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Preface

This textbook is intended for undergraduate students starting organometallic chem-
istry and researchers who want to use organometallic compounds, but are not profes-
sionals in organometallic chemistry. Although there are already many textbooks of
organometallic chemistry that are relatively self-contained, the lack of practical guid-
ance in organometallic chemistry is a deterrent to the use of organometallic com-
pounds by beginners and nonprofessionals. Organometallic compounds are formed by
nearly all metals and show a variety of structures and reactivities. Thus large compila-
tions such as Comprehensive Organometallic Chemistry, Dictionary of Organometallic
Compounds, Organometallic Synthesis, and Inorganic Synthesis have to be read to
understand the chemistry of organometallic compounds as well as to learn synthetic
methods; such books are inconvenient for these outsiders. A book that provides the
most important references to organometallic compounds including practical prepara-
tion and chemistry would be useful not only in undergraduate or graduate school
courses but also in the research laboratory. This book describes briefly the concepts of
organometallic chemistry and provides an overview of the chemistry of each metal
including the synthesis and handling of its important organometallic compounds. The
idea of publishing this type of book in English originated from the Japanese book
planned and published by Professors H. Suzuki and S. Komiya and editorially super-
vised by A. Yamamoto, which has been well received in our country. However this
version is completely revised. '

Parts of the book were edited and written during my stay at Indiana University and
at the Australian National University. Particular thanks are due to Professor Kenneth
G. Caulton and Professor Martin A. Bennett for brushing up our English and giving
advice. I also thank Professor Akira Nakamura at Osaka University for giving me the
opportunity to edit this book which has been entirely written by young Japanese
organometallic chemists. Acknowledgment is also made to the excellent services of
John Wiley & Sons Ltd for publishing the book. I also express my hearty gratitude to
my good friend Professor Akira Miyashita at Saitama University for his great contri-
bution to this book during the early stages. Unfortunately, owing to serious illness, he
was unable to complete his contribution. Thus the enormous efforts, due to urgent
preparation of manuscripts, by Professor Ito at Yokohama University and Professor
Mashima at Osaka University are greatly acknowledged.

Finally, I would like to express my hearty thanks to my wife and family for their con-
tinuous help and encouragement.

Sanshiro Komiya
Tokyo, 1996



1 Introduction

S. Komsiva, Tokyo University of Agriculture and Technology

Organometallic chemistry needs no special ideas if general chemical concepts are
accepted. Many organic chemists feel that metals, especially those of the transition
series, have various types of bonding schemes with molecules, atoms and ligands, and
that the valency of the metal may change arbitrarily. In, fact, molecular compounds of
transition metals have well-defined structures, such as octahedral, square planar, trigo-
nal bipyramidal, etc, depending on the electronic state of the metal. On the other
hand, organometallic compounds are generally believed to be very air- and-moisture
sensitive, since very well known organometallic compounds such as alkyl lithiums and
Grignard reagents are vigorously hydrolyzed in solution and organoaluminums are
even flammable on exposing to air. Furthermore organotransition metal complexes are
active intermediates in many catalyses. These facts probably make many researchers
hesitate to use apparently unstable organometallic species in the laboratory. However
in recent years, by virtue of the versatility of organometallic compounds in organic
synthesis under mild conditions, many organic chemists are now using organometallic
compounds as catalysts as well as reagents for creating new highly regio- and stereose-
lective reactions. Significant developments in these fields are now considered to be
highly dependent on the organometallic reagents.

Organometallic chemistry is essentially based on coordination chemistry and organ-
ic chemistry. It is not too much to say that Werner’s concept of coordination com-
pounds began the development of coordination chemistry in the last 100 years, since it
provided the basis for understanding complex inorganic compounds at a molecular
level. However, inorganic and organic chemistries unfortunately tended to develop
quite independently. Coordination chemists have concentrated on structure and bond-
ing in relation to spectroscopy both experimentally and theoretically, whereas organic
groups have used compounds containing metal-carbon bonds as a tool of organic syn-
thesis based on organic chemistry. As a result, inorganic chemists have provided very
important structural and theoretical concepts relating to coordination compounds,
though they still had resistance to handling air-sensitive organometallic compounds.
Coordination chemists are now attempting to resolve problems both in solid state
materials by building clusters and on the roles of metals in biology at a molecular level.
On the other hand, many highly selective and efficient organic synthetic reactions and
catalyses using transition and main-group metals are still developing and attracting
growing interest. Selectivities in metal mediated organic reactions are now competing
with those of enzymes. It is generally considered that, after the discovery of ferrocene
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INTRODUCTION

in 1951, organometallic chemistry has achieved explosive development. Organo-
metallic chemists have helped to eliminate the barrier between organic and inorganic
chemistry by dealing with all inorganic and organic compounds at a molecular level.
As a result, the important concepts such as n-back bonding, agostic interaction, -
hydrogen elimination, reductive elimination, insertion, etc., have been introduced into
the field of chemustry.

In recent years, scientists and chemists in fields other than organometallic chemistry
have been frequently required, for their own purposes, to handle organometallic com-
pounds which are believed to be very unstable and toxic. However, the problem is real-
ly not so difficult if one knows the general techniques for handling under inert gases
and in vacuum. General concepts in organometallic chemistry are also not unusual, if
both organic and inorganic chemistries are treated together. The purpose of this text-
book is to serve as a practical guide to understand the general concepts of
organometallic chemistry and methods of handling unstable compounds for graduate
and undergraduate students and scientists who are not specialists in organometallic
chemistry.

This book is divided in two parts: general concepts and the chemistry of individual
metals, including practical synthetic methods for representative organometallic com-
pounds. Chapters 2 and 3 summarize important fundamentals in organometallic
chemistry. Chapter 4 describes experimental techniques, where the simplest ways to
manipulate air-sensitive compounds are also included. Specialized techniques requr-
ing expensive facilities are not mentioned in detail, since they have already been
described in references. In Chapters 5-17, the general chemistry of individual metals is
summarized with references. Half of each chapter includes practical methods for the
synthesis of organometallic compounds, including experimental tricks, which are usu-
ally not found in books, although some of them are referred to the original references.



2 Fundamentals of Organometallic
Compounds

S. Kemiya, Tokyo University of Agriculture and Technology

Organometallic compounds are generally defined as compounds having at least one
metal-carbon bond. However, some compounds that do not contain any metal—
carbon bonds, such as zerovalent metal complexes, hydrides, and dinitrogen complex-
es, are also admitted as members of this class because of their close relation to
organometallic compounds. Though silicon is the element just below carbon in the
Periodic Table and may be difficult to classify as a metal, organosilicon compounds are
usually regarded as organometallic compounds. It is really not important to define
organometallic compounds separately from other inorganic compounds, since some
inorganic compounds are very important in this field. Thus the strict definition of
organometallic compounds is avoided here. For convenience, organometallic com-
pounds mentioned in this book are classified by the group of the element in the
Periodic Table: main group elements and d-block metals (transition metals).
Compounds of some elements of non-metallic groups 15-18 such as sulfur, selenium,

and phosphorus are not included 1n this book.

2.1 Synthesis of organometallic compounds

Organometallic compounds are generally prepared by two general methods; (1) reac-
tions using elemental metals and (2) reactions of already formed chemical compounds.

2.1.1 Synthesis from Elemental Metals

Organometallic compounds are synthesized from elemental metals by the following
general methods: (a) preparation of Grignard reagents, alkyl lithiums, (b)
metal-hydrocarbon reactions such as the synthesis of cyclopentadienyl sodium, NaCp,
(c) the direct reaction of metals with CO producing metal carbonyls, and (d) metal

vapor synthesis using high vacuum and high temperature techniques.

(a) M+RX —->RMX

(b) 2M +2RH - 2RM + H,

(¢) M+CO—-M(CO),

(d) M(vapor) + Substrate - RM

Synthesis of Organometailic Compounds: A Practical Guide. Edited by S. Komiya
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4 FUNDAMENTALS OF ORGANOMETALLIC COMPOUNDS

The synthesis of organosilicon compounds by the direct reaction of Si with methyl
chloride is a commercially important process.

2.1.2 Synthesis by Reactions

These procedures are more commonly used to prepare organometallic compounds.
The following are representative methods (see each chapter): (a) exchange reactions
such as the metathesis of metal halides with alkylating reagents, (b) metal-halogen or
—~hydrogen exchange processes, (¢) addition reactions such as insertion reactions
(hydrometallation, carbometallation, oxymetallation, carbonylation), (d) oxidative
additions, () decarbonylation, (f) B-hydrogen elimination, (g) anionic ate complex for-
mation with carbanions, (h) reductive carbonylation of metal oxides with CO, and (i)
electrochemical methods for preparing organometallic compounds in unusual oxida-
tion states.

(a) MX+RM’ —RM + M’X

(b) RM + R’H (or R"X) — R’M + RH (or RX)
(¢) RM + A (= olefin, COetc) » R-A-M

(d) ML, + AB (= RX, ester etc) > M(A)(B)L,,
(e) RCOM —->RM+CO

(f) CH,CH,M — HM(C,H,)

(g) MR,+ M'R"— M’+[MR,R’]"

(h) MO, + mCO — M(CO), + nCQ,

(i) RM"™ +e¢ (or—e ) — RM" " (or RM"™*D*)

2.2 Properties of Metal-Carbon Bonds

One of the most important factors describing main group organometallic compounds
is electronegativity and electronic structure. Valence bond theory generally predicts the
structure of monomeric main group compounds: silicon and tin with sp® hybridization
usually favor compounds of tetrahedral structure. However, hydrides or alkyl com-
pounds of boron and aluminum tend to form dimers with electron-deficient bonding.
Since the electronegativity of alkaline metals is small in comparison with carbon, the
bonds in these organometallic compounds show considerable ionic character.
Carboanionic character of alkyl lithiums is more markedly than that of Grignard
reagents or alkyl aluminums. The metal-carbon bond of elements further to the right
in the Periodic Table becomes more covalent, as observed, for example, in organosili-
con compounds. Thus, organometallic compounds such as alkyl lithiums, Grignard
reagents, and alkyl aluminums are very reactive towards hydrolysis, whereas organosil-
icon compounds are generally very stable to hydrolysis, in part because of the covalen-
cy of the bond.

Metal-carbon bonds in organotransition metal compounds are generally more
covalent than those of main group metals. Though organometallic compounds were
believed to be unstable because of the intrinsic instability of transition metal-carbon
o-bonds, it is now clear that the dissociation energies of transition metal-carbon
bonds are not essentially low and are comparable to those of main group metal—
carbon bonds. The apparent instability usually arises from low energy pathways for
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decomposition via B-hydrogen elimination, reductive elimination, oxidation, hydroly-
sis, etc. The bond dissociation energy of main group metal-carbon bond generally
decreases on descending the same periodic group. Although there are only limited
data, those of transition metal-alkyl bonds increase. In both cases bond dissociation
enthalpy parallels the bond dissociation energy. The formation of stable metal- carbon
multiple bonds is also a noteworthy feature of transition metal organometallic chem-
istry. Compounds having double and triple bonds are called carbene and carbyne com-
plexes, respectively. These transition metal-stabilized reactive species are intermediates
in various catalytic reactions.

M—C: alkyl complex
M=C: carbene complex
M=C: carbyne complex

Since the electronegativities of transition metals and carbon are relatively close to each
other, these bonds are considered more covalent than those in main group metal alkyls.
Alkyl complexes are generally considered as the simplest intermediates in various tran-
sition metal promoted catalyses and organic reactions. Carbene complexes can be
regarded as stabilized derivatives of free carbenes showing very interesting chemical
reactivities and are also known to act as active intermediates in olefin metathesis and
perhaps polymerization. Carbyne complexes can be regarded as analogues of surface
organometallic species in heterogeneous catalysis. It is interesting that these organic
ligands on the transition metal would provide more sophisticated reaction conditions,
because the selectivity and activity of the reactions can be controlled by designing the
electronic and steric properties of ligands. Besides these bonds, coordination bond,
n-back bond, electron-deficient bond, etc, also play an important roles in
organometallic chemistry. Coordination bond includes not only electron donation
from Lewis bases such as amines and phosphines, but also those by C=C double
bond, aromatic ring, cyclopentadienyl, n’-allyl, and even C—H single bond (agostic
interaction) or hydrogen (H,), if they have appropriate orbital overlapping with transi-
tion metal orbitals. n-Back bonding from filled metal orbital to ligand empty nt* or
o*-orbital will strengthen these bonds, but weakens the bond in ligands. 6-Donation
from a ligand to a metal and n-back donation from a metal to ligand strengthen the
metal-ligand bond and modify the chemical character of ligands. Details of structure
and chemical reactivities of these bonds are found in books by Yamamoto, Crabtree,
etc, listed in the references to this chapter.

Much attention is also paid to the hypervalency in the organometallic compounds of
main group elements (Si, P, S) because of their high reactivities and structural interest.
They are not described in this chapter, but will be discussed in Chapter 17.

In recent years, metal-metal bonds in clusters have also attracted much attention in
relation to catalysis and solid state chemistry. They show more complicated bonding
schemes in a sense of classical bonding. There are increasing numbers of reports that
show not only their novel structure but also unusual and surprising chemical reactivi-
ties of complexes having more than two transition metals. Mechanisms and applica-
tions of many of these reactions are not well understood and still remain unresolved.
These will be serendipitous research areas to be developed in the field of organometal-
lic chemistry. Chemistry of clusters and metal-metal bonds are not described here in
detail, but readers are strongly recommended to refer to the literature.
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2.2.1 = Bonding
Coordination of the ligand to the metal usually increases the electron density of the
central metal, if only clectron donation is considered. This apparently contradicts the

clectroneutrality principle of atoms in molecules, when ligands coordinate to the
electron-rich low valent metals. Typical examples are metal carbonyls in which the

metal atom is frequently zero-valent.
When CO coordinates to a metal by its 6-HOMO at carbon, filled metal dxt orbitals

of the transition metal will also overlap with the low lying -LUMO of CO to give a ©-
back-bonding interaction, as shown in Figure 2.1. This implies that CO not only
donates two electrons by coordination, but also receives two electrons from the metal
at the same time, thus stabilizing the M—CO bonds and weakening the C=0 triple
bond. The bond can also be described in terms of the following resonance scheme
(canonical form) (Figure 2.2).
Thus the M—C bond possesses partial double bond character and becomes stronger
than the single coordination bond. Back bonding usually increases the bonding energy

n-back bond

coordination

. LuMO

MLg

\ H
‘ 1 ' I
CcO
Figure 2.1

Schematic Drawing of Back Bonding of CO
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e +
M=—-C=0:

M=C=0.

Figure 2.2
Resonance Structure of M(CO) Bond

coordination n-back bond

Figure 2.3
Coordination and n-Back Bonds of Ethylene Complex

between metal and ligand, when the metal is electron-rich having high energy HOMO
orbitals and the ligand has low lying empty orbitals with proper symmetry. The magni-
tude of the back bonding is highly dependent on the oxidation state of the metal and
ligands employed. For example, the v(CO) frequency of metal carbonyls of the same
structure decreases in the order of [Fe(CO),I* (1790 cm ') < [Co(CO),] (1890 cm™) <
[Ni(CO),] (2060 cm h, reflecting the decreasing extent of back bonding as the metal
oxidation number becomes less negative.

The side-on type bonding of an olefin to a metal shown in Figure 2.3 is another
typical example of n-back bonding. The olefin coordinates to the metal by using the
HOMO rn-orbital of the olefin to reduce the m-electron density at the C==C double
bond. Since the pr* orbital of the olefin has the proper symmetry to overlap with a
metal t,, orbital, an additional bond is also formed. Low valent transition metals
are more capable of releasing electrons to the pr* orbital and thus make stronger
chemical bonds with olefins. C=C bond distances are generally elongated to 1.35-1.55
A on coordination. Other ligands such as dinitrogen, isonitrile, and tertiary phos-
phines are also capable of participating in this -back bonding. It should be noted that
when the organic molecule coordinates to the metal, its electronic and steric properties
change, leading to different chemical reactivity. This is one of the fundamental ways
that transition metals can promote selective organic chemical transformations and
catalyses.

2.2.2 3-Center-2-Electron Bond (3c-2e Bond)

AlMe, and BH, usually exist as dimers (Figure 2.4). The Al—Me—Al and B—H—B
bonds involve only two electrons, which are usually not sufficient to make two single
bonds. The bonding can, however, be easily understood by molecular orbital consider-
ations. Considering the B—H-—B bonding, combination of two sp’ orbitals of B and
one unique H s orbital gives three orbitals, i.e. bonding, antibonding and nonbonding
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H
\ et A| Al
B B ettt T —
H “\\\\"" \ / \ H Me\\‘ \ / Me
H Me
Figure 2.4

3¢-2e Electron Deficient Bond

sp¥(B) s(H) 0 Q

Molecular Orbital of B.Hg (only B—H—B linkage is shown for clarity)

Figure 2.5

orbitals as shown in Figure 2.5. The two electrons are placed in the low lying bonding
orbital to stabilize the bond. This implies that the bond order of bridging B—H is half
and in fact the bond distance of bridging B—H is significantly longer than those of
terminal ones.

2.2.3 18 electron Rude

Electron counting in transition metal complexes (18 ¢ rule) is an useful tool to under-
stand their stability and structure. although it does not apply to all transition metal
complexes—only for a majority of compounds containing n-acceptor ligands. The 18
electron rule is an extension of the idea of the octet rule, which applies to atoms having
only s and p orbitals. The idea is that the molecule will be stable when the central atom
has the same electronic structure as noble gases of the same row. A similar concept can
be applied to transition metal complexes having d electrons. The compound is consid-
ered most stable when the total number of electrons around the atom becomes the
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same as that of noble gases in the same row (Effective Atomic Number rule), However,
this counting method turns out to be more simple and easy if one count only valence
electrons; namely only the sum of d-electrons of the metal and donating electrons from
the ligands is counted. Thus metals in the same triad are expected to have the same
number of d electrons and similar structural and chemical features. A compound that
satisfies the 18 e rule is said to be coordinatively saturated, whereas one with less than
18 electrons is coordinatively unsaturated. Coordinatively unsaturated complexes are
often reactive intermediates in various reactions. The systematic counting method for
the general formula of [MX_L,]" is well documented in the books by Crabtree and
Yamamoto.

ecount=N+a+2b—c¢ )

where N represents the group number of the metal (which corresponds to the number
of d electrons of the zero valent metal for the counting except for groups higher than
11), a is the number of one-electron donors, b is the number of two-electron donors,
and c is the formal charge on the metal. The group numbers do not necessarily corre-
spond to the number of d electrons in zero-valent metal atoms, since the total number
of valence electrons is always considered in the calculation. The formal valency (oxida-
tion state ) of the metal is ¢ + ¢, the coordination number is ¢ + b. X and L indicate
one- and two-electron ligands, respectively. Examples of a one-electron ligand are H.
Me, Ph, Cl, and Br, and those of a two-electron ligand are NH;. PPh,, CO and
CH,—CH,. These can be combined to produce a ligand that donates more than three
electrons. For example n'-C,Hs, n‘-butadiene, 1°-Cp (cyclopentadienyl), and n°-
benzene are considered 3, 4, 5, and 6 electron donors, respectively. Anionic X ligands
such as CI” can also be treated as two-electron ligands. In this case the metal loses one
electron to form a M~ cation, though the total electron around the metal does not
change. Some ligands such as NO and OR are non-innocent, because the number of
electrons donated to the metal varies depending on the structure and formalizm of the
bonding. The M—NO bond is considered as a single bond (one-electron donor) when
it shows bent structure. However, if a pair of electrons at the N atom also join the
M—N bond, the NO ligand acts as a three electron donor giving linear bonding
scheme to the metal. A similar phenomenon can be applied for M—OR bonds con-
taining a n-donation from the OR ligand.

Although olefins generally donate two electrons by the pr electrons, the bond can be
regarded as as two M—C bonds forming metallacyclopropane. Olefins with electron
withdrawing substituents are more likely to form bonds of this type. The two-electron
donation does not change the formal oxidation state of the metal, but the formation of
a metallacyclopropane ring would increase the oxidation state of the metal by two.
Though efficient back bonding leads to the formation of metallacyclopropane struc-
ture and lengthens the carbon—carbon bond, most olefin complexes reported have an
intermediate character.

Examples of compounds that obey the 18 e rule are shown in Figure 2.6. One
method of counting (A) assumes a covalent bond between M and X, whereas the other
(B) assumes an ionic bond where an electron is removed from M to X to give an anionic
ligand X . It is a matter of taste which method is used; the same result is obtained.
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NH;3 43+
HaN..,, ‘J NH; Co3+: 9-3=6 Co3+: 9-3=6
“Go- .
6NH;: 2 x6=12 6NH3: 2 x6=12
S 3
Fat NHa 18 18
HaN |
NH; o+
+- — = —_ —_ —
HoN.,.,. JQ wNH; Co _' 9-1=8 Cod 9-1-2=6
ANHz: 2 x4-8 4NHy;: 2 x4-=8
Ham/i \c| Cl: 1x2=2 Cl-: 2x2=4
' - 18 18
H
Ru: 8 Ru2+: 8-2=6
PhsP.,, Ju» ...... H 4PPhz: 5 x4-8 4PPhj; 2 x4=8
Ph3p/ l \ppha 2H: 1x2=2 H-: 2x2=4
Ph,P 18 18
phap,'"“' wMe Pt: 10 Pt2+: 10-2=8
Pt 2PPhs: oy2-4 2PPhj: 2x2=4
phaP/ \Me 2Me: 1x2=2 2Me—: 2x2=4
16 16

@ Ti: 4 Tite:  4-4=0
wCl 2Cp: 5x2=10 2Cp~: 2x6=12
< 20l 1x2=2 Ci:  2x2=4

coO Ni 10 Ni: 10
l 4C0O: 2x4=8 4CO: 2x4=8
R 18 18
“"CO
o \Co

@ - MO_: 6+1:7 MO—: 6—1+1=6
3CO: 2 x3=6 3C0: 2 x3=6

Mo . =
o™ \["c0 Cp 5 Co 6
co 18 18

A B

Figure 2.6
A Few Examples of Electron Counting of Transition Metal Complexes. A (Covalent Bond of
M-X), B (Ionic Bond of M*-X")
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224 Dihydrogen Complexes and Agostic Interactions

As noted in 2.1.1, chemical bonds can be created if an appropriate overlap of orbitals
is present and the consequent energy advantage is established. Thus even dihydrogen,
which has only bonding and antibonding orbitals, can also coordinate to transition
metals under suitable circumstances. This bond is generally weak and the coordinated
dihydrogen can be easily replaced by other ligands. This is an interesting feature that is
related to the adsorption of dihydrogen at a molecular level on a metal surface in het-
erogencous catalysis and is regarded as a first step of the interaction (Figure 2.7).
When the H—H separation is not short enough to make a bond, the resulting com-
pound is considered as a metal dihydride. The relaxation time (7,) in NMR is believed
to provide an available index of distinction between dihydrogen (< ~20 ms) and dihy-
dride (> ~300 ms).

