.208 (5.223), as in
the corresponding reaction of organoboranes while others occur on-
ly when enones can assume the cisoid conformation, indicating the
%yc11c)transition state represented by 5.27; see eq. 5.209
5.224).

0 1. Initiator 0
-78°C
(n-Pr) A1+ @ Q (5.207)
2. HZO Pr-n
(75%)
(n—Pr)3A1 + Inte ——> n-Pr- + (n-Pr)2A1Int
0 0
n-Pre + ij - @\ (5.208)
Pr-n
0 OA1(Pr-n),
H (- Pr) AT == [:f::L\ n-Pr
Pr-n
V/C°> ~
I [}
| 4 |
ROATR'  + C=C-C=0 —> RyAT. (L ——>R'-C-C=C-0-ATR,
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R = Et or Bu-i, R' = alkenyl or alkynyl

These results closely parallel those obtained more recently with
alkenyl- and alkyny1-9-BBNs (Sect. 5.2.3.3). However, the scope
of the free-radical conjugate addition reaction of organoboranes
appears considerably broader than that of the corresponding or-
ganoalane reaction. The relative advantages and disadvantages of
organoboranes and organoalanes in the transfer of alkenyl and
alkynyl groups are less clear.

Although the alkenyl and alkynyl transfer reaction of orga-
noalanes fails with simple transoid enones, such as cyclohexen-
one, producing only the 1,2-addition products, certain suitably
functionalized transoid enones evidently react via 1,4-addition,
as shown in eq. 5.210 (5.225). The stereochemistry of the pro-
ducts strongly suggests that the hydroxy group actively partici-
pates in this reaction.

0
1. Me,AIC=CR', 25°C o
0 2. HOAc, H,0, THF
. Hd =CR'
409
Ha, ) /R 0 (5.210)
¢=c_
HO 1. i-Bu,Al” H, -60°C R
2. HOAc, H,0, THF P
HO  C=C
H/ \Rl
359

The reaction of organoalanes, such as Me3Al, with enones can also
be markedly catalyzed by transition metal compounds, such as
Ni(acac)p, although the synthetic utility of the nickel-catalyzed
reaction has not been well delineated (5.226).

(b) With organoaluminates. Certain transoid enones undergo
a conjugate addition reaction with alkenylaluminates; see eq.
5.211 (5.227). No 1,2-addition product is formed. On the other
hand, the corresponding reaction of alkenylalanes gives only the
1,2-products. These results should be carefully contrasted with
those in eq. 5.210. Unfortunately, little is known about the
mechanistic details of these reactions.
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oo teha
0 1. (i-Bu)2A1'< H 0
@(CHZ)(SCOOH Me (CH,) 5CO0EE
2. Hy0" PO
6M3
76%

(5.211)

(c) The Nagata hydrocyanation reaction. The most extensive-
1y developed conjugate addition reaction of organcalanes by far
is that of dialkylcyanoalanes, such as Et2A1CN, discovered and
developed by Nagata; see eq. 5.212 (5.228).

I |
Et2A1CN + ?=§—?=0 — NC—?—?H-?=O (5.212)

Although the reaction is restricted to the introduction of the
cyano group, it is as general as the conjugate addition reaction
of organocuprates (Sect. 9.4) with respect to the structure of
enones. The required reagent, for example, EtpAICN, may be eith-
er preformed or generated in situ by the reaction of RA1X2 with
HCN. The reaction is carried out in either hydrocarbons, such as
toluene, or ethers, such as THF and dioxane, the reaction rate
being considerably faster in toluene than in THF. Although the
use of HCN is somewhat inconvenient, the observed results are
generally far superior to those observed in other conventional
hydrocyanation reactions that use more ionic metal cyanides, such
as KCN, which are often complicated by (1) base-catalyzed conden-
sation, (2) hydrolysis, and (3) solvent participation.

The precise mechanism of the Nagata hydrocyanation is un-
clear. At least in some cases, however, the kinetically favored
products are the 1,2-adducts which subsequently isomerize to give
the 1,4-adducts. It is therefore 1likely that the successful
formation of the 1,4-adducts largely, if not entirely, rests on
the following. Firstly, the 1,4-adducts are thermodynamically
more stable than the corresponding 1,2-adducts. Secondly, the
reversal of the 1,2-adduct formation is facile under the reaction
conditions.