Another interesting bonding phenomenon is the so-called “agostic interaction.” The
word “agostic”, coined by M. S. Brookhart and M. L. H. Green, means “hold to one-
self” in Greek and the effect is illustrated by the following example. The ethyl ligand in
TiEtCLL, is highly bent towards Ti and one of the terminal hydrogen atoms binds with
Ti, making a cyclic structure (Figure 2.8). This bond results from the overlap between a

H-H H
' ' N I I H
M+H M —— et
A g
dihydrogen dihydride
complex complex
H> ) Hy H H
| | ]
l L
Nondissociative Dissociative
adsorption of Hy adsorption of Hy
Figawe 2.7
Dihydrogen and Dihydride Complexes in relation to Chemical Adsorption on the Heterogeneous
Catalyst Surface
Me
Me\ | Cl \ /H
P/l,,l“ l ‘\\\“‘C"l/, /H
P/ ! i\ i \H
Cl
Me™ | Cl
Me
Figure 2.8

Agostic Interaction of -CH with Ti




12

FUNDAMENTALS OF ORGANOMETALLIC COMPOUNDS

filled C—H o-bond orbital and an empty d orbital of Ti. The interaction 1s considered
as a prior step for bond rupture (oxidative addition}, but in this case further oxidation
of metal is unreasonable, since Ti(IV) has no available d-electrons.

2.2.5 Trans Effect and Trans Influence

The ligand trans to a certain ligand L receives a strong effect or influence from L. In
ligand substitution reactions of square planar complexes, the rate of substitution
varies significantly depending upon the ligand employed. One typical example is the
synthesis of cis- and trans-dichlorodiammineplatinum(II) (Figure 2.9). The cis isomer
(cisplatin is an effective anticancer drug) is prepared by the stepwise reactions of tetra-
chloroplatinate(II) with ammonia. whereas the trans isomer can be synthesized by the
ligand substitution reaction of tetra(ammine)platinum(II) cation with chloride anion.

The reactions are best interpreted by the selective displacement of ligands trans to
the chloride ligand in both cases. The rate of ligand displacement trans to chloride is
much higher than that trans to NH;, thus resulting in selective reaction. This kinetic
effect is called the trans effect. The magnitude of this effect is known to be in the fol-
lowing order: H,O, OH, NH;, py < (], Br < SCN, I, NO,, Ph < Mg, SC(NH,), < H,
PR, < C,H,, CN, CO. One of the origin of the trans effect is stabilization of the 5-
coordinate transition state by ® back bonding, which facilitates the reaction (Figure
2.10). o-Interaction at the trans ligand also weakens the M—X bond to lower the acti-
vation energy. These phenomena were widely accepted and are very sensitive to the lig-
ands and metals.

In addition, the physical properties of certain metal-to-ligand bonds, such as bond
distances, chemical shifts and coupling costants in NMR and stretching bands in IR,
also vary very much according to the trans ligand present. For example, the Pt—P
bond distance of cis-PtCL(PEt,), is longer than that of the trans isomer, whereas the
Pt—Cl distance of the cis isomer is shorter than that of the trans isomer, as shown in
Figure 2.11. The results indicate that the bond trans to P is much weaker than that to
Cl. Thus static (i.e. ground state) influence is called the trans influence. NMR and IR
also show similar dependence. The order of magnitude of this influence is NO, <
MeCN < Cl< OQAc <[ < py <SCN < SbPh; < SPh < AsPh, < CO < CN < PPh, < Me.

2— -
[ CII:,,,“‘ Pt .“,‘\\Cl +NH3 [ Cll"""'-Pt»"“\\\NHa +NH; C'”l"‘u.Pt»"‘“\NHs
o’ c o’ c a0 TSN
HaN NHg 2% HsN «Cl HN Cl
[ 3N, 'Pt""“‘ 3 l Cl- 3 ""r.,_Pt,.-““ +CI- 3N, Pt R
HsN/ \NH3 HsN/ \NHa CI/ \NHa
Figure 2.9

Trans Effect in Selective Synthesis of cis and trans Dichlorodiammineplatinum(II)
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Lh.,,'.. \\\X L " ‘\\Y
M by - el
" ~_ "
L L

L L
T stabilizes 5-coordinate T activates the groud state of M-X bond
transition state (kinetic) (thermodynamic)

Figure 2.10
Origin of trans Effect and trans Influence of T in Selective Displacement of X by Y

EtSP,,“' “\\\\CI CIII,,“ ‘\\\\\\PEtS
Pt\ /Pt\
m% 231 A PEts CI¥ 242A 225 A PEt
o v(Pt-P) = 419 cm ™" 442, 427 cm’
LA
ere ogha v{Pt-Cl) = 339 cm™" 303, 281 cm™!
Figare 2.11
Trans Influence in PtCl,(PELt,),

Trans effect and trans influence are strongly related but they are not the same, since the
trans-influence is a thermodynamic (bond-weakening) phenomenon, whereas the
trans-effect is a kinetic phenomenon.

Organometallic compounds are frequently stereochemically non-rigid in solution, an
effect which is called fluxionality. NMR is one of the best tools to observe this phe-
nomenon, because the rates are generally in the range of 107 to 10° s''. The "C NMR
spectrum of trigonal bypyramidal Fe(CO); (Figure 12) shows only one signal, because
of fast exchange between the equatorial and axial CO ligands on the NMR time scale.
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Hb

\‘

n3

Figure 2.13

CO

‘H\\\\CO

....

OC——Fe_

CO

Figure 2.12
Structure of 5-coordinate Fe(CO),

The exchange does not involve a dissociation of bonds, but is an intramolecular
process which occurs without bond rupture.

The n’-allyl ligands in Zr(C,H;), also show fluxionality. The anti and syn protons
usually appear in '"H NMR as two doublets at different chemical shift with a small cou-
pling to each other at —66 °C. These signals collapse to give only one doublet on heat-
ing to 20 °C. The fast proton exchange occurs between syn and anti protons through
rotation about the C—C bond of an n'allyl intermediate (Figure 2.13). (n-L denotes
that the ligand L bonds to metal by » atoms in L. n'- and n’-allyls are also called o- and
n-allyl, respectively.) The ethylene ligands of RhCp(C,H,), also rotate about the
Rh-ethylene n-bond at high temperature with activation energy of 68 kJ/mol. The
chemical bond between Rh and ethylene is maintained during the rotation, since the
coupling between Rh and ethylene remains intact. The fluxionalities involving facile
intramolecular exchange processes of the coordination sites of ligands such as tertiary
phosphine ligands are also known. These phenomena should always be taken into
account in organometallic reactions.

Ha Ha

\\

I-ib/|

ul nt n3

Facile Intramolecular Rearrangement of Zr(C;H;),
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Organometallic Compounds

% Ovganometallic reactions are constituted of the following fundamental types of reac-
‘Soms: (1) coordination and dissociation (2) oxidative addition and reductive elimina-
tion, (3) insertion and deinsertion, (4) reaction at the coordinated ligand, (5) electron
transfer. A brief summary of these reactions is given below. For details, the reader
should refer to advanced books of organometallic chemistry.

2.3.1 Coordination and Dissociation

The coordination bond is a bond in which two bonding electrons formally originate
from the ligand. Metal complexes showing facile ligand exchange are called substitu-
E tion-labile (reactions being complete within 1 min at room temperature at 0.1 M solu-
: tion); these in which ligand exchange is slow are called substitution-inert (reactions
being too slow to measure or slow enough to follow at ordinary conditions by conven-
tional techniques). In the former case two electron ligands can simply dissociate to give
coordinatively unsaturated species and multistep equilibria of ligand dissociation are
established. The coordinatively unsaturated species may be associated with weakly
coordinating solvents.

ki

K

ML, =—1—= ML, +L (22)
K

MLy == ML, ,+L (2b)
Ks

MLn_2 ~— — MLn_a + L (2C)

In contrast, one-electron ligands, such as alkyl and hydride, are usually not susceptible
to facile dissociation; this would cause either homolytic fission of the bond or libera-
tion as a free carbanion, which are both unlikely since the electronegativity difference
between the atoms is not large enough. If the ligand is more polarizable as M* X" it
may be better to represent the bond as coordination by the two-electron donor X to
M*.

M —X Mt=—— X~ 3)

There are in general two mechanisms for the ligand exchange process, associative
and dissociative. Six-coordinate octahedral d® complexes tend to dissociate to induce
ligand exchange; they are unlikely to bind one more ligand in an associative process,
because this would form an unstable 20 electron species. Thus, the rate for the ligand
exchange process must be smaller than that of ligand dissociation. Five-coordinate d®
and four-coordinate d'” metal complexes also dissociate in a similar manner. The 18
electron rule implies that coordinatively saturated complexes must dissociate ligands to
induce ligand exchange. In contrast, association of one more ligand with four-coordi-
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nate square planar d* complexes (16 ¢) is possible, because of the coordinative unsatu
ration at the metal. Selective formation of a trigonal bipyramidal intermediati
accounts for the selective ligand displacement process as shown in Figure 2.14.

Dissociative Ligand Exchange

ML, =< = ML,-1+L @

ML, +L = = ML, 4L (5
Associative Ligand Exchange

MLy +L == = MLl (6

ML, L —— - ML,_qL +L (7

However, it should be noted that fluxionality of the 5-coordinate intermediate botl
in associative and dissociative processes may reduce the stereoselectivity. Dissociatiol
from square planar 16e complexes is also known to occur in the thermolyses of organ
otransition metal complexes such as AuMe;L and PtR,L,. The 3-coordinate 14 elec
tron species thus formed has T-shape structure and not the one with C, symmetry. It i
interesting to note that Au favors reductive elimination (Figure 2.15), whereas P

Y
T/,,l ‘\\\\\\\L +Y ’h,,,"' ' “\\\\\L
L x 7 L ,/\x
\\ ]
oY
——
N
L
TI/,,," “\\\\L +X TI/,, l ‘\\\\\L
g M
,_/ \Y X L/ \Y
Figure 2.14

Stereoselective Associative Ligand Exchange of 4-coordinate Square Planar Complex
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R, R g’:h R, i
T /Au —FFhg /Au
R \PPh R
R, R' = Me, Et, n-Pr
+ PPh3

R-R + AuR'(PPhj)
or R-R' + AuR(PPhj3)

Figure 2.15
Dissociative Ligand Exchange Prior to Reductive Elimination of AuR ,(PPh;)

L

favors B-hydrogen elimination (Figure 2.16), even though both have the same d*
square planar structure. Other mechanisms involving intermediates or transition states
with different coordination numbers, such as two for group 11 metals and seven for
early transition metals, lanthanides and actinides, are also known.

The exchange rate and stability of complexes are also highly dependent on the lig-
ands and metals employed. Steric factors are often important in these ligand exchange
processes. Steric and electronic properties of ligands are defined later.

Ph3P:,,,,“'.Pt”“m\\CHzCHQCHQCHg _Ffﬁ',f,a Phapl,,,,“'_Pf ____ wCHyCHoCHoCH3
PhaP””  NCH,CH,CHCH N CH,CHGHCH,
PhaPu,,  wCHaCH,CH,CH;
_ <CP|:>CH2 _ Phst,,,““_Pt‘,_‘_\\\\CHZCHZCHzCHs
e S

“B-agostic" l

Fpgwre 2.16
P-Hydrogen Elimination in Dialkylplatinum(IT) complex
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2.3.2 Oxidative Addition and Reductive Elimination

Oxidative addition and reductive elimination are the formal chemical processes involv-
ing oxidation and reduction of metal atoms accompanied by bond cleavage and for-
mation between ligands A and B, respectively, as shown below. Thus, since A and B are
one-electron ligands, the oxidation statte, electron count, and coordination number
increase by two units in the oxidative addition. Oxidative addition to dinuclear or
17-electron complexes results in change of the oxidation state, electron count, and
coordination number increase by one unit. The reductive elimination is the inverse
process of oxidative addition and vice versa.

A
oxidative addition /
LMW+ 4+ A-B = = M2y
reductive elimination \B

oxidative addition

LM+ ML, (or LM+ A-B == L MM I A 4 L MO B
reductive elimination

In many stoichiometric and catalytic chemical transformations using
organometallics, oxidative addition is believed to be the first step which introduces and
activates substrates to the metal leading to organometallic species, and reductive elimi-
nation is the last step in which the products are released. Although little is known yet
about the mechanisms of these processes, the most important point is that both bond
fission and formation take place by virtue of metal oxidation and reduction under mild
conditions and reactive organometallic species can be formed in the reactions. A typi-
cal example of oxidative addition has been demonstrated for Vaska’s complex-
IrCI{CO)L, as shown in Figure 2.17.

Reaction of trans-IrCI(CO),L with hydrogen gas gives a cis-dihydride with increase
in oxidation state of Ir from +1 to +3. A three-centered neutral transition state has

R
Lo, | €O

Cl/ir\L
|

trans + RI (R = Me, COMe)

O addition H
C|/ir\L<_2—C|/|r\L Tmbci/ir\L
CcO co
Figure 2.17

Reactions of Vaska’'s Complex Including cis and trans Oxidative addition and Coordination




EACTIONS OF ORGANOMETALLIC COMPOUNDS 19

been proposed for this reaction. It should be noted that the H—H bond (450 kJ/mol)
has been cleaved on the metal under ambient conditions, thus providing a model for
the first step of catalytic hydrogenation. Side-on coordination of dihydrogen forces the
interaction of the 6* orbital of H, with a filled dr orbital to induce smooth bond fis-
sion (Figure 2.18). This is somewhat similar to the concept of back-bonding.

In contrast, organic halides such as methyl iodide and acetyl iodide oxidatively add
to Ir(I) to give trans-organo(iodo)iridium(III) complexes exclusively. The trans prod-
uct is considered to be formed by an S 2 type mechanism in which inversion at the car-
bon center of the alkyl ligand is involved (Figure 2.19).

Vinyl and aryl halides also add to the metals such as Ni(0), Pd(0) and Pt(0) regiose-
lectively. In oxidative addition of aryl halide, a nucleophilic substitution mechanism is
also proposed. Sometimes electron transfer processes are also considered to be
involved in oxidative addition, which gives anion radicals or free radicals. However,
these processes sometimes lose stereoselectivity. In general, oxidative additions take
place by a variety of mechanisms.

Oxidative additions of other bonds such as C—0, C—S, C—N, C—H and even
C—C are also known. The reactions can be used to develop new methodologies in
organic synthesis. Allyl esters and ethers are frequently used in selective allylations of

77N

.

Dative bond of H, to M Back-bonding to ¢* orbital of H»
cleaving H—H bond

Figure 2.18
Side-on Interaction of H, with Transition Metal

Figure 2.19
Sx2 Type Transition State
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Me Me Me
Me I Me Me I Me Me I Me
Hz

Ir..., Ir I
~ H —_— —_— e
L7 ™y hv | L7 \HCH3
L
. CH,
L = PMe; 16e coordinatively unsaturated

reactive species

Figure 2.20

Oxidative Addition of Methane to Iridium(I)

nucleophiles and electrophiles catalyzed by Pd and Ru complexes. In these reactions
C—O bond oxidative addition is considered to be a crucial first step. C—H and C—C
bond oxidative addition by transition metal complexes are recent intriguing research
developments and C—H bonds in hydrocarbons such as methane and benzene are now
known to oxidatively add to certain low-valent transition metal complexes of Ru, Rh,
Ir, Fe and Re, giving hydrido(alkyl)metal complexes (Figure 2.20). Recently, it has been
proved possible to oxidatively add an unactivated C(sp?)—C(sp’) bond in arene deriva-
tives to an iridium(I) center. However, applications of these fundamental reactions are
still not well developed so far and are being sought. Some known examples are car-
bonylation of arenes and alkanes and dehydrogenation of alkane with Rh catalysts,
carboxylation of alkanes with Pd complex, and aldol and Michael additions with Ru
complexes.

Reductive elimination is also an important step in organometallic reactions. In gen-
eral the process forms a new C—C bond with high regio- and stereoselectivity and is
considered to proceed in a concerted fashion, the two organic ligands being eliminated
from cis positions. A trans elimination process is geometrically impossible and usually
symmetry forbidden (Figure 2.21).

It is interesting to note that bond forming reactions by reductive elimination
between atoms of similar or the same electronegativities such as C—C and C—H
smoothly take place by virtue of metal reduction, which are usually difficult processes
in the sense of organic chemistry. In addition the processes also proceed under neutral
mild conditions, where undesired side reactions may be prevented. The mechanism of
reductive elimination has also been studied extensively on Ni, Pd, and Au complexes as
well as theoretically. The processes sometimes require prior ligand dissociation to give
unstable T-shaped intermediates from which facile cis reductive elimination takes

L ’I,,"' “\\\R I— 4y, ‘\‘\\R
M —» R-R <—7§l— M
7 Ng R N
Figure 2.21

Reductive Elimination from Transition Metal Dialkyls
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place, especially when a large contribution of ligand field stabilization is involved.
Non-dissociative and associative processes are also known lor reductive elimination
pathways. The more electron-donating are the leaving ligands, the more are they redue-
tively eliminated. For example, CH, ligands are more susceptible to reductive elimina-
tion than CF; groups. Aryl or viny! ligands are also much better leaving groups than
CH, due to effective overlapping of pr-orbitals with neighboring M—C bond orbitals.
However, acetylide ligands are stable to reductive elimination probably because of
thetr intrinsically strong M—C bond energy. Electron withdrawal from the central
metal by coordination of olefins with electron-withdrawing substituents or electron
removal by oxidants generally accelerates the reductive elimination, partly because of
the effective stabilization of the low valent inorganic products. Highly selective reduc-
tive elimination of two organic groups (or acyl and aryloxo) on Ni(I)R(bpy) can be
achieved on interaction with acrylonitrile or aryl halides (Figure 2.22). The inorganic
product 1s Ni(0)(olefin),(bpy) or Ni(IDArX{bpy), respectively.

The following nickel catalyzed Grignard coupling reaction with aryl halide is a good
example utilizing oxidative addition and reductive elimination as key steps as shown in
Figure 2.23. Aryl halide oxidatively adds to Ni(0) to give an arylhalonickel(1T) complex

78\
N”“ LR “\H J“ Lt ‘“R
/ \ / \ ——— R-R + Ni{0)(clefin},bpy

N

R = Me, Et L. = olefins, ArX

Figure 2.22
Reductive Elimination from NiR,bpy Induced by Olefins Having Electron-Withdrawing Group

ArX + RMgX Ar-R + MgXs

NiChLs

RMgX
J Ar

L ,/
R
_ Ar
NiCloly ———3m NiR,L,

7
LoNi
T “
RMgX ArX '\d R-Ar

ArX

LoNi

Figure 2.23
Mechanism of Ni-Catalyzed Cross-Coupling of Aryl Halide with Grignard Reagent
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which is alkylated with a Grignard reagent, followed by reductive elimination of the
product from dialkylnickel(IT) species. Oxidative addition of aryl halide reforms the
arylhalonickel(I1) species. The mechanism may also involve Ni(l) interniediates via an
clectron transfer process.

2.3.3 Insertion and Deinsertion

The insertion of unsaturated organic molecules such as olefins, acetylenes, CO and
RNC into metal-carbon bonds is a characteristic and important reaction in
organometallic chemistry. The reaction is also termed carbometallation of the unsatu-
rated molecule (i.e., multiply bonded reagents):

M-R +Y ——» M-Y-R

Typical examples of insertion are shown in Figure 2.24. The reactions lead to new
C—C bond formation. Successive insertion of olefin frequently gives highly stereoreg-
ularly controlled polymers that are important materials. Catalytic hydrogenation of
olefin also includes insertion of olefin into M—-H bond followed by hydrogenolysis
with hydrogen or reductive climination of alkane. [somerization of terminal to inter-
nal olefins also contains reversible insertion processes. Many of transition metal-
catalyzed carbonylations, such as the Oxo and Monsanto processes that include
insertion as a key step are major industrial processes using homogeneous catalyses.
Combination of the insertion with other organometallic processes, has been widely
explored and developed in organic and catalytic reactions {see those chapters on indi-
vidual group metals). Insertion can be described as the 1,2-addition of an
organometallic species across an olefin or acetylene and 1,1-addition to CO or RNC.
The insertion reactions frequently require prior coordination of substrates, since a

M-C-R M"ﬁ—ﬁ
1
O N
RI
+C0
+R'NC

/O +C0O
M\ \>—*R - M-R ——x—e—» M-C-C-R

+C=C
O +CSs
+C=C
=] N

S
M/\§>w
\

S M

_7
/C—C\
R = H, alkyl, aryl, alkenyl, alkynyl, etc.

Figure 2.24
Insertions Into an M—R Bond
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srrong retarding rate effect of added stabilizing auxiliary ligand is sometimes observed.
The stereochemistry around the multiple bond is usually cis. The prior coordination or
mizraction is considered to be a very important step in determining regio- and enan-
noselectivity of the reaction and is usually controlled by the ligand employed. Highly
welective asymmetric hydrogenation of prochiral olefins such as N-acetoamidocinna-
mate by Rh complexes having a bidentate chiral ligand (BINAP) proceeds through the
facile oxidative addition of H, followed by insertion of the olefin into the hydride in the
thermodynamically unstable hydrido(olefinjrhodium(I) intermediate. A concerted
processes including 3- or 4-center transition state for the insertion is the most typical,
which gives only cis addition product. The alkyl group has been proved to migrate to
the unsaturated ligand both in CO and olefin insertions.

The reverse process of insertion is called as deinsertion. B-Hydrogen in the alkyl
chain is generally the most susceptible to this reaction, though ¢, v and 8 hydrogens
can also be eliminated under certain reaction conditions, where low energy pathways
are chemically blocked. The reactions involve intramolecular activation of C—H bond
by the transition metal to give a hydrido(olefin)metal complex and the stereochemistry
is usually cis. This is one of the reason why many transition metal alkyl intermediates
are apt to decompose to release olefins in spite of their large intrinsic M—C bond dis-
sociation energy. An unfavorable 3-hydrogen elimination can be suppressed by protect-
ing vacant sites for coordination of B-C—H bond by adding excess of innocuous
ligands such as tertiary phosphines. Thus the thermolysis of transition metal alkyls
leading to B-elimination usually involves prior dissociation of ligand.

2.3.4 Reactions of Coordinated Ligands

The chemical reactivities of the organic ligands (molecules) vary very much when
coordinated to the transition metal. For example, olefins, which are usually unreactive
to nucleophiles, do react with various nucleophiles such as malonates, acetates, hydrox-
ides, etc, leading to new carbon-carbon bond formation. Transition metals in high
oxidation states such as Pd(II) and Ni(II) are most suitable for this reaction, since they
tend to withdraw electron density from the olefins. Similar reactivity is also observed in
r-allyl metal species. The stereoselectivity of these reactions is usually trans, since the
incoming reagents usually approach from the side opposite the metal. However, this is
not always true and the incoming reagents can also attack the electrophilic metal;
subsequent insertion gives a cis adduct (Figure 2.25).

Thus the selectivity and reactivities of coordinated olefins are highly dependent on
the mechanisms and steric and electronic environments of the transition metal.

The reactions of coordinated dienes, acetylenes, allyls, arenes, CO, alkyls, etc, are
well documented in many organometallic textbooks.

Though transition metal-to-carbon or -hydrogen bonds are more covalent than
those of alkali and alkaline earth metals, they are capable of reacting with elec-
trophiles, possibly by a concerted mechanism. One interesting reaction pattern is the o-
bond metathesis of group 4 organotransition metal and organoactinide (or
lanthanide) complexes with alkanes. Alkane coordination increases C—H polariza-
tion to set the stage for CH activation and is regarded as another possible way in
addtion to the oxidative addition method of C—H bond activation using metals.
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| C Nuc
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trans addition

Figure 2.25
Reaction Pathways of Coordinated Olefin

M—CHg = CH4

2.3.5 Electron Transfer

Electron transfer reactions are frequently encountered in the reactions of transition
metal complexes, especially with strong oxidants such as [IrCLJ’~ and CuCl,.
Electrochemical oxidation proceeds without structural change of the transition metal
complexes. As noted previously, the chemical reactivity of organotransition metal
complexes depends on their oxidation states. Without going into detail, we give one |
example in organoiron chemistry, where thermolysis products alter dramatically

depending on the metal oxidation state (Figure 2.31). Thermolysis of Fe(IT)Et,(bpy),is |
known to liberate exclusively ethylene and ethane by B-hydrogen elimination from one |
ethyl ligand followed by reductive elimination of ethyl and hydrido ligands, whereas
[Fe(IIT)Et,(bpy).]”, obtained by electrochemical oxidation, releases an ethyl radical.
Further oxidation to [Fe(IV)Et,(bpy),]** leads to the formation of only a reductive |
elimination product, butane (Figure 2.26).

Fe(I)Eta(bpy)s ——= [Fe(ll)Eta(bpy)z]* —<—~ [Fe(IV)Eta(bpy)o]?*

C2H4 + CQHS 'CgHs C4H10

Figure 2.26
Thermolysis of [FeEt,(bpy),]"" (n =0, 1,2)




25

The results indicate that Fe(ll) favors B-hydrogen elimination, but Fe(lII) and
Feg TV imeduee radical formation and reductive elimination, respectively. Preferential
seducrive elimination from Fe(I'V) is consistent with the fact that many reductive elimt-
magaons are accelerated by chemical oxidation or electron removal from metal as men-
Fomed above. Electron transfers involving transition metals are more frequently
wheerved in the organometallic reactions. They are sometimes difficult to differentiate
from nucleophilic reactions of transition metal complexes unless the free radicals can
e trapped. since the trends in electron transfer and nucleophilic reactions usually par-
alled sach other.

Omiv a limited number of organotransition metal complexes having odd numbers of
clersrons are known, partly because of some difficulties in treatment and characteriza-
tion., and partly because of the stability of complexes having an 18 ¢ and 16 ¢ count.
Thev are usually prepared by chemical electron transfer reactions or electrochemical
cmidarion/reduction and are likely to play an important role in fields such as catalysis
and new materials.

The following are reference books recommended to read for details on organometallic chem-
istre, which can be referred to for convenience.

Organometallic Chemistry

12y B H. Crabtree, The Organometallic Chemistry of the Transition Metaly, 2nd. ed., John Wiley,
“ew York (1994), (b) C. Elschenbroich, A, Salzer, Organomerallics, 2nd. ed., VCH, Weinheim
115923, () A, Yamamoto, Organorransition Metal Chemistry, John Wiley, New York (1990), (d)
1. P Collman, L. S. Hegedus, L. R. Norton, R. G. Finke, Principles and Applications of
wawmezaﬁzc Chemistry, 2nd. ed., University Science Books, Mill Valicy, CA, (1987), (e} C. M.

Lukehart, Fundamental Organometa!h( Chemistry, Brooks, Cole, Monterey, CA. (1985}, {f) M.
g@chmann_ Organometullics I and 2, Oxford Science Publications, Oxford (1994}, (g3 1 K.
Kochi, Organometallic Mechanisms and Catalyses, Academic Press, New York (1979), (h) G.
Wilkinson, F. G. A. Stone, E. Abel Eds, Comprehensive Organomerallic Chemistry, Pergamon
Press, Oxford (1982), (i) E. Abel, F. G. A, Stone, G. Wilkinson Eds, Comprehensive
ﬁwu?emnemz‘fzc Chemistry, 2nd. ed., Pergamon Press, Oxford (1995), (i) J. Buckingham, Ed.,
Bicrionary of Organometallic C()mpc):,mds Chapman and Hall, London, (k) J. S. 'E"ha.y}cr
Grganometallic Chemistry: An Overview, VCH, New York (1987), (I} J. J. Eisch, R. B. King,
Grganometallic Synthesis vol. 2, Academic Press, New York (1981). (m) M. Dub, Ed.,
ﬁ?‘f?éifzm‘?!{’{a!flé Compourds, Methods of Synthesis, Physical Constants and Chemical Reactions,
2nd ed., Springer-Verlag, Berlin (1966), (n) A. N. Nesmeyanov and K. A. Kocheshkov, eds.,
i;s‘wfwdj of Elemento-Organic Chemistry, North Holland, Amsterdam (1967), {o) W. A.
Herrmann. Ed., Synthetic Methods of Organomerallic and Inorganic Chemistry, Thieme,
Sruttgart (_3996).

inorganic Chemistry

za} F A. Cotton, G. Wilkinson, ddvanced Inorganic Chemistry, 5th, ed., John Wiley, New York
(1983}, (1) L. E. Huheey, Inorganic Chemistry Principles of Structure and Reacrivities, 4th. ed.,
Héfpi—:r & Row, New York (1993), (¢) D. F. Shriver, P. W, Atkins, C. H. Langford, Inorganu
Chemistry, 2nd, ed., Freeman, New York (1994), (d) F. Basolo, R. G. Pearson, Mechanisms of
Inorganic Reactions, 2nd. ed., John Wiley, New York (1967), (¢} G. Wilkinson, R. D. Gillard, J.
E. Wc{?émefiy Eds., (’omprehmme Coordination Chemistry, Pergamon Press, Oxford (1987),
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(f) A. F. Tromman-Dickenson, Ed., Comprehensive Inorganic Chemistry, Pergamon Press, Oxferd
(1973), (g) M. Chisholm, Early Transition Meial Clusters with n-Deonor Ligends, VCH, New
York (1995), (hy B. F. & Johnson, Bd., Transition Meta! Clusters, Wiley-Interscience, New York
(1980, (1) E A. Cotton, R. A. Walton, Multiple Bonds between Metal Atoms, John Wiley, New
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Ligands play very important roles in organometallic and coordination chemistry, since
they can bring about drastic changes in the chemical and physical properties of transi-
tion metal complexes [1,3]. Thus, the products in many transition metal catalyzed reac-
tions depend on the ligand employed. In other words, some reactions can be controlled
simply by ligand selection [1]. For example, RhCI(PPh,); (Wilkinson’s catalyst) having
bulky triphenylphosphine ligands 1s a good catalyst for hydrogenation of terminal
olefins, but not internal olefins. In Rh catalyzed hydroformylation, addition of tertiary
phosphine increases the ratio of commercially important linear aldehydes to branched
ones. This may be because of the instability of branched alkyl intermediates due to the
coordination of the bulky phosphine ligand. Recently many transition metal-mediated
asymmelric reductions and oxidations have been achieved by employing appropriate
chiral ligands [2]. Coordination of the chiral ligand to the metal generates an asymmet-
ric environment at the metal, which discriminates between the faces of prochiral sub-
stances such as substituted olefins on coordination. Thermodynamic and Kinetic
energy differences of the two intermediates allow highly selective asymmetric reactions
to be carried out [2]. On the other hand, addition of excess ligand to the reaction sys-
tem often retards the reactions. This may be due to the blocking of coordination sites
of substrates for the following reactions. This suggests that it is quite important to cre-
ate a coordinatively unsaturated species in transition metal mediated reactions, though
the supporting ligands also play crucial roles in selectivity.

Transition metal hydrides are considered as containing hydride ligands (H"), since
the metal is usually less electronegative than hydrogen [3]. However the hydride in
hydridotetracarbonylcobalt acts as a strong acid (proton), similar to sulfuric acid, even
though it 1s formaily referred to a hydride (H ). Strong back-bonding from CO ligands
assists in electron removal from the hydride to the metal. Coordinated olefins become
more susceptible to electrophilic reactions when they are coordinated to high valent
transition metal complexes, although free olefins generally react only with elec-
trophiles [4]. The susceptibility to electrophilic attack arises from decreasing electron
density at the C=C double bond of the olefin on coordination. Thus, ligands have sig-
nificant influence not only on the chemical and physical properties of the ligands but
also on those of the ligand itself on coordination. Molecular mechanics and physical
modeling consideration can sometimes help to predict the steric influence on structure
and reactivity,

The hard and solt acid and base (HSAB) principle is also an important concept that
allows qualitative prediction of the nature of the metal-ligand bonds [5]. Soft metals
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favor binding to soft ligands and hard metals favor binding to hard ligands. Hard
metal ions include alkali metals, alkaline earth metals and hydrogen ion (proton’
which are usually non-polarizable, whereas soft metal ions include the heavier transi-
tion metals and those in lower oxidation states (polarizable). The tendency to complex
with soft metals is as follows: N << P,Q < § < Se~Te, F < Cl < Br < . Soft metals tend
to prefer ligands that have available empty orbitals for back-bonding and that can
make covalent bonds. In other words, soft metals have a low energy LUMO and soft
ligands (bases) have a high energy HOMO, thus causing the bond to be more covalent.
Thus the soft platinum metals in low oxidation states favor unsaturated or polarizable
ligands such as ethylene, PPh,, Br ,and I'.

In this chapter, a comprehensive description of various ligands including N, O, S, P,
As ligands, asymmetric ligands, etc, is not given; only the steric and electronic effects
of commonly encountered phosphorus ligands are briefly summarized. These provide
the basis for the selection of ligands. The design and development of new types of
ligands for specific purposes is a growth area in organometallic and coordination
chemistry.

3.1 Electronic Effect

Ligands having electron-donating substituents are generally strong donors, Thus,
trialkylphosphines donate more strongly than triarylphosphines to metals. As a result,
metal complexes with trialkylphosphines are more electron-rich than their triarylphos-
phine analogues and therefore such compounds are considered to be more susceptible
to nucleophilic reactions and also to have stronger basicity. The pK, values of the con-
Jugate acids of phosphines ((HPR;]") are frequently used as an index of this property
and are proportional to the sum of Taft’s 6* value of three substituents {electron-
donating ability of organic substituents) on the P atom, as expressed in the following
equations (Figure 3.1) {6].

Tertiary phosphines pK, =7.85-2.67xc*
Secondary phosphines pK,=513-2.61Zc*
Primary phosphines pK, =2.46-2.64%0*
Tertiary amines pK, =9.61-3.30Zc*
Secondary amines pK,=12.13-3.23Zc*
Primary amines pK, =13.23-3.14%Z0*

It is interesting that all slopes of the lines for phosphines or amines are almost the
same, no matter whether they are primary, secondary or tertiary bases. This suggests
that the substituent effect on the P or N atom has a linear relationship to the basicity
by virtue of the linear free energy relationship (LFER), They are often used as an index
of donor strength of the ligand. Selected values of pK, are listed in Table 3.1. The
electron-donating ability decreases in the following order; tertiary, secondary and pri-
mary in PR; or NR, series. Phosphites are weaker electron donors than phosphines,
whereas amines are stronger electron donors than phosphines. The higher the basicity
of the ligand, the stronger is the donor ability in general.
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Figure 3.1

Relation between pK, of the Conjugate Acids of PR, and the Sum of Taft’s 6* Values. This figure
is reproduced from ref. [6a] with permission.

Table 3.1 Some pK, Values of the Conjugate Acids of Tertiary

Phosphine Ligands [7].

Ligand pK, Ligand pK,
PCy, 9.70 | PEt,Ph 6.25
PEt, 869 . PCy,H . 455
PMe, 9.65 | PBu,H 4.51
PPr, 8.64 ' P(p-C{H,OMe), 4.46
PMe,Et 8.61 - P(octyl),H 441
PMeEt, 8.61 '~ P(CH,CH,OBu),H 4.15
PBu, 8.43 ‘ PPh, 2.73
P(amyl), 8.33 " P(CH,CH,CH), 1.37
P(CH,CH,0OBu);, 8.03 | P(CH,CH,CN),H 0.41
P(i-Bu), 797 | PPhH 0.03
PCy,(CH,CH,CN) 7.13 ‘ PBuH, -0.03
P(CH,CH,Ph), 6.60 P(i-Bu)H, -0.02

PMe,Ph 6.50
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Electronic effects in tertiary phosphine ligands have been estimated by using v(CO)
IR frequencies of Ni(CO);(PR;) in CD,Cl, {7]. The following is the empirical equation
for the trend:

V(CO) = 2056.1 + ZX, (cm ™)

when X, denotes a substituent parameter of R on the P atom: R = t-Bu (0), n-Bu (1.4),
Et(1.8), Me (2.6), Ph(4.3), H(8.3), OPh(9.7), C1(14.8), F (18.2), and CF;(19.6). Table
3.2 summarizes the v(CO) values for various tertiary phosphine ligands. The larger the
X, value, the stronger the PR; donor. This idea is based on the ability of back-donation

Table 3.2 Carbonyl Stretching Bands of Ni(CO)L, for Various Tertiary

Phosphine Ligands [7].

Ligand vicm™) Ligand v(cm™)
P(t-Bu), 2056.1 P(OEt),Ph 2074.2
PCy, 2056.4 P(OPh)Ph, 2074.6
P(0-C.H,OMe), 2(158.3 PPh,CF; 2074.8
P(i-Pr), 2059.2 P(O-i-Pr), 2075.9
PBu, 2060.3 PPh,(0-0-CH,Cl) 2076.1
PEt, 2061.7 P(OEt), 2076.3
P(NMe,), 2061.9 PH,Ph 2077.0
PEt,Ph 2063.7 P(CH,CH,CN), 2077.9
PMe, 2064.1 P(OCH,),Ph 2078.7
PMe,Ph 2065.3 P(OCH,CH,0Me), 2079.3
PPh,(0-C,H,OMe) 2066.1 P(OMe}, 2079.5
P(p-C,H,OMe); 2066.1 P(OPh),Ph 2079.8
PBz, 2066.4 PCIPh, 2080.7
P(o-Tol), 2066.6 PMe,CF, 2080.9
P(p-Tol), 2066.7 P(O-2.4-C;H,Me,), 2083.2
PEtPh, 2066.7 P(OCH,CH,Cl); 2084.0
PMePh, 2067.0 P(O-p-Tol), 2084.1
P(m-Tol), 2067.2 P(O-p-C;H,OMe), 2084.1
PPh,NMe, 2067.3 P(O-0-Tol), 2084.1
PPh;(2,4,6-C,H,Me;) 2067.4 P(O-0-CH-i-Pr), 2084.6
PPhBz, 2067.6 P(O-0-CH,Ph), 2085.0
PPh,(p-C,H,OMe) 2068.2 P(OPh), 2085.3
PPh,Bz 2068.4 P(O-0-C¢H,-t-Bu), 2086.1
PPh, 2068.9 P(OCH,),OPh 2086.5
PPh,(CH=CH,) 2069.3 P(OCH,),CPr 2086.8
P(CH—CH,), 2069.5 P(OCH,),CEt 2086.8
PPh,(p-C H,F) 2069.5 P(OCH,),CMe 2087.3
PPh,(m-CH,F) 2070.0 P(OCH,CH,CN), 2087.6
PPh,(CH,CH,Cl) 2070.8 P(O-0-Tol-p-Cl); 2088.2
P(p-CH.F), 2071.3 P(O-p-C,H,Cl), 2089.3
P(OEt)Ph, 2071.6 P(C,Fs); 2(90.9
P(OMe)Ph, 2072.0 (P(OCH,CCl;), 2091.7
P(O-i-Pr),Ph 2072.2 PCLPh 2092.1
P(p-C,H,Cl), 2072.8 P(O-p-C,H,CN), 2092.8
PHPh, 2073.3 PCl, 2097.0
P(OBu),Ph 2073.4 PF, 2110.8
P(m-C H,F), 2074.1
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from nickel to CO (see Chapter 2). When the P ligand is a stronger donor, nickel
becomes more electron rich (the metal HOMO is destabilized), thus allowing more
effective back-bonding to the pr* orbital of the CO ligands, resulting in a decrease in
the CO stretching frequency.

32 Steric Effect

The steric bulk of the ligand is also a highly important factor in determining the influ-
ence of the ligand on the selectivity and reactivity of organometallic compounds. The
cone angle, shown in Figure 3.2, is frequently used as an index of the steric bulk of
phosphorus ligands [7]. The cone angles 6 are estimated by assuming an average M—P
bond distance of 2.28 A and maximum occupation of van der Waals spheres of the
substituents on the P atom. When three substituents on the P atom are different, these
values are simply averaged. The estimated cone angles for various ligands are listed in
Table 3.3.

Ni

Figure 3.2
Estimation of Cone Angle

Table 3.3 Cone Angles of Tertiary Phosphine Ligands (Cone Angles of,"
Bidentate Ligands [7]. Cone Angles of Ph,P(CH,),PPh, are Estimated by
Assuming PMP Angles of 74, 85,90° forn = 1, 2, 3, Respectively)

Ligand O(deg) Ligand O(deg)
PH, 87 PMePh, 136
PH,Ph 101 PEt,Ph 136
P(OCH,);CR 101 P(CF,), 137
PF, 104 PEtPh, 140
P(OCH,)(CH,), 106 P(O-0-Tol), 141
P(OMe); 107 Cy,PCH,CH,PCy, 142
Me,PCH,CH,PMe, 107 P(i-Bu), 143
P(OEt), 109 PPh, 145
P(OCH,CH,CI), 110 P(p-Tol), 145
P(CH,0),CR 114 P(m-CH,F), 145

(Continued)
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Table 3.3 (Contd)

Ligand O(deg) Ligand O(deg)
Et,PCH,CH,PEt, 115 P(O-0-C,H,-i-Pr), 148
P(OMe),Ph 115 PPh,(i-Pr) 150
P(OMe),Et 115 P(0-0-C,H, Ph), 152
P(OEt),Ph 116 PPh,(z-Bu) 157
PMe, 118 P(NMe,), 157
Ph,PCH,PPh, 121 PPh,CF, 158
PMe,Ph 122 P(i-Pr), 160
PMe,CF, 124 P(s-Bu), 160
Ph,PCH,CH,PPh, 125 PBz, 165
Ph,P(CH,),PPh, 127 PPh(s-Bu), 170
PHPh, 128 P(O-1-Bu), 172
P(O-i-Pr), 130 P(O-0-C,H,-¢-Bu), 175
PBr, 131 P(neopentyl), ~180
P(OMe)Ph, 132 P(¢-Bu), 182
PEt, 132 P(C;F;), 184
PBu, 132 P(0O-2,6-C¢H;Me,), 190
PPr, 132 P(o-Tol), 194
P(CH,CH,CN), 132 P(mesityl), 212
P(OEt)Ph, 133

P(OCH;}sCMe
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Relation between Cone Angles 6 of L and Stability Constants of NiL, Complexes. This Figure is
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There is a good correlation between the logarithms of the ligand dissociation con-
stants K (reverse of stability constant) of NiL, and the cone angles of L. As the cone
angle increases, so does the K value:

NiL,

NiLg + L

K

In this reaction, the log K values do not correlate with electronic factors as measuered
by v(CO) as described above. The results indicate that the steric factor is more impor-
tant than electronic in determining thermodynamic stability of ML, type complexes.
The environment around the metal is more congested than imagined for the coordina-
tion number 4. The cone angle is now widely accepted as an index of steric factors for
tertiary phosphine ligands in large areas of transition metal chemistry including
organometallics.

The bulk of bidentate ligands are more difficult to quantify, since cone angles of
chelating ligands are defined by assuming their PMP angles. The bite angle B as shown
in Figure 3.4 can be regarded as an index of the degree of steric crowding around the
metal [8]. Natural bite angles B, are defined by Casey as the preferred chelation angie
determined only by ligand backbone constraint by molecular mechanics calculation
(M—P = 2.30 A). They parallel the X-ray PMP angles reasonably well. For example,
the natural bite angles of o,@-(diphenylphosphino)alkane increase with increase in the
number of methylene groups of Ph,P(CH,),PPh, (M—P =2.33 A):B,=78°(n=2),87°
(n = 3), 98° (n = 4), and the actual bite angles of PtX,(Ph,P(CH,),PPh,) are 86° (n = 2),
92° (n = 3), 95° (n = 4), respectively. Though bite angles are relatively variable on coor-
dination, chelating ligands with large pn (120°) are capable of coordinating in the
equatorial plane of the tbp structure, whereas those with B, of ca. 90° favor coordina-
tion at apical and equatorial sites [§). Rh and Ni catalysts, having certain chelating lig-
ands with a range of natural bite angles of 100-110°, are known to give linear products
selectively in hydroformylation and hydrocyanation. In ansa-metallocenes, the angle
between two lines connecting the metal and the centers of two Cp rings is employed for
estimating the bite angles of the bis(cyclopentadienyl) ligands.

Bulky ligands are especially useful for synthesizing highly reactive, coordinatively
unsaturated complexes such as PtL, and Ru(CO),L, [9], since they prevent further
coordination of ligands and/or oligomerization which would normally occur to satisfy
the 18 electron rule. However, one should not ignore the electronic factors for the struc-
tural consideration, since they essentially determine the structure of transition metal
complexes.

N
/

Figure 3.4
Bite angle of bidentate ligand




34

LIGANDS

References

Delicate control of the steric environment of transition metal complexes is extreme-
ly important in the highly selective organic transformations using transition metal
catalyses. Recent highly selective Rh or Ru catalyzed asymmetric hydrogenation
achieving more than 99 %ee selectivity is considered to be one of the remarkable suc-
cesses resulted from highly elaborate steric control of the ligand. Lists of specific chiral
ligands should be consulted in specialized books [2].