The stereochemistry of the reaction is somewhat difficult to
predict, although, in most cases, the predominant isomer appears
to be the one that is the more stable of the two. The following
examples (5.228) may be of help in predicting the stereochemistry
of a given reaction.
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1. Polycyclic octalenones with a terminal ring enone ——8 —>
trans + cis (trans > cis) ’

OR ‘ R
0 0 =

CN
85% (trans) + 15% (cis)

2. Polycyclic methyloctalenones with a terminal ring enone
————> trans + cis (trans > cis)

C18M7 Cghy7

I (5.214)
0 0 =
CN
49% (trans) + 42% (cis)

3. Polycyclic compounds with a trans-fused internal enone
———> trans

OAc 0Ac

s (5.215)
AcO Ac
78% (trans only)

Cghy7 Cghyy
RO 0 R 0

N
trans only)

—~ Ol

93%
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4. Polycyclic acetylhydrindenes
—— > trans + cis (trans >> cis)

Ac : NC Ac

—_ > (5.217)
HO HO

80% (trans only)

5. Polycyclic hydrindeneones
— > trans + cis (cis >> trans)

oY ey

65% (cis) + 16% (trans)
Reactions of Epoxides. While organolithiums (Sect. 4.3.2.3) and
organocoppers (Sect. 9.5) remain the two most useful classes of
organometallic reagents in the reaction with epoxides, organoal-
uminums have exhibited some unique synthetic capabilities.

The reaction of sterically unhindered epoxides with organo-
alanes tends to be complicated by (1) polymerization of epoxides,
(2) formation of the two possible regioisomers, and (3) reductive
opening of epoxides, although it can lead to the formation of the
Markovnikov products in high yields as shown in the following ex-
amples (5.179).

(5.218)
MeO

excess Et3A1 Ft

H.,C.—— CHCH > HOCH.,CHCH

20~ 3 gooc, 48 hr 23
987,

(5.219)

On the other hand, their reaction with organoaluminates cleanly
gives the anti-Markovnikov products (5.299). The unique advan-
tage of the use of readily obtainable trans-alkenylaluminates
should be noted (eq. 5.220). Unfortunately, however, hindered
epoxides, such as cyclohexene oxide, do not react readily with
organoaluminates.
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2
‘ SRR
R H R H
Ne=¢” —0 . e/ , (5.220)
H” \\A1(Bu-i)2Li . H” \\CHZCHR OH

v

The available data indicate that hindered epoxides react
more favorably with organoalanes than the corresponding organo-
aluminates. This is reminiscent of the situation with respect to
the reaction of alkyl halides discussed earlier. Organoalanes
must be acting as amphophilic reagents in their reaction with
epoxides as well.

The reaction of alkynylalanes with epoxides developed main-
1y by Fried (5.230) is particularly useful and often highly re-
gio- and stereoselective, as indicated by the following examples
(eq. 5.221).

HO. HO HO
= = CH =
<i::]A(CH2)n0H e AT C=CR <:::]:f ») ,OH M(CH,) OH
e g +
7 2 g “roq  (6.221)
0 HO C=CR
n=2 607 0%
n=3 509 0%
n=7 10% 509

5.3.3.3 Reduction with Organoaluminums

Both acidic and basic aluminum hydrides can act as excellent re-
ducing agents (5.179, 5.231). These reagents may be classified

as follows:

Acidic aluminum hydrides -- AlH3, HpAlX, and HATXp
Basic aluminum hydrides -- MAlg, MATH X, MATH,X,, and MATHX;

X=20C, N, 0, S, and halogen,

M = Li, Na, and so on

In addition to these reagents, organoalanes that do not contajn
any Al-H bond, such as (i-Bu)3Al, can frequently act as reducing
agents, as briefly mentioned earlier (Sect. 5.3.3.2).
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By far the most widely used organoaluminum reducing agent
is (i-Bu)2AlH (DIBAH). While the use of nonhydridic organoal-
anes, such as (i-Bu)3Al, might be advantageous in some special
cases, such examples seem rare. As yet, relatively little is
known about the unique capabilities of the organo-substituted
complex aluminum hydrides. Consequently, our discussion in this
section is restricted to some of the unique reducing capabil-
ities of DIBAH. 1Its reaction with olefins and acetylenes is dis-
cussed in Sect. 5.3.2.3. Some representative results of the re-
duction with DIBAH are summarized in Table 5.4.

Table 5.4. Reduction of Organic Compounds with DIBAH (5.179)

Organic Compound Amount of DIBAH Product Typical Yields
(eq) (%)
RCHO 1 RCH,OH High
RR'CO 1 RR' CHOH High
RCOOH 1.35 RCHO 40 to 70
22935 RCH,OH 60 to 90
RCOOR' 1 RCHO 70 to 90
2 RCH,0H 70 to 100
RCOC1 2 RCH,OH 60 to 70
RC(OR')3 1 RCH(OR')2 90 to 95
RCONR'R" 2 to 3 RCH,NR'R" 75 to 95
RCONHR' 3 to4d RCHZNHR' 65 to 95
RCN 1 RCHO 80 to 95
2 RCH,NH, 60 to 90
RCH=NR' 1 RCHZNHR' 70 to 95
RW ] ( "2 ():ﬁ(() OH)CH3 L
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The following transformations are usually best carried out
with DIBAH. Carboxylic acids, esters, lactones, and nitriles
are readily converted to aldehydes with DIBAH, as exemplified by
the following; see eq. 5.222 (5.232).