(1] G. W. Parshall and S. D. Ittel, Homogeneous Catalysis, John Wiley, New York (1992).

[2] [a] R. Noyori, Asymmetric Catalysis in Organic S ynthesis, John Wiley, New York (1994).
[b] L. Ojima, Catalytic Asymmetric Synthesis, VCH, New York (1993).
[c] H. B. Kagan, Comprehensive Organometallic Chemistry, Eds. G. Wllkinson, F. G. A,
Stone, E. W. Abel, vol. 8, Pergamon, New York (1982); H. B. Kagan, Asymmetric Synthesis,
vol. 5, Academic Press, New York (1985).
[d] H. Brunner, Topics in Stereochemistry, vol. 18 (1988).
[e] M. Sawamura, Y. Ito, Chem. Rev., 92, 857 (1992).
[f]J. Seyden-Penne, Chiral Auxiliaries and Ligands in Asymmetric Synthesis, John Wiley, New
York (1995).

[3] A. Dedieu (ed.), Transition Metal Hydrides, VCH, New York (1992).

[4] [a] R. H. Crabtree, The Organometallic Chemistry of the Transition Metals, 2nd. ed., John
Wiley, New York (1994).
[b] A. Yamamoto, Organotransition Metal Chemistry, John Wiley, New York (1990).
[c] P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke, Principles and Applications of
Organometallic Chemistry, 2nd. ed., University Science Books, Mill Valley, CA (1987).

[3] [a} F. A. Cotton, G. Wilkinson, Advanced Inorganic Chemistry, 5th. ed., John Wiley, New
York (1988).
[b] I. E. Huheey, Inorganic Chemistry-Principles of Structure and Reactivities, 4th. ed.,
Harper & Row, New York (1993).
[c] D. F. Shriver, P. W. Atkins, C. H. Langford, Inorganic Chemistry, 2nd. ed., Freeman, New
York (1994).
[d) F. Basolo, R. G. Pearson, Mechanisms of Inorganic Reactions, 2nd. ed., John Wiley, New
York (1967).

[6] [a] W. A. Henderson, Jr., C. A. Streuli, J 4m. Chem. Soc., 82, 5791 (1960).
[b] C. A. Streuli, Anal. Chem., 32, 985 (1960).

(7] C. A. Tolman, Chem. Rev.,77, 313 (1977).

[8] [a] C. P. Casey, G. T. Whiteker, Isr. J. Chem., 30, 299 (1992).
[b] M. Kranenburg, P. C. Kamer, P. W. N. M. van Leeuwen, D. Vogt, W. Keim, J Chem. Soc.,
Chem. Commun., 2177 (1995).
[c] M. Kranenburg, Y. E. M. van der Burgt, P. C. Kamer, P. W. N. M. van Leeuwen, K.
Goubitz, J. Fraanje, Organometallics, 14, 3081 (1995).

[9] [a] S. Otsuka, T. Yoshida, M. Matsumoto, K. Nakatsu, J. Am. Chem. Soc., 98, 5850 (1976).
[b] T. Yoshida, S. Otsuka, J. Am. Chem. Soc., 99, 2134 (1977).
[c] J. Fornies, M. Green, J. L. Spencer, F. G. A. Stone, J Chem. Soc. Dalton Trans., 1006
(1977).
[d] A. Immerzi, A. Musco, J Chem. Soc.. Chem. Commun., 400 (1974).
[e] M. Ogasawara, S. A. Macgregor, W. E. Streib, K. Folting, O. Eisenstein, K. G. Caulton, J
Am. Chem. Soc., 117, 8869 (1995).




Manipulation of Air-sensitive
Compounds

Komiya, Tokyo University of A griculture and Technology

1 Introduction

There are many techniques for handling air- and moisture-sensitive compounds which
are fairly well documented in books. Occasionally very expensive glove boxes or high
vacuum systems have to be set up. If these facilities are available, most air-sensitive
compounds can be handled without problems. However, some of them are difficult to
manage for beginners and people who are not familiar with air-sensitive compounds
and who may even hesitate to buy such materials. For example, organic chemists usual-
ly make an inert gas atmosphere by bubbling Ar or N, gas into the solution. For some
organometallic compounds, this method is not sufficient and a small amount of air
contamination leads to decomposition of these compounds. In Organic Synthesis it is
described that “Under the best conditions, NaCp gives pale yellow or orange solution.
Traces of air lead to red or purple solutions, lowering the reaction yield appreciably”.
This can be easily overcome if the simple apparatus described here to handle air-
sensitive compounds is assembled in the laboratory. Most of the techniques described
in this chapter are so-called Schlenk techniques, which make use of flasks equipped
with a three-way stopcock. They were originally introduced from Germany and inde-
pendently developed in Yamamoto's group in Japan. In contrast, chemists in the USA
favor the use of dry-box techniques in combination with double manifold vacuum and
nitrogen lines. In this book simple and inexpensive methods are described that are
especially designed for beginners. Other literature dealing with the manipulation of
air-sensitive compounds should also be read, since these techniques are often a matter
of individual taste. Readers are also highly recommended to develop their own skill in
manipulating their specific compounds or reactions.

Basic Apparatus (Vacuum and Nitrogen Lines)

Apparatus for handling air-sensitive compounds varies, depending on how stable the
compounds are in air, how much purity is required, the scale, and the physical state of
the compounds: solid, liquid or gas. If expensive high-quality apparatus is used for
handling all chemicals and reactions, 1t may soon degrade and break down. Some

Synthesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
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apparatus is very inconvenient for specific purposes. In this section, the most basic
apparatus, necessary at least on a lab bench, is described. Individual handling methods
are described later.

Vacuum and inert gas lines are the most fundamental pieces of equipment to be set
up. Figures 4.1, 4.2 and 4.3 depict their general structure. To obtain a good vacuum, at
least one liquid nitrogen trap should be connected between the pump and vacuum sys-
tem, which usually provides 10~ mmHg vacuum. Liquids collected in the liquid nitro-
gen trap during an experiment should be removed when turning the vacuum line off.
This will extend the life of the vacuum pump and oil, and avoid contamination of the
vacuum oil by liquids or gases. When high vacuum is required, an oil diffusion pump,
which should give 10° mmHg, can be installed between the vacuum pump and liquid
nitrogen trap. For the high vacuum experiment, it is desirable to keep the vacuum line
under vacuum as much as possible, even when it is not used. The vacuum line can be
connected to a manometer to measure the gas pressure, so that gas volume can be mea-
sured accurately. Several two-way stopcocks having standard high quality male glass
joints are fitted to the vacuum line. Stopcocks whose interior can be kept under vacu-
um to avoid gas leaks by loosening are also obtainable. Two types of vacuum grease are
generally used for stopcocks: silicone and Apiezon. The latter is of much higher quali-
ty, though it is expensive. When putting grease on the ground glass, air contamination
between ground joints should be avoided by first putting a few spots of grease on the
male stopcock, and then installing the stopcock to spread the grease uniformly.
Various greaseless teflon stopcocks are also commercially available.

Gas reservoir

Gas leak

Liquid nit
fogen @ 2-way stopcock

U

Manometer

Figure 4.1
Standard Vacuum Line with Gas Reservoir and Mercury Manometer.
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Standard Nitrogen Line. Nitrogen gas of high purity is further purified by passage first through
the active copper filler then throu gh CaCl, and P,O; towers to remove traces of moisture, A mer-
cury bubbler can also be placed in the line to obtain a pressure slightly above atmospheric,

Nitrogen 1{
A'j r/
/i f i

Vacuum >

Y,

Figure 4.3
Double Manifold Vacuum Line for Nitrogen and Vacuum. Turning the stopcock 180° switches

the line from nitrogen to vacuum and vice versa.

Pure nitrogen or argon is usually used as an inert gas. To remove any trace of air in
these gases, it is desirable to use a deoxygenation column and drying towers, although
many synthetic experiments do not require such purification. The deoxygenation col-
umn consists of pellets of activated copper supported on diatomite, which operate at
180 °C. This is reusable and can be reduced periodically at the same temperature with
hydrogen. For drying these gases, CaCl,, P,O; and molecular sieves 5A are used as
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fillers. The commercially available drying agent SICAPENT is useful, because its color
change indicates whether the drying reagents are still active. It is desirable to put a mer-
cury bubbler (or an excess pressure bulb which is free of mercury) before gas outlet
stopcocks, to obtain slightly higher pressure of the inert gas and to avoid unnecessary
and dangerous high pressure inside. An excess of gas should be always exhausted from
this mercury bubbler. To make the mercury bubbler more compact, a back current
stopper can be put only 10 cm above the mercury level, though more than 76 cm height
inlet glass tube can also be used as a substitute. This excess of pressure is necessary
when a solution is transferred by cannula or filtration. It is also convenient to place two
simple glass bubblers containing mineral oil both at the inlet and the outlet of the gas
ling, since the gas flow can be easily verified at a glance. The Tygon or rubber tube may
be furnished at the end of a two-way stopcock to introduce the gas into the Schlenk
tube. In addition a small vacuum pump should be provided near the bench to evacuate
the flask for replacing the atmosphere by inert gas.

If a double manifold vacuum and nitrogen stopcocks are preferred, thick tygon tub-
ing should be used for connection because it withstands evacuation. In this case, the
additional small vacuum pump is not necessary, since evacuation and filling with nitro-
gen are carried out by simply rotating the double manifold stopcock.

4.3 Handling of Air-sensitive Materials

4.3.1 The Simplest Method

The methods described here are applicable to compounds that are only moderately air-
sensitive, but do not decompose in an hour or for reactions that are not affected by a
small amount of air or moisture. However, these methods are still very convenient in
the laboratory where no equipment is provided.

4.3.1.1 Glove Bag

A glove bag is a commercially available plastic bag with a nitrogen inlet and gloves as
shown in Figure 4.4. After placing the bottles in the plastic bag, air is forced out by
flattening the bag. After sealing the end of the bag by wrapping around the stick, nitro-
gen gas is introduced to inflate the bag. The gas is released from the bag and refilled
with nitrogen. After three repetitions of this operation, air-sensitive compounds can be
manipulated from the side gloves while keeping the inside under slightly increased
pressure by nitrogen gas. Since this method can be operated without any other special
equipment, it is sometimes very useful to open bottles containing air-sensitive and
hygroscopic materials,

4.3.1.2 Balloon

Many organic chemists use balloons for carrying out reactions under inert atmosphere.
Methods vary, but some typical arrangements are shown in Figure 4.5. Although any
type of balloon can be used, high quality rubber balloons made for medical use are the
best. Usually, a needle or two-way stopcock is connected tightly with the balloon.
Nitrogen gas is introduced into the balloon from the gas cylinder and then is discarded.
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Figure 4.4
Glove Bag

Figure 4.5
Balloon Technique

Nitrogen
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After three repetitions of this operation, the balloon is inflated as much as desired. The
balloon thus prepared can be equipped on the flask with septum rubber or glass joint.
It is better to replace the atmosphere in the flask by nitrogen before connection. As
long as the balloon is swelling, the inside of the flask is maintained under some nitro-
gen pressure. It is very useful if there happens to be a pressure increase in the flask as a
result of the reaction, which might cause an explosion in a closed system. However, it
should be noted that the method is not good enough for many organometallic com-
pounds and it is difficult to keep the nitrogen atmosphere for a long time. Nevertheless
this method is still widely used, especially in organic syntheses, since it is simple, easy
and inexpensive and works nicely for most preparations and reactions of organic com-
pounds, even in the presence of transition metal catalysts. This is probably because the
final products are stable in air and usually workup is carried out in air.

4.3.2 Simple But Effective Methods

4.3.2.1 Three Needles Technique

A round bottom flask containing the solid reactants and a magnetic stirring bar is fit-
ted with a rubber septum cap secured with a rubber band. The flask is evacuated by
vacuum pump and then filled with nitrogen with a needle adaptor. This is repeated
three times. The flask will then be maintained under sufficient nitrogen atmosphere.
When transferring the solution or liquid by a syringe through the septum, two needles
for inlet and outlet of inert gas should be attached to the septum rubber. These equal-
ize the pressure inside and outside the flask and prevent spilling the liquid. A cannula
can also be used to transfer liquid to another flask or to remove liquid by application of
inert gas pressure. The outlet needle at the flask should be removed in order to increase
slightly the pressure inside the flask. It must be remembered that the rubber septum is
not a complete seal and over a period, it absorbs gases and volatile liquids in the flask,
and, once used, it is more likely to have small leaks especially when the flask is evacuat-
ed. Therefore it is not recommended to keep the flask under vacuum with a rubber sep-
tum, but to keep it under nitrogen atmosphere for a longer period.

4.3.2.2 Schlenk Technique

A Schlenk tube is a flask that has at least one arm where inert gas can be introduced.
Usually a three- or two-way stopcock is fitted at the end of the arm. Some typical
Schlenk flasks are shown in Figure 4.7. A combination of a commercially available
round bottom flask with a two- or three-way stopcock or T-shape stopcock can also be
used as a Schlenk flask. The shape of Schlenk-ware varies depends on individual taste.
The tube shown in Figure 4.7, which was developed originally in the Max-Planck-
Institute for Coal Research at Mulheim, Ruhr in Germany, can be rested against the
pipes on the lab bench and can be stored conveniently. Tubes with a straight arm are
often favored, since they are easier to clean. The bottom part of the flask is rather flat
which allows the stirring bar to rotate more efficiently. When vacuum and nitrogen
lines are assembled separately, it is very convenient to have a three-way stopcock for
the Schlenk tube, whereas a two-way stopcock is sufficient when one uses a combined
double manifold vacuum and nitrogen line.
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Figure 4.6

Three Needle Technique. Liquids are easily transferred by this method. It is useful to prepare the

needle adapter (left) from a broken syringe.
Figure 4.7

Schlenk Tubes. The shape of Schlenk flasks is down to individual preference, but it is highly rec-
ommended to use ground glass joints of high quality.
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In use, the air in a Schlenk flask should be replaced at least three times by inert gas
using a pump and fill procedure and all subsequent handling should be carried out
under nitrogen flow. Nitrogen gas flow is always monitored easily by looking at the
bubblers equipped in the nitrogen line. Solid is transferred by a spatula or by connect-
ing two Schlenk tubes with a joint (Figure 4.8). To avoid air contamination, protection
by glass pants (or trousers) can also be provided, if necessary. However, most air-
sensitive compounds, even if they are stable only for a few seconds in air, can be trans-
ferred without the glass pants if one has sufficient experimental skill. If this method is
not adequate, the transfer should be done only under high vacuum or in a well--
maintained giove box (see literature methods). When liquid is transferred by a syringe,
great care should be taken, since solutions are generally much more susceptible to oxi-
dation or hydrolysis. A syringe should be filled with pure nitrogen and emptied three
times before use. The syringe will then be ready to use without contamination by air. It
should be noted that the rate of drawing nitrogen gas should not be greater than that of
nitrogen flow. A cannula is also very useful for transferring liquids through a rubber
septum. Furthermore if a fine glass fiber is fitted at the tip, a heterogeneous solution
can be filtered (Figure 4.9). When a septum is placed on the Schlenk tube, it is impor-

Figure 4.8.

Transfer of Solid Materials. Glass pants are used when highly air-sensitive compounds are
employed. Covering the pants with a thin plastic sheet help avoids further decomposition. Solids
can also be transferred by direct connection of two Schlenk flasks, but great care should be taken
when disconnecting the flasks, since powder adhering to the surface near the inlet may be blown
off.
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Figure 4.9

Filtration by Cannula. The cannula method is a simple and effective means for transferring lig-
uid. When a rubber septum is fitted at the inlet of the Schlenk flask under nitrogen, extra air
trapped inside should be removed promptly by inserting the needle into the septum. The tip of
the cannula can be covered with fine glass fiber for filtration.

tant to remove the extra air inside the septum by puncturing with a needle as quickly as
possible. The cannula method is more reliable than syringe transfer and more suitable
for beginners who are manipulating a small amount of liquid, although syringe trans-
fer is quicker. These techniques permit all experimental work such as transfer, filtra-
tion, reflux, distillation, recrystallization, concentration, mixing, chromatography,
autoclave reactions, IR and NMR sampling, preparation of a single crystal for X-ray
analysis, etc, to be done under an inert atmosphere. Figure 4.10 shows some useful

SO

(]

Schwanz hahn (this can be used when gas inlet ~ Yacuum stopcock (use for connection of
or outlet is required. 2-neck flask will be used as ~ Schlenk flask and vacuum line).
a Schlenk flask). Figure 4.10 (continued)
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Figure 4.10
Useful glassware for handling air-sensitive materials

glassware for such experiments. When one becomes accustomed to these operations,
one will find specific methods that will be more suitable for specific compounds and

reactions.
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4.3.3 More Advanced Methods
4.3.3.1 Glove Boxes

Glove boxes are now commercially available, but are still very expensive. If the appara-
tus is operated properly, chemicals and equipments can be handled as if they were in
air on the lab bench. Details of manipulation should be obtained from the authorized
books or manuals. Glove boxes are very useful for the preparation of samples for phys-
ical measurements, such as NMR, IR, single crystals for X-ray, etc. Small items such as
a balance and cyclic voltammetry can be placed in the glove box. They are also useful
for storage of chemicals. Continual care must be taken to keep the inside completely
free of air, by using deoxygenation and drying towers with highly efficient gas circula-
tion. Despite their advantages, glove boxes are not suitable for handling volatile mate-
rials, since these remain in the glove box. Handling with large gloves is sometimes
clumsier than with manipulation on the lab bench. However, there is much less chance
of contamination by air or moisture. The methods used are a matter of taste, once the
ideas of handling are well understood.

4.3.3.2  Vacuum Technique

Commercially available nitrogen and argon gases today are of very high purity and can
usually be used directly without further purification for most crganometallic com-
pounds. However, a trace of oxygen or moisture sometimes induces autocatalytic
decomposition of compounds even under inert gas. This is sometimes observed
because of continuous accumulation of oxygen and moisture by the gas flow.

All the experimental methods can also be achieved under vacuum, but detailed pro-
cedures of manipulation are beyond the scope of this book. Appropriate books in the
references should be consulted. The glassware becomes more complex and specialized,
and a vacuum pump of high performance is required. Therefore only when the com-
pounds cannot be treated by the methods so far described should vacuum techniques
be considered. However, when gases are to be employed, the vacuum technique is
indispensable. The volumes of gases, which can be condensed at liquid nitrogen tem-
perature, are easily estimated by releasing the gases in the closed system and measuring
the pressure. The dead volume of the closed part in a vacuum line should be calibrated
by filling with water or mercury before use. Condensable gases are easily transferred by
a trap to trap (bulb to bulb) method (see also Section 4.2.4.2). The gases can be purified
by vacuum transfer through a drying tube. The desired amount of gases can be easily
introduced into a reaction vessel by a trap-to-trap distillation. However, noncondens-
able gases at liquid nitrogen temperature such as hydrogen, nitrogen, carbon monoxide
and methane should be handled with great care. These gases should be introduced into
the reaction vessel with prior purification, if necessary. For gas-solid reactions in a
closed system over heterogeneous catalyst, the gas is circulated by a magnetic power
pump in order to obtain efficient mixing of gas and solid.

4.3.4 Some Examples of Handling

The methods described below mainly employ Shlenk flasks. Some of the operations
can be done in the glove box, and are not mentioned here.
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4.3.4.1 Filtration

There are several methods of filtration, and one example of solution transfer by can-
nula has been described earlier. The cannula is inserted into the rubber septum at the
top of the Schlenk tube. If the inlet of teflon or stainless steel cannula is stuffed with a
fine glass fiber (such as that used for GC columns) and/or wrapped with paper tissue
(Kimwipe) tied by thin wire, the solution can be transferred with filtration. The rate of
filtration varies very much depending on how tight the glass fiber is stuffed in and how
fine the precipitates are. In a similar manner, a glass bridge filter (Figure 4.11) having a
fritted glass filter at the end is also used for filtration. #G3 fritted glass is most com-
monly used for filtration, though others can also be used, depending on the size of pre-
cipitates. Sometimes filtration becomes very slow because the precipitates clog the
filter. In this case nitrogen pressure must be released to remove the solid on the filter
and filtration started again. Thus, filtration should be carried out by touching only the
surface of the solution with the tube and slowly lowering as the surface goes down.
This is the most important trick for fast filtration.

Normal filter paper can also be used for filtration under nitrogen. A glass filter tube
(Figure 4.11) containing a folded filter paper is connected with the Schlenk flask. Then

Glass fritt

Figure 4.11

Filtration Using Normal Filter Paper and Bridge Filter. A folded filter paper is placed in the
Schlenk filter flask (right) and the whole system is filled with nitrogen. Liquid is transferred by
the syringe or cannula to filter. Inert gas flow should not pass from the Schlenk flask but filtra-
tion glassware should be used to prevent the evaporation. When filtering, the glass frit of the
bridge filter should always touch the surface of the solution and then be slowly lowered for
smooth filtration. If the solid sticks to the glass filter, the inside pressure is reduced to normal by
lifting the rubber holder, which removes the solid easily.
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air in the whole system is replaced by nitrogen by pump and re-filling three times. The
heterogeneous solution is transferred by a syringe or cannula onto the filter paper.
Instead of the filter paper a glass frit can be put in the glass filter tube, which can also
be surrounded by a glass jacket that is cooled by dry ice/alcohol to handle thermally
unstable materials.

The most important trick in filtration is always to wait until the solids have settled as
much as possible and to filter the clear solution first. Then the remaining turbid part
can be filtered. This often saves time, especially when precipitates are very fine.

A column packed with filler such as celite or neutral alumina can also be used for fil-
tration or removal of undesired materials (Figure 4.12). After the whole system is filled
with nitrogen, the solution is transferred slowly by a syringe or cannula to the top of
the filler. The clear solution will be obtained from the bottom. In order to handle a
small amount of solution such as for NMR samples, a disposable pipet with filler fil-
ters very efficiently. A small amount of fine glass fiber (glass wool) is placed at the bot-
tom of the pipet to avoid leakage of solid. As expected, the pressure difference before
and after the filter affects very much the speed of filtration. Thus the evacuation of the
receiver flask during filtration effectively accelerates the filtration, though one must
always look out for an unexpected air leak.

Figure 4.12

Simple Filtration by Celite. A disposable pipet filled with celite is fitted with a rubber septum
and is placed at the inlet of a Schlenk flask by means of a thermometer holder. Then the whole
system is evacuated and filled with inert gas. Transfer of liquid is carried out by the cannula
method. The Schlenk receiver should be at ambient pressure, although careful evacuation can
accelerate the filtration.
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4.3.4.2 Distillation

Distillation is carried out essentially as usual. The whole system is usually filled with
nitrogen by slow flow of nitrogen into the side arm of a Schlenk flask containing the
liquid and/or by bubbling nitrogen into the liquid to be distilled. It is better to have a
slight nitrogen flow in the receiving Schlenk flask to avoid air contamination during the
distillation, but nitrogen gas bubbling may be stopped, since it always lowers the boil-
ing point. Distillation under reduced pressure is carried out similarly. In this case the
inert gas should be introduced through the pressure controller such as a capillary fitted
to the distillation flask or the needle valve of a Bunsen burner that is placed between
receiver and vacuum pump.

In a vacuum system, liquids can be transferred by a trap-to-trap (bulb-to-bulb) dis-
tillation. It should be noted that small amounts of non-condensable gases at liquid
nitrogen temperature severely lower the rate of transfer. Therefore all the air or inert
gases should be completely evacuated at liquid nitrogen temperature before vacuum
transfer. This operation should be repeated three times to completely remove non-
condensable gases (freeze-pump-thaw method). When the receiver flask that is con-
nected with the flask containing a volatile material in a closed system is cooled by
liquid nitrogen, the volatiles are condensed or solidified into the flask. Great care must
be taken when the flask containing the volatiles is opened, since quick connection
induces abrupt boiling. Cold ethanol at —20 ~ —40 °C, a temperature that can be

Figure 4.13

Trap-to-Trap (Bulb-to-Bulb) Distillation. Before the operation is carried out, all the noncon-
densable gases at liquid nitrogen temperature should be evacuated by at least three
pump-and-thaw treatments.
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achieved with an electric cold bath, will suffice in practice for transferring relatively
volatile solvents such as ether, hexane and THF, thus saving expensive dry ice and
liquid nitrogen. Solvents such as ether, THF, benzene, toluene, dioxane, hexane and
pentane that has been dried over benzophenone ketyl and many organic unsaturated
compounds dried over calcium hydride can easily be distilled into the Schlenk flask by
this method without contacting air and moisture. In these cases any evolved hydrogen
gas should be removed periodically by the pump-and-thaw method.

4.3.4.3  Reflux or heating solution

When the solution is subjected to reflux or to heat under inert gas, a cooling tower such
as a reflux condenser should be attached to the Schlenk tube. After the whole system is
filled with an inert gas, the solution is heated with stirring by means of a temperature-
controlled oil bath. The inert gas should not flow from the Schlenk flask toward the
condenser, because this will drive evaporated solvent from the flask and decrease its
amount quickly. A steady slow nitrogen flow should pass above the reflux condenser to
protect the solution from an unexpected back current flow of gas. When the condenser
is to be attached to a Schlenk flask that already contains a solution, a slow nitrogen gas
flow from the Schlenk flask may be made to fill the condenser with nitrogen at low tem-
perature. Heating the solution without a reflux condenser may contaminate the nitro-
gen line with undesirable volatiles.

Figure 4.14
Refluxing Solution
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4.3.4.4 Measuring Liquid by Pipet

For quantitative measurements requiring more accurate measurement of a volume of
liquid than is possible with a syringe, pipettes and commercially available pipette bulbs
are used under nitrogen. First, the side gas inlet of the pipette bulb is connected to a
nitrogen gas line to introduce nitrogen gas. A few minutes gas flow is enough to replace
the air in the connecting tube to nitrogen. Then only nitrogen gas is taken very slowly
from the Schlenk tube that is already connected to a nitrogen line and discarded from
the top of the pipette bulb. After three repetitions of this procedure, the pipette is ready
to take the solution under nitrogen. Since the tip of the pipette might be exposed to air
for a short time during transferring, the operation must be done promptly, or the inlets
of the Schlenk flask should be protected by appropriate guards such as glass pants.

4.3.4.5 Toepler Pump ( Quantitative measurement of gas volume)

The volume of gases formed in a reaction can be easily measured without exposure to
air by means of a Toepler pump. Although automatic versions can be purchased com-
mercially, a hand-operated one is described here for convenience. Figure 4.15 shows a
schematic drawing of the Toepler pump. A flask containing an unknown amount of
gases in solution is connected at stopcock A of the Toepler pump and gas sampling
tubes are attached at stopcock D. The system is completely evacuated before use. Then
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Figure 4.15
Toepler Pump
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the flask and trap B are cooled with liquid nitrogen. When the two-way stopcock
(120 ©) C is turned to connect to the sample side (right side), non-condensable gases at
this temperature, such as nitrogen, hydrogen, methane and carbon monoxide, diffuse
into a collecting glass ball E. After closing the stopcock C, the mercury container F is
slowly raised until the mercury levels in the scale and container become equal, when
the gas volume is estimated by reading the scale at room temperature and pressure. The
scale on the glass tube below the stopcock C should be calibrated in advance. Then,
mercury container F is lowered once and the stopcock C is turned to connect to the left
sampling tube side. Mercury container F is slowly raised till the mercury reaches just to
the bottom level of stopcock C, so that all the gases in the receiving glass ball are trans-
ferred to the left receiver side. After closing stopcock C, the level of mercury container
F is lowered again. Then stopcock C is turned to connect A and E to diffuse the rest of
gases into E. The procedure is repeated until no significant amount of gas is left. After
redissolving the sample solution, the same procedure is repeated until the confined
gases in solution are expelled completely. The sum of these measurements is the vol-
ume of those gases which are noncondensable at liquid nitrogen temperature. The con-
tents of gases collected in the sample tube in the left side are analyzed independently by
GC, from which the amounts of all gases are estimated quantitatively. Then if liquid
nitrogen baths of the trap B and the sample flask are replaced by a dry ice/ethanol
bath, gases such as ethylene, ethane, acetylene, and carbon dioxide can be quantitative-
ly analyzed analogously.

More simply, gases in the closed system are quantitatively analyzed only by GC
using the internal standard method. It should be noted that some skill may be required
to introduce an accurate amount of standard gases into the flask. It is convenient to
have a septum rubber cap in onc outlet of the flask from which gases are introduced
and taken. Two digits of accuracy can be obtained by use of a hypodermic syringe that
has been calibrated by filling with water. A certain amount of standard gas is taken
from the gas cylinder. A soft rubber tube is attached to the outlet of the gas cylinder
and the other side is closed with a pinch cock. When the gas cylinder is opened very
slightly, the pressure in the rubber tube increases and the gas is easily taken from this
tube by the syringe. The gas taken in the syringe is discarded and the gas is taken again.
After a few repetitions of these operations, an accurately measured amount of pure gas
is taken and injected into the flask via septum as quickly as possible. After a few min-
utes allowance for equilibration of gases and liquids at a constant temperature (prefer-
ably in a thermostatted bath), the composition of the gas phase is.analyzed by GC to
give the exact amount of the gases in the flask. Very careful calibration using standard
samples under the same conditions is required, especially when samples contain both
gases and liquids, since the solubility of gases in solvents varies considerably depend-
ing on the temperature and the amount of solvent used. Several trial runs using known
samples may be necessary in order to develop skill. Nevertheless, since this is such a
simple and inexpensive method to obtain reasonably quantitative data for gas analysis,
it is still useful and valuable.

4.3.4.6 NMR Sample

A NMR sample tube is connected with a female glass joint by a teflon connecting joint
(Figure 4.16) or welding. If this is attached to a glass joint having a three-way stop-
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\ Flame-seal here

Figure 4.16
Preparation of NMR Sample

cock, it can be used like Schlenk-type glassware. Solid and liquid samples are trans-
ferred by the methods described previously. When deuterated solvent is introduced
into the NMR tube by vacuum transfer (trap-to-trap method), the cooling container
(Dewar flask) of liquid nitrogen should first be set level with the bottom of the NMR
tube and then raised gradually. This frequently prevents wasting of excess solvent as
well as time. A commercially available rubber septum for an NMR tube can be used for
sealing the NMR tube. Alternatively, the tube can be closed by sealing with a small
torch. In order to avoid air contamination, extra nitrogen flow to the connection part
from both inside and outside should be applied when installing the septum cap.
Though this method seems unreliable because of its apparent simplicity, it actually
works very well in most cases. Another merit of this method is that NMR tubes are
recyclable. The preparation of NMR samples is also done easily in a drybox.

Gases can also be introduced in the NMR tube (commercially available) using the
joint shown in Figure 4.16. However, great care must be taken to avoid high pressure in
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Rubber packing
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Figure 4.17
Joint for NMR Tube

the tube if gases are introduced by a trap-to-trap distillation. Usually a pressure of less
than 1 atm should be employed. A NMR tube which withstands 5 atm is also commer-
cially available. However, if high pressure NMR work is contemplated, a specialist
should be consulted.

4.3.4.7 IR Sample

KBr disks for IR can also be prepared easily without use of a glove box. As shown in
Figure 4.18, nitrogen gas is introduced into a molding apparatus from an outlet for
evacuation. After a few minutes nitrogen gas flow, a certain amount of KBr powder
ground beforehand is placed onto a clean face of the press by spatula. Then an air-
sensitive sample is taken and mixed with KBr promptly. After putting a cap on firmly
with a forceps, pressing the molding apparatus for a few minutes gives a disk pellet.
Evacuation during pressing is not usually necessary to give a transparent disk.

A liquid or solution sample can also be transferred into a solution cell by using
appropriate glassware and joints, since this is a simple application of the above tech-
niques, though the drybox technique may be easier for this purpose.

4.3.4.8. UVIVIS Sample

A 1 cm UV/Vis cell is sealed on to one of the side-arms of a Schlenk flask as shown in
Figure 4.19. A solution or solid sample is transferred into the flask. Then reagents or
solvents are introduced by vacuum distillation or by use of a syringe. The solution is
transferred into a cell by tilting the glassware.
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Figure 4.18
Preparation of IR Sample
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Figure 4.19
Preparation of Sample of UV/Vis Measurement

4.3.4.9 A Crystal for X-Ray

The piece of apparatus for mounting an air-sensitive crystal in a capillary tube for
X-ray diffraction is drawn in Figure 4.20. A tiny drop of glue such as silicone grease is
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Figure 4. 20
Preparation of a Single Crystal for X-Ray Crystallography

stuck inside the capillary beforehand. Then the capillary and a selected crystal are
placed in the flask shown in Figure 4.20 under nitrogen. The crystal is picked up with a
thin glass rod and is mounted on the glue by pushing it with a thin glass capillary. A
crystal that easily loses included solvent can be mounted without glue while it is still
wet. The capillary sample is partly moved out from the bottom side of the flask and is
sealed by a very thin flame that can be easily prepared by using only the bottom part of
Bunsen burner. Another procedure is to quickly mount a crystal on the tip of the capil-
lary and to cool it immediately to 196 °C by an efficient flow of liquid nitrogen to pre-
vent oxidation by air, but this method requires considerable skill.
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5 Group 3 (Sc, Y, Lanthanide) Metal
Compounds

K. Tatsumi, Nagoya University

5.1 Introduction

This chapter deals with organometallic compounds of scandium, yttrium, lanthanum,
and lanthanoids. The normal oxidation state of these group 3 metals is +3, and the
large ionic radii and presence of vacant outer d, s, and p orbitals make them strong
Lewis acids. Thus the coordination number is usually large, which may reach 9 or even
12, and the metal-ligand bonds are mostly ionic in nature. For instance, the electron
flow from the cyclopentadienyl anions to metal cation in MCp; was reported not to
exceed 0.3e [1]. This indicates the degree of bond covalency to be small, and the
M—Cp bond ionicity increases slightly from Sc, Y, La, and to heavier lanthanoids.
However, according to luminescence spectra of a series of Ce(I11) complexes, the pres-
ence of a significant degree of covalency has been noticed [2].

The lanthanide series is characterized by consecutive filling of electrons in the 4f
shell. However, the radial extension of the f orbitals is not great, so that their partici-
pation in bonding appears to be limited, and the outer 5d, 6s, and 6p orbitals are
responsible for the interactions with ligands. High spin states are favored due to the
small f-orbital size and the concomitant large electron—electron repulsive integrals,
and the organolanthanide complexes are paramagnetic except for those of f%and f**
metal elements such as La(1II) and Lu(III). Since the complete and half-complete
shells with T, £7, and f** electronic configurations tend to exhibit enhanced stability,
the unusual oxidation states having these electronic states emerge, e.g. Ce(IV), Eu(ll),
Yb(II), while Sm(I1), Dy(I1), and Tm(1I) are also known.

5.2 Organometallic Compounds of Group 3 and Lanthanide Metals

The most fundamental precursors to organometallic complexes of group 3 elements
are the trichlorides, MCl,. The commercially available trichlorides are hydrated, and
even for those claimed dehydrated it is advisable to take the appropriate steps neces-
sary to dry them further before use. The divalent iodide complexes M1, are available for
certain group 3 elements such as samarium and ytterbium, and they serve as conve-

Synthesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Lid




58

GROUP 3(SC, Y, LANTHANIDE) METAL COMPOUNDS

nient precursors for the preparation of divalent organometallic complexes. In some
cases, the metals themselves can be used as starting materials.

The organometallic chemistry of the group 3 metals is dominated by the complexes
having cyclopentadienyl and/or its derivatives. It has been reported that approximately
90% of previously described organolanthanides are those containing such anionic
ligands [3]. The first member of this class is the tris(cyclopentadienyl) complexes,
MCp;, which are now known for all of the group 3 metals. The tris(cyclopentadienyl)
lanthanides were synthesized by Birmingham and Wilkinson in 1954, and they are
actually the first unambiguously characterized organometallic complexes of lan-
thanides [4]. The two remaining members of this family, [MCp,Cl], and
MCpCl,(THF);,, were prepared several years later by Dubeck et al. [5]. The yttrium
analogues, [YCp,Cl], and YCpCl(THF),, appeared more recently [6,7].

The cyclopentadienyl complexes of group 3 metals are air- and/or moisture sensi-
tive, and solvent-free MCp; were prepared by the reactions of the corresponding
trichlorides with sodium and potassium salts of cyclopentadienyl in THF followed by
the sublimation of the crude products (eq (1) and (2)) [4,8]. The europium complex is
vulnerable to sublimation, probably due to reduction to the divalent state, and it is nec-
essary to carry out the reaction in THF under carefully controlled conditions [9]. An
intriguing route to tris(cyclopentadienyl) lanthanides has been reported, which
consists of reactions between lanthanide metals and thallium cyclopentadienyl giving
rise to MCp,; or MCp,(THF) depending on the metals (eq (3)) [10]. This may serve as
a general method for preparation of the wide range of MCp, complexes and their
derivatives.

MCl; + 3 NaCp

THE > MCp; + 3 NaCl (1)

M=Sc, Y, La, Ce, Pr, Nd, Sm, Gd, Dy, Er, Yb

MCl; + 3KCp MCps + 3KCl

CGHG or Et,O -
(2
M= Tb, Ho, Tm, Lu, Yb @)

MCp3

/(M = Er, Yb)
ﬂ‘ 3)
MCps (THF)

(M =Ce, Nd, Sm, Gd, Er)

“M” + 3TICp

Neither of the MCp; structures is monomeric, but they consist of infinite chains, in
which two pentahapto Cp ligands are bound to a single metal center and the other Cp
bridges two metals [11]. Although the cyclopentadienyl bridge occur in a p-1', 2 (or
p-1’, n°) manner, the ring remains nearly planar and the Cp—M bonding is strongly
ionic. The size of the lanthanide ions are too large to settle with three pentahapto
cyclopentadienyl ligands. Thus MCp, complexes, except for the scandium complex,
tend to accommodate a donor ligand such as THF, phosphine, isocyanide, etc, forming
formally ten-coordinate base adducts, Mcp3L [11d,12]. In spite of the fact that the Cp
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complexes are extremely hydrolytic, the aquo adducts have been isolated in small
quantities, YCp,(OH,) and Ho(C;MeH,);(OH,) [13]. For the early lanthanides (La, Ce
and Pr), the MCp, complexes can form 1:2 adducts with acetonitrile or propionitrile
when an excess amount of the nitriles is introduced (eq (4)) [14a]. Isocyanides also
form 1:2 adducts with LaCp, (eq (5)) [14b]. The coordination geometry is trigonal-
bipyramid, and two nitrile (or isocyanide) ligands sit at the axial sites.

MCps; + excess RCN

THF Cp
|
MCps(THF) + excess RCN ———= RCN—M—NCR “4)
Cp Cp
MCp3(RCN) + excess RCN W/
LaCp; + excess R'NC MCp3(CNR')2 (5)

R' = cyclo-CgH11

By using pyrazine as a donor ligand, the dinuclear ytterbium complex, YbCp,(u-—
NC,H,N) YbCp,, was synthesized [15]. The related anionic dinuclear samarium com-
plexes, [Li(DME),] [SmCp;(4—N;)SmCp;] were prepared by reacting SmCp; with LiN,
in DME [16], while a similar reaction between LuCp, and NaH or NaD in THF gener-
ated the hydride (or deuteride) bridge, [Na(THF)][LuCp,(u—H)LuCp;] [17].

The infinite chain structure of tris(cyclopentadienyl) complexes can be unraveled by
increasing the steric hindrance of the Cp ligand. In the case of C;MeH,, the lan-
thanum, cerium and neodymium complexes are tetrameric, while the ytterbium ana-
logue is monomeric [18]. The even bulkier 1,3-bis(trimethylsilyl}cyclopentadienyl)
ligand provides monomeric complexes for cerium and samarium [19].

Chlorobis(cyclopentadienyl) complexes of the form MCp,Cl or MCp,CI(L) have
been useful organometallic precursors of group 3 elements. In the absence of coordi-
nating solvents, the solvent(L)-free complexes exist as dimers with two chlorides bridg-
ing two metal atoms. The dimeric form appears to be yet coordinatively unsaturated
for early lanthanides, La—Nd, and chlorobis(cyclopentadienyl) complexes of these

i v
Cp Cp..
I SIS O
Yb— N\ N—Yb N—N —N\ .Cp
Cp \
Cp

Scheme 5.1
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large elements are not available. One obvious method for preparation of MCp,Cl or
MCp,CK(L) is to carry out the reaction between MCl, and NaCp in a molar ratio of 1:2
(eq (6)) [20]. The sodium salt can be replaced by TICp or MgCp,(eq (7)). The other
approaches include treatment of MCp, with NH,Cl in benzene (eq (8)), the reaction of
MCp, with HCl (eq (9)), and comproportionation between MCl, and MCp, (eq (10)).

MCl; + 2 NaCp MCp,Cl + 2 NaCl (6)

M = Sm, Gd, Dy, Ho, Er, Yb, Lu

ScCl; + MgCp» ScCpoCl + MgCl, (7
MClz + NH,4CI MCpoC! + NH3 + CsHg ®
6''16
M=Sm, Yb
MCpg + HCI MszCl + C5H6 (9)
MCl; + 2 MCps 3 MCp,Cl (10)

M = Sm, Gd, Dy, Ho, Er, Yb

When the lithium salt of cyclopentadienyl is used, anionic complexes of the type
[MCp,CL]LiL, are formed. The lithium cation is actually incorporated in the complex
by bridging two chlorides, where L may be THF or : (TMEDA), etc, and the entire
molecule 1s soluble in benzene and toluene. A structurally characterized example is
[Nd(CsMe,),CLIL(THF), (Scheme 5.2(a)) [21].

Another interesting approach to bis(cyclopentadienyl) complexes is the use of lan-
thanide triflates {22a,b]. The anhydrous triflate complexes M(O,SCF,), are easily
obtained by treatment of lanthanide oxides with a stoichiometric amount of triflic
acid and subsequent acetonitrile extraction of the crude products. It was reported that
the reaction of M(O,SCF;), with NaCp produced [MCp,(O;SCF,)],[22¢c,d]. Like many
of the chloride analogues, the structure of the triflate complex is dimeric with bridging
triflate ligands (Scheme 5.2 (b)). The readily accessible triflate complexes could become
a convenient entry to organolanthanide complexes.

THF ﬂ
. oo, >
N o Ui Yol b
N CF3803
THF

(a) (b)

Scheme 5.2
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M203 + 30F3SO3H - > M(OsSCFg)g + 3 HQO
an

M(O3SCF3)3 + 2 NaCp —— 32—[MCp2(u-03SCF3)]2 + 2NaO3SCF;
M= Sc, Yb, Lu

Numerous substitution reactions of MCp,Cl complexes and their derivatives have
been reported. A typical example is formation of hydrocarbonyl complexes, which are
normally prepared from the reactions of MCp,Cl with equimolar amounts of the lithi-
um salts of alkyls and aryls (eq (12)). For the synthesis of corresponding allyl complex-
es, allyl magnesium bromide is used (eq (13)). Because the monomeric MCp,R
molecules are coordinatively unsaturated, the complexes often assume dimeric struc-
tures when they are isolated in non-coodinating medium [23a]. As most of the alkyla-
tion reactions are performed in THF, many THF adducts have been prepared [20].
In order to obtain monomeric structures, bulky alkyl groups and/or highly
substituted cyclopentadienyls have to be employed. An example of this class is
Y (C,Me;),{ CH(SiMe,),} [23b]. The monomeric structure is stabilized by bulkiness of
the CH(SiMze,), ligand, and perhaps by agostic interactions between yttrium and the

"MCpoCl" + LiR

MCp-R(THF) + LiCl (12)

M =Y, Nd, Sm, Dy, Er, Tm, Yb, Lu
R = Me, Et, IPr, 1Bu, CH,TMS, Bz, Ph, CgHsMe-p etc.

"MCpoCI" + C3HsMgBr

MCpa(n3-C3Hs) + MgCIBr (13)
M = Sc, Sm, Ho, Er

Sl\ Me

Z¢Z
% ~ THF % \S/Me
M=Y,Yb M=Y, Ce, Nd
ﬁ ﬁ 4& v
N N CHB\ /
~CHsmk "CH’ \ j
CHs %

M=Er, Lu

Scheme 5.3
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methyl groups of the alkyl ligand as well. In this respect, successful isolation of
monomeric Sc(C;Me;),(CH;) is noteworthy [23c]. The Ilutetium analogue
[Lu(CsMes),(CHj;)], provides another interesting structure in solid, which is dimeric
with a single methyl bridge [23d]. This compound exists in solution in a
monomer—dimer equilibrium. When a MCp,Cl precursor is treated with two equiva-
lents of methyllithium, a monomeric dimethyl complex anion is obtained, in which the
lithium cation is bound to two methyl groups. The lithium is further coordinated by
THF or TMEDA giving rise to [MCp,Me,]Li(THF), or [MCp,Me,]Li(TMEDA).