A A

= - ~

CH,CHO

= > 2

O\ 2 eq DIBAH @\ O\
H > =
" c=¢” -60°C, 30 min < !

=T \\9HC Ho\-n = =

Q
-
-

v'o 571 v'o Y
0yY2 (5.222)

The observed success presumably depends on the relatively high
stability of the reduction product 5.28 which does not readily
decompose to the corresponding aldehyde in the reduction step,
but can readily be hydrolyzed to form the aldehyde (eq. 5.223).

HAT (Bu-1), OR! H,0
RCOOR' — & RHC” — <% » RCHO (5.223)
\\0A1(Bu—i)2
5.28

Selective reduction of carbonyl compounds and nitriles in
the presence of olefins, conjugated or isolated, can readily be
achieved with DIBAH as shown in the following example (eq. 5.224)
(5.179).

CN CHO
N DIBAH SN
——— >
(5.224)
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6

ORGANOSILICONS
AND ORGANOTINS
(Silicon, Tin)

There are numerous monographs and reviews on the chemistry of or-
ganometallics that contain the Group IVA elements. In addition
to a textbook by Coates and Wade (0.6), a two-volume treatise ed-
ited by MacDiarmid (6.1) provides extensive general coverage of
the chemistry of organometallics of the Group IVA elements. A
few excellent monographs on organosilicons (6.2) and organotins
(6.3 to 6.5) discussing all aspects of these compounds are avail-
able. Unfortunately, applications of these organometallics to or-
ganic synthesis have been developed mainly after the publication
of these monographs. There have been a number of reviews, how-
ever, discussing recent results, which are cited throughout this
chapter. A series of reviews on recent advances in organosilicon
chemistry have appeared in Pure appl. Chem.,13 (1969); 19 (1969),
Intra-Sci. Chem. Rep., 7 (1973), and J. Organometal. Chem. Libr.,
2, (1976). New chemistry and applications of organotins have
been extensively reviewed by various workers (6.5a).

6.1 SOME FUNDAMENTAL PROPERTIES OF SILICON AND TIN AND
THE BONDS TO THESE ELEMENTS

Silicon (Si), germanium (Ge), tin (Sn), and lead (Pb) lie direct-
1y below carbon in the Periodic Table (Group IVA elements). As
might be expected, the structure and reactivity of organometal-
lics containing these elements are similar in many respects to
those of the corresponding carbon compounds. In this book, how-
ever, we are mainly interested in the differences between these
elements and carbon and some of the unique physical and chemical
properties of organometallics containing these elements.

The chemistry of organogermanium compounds is not discussed
in this book, since these compounds have not yet found many ap-
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plications in organic synthesis. This must be, at least in part,
due to the facE that germanium-containing compounds are consider-
ably (10 to 10<X) more expensive than the corresponding silicon
and tin compounds While organolead compounds share many note-
worthy properties with the corresponding silicon and tin com-
pounds, they also exhibit chemical properties common to some oth-
er organometallics containing heavy elements, such as mercury and
thallium. Therefore, their chemistry is discussed in the follow-
ing chapter along with that of organomercuries and organothal-
1iums.

6.1.1 Electronegativity and Bond Energy

As shown in Table 6.1, the Group IVA elements are characterized
by their relatively high electronegativity values, although they
are more electropositive than carbon.

Table 6.1 Electronegativity of the Group IVA Elements

Electronegativity
Element Pauling (1.1) Allred-Rochew (1.8)
C 2.5 2.60
Si 1.8 1.90
Ge 1.8 2.00
Sn 1.8 1.93
Pb 1.8 2.45

Thus their bonds to carbon and hydrogen are highly coyalent. The
covalent radii for silicon and tin are 1.17 and 1.40 A, respec-
tively, and are reasonably independent of the nature of the 1i-
gands bonded to these metals. Due to their highly covalent na-
ture, the intrinsic nucleophilicity of the Si-C and Si-H bond is
low. Direct cleavage of the Si-C bond seldom takes place in the
reaction of organosilicons with electrophiles, although certain
functionalized organosilicons, such as a,B-unsaturated deriva-
tives, can react with electrophiles by multistep mechanisms, as
discussed later. On the other hand, the Sn-C bond, although high-
ly covalent, can readily participate in ionic reactions thorugh
polarization. The carbon group bonded to tin acts as a nucleo-
phile and the tin moiety acts as an electrophile.

The great majority of silicon and tin compounds exist as tet-
racoordinate species, in which silicon or tin occupies the cen-
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