It is known that some of the M—CH; bonds in “MCp,(CH,)” are reactive toward
terminal alkynes to give MCp,(C=CR) (eq (14)) [24]. The complexes are dimeric in
nature with bridging alkynide ligands. Substitution reactions of the methyl group in
M(C;Me;),(CH,) proceed also with *CHj, ethane, and benzene (eq (15)) [23c, 25]. The
rate of C—H activation varies depending on the metal, and Y(CMe;),(CH,) reacts
with CH, 5 times faster than the Lu analogue and 250 times faster than the Sc complex.
Bis(cyclopentadienyl)alkyl and aryl complexes are also capable of activating dihydro-
gen to generate dimeric hydride complexes (eq (16)). The non-solvated hydride dimer
was isolated for lutetium, while for larger lanthanides the hydride complexes tend to
accommodate THF molecules [14a, 20, 26]. The hydride-bridged dimers are highly
reactive. For instance, [YCp,(u-H)}THF)], and its C;MeH, congener react with
alkenes, alkynes, allene, nitriles to give corresponding inserted products, e.g.
YCp’,R(THF), YCp’,(CR=CRH)(THF), [YCp’,(C=CR)]},, YCp’,(n’-allyl}(THF)
and [YCp’,(u-NCHR) (THF)], (Cp” = Cp, C;MeH,) [26b].

R
I3
Cp. . (14)
Cp \C/ Cp
M=Er, Cp'=Cp (/é/
M = Yb; Cp' = C5M6H4 R
R= tBU, n'CgH13
M(C5M65)2(CH3) + RH M(CsMe5)2(R) + CH4 (15)

M=Sc, Y, Yb

Cp. H C
LuCps(R) + Hp —— p,'1_< >|_u; P+ RH
Cp H Cp

R = alkyl, aryl
(16)
THF
Cp |
2 MCp,(R)(THF) + Hy ——— VI ~Cp
p2(R)(THF) 2 Cp,.hln\H/M\Cp + RH

M= Y, Er, Lu THF
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R
L CH
0 b Cng/ Z\P"' il
C
R a02CR Ph
Li CHQ)QPPhQ C
M = Sc, Sm, Gd, Tb, Dy, Ho, "
Er, Tm, Yb, Lu /C\
MCp2CKTHF) Cp:M MC
MCCPh PN P
; i
[AIR4 = Li, Na, K F,Ch
R M = ’ ) ’ Y
Cng\ /Ai M Lu Sc, Gd, Ho, Er, Yb
R
= H Tm, Y
M = Sc, Y, Gd, Dy, Ho, Er, Tm, Yb CQ.,Cp .
Lu
PY l—HgAl(py) H -~ | ~ H
\' H_ |/
wLlu” D Lue-
AN VAN
szM\ /Msz Cp Cp
Scheme 5.4

The other representative substitution reactions of MCp,Cl complexes are summa-
rized in Scheme 5.4. Alkali metal salts of alkynides, carboxylates and phosphoylides
react readily with MCp,Cl producing corresponding bis(cyclopentadienyl) complexes
[20, 27). Likewise, treatment with lithium tetraalkylaluminates gives MCp,(AIR,)
which in turn lead to alkyl-bridged dimers upon addition of pyridine [23a]. The reac-
tion of LuCp,CI(THF) with metallic sodium in THF resulted in formation of the trin-
uclear hydride complex, [Na(THF)][{LuCp,(1-H)};(u;-H)] [28]. The occurrence of
triply-bridging hydride is rather common in the structures of lanthanide hydrides.
Certain anionic bis(cyclopentadienyl)alkyl complexes decompose via B-hydrogen elim-
ination leading to [{MCp,(u-H)};(1;-H)]. A more convenient way to synthesize
hydride complexes of this class may be the reaction of [YCp,(u-H)(THF)], with LiH,
LiMe, or Li'Bu [29].

Chemistry of mono(cyclopentadienyl) complexes of group 3 elements is less devel-
oped. The selective preparation of the coodinatively unsaturated MCpCl, or their sol-
vated complexes is not an easy task. Without solvation monomeric complexes cannot
be prepared even if very bulky cyclopentadienyl ligands are employed. The usual strat-
egy to synthesize “MCpCl,” is treatment of anhydrous trichlorides with one equivalent
of NaCp (eq (17)) in THF, or an appropriate ligand redistribution reaction between
MCI, and MCp;, (eq (18)) [20, 30]. The resulting mono(cyclopentadienyl) complexes
carry three THF molecules, or four THF molecules may be incorporated in some cases.
A synthetic complication arises from the non-stoichiometric eatiincorporation of salts

L-ammmmwnm AR
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MCl; + NaCp MCpCis(THF); + NaCl an

THF

2 MCl3 + MCpj3 3 MCpCla(THF)3 (18)

THF

and concomitant difficulty of purifying the product. Another complication comes
from the possibility of disproportionation reactions to give MCp,Cl and MCp,. The
use of lanthanide triflates (see eq (11)) may be a way to avoid the problems associated
with incorporation of salts in the products. Thus LuCp(O,SCF,),(THF), was synthe-
sized straightforwardly from Lu(O,SCF;), according to eq (19), which further reacts
with two equivalents of LiCH,(SiMe,) yielding LuCp{CH(SiMe,)} ,(THF), [31].

LU(O3SCF3)3 + Nan — LUCp(O3SCF3)2(THF)3+N803SCF3

(19)
LuCP(O3SCF3)a(THF)3 + 2 LiCHo(SiMes)

—= LuCp{CHa(SiMes)}s(THF); + 2 LiO3SCF3

The reaction of LuCpCL(THF); with disodium naphthalide in DME resulted in for-
mation of a novel lanthanide naphthalide complex LuCp(C,;Hg)(DME) (Scheme 5.5
(a)) [32]. Another interesting mono(cyclopentadienyl) complex is the sandwich struc-
ture of ScCp(OEP) (OEP = octaethylporphyrin) (Scheme 5.5 (b)), which was prepared
by reacting ScCI(OEP) with cyclopentadienide [33].

Preparation of mono(pentamethylcyclopentadienyl) dichlorides of group 3 ele-
ments is also complicated, the situation of which parallels the synthsis of the
mono(cyclopentadienyl) analogues. Reactions between lanthanide trichlorides and
alkali metal salts of pentamethylcyclopentadienide in a molar ratio of 1:1 often end up
with “ate” complexes of the type M(C;Me)CI;M’(L), (M’ = Li, Na; L = THF, Et,0)
[14a, 20]. In these complexes alkali metal chloride is incorporated, and the entire mole-
cules are neutral. The iodide complexes have less tendency to take up alkali metal
halide, and treatment of MI,(THF), with K(C;Meg;) produces the desired diiodide
complexes M(CsMes)I{THF), (eq (20)). The THF-solvated triiodide can be prepared
by heating lanthanide metals with Etl in THF for 1 day, and a subsequent Soxhlet
extraction with THF for several days [34]. The reaction of La(C;Me;)L, (THF),; with

Scheme 5.5
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M|3(THF)3 + K(CsMes)

M(C5M95)|2(THF)3 + Ki (20)
M=_Ce, La

2 equivalents of KCH(SiMe,), affords salt-free La(C;Mes)[CH(SiMe;),],(THF) [35].
Interestingly, THF-free [La(CsMe;)1,], can be obtained upon treating MI;,(THF),
with Me,Sil, and its reaction with 2 equivalents of KCH(SiMe;), gives
La(C;Me;)[CH(SiMe,),),. The apparently coordinatively unsaturated THF-free com-
plex is stabilized by agostic interactions (Scheme 5.5 (¢)). Removal of THF directly
from preformed La(C;Mes)[CH(SiMe,),],(THF) is also achieved by the action of
Me,Sil.

As shown above, organometallic complexes of group 3 elements often incorporate
donor solvent molecules and/or alkali metal halides. In order to avoid solvation and
incorporation of alkali metal halides, appropriate reaction conditions have to be cho-
sen. One such example is successful synthesis of the three-coordinate lanthanum alkyl
complexes, M {CH(SiMe,),};(M =Y, La, Sm, Lu) (Scheme 5.6 (a})). The highly coordi-
natively unsaturated alkyl compound was prepared from M {OC,H,('Bu);-2,4,6}, and
LiCH(SiMe,), by treating them in pentane. In this condition, Li{OCH,('Bu),-2,4,6}
precipitates out and the highly soluble alkyl complexes are easily separated [36a].
Interestingly the solvent-free complexes adopt a pyramidalized coordination geome-
try. In contrast, when the lutetium analogue was prepared by the reaction between
LuCl, and KCH(SiMe,), in ether, the solvated KCl adduct M{CH(SiMe;),} (-
CDK(Et,0) resulted, which was also formed by treating Lu{CH(SiMe,),}; with KCl
[36b]. The ether molecule may be removed under vacuum to give Lu{CH(SiMe,), };(1-

) . tol
SiMe, La ) SiMe, /
C/ N Ci tol —

~7H /ciHH SiMe; © \

SiMes SiMe; cl
SiMea ,

i SiM
(a) SiMes la /I e3
C/ - C ~.
SiMe; SiMe;
SiMe4

M= Sm, Eu, Yb

Scheme 5.6



66

GROUP 3(SC, Y, LANTHANIDE) METAL COMPOUNDS

CDHK, and resolvation by toluene gives Lu{CH(SiMe;),};(u-Ch)K(toluene) and
Lu{CH(SiMe,),};(u-Cl)K(toluene), (Scheme 5.6 (b)).

The most intriguing coordinatively unsaturated complexes are the base-free divalent
metallocene complexes, M(CsMes), (M = Sm, Eu, Yb) (Scheme 5.6 (c)) [37]. These
complexes exhibit bent metallocene structures with the Cp*—M-—Cp* angles of
140.1° (Sm), 140.3° (Eu), and 158° (Yb), even though there are no ligands at the equa-
torial girdle. The THF solvates of the samarium, europeum, and ytterbium complexes,
M(C;Me,),(THF),, are prepared straightforwardly from the reaction of divalent
jodide complexs according to eq (21). Unsolvated decamethylmetallocenes can then be
obtained by sublimation of the THF adducts. Many interesting reactions of
Sm(CMe), and Sm(C;Me;),(THF), have been reported, some of which are shown in
Scheme 5.7 [38]. The divalent samarocene often reduces substrates, and thereby
induces their reductive coupling. Very rare n-adducts of lanthanides have also been
achieved using unsolvated M(CsMe;),. Dinitrogen molecule is reversively coordinated
at Sm in an unusual p-n>n’ manner. In the case of ytterbium, the n-bonded alkyne
complex Yb(CsMe;),(MeC=CMe) was isolated (eq (22a)) [39]. The ytterbium-to-

MIx(THF), + 2 K(CsMes)

M(C5M85)2(THF)2 + 2 Kli

THF
sublimation @h
M(CsMes)a(THF)2 M(CsMes)»
M=8m, Eu, Yb
wD
Cp*oSm - N,
* N-— Sme*Z
[SmuCp™4(u-O-CCCO)THF)], ( H.f'
CO PhN=NPh
. REER -
SMCp*o(ER)(THF) «—————| SmCp*»(THF)2 [SMCp*o(THF),][BPhy]
Ag[BPhy]
E=8, Se, Te
‘ THF

W SmCp*2 w‘

N
* / \ *
Cp 2Sm\ | /Sme 2

{SM(THF)Cp*2}2(u-n?m?-NHNH) excess N

NH,NH

{SmCp*}a(NHNH)z(NHNH2)4(NH3)2
Cp’k = C5M85

Scheme 5.7
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Yb(CsMes), + MeC=CMe Yb(CsMes).(MeC=CMe) (22a)

Yb(C5Me5)2 + Pt(PPhg)Q(HQC:CHg)

Yb(CsMes)o(u-HoC—=CHz)Pt(PPhg)s  (22b)
Yb(CsMes)s + BeMe(CSMe5)2 —_— Yb(C5M65)2(]J.-Me)BE(C5M95) (22¢)

alkyne bonding is very week, due to lack of back-donation interations. The decam-
nethylmetallocene was found to form a n-bond even with the platinum-bound ethylene
in Pt(PPh,),(H,C=CH,) when treated with Yb(CsMes), (eq (22b)). The reaction of
Yb(C,Me,), with Be(C;Me;)Me resulted in Yb(CsMe;),(u-Me)Be(CsMes) having the
nearly linear Yb—Me—Be structure (eq 22c) [40].

5.3 Synthesis of Group 3 and Lanthanide Metal Compounds

All the procedures must be conducted under inert atmosphere using dry solvents.

5.3.1 Chlorobis(n’-cyclopentadienyDlanthanides(I1I), Ln(n*-CsHs),Cl|5a]

LnCl; + 2 Na{CsHs) —— Ln(CsHe)Cl + 2 NaCl (23a)

A THF solution (50 mL) of Na(CsH;)(4.23 g, 48 mmol) is added dropwise to a THF
suspension (100 mL) of anhydrous LuCl; (7.4 g, 26 mmol) at 0°C. After stirring the
resulting orange solution for 12 h, the solvents is removed in vacuo to give a yellow
residue. Sublimation of the residue at 120-240°C under 10-5 Torr produces Lu(s’-
C,H,),Cl as pale-green crystals. Yield 72%. Air- and moisture-sensitive. The analogous
Ln(n’-C,H;),Cl complexes of Sm, Gd, Dy, Ho, Er, Yb and Lu can be obtained by a
similar procedure in moderate yields.

Ln(*-CsH,),Cl

Ln color Mp(°C) Hegr
Sm yellow 200 (dec.) 1.62
Gd colorless 140(dec.) 8.86
Dy yellow 345 10.6
Ho yellow-orange 342 i0.3
Er pink 200 (dec.) 9.79
Yb orange-red 240(dec.) 4.81
Lu pale-green 319 0

The above procedure fails to give chlorobis (cyclopentadienyl) complexes for early
(and thus large) lanthanides (La-Nd), probably due to the steric reasons. Thus the use
of bulkier cyclopentadienyl derivatives would facilitate isolation of such complexes.
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An example is the successful synthesis of Nd(5’-C;Me;),CLLi(THF), as described
below (eq (23b)) [21].

NdCiz + 2Li(CsMes) > Nd(CsMes)-ClLi(THF) + LiCl (23b)
pentane/THF

A white slurry of Li(C;Me;) 1.66 g, 11.7 mmol) in pentane is added to a slurry of
dehydrated NdCl, (1.46 g, 5.84 mmol) in THF. Stirring the mixture for 2 days at room
temperature results in the formation of a cloudy light-blue solution. Evaporation of
the solvent in vacuo forms a sticky blue-green residue which is extracted with toluene to
remove any unreacted NdCl; and byproduct LiCl. Removal of toluene in vacuo gives a
blue powder, and it is dissolved in pentane. Upon cooling the resulting biue solution,
blue-violet crystals of Nd(»>-C;M;),CLLi(THF), are formed. Several crops of crystals
can be collected by repeating partial solvent removal and cooling. Yield 10-15%.
IR(Nujol mull, KBr, cm™'): several weak bands associated with C;Mes, and peaks at
1045, 915 and 895 arising from coordinated THF. |L.¢": 3.50 up. 'H-NMR (C(Dy, )
9.18 (C;Me;), 1.13(THF), 0.11(THF). Air- and moisture-sensitive.

5.3.2 Dichloro (h*-cyclopentadienyl) tris(tetrahydrofuran)lanthanides(I1I),
Ln(n*-CsH,)CL,(THF), (30b,c)

LnCl3 + Na(CsHs) Ln(CsHs)Clo(THF)3 + NacCl (24)

The lanthanide(I11) dichloride complexes carrying a single cyclopentadienide may in
principle be synthesized from the reactions of lanthanide trichlorides with 1 equivalent
of Na(C;Hj).

A THF (10 mL) solution of Na(C,Hs) (1.7 g, 19 mmol) is added with stirring at
room temperature to a suspension of anhydrous SmCl, (4.9 g, 19 mmol) in THF (125
mL). After stirring the mixture for 12 h-3 days, an extra 100 mL of THF is added and
the solution is heated to ca. 60 °C until the product is dissolved. The solution is filtered
and the filtrate is cooled to —20 °C, producing Sm(n’-C;H;)Cl,(THF); as beige crys-
talline material. Yield 30-40%. Air- and moisture-sensitive. The analogous Ln(x’-
CMe;)Cl, complexes of Sm, Eu, Gd, Dy, Ho, Er, Yb, and Lu can be obtained by a
similar procedure.

Ln(”IS'CSHs)zClz

Ln color mp(°C)

Sm beige 50-240 (dec.)
Eu purple 50-240 (dec.)
Gd blue-violet 82-86

Dy colorless 85-90

Ho yellow 84-92

Er pink 91-94

Yb orange 78-81

Lu colorless 7678
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5.3.3 Bis(n’-pentamethylcyclopentadienyl) bis(tetrahydrofuran) samarium(II),
Sm(n*-C;Mes),(THF), [37d]

Sml, + 2 K(CsMes) Sm(CsMeg)a(THF), + 2Kl (252)

THF

The title complex was first prepared from the reaction between zerovalent samarium
vapor and pentamethylcyclopentadiene at —120°C [37a]. Later it was found that
SmI,(THF), was a more convenient entry to the samarocene(Il) complex as treated
with K(CsMe;).

Solutions of Sml,(THF), is prepared from excess Sm metal and predried 1,2-C,H,I,
in THF. The reaction mixture is stirred until it becomes a homogeneous dark blue
color without a trace of the insoluble yellow Sml,. The solution is then filtered and
removal of the solvent yields SmI,(THF), as a dark blue powder. The reaction pro-
ceeds quantitatively in 1,2-C,H,I,. The complex KC;Me; is prepared by slow addition
of a slight excess (by 3%) of water-free C;Me;H to a vigorously stirring suspension of
KH in THF. The reaction mixture is stirred until H, evolution ceases. The insoluble
white K(C;Me;) obtained therefrom is washed by hexane and dried.

The potassium salt of pentamethylcyclopentadienide, K(CsMe;) (5.43 g, 31.2 mmol)
is added to a stirring solution of SmI,(THF), (7.78 g, 14.2 mmol}) in THF (75 mL). The
color of the solution turns immediately from blue-green to purple, and white solids of
K1 are formed. After 4 h at room temperature, the THF is removed and 100 mL of
toluene is added. The resulting solution of Sm(#’-CsMe;), (THF), with suspended KI
is stirred vigorously for 10 h and filtered. The filtrate is dried to give a greenish-purple
solid. The toluene extraction procedure is repeated to insure that all iodide containing
species are excluded. Then this solid is redissolved in THF and then the solvent is
removed to yield the purple disolvate, Sm(n’-C;Me;)(THF), (5.95 g). Yield 74%.
Recrystallization from THF at -25 °C overnight gives the product as purple crystals in
a 69% vyield. Air- and moisture-sensitive.

Properties: 'H-NMR (THF-dg, 25°C, 8): 1.58 (s, 30 C;Me;), 3.95 (m, 8, THF), 1.72 (m,
8, THF). The NMR spectra in THF-d; are concentration independent, while those in
benzene-d, vary depending on concentration and the THF content in the complex. As
the THF content is lowered the CsMe; resonance moves downfield, and in some sam-
ples, the CsMe; signal is shifted as far downfield as 4.0 ppm and the THF signals as far
upfield as 3.8 ppm. W 3.6 pg. IR(KBr, cm'): 3100-2725(s), 2705(w), 1440(s),
1370(w), 1240(m), 1210(w), 1080(s), 1040(s), 850(w), 895(s), 795(m).

The unusual THF-free samarocene Sm(#n’-CsMe;), can be obtained by sublimation of
Sm(°-CsMe;s),(THF), according to eq. (25b) [37a]

sublimation
Sm(CsMeg)o(THF)y ——— S M 25b
m(CsMesg)o(THF)2 o5 105G m(CsMes)2 (25b)

As Sm(n’-CsMe;),(THF), is heated up to 75°C, a pressure surge starts to occur. At
85°C THF molecules are gradually removed, and the THF-free complex
Sm(n°-C;Me;), sublimes as a dark green solid. The highest yield of Sm(#’-CsMe.), is
74%, which is achieved upon sublimation at 125 °C. Air- and moisture-sensitive.
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Properties : '"H-NMR (C Dy, 8Av,, in HZ)): 1.53 (20) (s, C;Mes); in toluene-dg, Av,, =
9 Hz. “C-NMR (toluene-d;, 8): 98.18 (s, CsMes), 99.04 (q, ] = 130 Hz, Cy(CH,);). IR
(KBr, cm™): 2970(s), 2923(s), 2869(s), 1440(s), 1260(m), 1240(m), 1130(s), 1060(s),
1020(w), 805(s), 790(s).

5.3.4 Tris(trifluoromethanesulfonato)lanthanides(IIT), Ln (O,SCF;); [22a, b]

All syntheses are carried out in an aqueous solution. Triflic acid, HSO;CF; is distilled
by the trap-to-trap method before use, and it is diluted with water (10710 * M),
Stoichiometric quantities of this diluted triflic acid is added to the lanthanide chloride
or lanthanide oxide and heating at boiling for 30 min to 1 h. The unreacted lanthanide
chloride or lanthanide oxide, if any, is removed by filtration, and the water is removed
from the filtrate under reduced pressure. The resulting hydrate is then dried by heating
under vacuum (1.33 Pa) at 180 °C to 200 °C for several days.

LnCla HeO
or + (3 +n) HSO3CF3 "
1/2 Ln203 100°C
3 HCl (26)
Ln(0380F3) -n H3OSO3CF3 + or

3/2 H,O
in vacuo

Ln(OgSCFg) -n He0SO3CFs 106 oo —— LN(O3SCFa)s

-n H30803CF3

Direct reactions of anhydrous triflic acid with lanthanide chlorides or oxides often
resulted in complexes solvated by the acid, which are viscous liquids with a very low
vapor pressure. Thus it is advisable to perform reactions with diluted trific acid in an
aqueous solution. If anhydrous lanthanide chlorides are used, they are to be hydrated
with care in water before use in order to avoid contamination by side products. For
instance, anhydrous ScCl, reacts violently with water, the sample is first cooled at
—180 °C and water is added slowly. The mixture is then warmed in 12 h to room tem-
perature. The anhydrous compound, ScClynH,O (n = 3.7) is obtained as a white solid
after boiling the solution to dryness.

Reactant Ln(O,SCF;),
color IR Raman
ScClynH,O  grey 583w, 601w, 634s,

736sh, 1030s, 1140m,
1209s, 1322s, 1350sh

La,O, white 566w, 643s, 771vw, 334s, 335m, 520w, 587m,
1065m, 1167sh, 1195s, 653w, 778s, 1070s, 1179m,
1224s, 1290sh, 1332sh 1188m, 1239m, 1313 w

NdCl;#H,O white-pink 541w, 607w, 664m, 332s, 358s, 582w, 735sbr,
772vw, 1052s, 1159sh, 780s, 930sbr, 1085s,

1196s, 1240s,1280sh, 1337sh 1157w, 1188w, 1210w
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Sm,0, white 521w, 590w, 640s, 275m, 337s, 353s, 518m,
777vw, 1057m, 1168sh, 580m, 658w, 777s, 1077s,
1214s, 1290sh, 1339sh 1232sbr, 1413sbr

GdCl;-6H,O white 545w, 580w, 640m, 327s, 349s, 512m, 580m,
775vw, 1054m, 1164sh, 656w, 772s, 1081s, 1158m,
1215s,1235s,1301s,1338sh  1203m, 1226m, 1274m, 1342w

Er,0, or white 583m, 642m, 775vw, 340m, 357s, 430w, 522m,

ErCl;-6H,0 1060m, 1166sh, 1217s, 582m, 661w, 779s, 1092s,
1304m, 1351sh 1164m, 1205m, 1225m,

1240s, 1288w

5.3.5 n’-Cyclopentadienyltris(tetrahydrofuran)bis(triftuoromethanesulfona
to)lutetium(II1) and Bis(n>-Cyclopentadienyl) tetrahydrofuran-triflaoromethanes
ulfonato-lutetium(I1I), Lu(n’-CsH;)(O,SCF;),(THF), and Lu(ny*-CsHy),

(0,SCF,)}(THF) [31]
Lu(O3SCF3); + Na(CsHs) THF ™ Lu(CsHs)(O3SCF3)o(THF)3  (27a)
—Na0380F3
Lu(O3SCF3); + 2 Na(CsHs) THF > Lu(CsHs)2(O3SCF3)(THF)  (27b)
— 2 NaO3S8CF5

Reactions of Lu(O,SCF;); with Na(C;H;) in THF generate readily the title monocy-
clopentadienyl- and biscyclopentadienyl-lutetium complexes when the appropriate
stoichiometric amount of Na(CH,) is added. The highly reactive monocyclopentadi-
enyl-lutetium unit seems to be stabilized by the bulky triflate anions.

A THF solution of Na(CH;) (19.4 mL, 0.727 M, 14.1 mmol) is added dropwise to a
THF solution (80 mL) of Lu(0O,SCF,)3 (8.80 g, 14.1 mmol} in 3 h at room temppera-
ture. The resulting light-yellow solution is dried in vacuo, and the sticky yellowish-
brown residue is extracted from ether (70 mL). After filtrating off the insoluble
NaO,SCF;, the complex Lu(#’-CsH;)(O,SCF;),(THF); is isolated from the ether solu-
tion as colorless crystals. X-ray quality crystals can be obtained by recrystallization
from concentrated THF solution. Two THF molecules are removed from the complex
under reduced pressure to give Lu(n’*-C;H;) (O;SCF,),(THF). Yield 68%. Air- and
moisture-sensitive.

Properties : '"H-NMR (THF-dy, 25 °C, 6): 6.26 (s, CsHs), 3.60 (m, THF), 1.73 (m,
THF). PC-NMR (THF-dg, 25 °C, 6): 6.26 (s, CsHs), 3.60 (m, THF), 1.73 (m, THF).
BC-NMR (THF-d,, 25 °C, 8): 120.05 (quart, 'J(C-F) 318.4 Hz, CF,), 111.98 (s, C;H.),
68.16 (s, THF), 26.01 (s, THF).

A THEF solution of Na(CsH;) (8.7 mL, 1.488 M, 13.0 mmol) is added to a 80 mL THF
solution of Lu(O,SCF,); (4.04g, 6.5 mmol) at room temperature. The resulting
yellowish-orange solution is stirred for 5 h at room temperature, and the solvent is
removed under reduced pressure. Then ether (100 mL) is added to the residue. From
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6 Group 4 (Ti, Zr, Hf) Metal Compounds

K. Mashima, Osaka University

6.1 Introduction

The nature of the metal-carbon bond of Group 4 metals is partially ionic, while that of
late transition metals is generally covalent. The extent of ionicity is strongly dependent
on the formal oxidation states and auxiliary ligands of each metal. Because the highest
oxidation state, M(IV), is d°, m-back donation from a metal center to a ligand is not
possible. Metal centers in lower oxidation states form n-complexes that are less stable
than those of late transition metal complexes. The reactivity of organometallic com-
pounds of Group 4 metals is expected to lie between that of corresponding com-
pounds of main group metals. The discovery of homogeneous metallocene catalysts
for a-olefin polymerization has recently promoted the rapid development of
organometallic chemistry of Group 4 metals. In this short text, some aspects of
organometallic chemistry are only briefly reviewed, and books and review articles are
cited for readers interested in more details [1-7].

6.2 Synthesis of Organometallic Complexes of Group 4 Metals

6.2.1 Hydride Complexes

The monohydride complex of zirconocene Cp,ZrHCI (2), the so-called Schwartz
reagent, has been prepared by treatment of Cp,ZrCl, (1) with one equivalent of
LiAIH(O'Bu); or Vitride [8], but the product is sometimes contaminated by Cp,ZrH,
(3). The most convenient and practical method reported so far is a two-step reaction:
(i) reduction of 1 with LiAlH, to give a mixture of 2 and Cp,ZrH, (3); (ii) treatment of
the reaction mixture with dichloromethane giving 2 in modest yield [9]. The pure dihy-
dride complex 3 is prepared by reaction of [Cp,ZrCl],O with LiAIH, [10].

CH,Cl,
|
LiAIH, +
Cpx2ZrCly  ——— CpoZr(H)Cl  + CpoZrHs (1)
1 2 3

Scheme 6.1 shows typical reactions of 2 [11]. Hydrozirconation of 1-octene pro-
duces predominantly a primary alkyl complex 4. When 4-octene is used, isomerization

Svnthesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Ltd
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NN
- /\/\/\/
CpoZr(H)CI > CpaZr
NN cl
2 4
BI’2
co l \
RBr
H.0 /CI H
R=CsHs RCO,H ~——— cpzil . — RCHO
5
Scheme 6.1

to l-octene and following hydrozirconation results in exclusive formation of 4.
Carbonylation of 4 gives an acyl complex 5, which produces an aldehyde with acids
and a carboxylic acid with H,0, [11-13]. Shas a n?-acyl structure and its dominant
reactivity is attributed to a contribution of the oxycarbene-type resonance of acyl moi-
ety [14.15]. Initial coordination of CO to d®Cp,MR, occurs along the line perpendicu-
lar to the Cp centroid-metal-Cp centroid plane, approaching the LUMO (la, orbital)
[15,16]. Hydrozirconation of internal alkynes affords cis-alkenyl complexes,
Cp,Z1[( E)-C(R)=CRHICI (6),via cis addition into the Zr—H bond [17,18].

Complex 2 is polymeric and poorly soluble in common solvents. A soluble version of
Schwartz reagent is the dimeric triflate analog, [Cp,Zr(OTf)(-H)), (7), which is solu-
ble and highly reactive towards unsaturated organic molecules [19].

6.2.2 Alkyl Complexes

Alkyl complexes of titanium have been extensively studied both from the point of view
of the nature of the metal-carbon bond as well as their application as alkylating
reagents in organic reactions [4-6,20,21]. The simplest methyl complex, MeTiCl, (8),
is readily obtained by the reaction of TiCl, with half an equivalent of ZnMe, [22,23].
An ether adduct of 8 is synthesized by treatment of TiCl, with an ethereal solution of
MeLi [24]. Alkoxy substitution on titanium stabilizes the methyl complexes. Reaction
of TiCI(O'Pr), (9) with MeLi affords MeTi(O'Pr), (10), which is thermally very stable
and can be distilled under reduced pressure (48-53 °C/0.01 mmHg) [25]. The phenyl
derivative 11 is prepared by the similar reaction of 9 with PhLi.

CI—Ti(OCHMey); + RLi —————— R—Ti(OCHMey)s (2
9 10: R=Me
11: R=Ph

These compounds are unique alkylating or arylating reagents and their reactivity
has been reviewed [25,26]. Some chemoselective reactions are presented. The addition
reaction of aldehydes to 10 proceeds faster than that of ketones [23,25,27, 28].
Compound 8 reacts chemoselectively with an acetal, and not with an ester group [29].

The structure of TiMeCly(dmpe) (12) has been determined both by X-ray and neu-
tron diffraction analysis. The latter confirms that there is a unique agostic interaction
of the a-hydrogen atom with the titanium atom [30,31]. This weak interaction stabi-
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lizes the important intermediate 13 (P = polymer chain) during the propagation
process of a-olefin polymerization [32-35]. The existence of this agostic interaction
has also been supported by theoretical studies [36-40]. Ethyl and higher alkyl complex-
es of group 4 metals are thermally unstable and undergo B-hydrogen elimination, pro-
ducing low valent metal species, whereas a chelating diphosphine ligand stabilizes the
ethyl titanium complex, TiEtCl,(dmpe) (14). It is noteworthy that 14 contains a novel
B-agostic interaction, which is the transition state of B-hydrogen elimination [31,41].

a-agostic interaction B-agostic interaction
Me, Cl Me, Cl
PN H H P\|_
i H . )Q T
P N CpoZr” P P N
Me, Cl Me, Cl
12 13 14

Except for the tetrabenzyls M(CH,Ph), (M = Ti, Zr, Hf), peralkyl complexes, in con-
trast to mono- and dialkyls, are generally thermally unstable. Introduction of Cp and
its derivatives as ligands stabilizes trimethyl complexes of zirconium and hafnium [42].
However, CpTiMe; (15), which is prepared from CpTiCl; and MeLi, is thermally frag-
ile, decomposing above 0°C [43]. Dimethyltitanocene, Cp,TiMe; (16), is also thermally
comparatively unstable. The decomposition process of 15 and 16 involves carbene
species, and thereby these complexes are used as methylation reagents as well as cata-
lysts for ring opening metathesis polymerization (see next section) [44-46].

0 CH,
)]\ CpzTiMez )]\ )
R, X 60—65 °C R, X

X = H, alkyl, aryl, vinyl, OR

Cationic metallocene—alkyl complexes are attracting much interest because of their
catalytic activity for o-olefin polymerization [47, 48]. The most convenient method for
generating the ion pairs is the reaction of metallocene dialkyl complexes of zirconium
and hafnium with B(C,F),, forming cationic complexes [Cp,MR]'[RB(CF);] (M =
Zr, Hf ) [49,50]. ansa-Type cationic compounds have been applied in the stereospecific
polymerization of o-olefins [51].
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6.2.3 Alkylidene Complexes and 4-Membered Metallacycles

Although the simple methylene complex of titanocene is not isolable, this species can
be stabilized by Lewis acids such as AICIMe,. In 1978, Tebbe et al. In contrast, isolated
Cp,Ti(u-CH,)(u-Cl)AlMe, (17) by the reaction of Cp,TiCl, with two equivalents of
AlMe, [52]. The reaction of zirconocene dichloride 1 with AlMe;, does not produce a
similar methylene complex. This combination acts as a selective reagent for the carboa-
lumination of alkynes, providing (£)-2-methyl-1-alkenylalane s in high yield and high
stereoselectivity [53-55].

N\
Cp2T|C|2 + 2 AlMez; — CPQTI\ ,AlMeg + AlMe,Cl (0)
Cl

17

Complex 17 shows versatile reactivity in both catalytic and stoichiometric reactions.
It is a catalyst for olefin metathesis, in which a metallacyclobutane is proposed to be a
key intermediate [52]. Grubbs et al. successfully isolated titanacyclobutanes 18 by
treatment of 17 with alkenes in the presence of a Lewis base such as dimethylaminopy-
ridine [56,57]. When cyclic olefins such as norbornene are treated with a catalvtic
amount of 18, ring opening metathesis polymerization occurs [58].

R1 R1
Cp,Ti \/\,Au\/le2 ; —_—< _base cpzn<>( (M
Cl R, R>
17 18

Complexes 17 and 18 are superb precursors to a methylene species [59,60], whose
reactions are schematically shown in Scheme 6.2. The methylene species can be

CH, L2 OTICICp;

0
0 PMe
NMe 19 es Fz/J\(:H2
NM R Ci
0 € 20
alkene
PMes

R
CpoTi e _
pivalic R, CpoTi
anhydride 18
CH2 /
J-L o alkyne
/O CMej; RJ]\R' I or hv R
CpaTi R2 = H N
O CMe .
\H/ 3 CH, - Cpng R
0 M AVA ”

Scheme 6.2
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trapped by coordination of trimethylphosphine to give 19 [61]. Remarkably, the
methylenation of carbonyl groups in esters, lactones, imides, and acid anhydrides
[62-64] proceeds, whereas methylenation of these substrates with Wittig reagents is dif-
ficult. Reaction with an acid chloride results in the formation of enolate complex 20
[65,66]. Oxidation of 18 with iodine affords cyclopropanes [67-70].

Treatment of 18 with alkynes results in the formation of metallacyclobutenes 21
[71], which are alternatively synthesized by the reaction of dimethyl titanocene 16 with
alkynes [72,73]. The latter reaction involves methane elimination from an initially
formed alkenyl-methyl complex 22 giving 21.

Cp2 l iMeE ———l’alkyne Cp2 | i\ Me — Ha sz I |§I l ®
M
16 622 21

Recently, Stryker et al. have developed a new synthetic method that provides {3-
substituted metallacyclobutanes. Alkylation of the cationic allyl complex 23 with
nucleophiles [74] and thermal reaction of the bis(allyl) complex 25 [75] result in the for-
mation of metallacyclobutanes 24 and 26, respectively. Radical addition of RX to
Ti(I1T)-allyl complex 23 takes place exclusively at the center carbon atom, providing a
metallacyclobutane [76].

OK

+\)\Ph H o

)| - 9
CoTi—)) ™ O 2T|<>S)kp|ﬁ ©)

23 24

C Z}\\ heat Co*aZ H
P*2 f—L —> (Cp% fo</\ (10)

25 26

The metallocene complex 27 containing a M=X double bond undergoes overall
[2 + 2] cycloaddition with an internal alkynes to give heterometallacyclobutenes (28)
[77]. A formal [2 + 2] cycloaddition of Cp,Zr (=N'Bu)(thf) with imine affords a 2.4-
diazametallacyclobutane, whose further reaction with imines results in an imine
metathesis reaction [78]; azametallacyclobutene is an intermediate in the
Cp,Zr(NHR ),-assisted hydroamination of alkynes and allene [79].

R1
Cp'sM=X + 1R—R? _fra Cp'2M§R2 (11)
27 X

X=0,5,NR 28
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6.2.4 Five-Membered Metallacycles

Reaction of Cp,TiCl, with 1,4-dilithiobutane at —78 °C leads to the titanacyclopentane
(29), which is thermally unstable and releases ethylene together with 1-butene [80].
Metallacyclopentane is in equilibrium with bis(olefin) complex and this equilibrium is
discussed based on EHMO calculation by Hoffmann et a/. [16,81].

CpoTi O —_— — + /\/ (12)

29

Metallocene species “Cp,M” are generated in situ from reduction of Cp,MX, 82, 83]
or from phosphine or dinitrogen complexes of metallocene. Moreover, the addition of
two equivalent of n-BuLi to a solution of 1 affords zirconocene species “Cp,Zr” (30)
[84,85], which is used as a precursor for some reactions such as hydrosilylation of
alkenes [86,87], carbometalation reaction and so on. Metallocene species of titanium
and zirconium have been utilized for selective carbon—carbon bond formation [88-90].
Treatment of 30 with a 1,6- or 1,7-diene results in ring closure with excellent trans-
fused control to give 31, whereas the cyclization of 1,6-heptadiene with Cp*ZrCl,/Na-
Hg gives the dimeric complex 32, which has cis stereochemistry about the
carbon—carbon bond (Scheme 6.3) [91].

Alkene complexes of Ti, Zr and Hf have been intensively investigated with regard to
the nature of bonding and the close relation to olefin oligomerization and polymeriza-
tion. Alkene complexes of zirconocene and hafnocene are isolated as the
trimethylphosphine adduct, Cp,M(n-alkene)}(PMe;) (33) [92-94]. Cp*, Ti(CH,—CH,)
(34) is a 16 electron ethylene complex with a rich reaction chemistry as summarized in
Scheme 6.4 [95-99]. The reaction profile of 34 indicates that the metallacyclopropane
canonical form makes an important contribution [100].

Dimeric alkene complexes, in which two formal Zr(I1I) units are bridged by an
alkene, have been prepared. Some ethylene complexes have been characterized by X-
ray analysis: [Cp,ZrCIAIEt,],(u-CH,CH,) [101], [Cp,ZrMe],(u-CH,CH,) [102] and
[MX,(PEt,),],(L-CH,CH,) (M = Zr, Hf; X = Cl, Br) [103].

The zirconium-catalyzed carbometalation reaction has been developed from the ini-
tial observation by Dzhemilev in 1983 that Cp,ZrCl, (1) catalyzes the addition of ethyl-
magnesium halide to unactivated alkenes [104-106]. A plausible mechanism for this
carbometalation involves zirconocene and zirconacyclopentane species (Scheme 6.5)
[107-109]. Diastereo- and enantioselective carbomagnesation is accomplished by use
of chiral ansa-zirconocene derivative [110].

“Cpo2r”
2 » szzr@
“Cp*ZrCl"
Cp (Chz
2

Scheme 6.3
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Cp,Ti(PMe;,), (35) catalyzes the conversion of enyne and terr-BuMe,SiCN into
bicyclic iminocyclopentenone [111] (Scheme 6.6).
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The stoichiometric reaction of 1,6-enone and 35 gives bicyclic oxatitanacycle whose
carbonylation resulted in the formation of bicyclic y-butyrolactone (Scheme 6.7)
[112,113]. Addition of H,SiPh, and HSi(OEt), to the oxatitanacycle cleaves Ti—O
bond to generate titanocene species together with silyl ether product, and thus this
process goes catalytically [114, 115].

Alkyne complex 37 is prepared by intramolecular hydrogen abstraction followed by
methane elimination from the methyl metallocene compound 36 in the presence of a
donor ligand (Scheme 6.8). 37 reacts with alkenes, alkynes, carbonyl compounds, and
nitriles to give S-membered metallacycles [89, 116-117]. In the absence of any donor
ligand, metallacyclopentadiene 38 is formed. Complex 37 is also isolated by trapping
30 with an alkyne [89].

Dinitrogen complexes of titanocene and zirconocene are excellent sources for gener-
ating metallocene species in situ, which are highly active and are readily trapped by
organic and inorganic unsaturated compounds. Eq (13) is an example that involves
carbonyl coupling in iron-carbonyl to give the metallacyclic compound [118].

rgr
/- y=Fe-
1[CP"ZMNkN; + [CoFe(COll ———> OP2ZX | LXoo (13
2 Fe—CO
0 C
Cp
R4

L
R4 / L Rz

Me
CpoZtl. Ry —» CpQZrQ]i 37
T i

- CH, R>
H™ R \ = Ro
36 R;————R,; szzr e
R4 Rs
38

Scheme 6.8
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CpoTiCl,  + N + 2MGQCHMQBF

Harrod et al. discovered the catalytic dehydrogenative oligomerization/polymeriza-
tion of organosilanes assisted by d”metallocene silyl derivatives of Group 4 metals
[119-121]. A o-bond metathesis mechanism has been proposed [122,123]. Recently
cation-like zirconocene derivatives were found to be catalysts for catalytic dehydrocou-
pling of phenylsilane giving poly(phenylsilanes) having long silicon chains [124].
Dehydropolymerization of secondary stannanes to high molecular weight polystan-
nanes is achieved by using CpCp*ZrMe[Si(SiMe,),] as a catalyst [125].

6.2.5 Allyl Complexes

Allyl complexes of Ti(I1l) have been prepared by the reaction of Cp,TiCl, with two
equivalents of allyl Grignard reagent or with two equivalents of isopropyl Grignard
reagent in the presence of 1,3-diene [126,127]. In the first reaction, one equivalent of
Grignard reagent acts as reducing reagent, and the resulting Cp,TiCl reacts further
with allyl Grignard reagent to give 39. In the second reaction, the hydride species
Cp,TiH reacts with 1,3-diene to give the allyl complex 40. Oxidative addition of allyl
halides to 39 and 40 provide Ti(IV)-allyl compounds Cp,Ti(allyl)X (41) [128]. Allyl
complexes 3941 react with carbonyl compounds such as ketones and aldehydes.

Cp.TiCl; + 2 RCH=CHCH,MgBr

Cp,Ti(n3-CH,CHCHR) (14)
39
R

CpoTim3-CH,CRCHCHG)  (15)
40

6.2.6 Diene and Trimethylenemethane Complexes

Mono-diene complexes of zirconocene and hafnocene have been prepared by two
methods [129-131], viz the photochemical reaction of diphenyizirconocene in the pres-
ence of diene and the reaction of metallocene dichlorides with diene magnesium
adduct. The structures and reactivity of s-cis-diene complexes indicate that the metal-
lacyclopentene (B) is the preferred canonical form. Complexes of the type
Cp,Zr(s-trans-1,3-diene), have been prepared; they were the first examples of this
mode of coordination (C). Insertion of unsaturated compounds into a diene coordi-
nated to zirconocene results in regioselective C—C bond formation [132-136].

M M
|- /
P A
A B C

Monocyclopentadienyl-diene complexes such as CpM(dmpe)(butadiene)R (42)
(M =Zr, Hf; R = Cl, H) [137]) and CpM(diene)X (43) (M = Ti, Zr, Hf) [138,139] have
been prepared. Complex 42 exhibits catalytic activity for the dimerization of ethylene
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to 1-butene. Insertion reaction of unsaturated organic compounds such as alkene,
alkyne, ketone, nitrile, and so on into diene of 43 has also been reported [140,141}.
Phosphine-butadiene complexes M(butadiene)R[N(SiMe,CH,PR",),] (M = Zr, Hf)
have been reported [142]. The trimethylenemethane (TMM) ligand, which is isoelec-
tronic with 1,3-diene, coordinates to the metallocene unit in n’-fashion to form
Cp*,Zr(TMM) [143], whereas the coordination mode of TMM in [Cp*Zr(TMM)(u-
Cl),Li(tmeda)] is tetrahapto [144].

The simplest known homoleptic bis(diene) complex of a Group 4 metal is the highly
electron-deficient, 12-electron species Ti(n-1,4-'Bu,C,H,), (44), which is made by
cocondensation of electron-beam vaporized titanium with an excess of 1,4-di-tert-
butylbuta-1,3-diene and isolated by sublimation [145]. Bis(naphthalene)titanium is
thermally unstable, although anionic derivatives such as [Ti(C,oHg),* and
[Ti(C,oH),SnMe,] are stable [146). Bis(diene) complexes M(diene),(dmpe) (Ti, Zr, Hf)
are prepared either by the amalgam reduction of MCl(dmpe) in the presence of diene
or by the reaction of MCl,(dmpe) with magnesium-diene adduct [147-149]. The
anionic tris(diene)zirconate(2-) complex, [Zr(n*-C,oHy),]* (45), is prepared by the reac-
tion of ZrCl,(THF), with KC,H; in the presence of [2.2.2]cryptand [150]. Complex 45
has the same structural features as the isoelectronic tris(n*-butadiene)molybdenum
[151,152).

6.2.7 Organometallic Compounds Bearing Alkoxy and Amide Ligands

The alkoxytitanium propene compound Ti(n*-propene)(O'Pr), {(46) [153], which is
believed to be generated from Ti(OPr), and two equivalents of i-PrMgCl, reacts with
internal alkynes to give titanium-alkyne compounds Ti(n-alkyne) (O'Pr), (47) in quan-
titative yield (Scheme 6.9) [154,155]. 46 reacts with carboxylic esters to produce cyclo-
propan-1-ols in modest yields [156,157]. Oxidative addition of allyllic halides or allyllic
alcohols to 46 proceeds readily to form allyl titanium compounds 48, whose reaction
with aldehyde provides a stereoselective synthesis of homoallylic alcohols [153].
Rothwell et al. prepared some metallacyclic complexes 49-51 bearing bulky aryloxo
ligands (ArO = 2,6-diphenylphenoxide or 2,6-diisopropylphenoxide) [158,159]. Some
chelating aryloxy complexes such as 52 in combination with MAO are catalysts for

1 H
R R
_ R2CO,R?
TiOPY, + 2RMgX —=  ||--TioP, ——
46 A
/ ﬂynes
allyl-X
‘R
o |
Ti(OPr), | >Ti(OPr),
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R
48 47

Scheme 6.9
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olefin polymerization [160]. Gambarotta ez al. synthesized various amide complexes of
titanium. Dinitrogen titanium(II) amido complexes [161,162] as well as methyl, allyl
and methylene complexes [163,164] have been reported recently.

6.2.8 Carbonyl Complexes

Neutral Ti(CO), is an extremely unstable compound which decomposed even below
—220 °C, as shown by matrix isolation spectroscopy [165)]. The much more stable phos-
phine derivatives Ti(CO):(dmpe),, Ti(CO)s(dmpe), Ti(CO);(PMe;),, Ti(CO),(PMe;);
have been isolated [166-168] . In contrast, the dianionic salt [Ti(CO)J* (53) is thermal-
ly much more stable and decomposes only above 200 °C. Complex 53 was obtained by
reductive carbonylation of Ti(CO),(dmpe), by alkali metal naphthalenides in the pres-
ence of cryptand [169]. Carbonylation of 79 also produces 53 [170]. The naph-
thalenide-assisted reductive carbonylation of the zirconium tetrachloride afforded the
zirconium analog [Zr(CO)J* (54) [171], which was also derived by carbonylation of
the tris(diene) dianion 45 [150]. One anion [R,Sn]" effectively stabilizes Ti(CO), as an
air stable monoanionic salt, [R;SnTi(CO)] [172].

Carbonyl compounds of metallocene and half-metallocene are highly stable.
Metallocene carbonyl complexes, (n°*-CsR;),M(CO), (M = Ti, Zr, Hf; R = H, Me) have
been characterized by IR spectra and X-ray analysis [173]. Anionic complexes [(n’-
C;R)M(CO),] (M =Ti, Zr, Hf; R = H, Me) (55) were prepared by alkali metal naph-
thalenide reduction of (n’-C,R)MCI, followed by carbonylation [174,175].

6.2.9 Arene Complexes

Well-defined arene complexes of Group 4 metals in various oxidation states have been
isolated. The air- and moisture-sensitive complexes Ti(n°-arene), (56) have a sandwich
structure similar to that of the related chromium compounds [176-178]. They have
been used for deoxygenation of propylene oxide and coupling reaction of organic car-
bonyl compounds [179]. The first synthesis of 56 was cocondensation of metal vapor
with arene matrix [176]. Two more convenient methods are: reduction of TiCl, with
K[BEt,H] in arene solvent [180] and reaction of TiClL(THF), with arene anions fol-
lowed by treatment with iodine [170,176]. The latter method involves the formation of
an anionic titanate complex, [Ti(n‘-arene),]” (57), which can also be formed from KH
and 56 [181].

Titanium(I1) arene complexes, (n°-arene) Ti(AICl,),, are readily obtained from the
reaction between TiCl,, aluminium powder and aluminium chloride in refluxing aro-
matic solvent [182]. Metal halides have been used as Lewis acid catalysts for various
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organic reactions. Recently the interaction of these metal halides with hydrocarbons,
especially aromatic hydrocarbons, has been investigated. ZrCl, is insoluble in noncoor-
dinating solvents, however it is soluble in dichloromethane in the presence of 1,2,4,5-
Me,C H,. From the reaction mixture, (n*-CsMe,)Zr,Cl; was isolated and characterized
by X-ray analysis [183], showing that ZrCl, had promoted methyl group rearrange-
ment. A similar reaction of TiCl, and hexamethylbenezene results in the formation of
the salt, [(n®-CMe,) TiCl;][Ti,Cl], which can also be synthesized by cyclotrimerization
of 2-butyne in the presence of TiCl, {184].

Cationic arene complexes of Group 4 metals have attracted much interest in con-
nection with the polymerization of a-olefins. Reaction of Zr(CH,Ph), with 1 equiva-
lent of B(C(F;); resulted in the formation of cationic arene complex,
[Zr(CH,Ph),] [B(CH,Ph)(C,F;);] (58), X-ray analysis of which revealed a n%-bonding
interaction between the metal and the aromatic ring of the B-benzyl [185]. 58 catalyzes
polymerization of ethylene and propene [185,186]. Treatment of Zr(CH,Ph), with 1
equivalent of [PhNMe,H][BPh,] gave [Zr(CH,Ph),][(n®C4H)BPh;] (59) [187]. The
titanium analog of 59 has not yet been synthesized. However, the monocyclopentadi-
enyl complex CpTiMe, (15) reacts readily in THF to give the 14-electron zwitterionic
arene complex [CpTiMe, (THF)][BPh,] (60) [187], whose thermal stability is in sharp
contrast to the thermal instability of CpTiMe,. The cationic n®-arene complexes,
[(M*-CsRMR(n’-arene)]’ (61) (M = Ti, Zr, Hf; R = Me, CH,Ph) have been character-
ized and their catalytic activities for polymerization have been studied [188,189].

6.2.10 Enolate and Homoenolate Complexes

TiCl, is one of the Lewis acids most often used in organic chemistry. For example, the
well-known Mukaiyama aldol reaction is the TiCl,-induced aldol cross-coupling reac-
tion of silyl enol ether with aldehydes and ketones [190,191]. Metallocene-enolate
complexes such as Cp,M(OCH=CR,) and Cp,M(Me) (OCH=CR,)(M =Ti, Zr, R =
H, Me), which are known to be O-enolate by X-ray crystallography [192], react with
aldehydes to produce B-keto alcohols with erythroselectivity, independent of the stere-
ochemistry of the starting enolate.

As shown in Scheme 6.10, treatment of TiCl, with trimethylsiloxycyclopropane
affords the titanium homoenolate compound 62 [193-195], which is a chlorine-bridged
dimer as revealed by X-ray analysis [196]. The enolate 62 reacts with aldehydes, not

ROZ gOS”VIeS TiCla O_‘TIC|3 Ti(OR")4 O_‘TIC|2(OR')

-MesSiCl RO RO
62 63

RS

Scheme 6.10
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with ketones. However, enolate 63, which is readily derived from the ligand exchange
reaction of 62 with Ti(OR"),, reacts with both aldehydes and ketones.

6.2.11 Chiral Complexes As Catalysts for Asymmetric Reactions

The asymmetric carbonyl-ene reaction has been developed by using chiral aryloxy
complexes, i.e, 64 [197,198] and 65 [199]. Titanium complexes bearing chiral diols such
as 66 and 67 have been used as catalysts for various enantioselective reactions such as
synthesis of cyanohydrin, aldol reactions [200], [2 + 2] cycloaddition reactions [201],
the reaction of diketene with aldehyde [202], hydroboration [203], allylation of aldehy-
des [204], and Diels—Alder reactions [205].

Me;C
N o])‘o
Ph . CMe
T|X2 AN ’ Ml TiXe g ’
O0—TilLs O~ "+O SN
Ph ph EO/TILz
65 66 67

A chiral ansa-metallocene triflate complex catalyzes the Diels—Alder cycloaddition
reaction between an oxazolidinone-based dienophile and cyclopentadiene [206].
Triflate in titanocene and zirconocene complexes is labile [207,208] and thus the polar-
ity of solvent influences the reactivity and enantioselectivity. Asymmetric hydrogena-
tion of imines and enamines catalyzed by chiral ansa-titanocene catalyst provides
amines with high enantioselectivity {209,210}

6.3 Synthesis of Group 4 Metal Complexes

6.3.1 General Remarks

All reagents, solvents and apparatus must be dry, and moisture and oxygen should be
excluded. All operations should be carried out in a glove-box or by standard Schlenk
techniques. Chemicals used in the following synthesis are mostly commercially avail-
able. Abbreviations: dmpe = 1,2-Bis(dimethylphosphino)ethane; Cp = cyclopentadi-
enyl; Cp* = pentamethylcyclopentadienyl.

(1) Schwartz’s Reagent, Cp,ZrHC1(2) [9]

CHoCly

LiAlH, + !
szZl’Clg _ CpoZr(H)Cl  + CpoZrHo
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Complex 1 (100 g, 0.342 mol) is dissolved in dry THF (650 mL, heating required) in a
1L Schlenk flask under argon. To this solution (at or slightly above room temperature)
is added dropwise over a 45 min period a filtered solution of LiAlH, in diethyl ether
(prepared from 3.6 g, 94.9 mmol of 95% LiAlH, and dry ether (100 mL) followed by fil-
tration using a cannula flitted with a piece of glass fiber filter). The resulting suspen-
sion is allowed to stir at room temperature for 90 min. It was then Schlenk filtered
under argon through a frit The white solid is washed on the frit with THF (4 x 75 mL),
CH,CI, (2 x 100 mL) and ether (4 x 50 mL) with stirring or agitation of a stirbar
immersed in the slurry . The resulting white solid is dried in vacuo to give a white pow-
der: 65-81 g, 77-92% yield (94-96% purity).'

(2) Triisopropoxymethyltitanium TiMe(O'Pr), (10) [25]

CI—Ti(OCHMey)3s + RLi ———— = R—Ti(OCHMe,)3 03
9 10: R =Me

A 2 L three-necked flask equipped with a dropping funnel and magnetic stirrer is
charged with 250 ml of ether and 130.3 g (0.50 mol) of TiCl(OPr), (9) and cooled to
—40 °C. The equivalent amount of methyllithium (ether solution) is slowly added and
the solution allowed to come to room temperature within 1.5 h. The solvent is removed
in vacuo and the yellow product distilled directly from the precipitated lithium chloride
at 48-53 °C/0.01 Torr: 113 g (94% yield).

Properties: '"H NMR(CCl,): §0.5 (s, 3H), 1.3(d, 18H), 4.5 (m, 3H).
(3) Tebbe Reagent, Cp2Ti(u-Cl)(u-CH,)AIMe, (17) [52,57]
, AN p
CpoTiCl, + 2 AlMez3 — Cpng\ ,AlMe; + AlMe,Cli )
Cl

17

The original preparation method has been reported by Tebbe et al. [52]. The slightly
modified procedure described by Grubbs et al. [57] is given here. Neat AlMe,; (42 mL,
440 mmol)® is added via cannula to a suspension of Cp,TiCl, (50 g, 200 mmol) in
toluene (200 mL) to give a homogeneous red solution. Evolution of methane
begins immediately. After this solution is stirred for 48 h, all volatiles are removed by
vacuum distillation into a cold trap (caution: the AlMe,Cl evolved reacts violently with
protic media and due precautions should be exercised).® A small sample of the
resulting red crystalline material may be assayed for the presence of the

"' A small sample is assayed in a S mm NMR tube in C,D, by treatment with a known excess of acetone, and
the relative areas of the signals for the mono and diisopropoxides are determined by '"H NMR [18].

2 The compound is air sensitive, but can be kept under nitrogen in a refrigerator for weeks or months.

# AlMe,: mp 15 °C, bp 126 °C/760 mmHg. Flammable liquid that is highly sensitive to air and moisture, most
conveniently handled as a toluene solution (10-20%).

4 The toluene solution in the trap contains alkyl aluminium compounds and this solution should be carefully
destroyed under inert atmosphere.
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1
Cp,»(CHTi(u-CH,)Al(Me)(Cl) (the —CH,— resonance appears at 3 7.68 as an unre-
solved AB quartet). This material is converted to the titled compound by addition of
an equivalent amount of AlMe, to the reaction mixture, which is redissolved in
toluene. The resulting solution is filtered through a pad of Celite supported on a coarse
frit and concentrated to the point of saturation (ca. 150-170 mL total volume). This
saturated solution is carefully layered with an equal volume of hexane or petroleum
ether and allowed to stand undisturbed at 20 °C for 2--3 days. The supernantant is
removed via cannula and the red crystalline mass is washed with several portions of
petroleum ether at —20 °C. The solid is dried under high vacuum. Typical yields are
30-35 g (53-61%). An additional crop of less pure material (10-15 g) is obtained by
concentrating the mother liquor as above.

Properties : 'H NMR (C,Dj, 22 °C, 220 MHz) § 8.49 (2H, s, CH,), 5.84 (10H., s, Cp),
-0.06 (6H, s, AlMe,); °C NMR (C,D,) 5 188 (CH,).

(4) 1,1-Bis(cyclopentadienyl)-1-titana-3-zert-butylcyclobutane,
Cp,Ti(CH,CH(CMe;)CH,) [56]

R+

Ri
CpoTi \/\,A|Me2 ‘ =< _base Cp2TiO< G
C R

I R,

17 18
Ry = CMe3, Hg =H

To 17 (1 g, 3.5 mmol) dissolved in toluene (6 mL) is added 3,3-dimethyl-1-butene (500
uL, 3.9 mmol) and then (dimethylamino)pyridine (DMAP, 472 mg, 4 mmol). The
resulting red solution is transferred into 50 mL of vigorously stirred, cold (=20 °C)
pentane or petroleum ether. The DMAP-AIMe,Cl adduct precipitates as a yellow-
orange mass, which is rapidly filtered to give a clear red solution. This solution is evap-
orated to dryness by vacuum distillation to yield 770-800 mg of the title compound
(80-83% yield)'.

Properties : '"H NMR (C,Ds, 90 MHz) 8 5.61 (5H, s, Cp), 5.43 (SH, s, Cp), 2.24 (2H, d
of d, H,, and H,,, J,5 = 8.5 Hz), 1.92 (2H, d of d, H,, and H;;), 0.93 (9H, s, CMe;),
~0.02 ('"H, m, H,); "C NMR (C,D) § 110.6, 110.1 (Cp), 67.6 (C,), 18.4 (Cy).

(5) Bis(pentamethylcyclopentadienyl)(ethylene)titanium(II), Cp*,Ti(CH,—CH,) (34)
1951

CoH .
Cp*,TiCl T . ot (16)
Na/Hg 24

Sodium amalgam (300 g, 0.9% w/w) is added via syringe to an argon-blanketed toluene
slurry (150 mL) of Cp*,TiCl, (3.40 g, 8.73 mmol). The argon atmosphere is replaced

ISimilarly, treatment of 17 with 1-alkenes and alkynes affords the corresponding metallacyclobutane and
metallacyclobutene compounds, respectively [57,59). Heating the dimethyl complex of titanocene generates
the methylene species [44-46,71-73].
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with ethylene and maintained at ca. 700 Torr while the mixture is stirred for 72 h. The
resulting yellow-brown solution is filtered through a pad of Celite', and the toluene
and excess C,H, are removed in vacuo to yield the crude product. Recrystallization
from petroleum ether affords 2.5 g (80%) of bright green Cp*,Ti(CH,—CH,).

Properties : '"H NMR (C,Dy): 8 1.68 (s, Cp*), 2.02 (s, CH,=—CH,);"*C NMR (C(Dy) &
11.9(q, CsMes, 125 Hz), 105.1 (t, C,H,, 143.6), 119.8 (s, C;Me,).

(6) Bis(cyclopentadienyl) (1,3-butadiene) zirconium (II), Cp,Zr(1,3-butadiene) [212]

AN

/ /
CpoZrClo + 1/n IMG(C4Hg)(THF)ol, — CpaZr + CpoZr (17
Nz AN

s-Cis s-trans

To a stirred slurry of Cp,ZrCl, (2.9 g, 10 mmol) in THF (25 mL) in a 100 mL Schlenk
tube is added a suspension of magnesium butadiene adduct (2.2 g, 10 mmol) in THF
(150 mL) at —40 °C. The mixture is stirred for 1h at 30 °C and then heated to 60 °C for
10 min The solution turns from pale yellow to deep red. After evaporation of the solu-
tion to dryness, a mixture of hexane (50 mL) and benzene (15 mL) is added and the
mixture is heated at reflux for 10 min. under an argon atmosphere. The precipitated
MgCl,-2THF is separated by centrifugation using a two-necked glass tube fitted with
rubber stoppers. Removal of benzene-hexane by trap-to-trap distillation gives
Cp,Zr(1,3-butadiene) (a mixture of s-cis- and s-trans-butadiene isomers) as deep red
crystals in 70% yield. The sample was purified by recrystallization from hexane at
—-20°C, mp 73 °C (dec)™.

Properties: s-cis isomer: '"H NMR (toluene-dg, =70 °C): 8 -0.69 (m, H,,,.), 3.45 (m,
H,,,.), 4.78 (m, H,), 4.84 (s, Cp), 5.37 (s, Cp); s-trans isomer: 'H NMR (toluene-d,,
38°C): 6 1.22 (m, H1), 2.90 (m, H2), 3.22 (m, HI"), 4.92 (s, Cp).

(7) Bis(cyclopentadienyl)dimethylzirconium, Cp,ZrMe, [217,218]

CpoZrCl, + 2 Meli Cp.ZrMe, (18)

ether

To a stirred suspension of Cp,ZrCl, (18.0 g, 61.6 mmol) in diethyl ether (100 mL) at
room temperature is added methyllithium solution (145 mL of 0.85 M solution, 123.2
mmol, in diethyl ether) over 1 h. After stirring overnight the mixture is filtered under

'This complex is prepared in quantitative yield by treatment of dinitrogen complex, [TiCp*,],(1-N,), with
ethylene [95]. Alternatively, reaction of Cp*,TiCl, with 2 equivalents of n-BuLi under ethylene affords
Cp*,Ti(CH,—CH,) in 43% yield [211].

Similarly, Cp,M(1,3-diene) (M = Zr, Hf; 1,3-diene = isoprene, 2,3-dimethylbutadiene, 1,4-diphenylbutadi-
ene) are prepared {212]. The ratio of cis and trans isomers depends on the diene ligand as well as crystalliza-
tion condition (cis isomer turns thermally trans one). The title complex can be alternatively synthesized by
the photolysis of diphenyl zirconocene in the presence of butadiene [213,214] and treatment of Cp,MCl,
(M = Zr, Hf) with 2 equivalents. of vinyl! lithium [215,216].
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argon and the filtrate is evaporated to dryness under reduced pressure. After two subli-
mations at 100-110°C/10-4 mmHg, pure Cp,ZrMe, is obtained as a colorless solid
(11.4 g, 73% yield), mp 190 °C (dec)'.

Properties : 'H NMR (CDCl;): 8 6.11 (s, Cp), —0.39 (s, Me).

(8) Bis(cyclopentadienyl)chloromethylzirconium, Cp,Zr(Me)(Cl) [220,221]

CpsZrCly, + CpaZrMe; —tSS:tT* 2 Cp,oZr(Me)Cl (19)
A solution of Cp,ZrMe, and Cp,ZrCl,, each 0.5 M, in toluene is heated to 130 °C for
35 h. Cp,Zr(Me)(Cl) can be isolated in >90% yield by recrystallization from
toluene/hexane’.

Properties : 'H NMR (THF-d): 8 6.23 (s, Cp), 0.21 (s, Me).

(9) |Cp,ZrMe]" |BMe(C(F5),| [49]
CpoZrMe, + B(CgFs)s ——  [Cp2ZrMe][MeB(CeFs)s] (20)

Cp,ZrMe, (0.100 g, 0.398 mmol) and B(C4F5),(0.205 g, 0.400 mmol) are charged into a
25 mL reaction flask in a glove box. On a vacuum line, benzene (15 mL) is then
vacuum-transferred into this flask at —78 °C. The mixture is slowly warmed to room
temperature and stirred for 1.5 h. Large quantities of solid are observed to precipitate.
Pentane (10 mL) is next vacuum-transferred into the flask, and, after stirring, the mix-
ture is filtered. The light yellow solid is collected, washed once with 5 mL of pentane,
and dried under vacuum: yield 72%.

Properties : 'H NMR (CDCL,): 8 5.37 (s, Cp), 0.26 (s, Zr-CHj), 0.10 (brs, B-CH;).

(10) Isopropyl 3-(trichlorotitanio)propionate [194]

Ticl ’PrO OSIMES O_‘TIC|3
| —_—
. A v "PrO/IU 21

To a water-cooled solution of TiCl, (110 uL, 1.0 mmol) in 2.0 mL of hexane is added
1-trimethylsiloxy-1-isopropylcyclopropane (220 mL, 1.0 mmol) at 21 °C over 20 s. The
initially formed white milky mixture turns brown in in 10 s, and finally deep purple
microcrystals fall out. Heat evolution continues for a few minutes. The mixture is left
to stand for 30 min; NMR analysis of the supernatant reveals the absence of the prod-

'Reaction of Cp,Zrl, with methyllithium affords dimethyl complex uncontaminated by the monomethyl
compound [219]. Reaction of Cp,ZrCl, with 2 equivalents of PhLi gives Cp,ZrPh, [218].

’Cp,Zr(Me)(Cl) has also been prepared by reaction of [Cp,Zs],O with AlMe, [222], but, the method
described above is more convenient for easy handling. Bromo and iodo derivatives are also prepared similar-
ly [221].
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7 Group 5 (V, Nb, Ta) Metal Compounds

K. Tatsumi, Nagoya University

7.1 Introduction

The development of organometallic chemistry of the group 5 elements is a relatively
more recent phenomenon than that of the neighboring transition elements. However,
the rapid growth of this field has provided a wide variety of complexes having nearly
any possible organic ligand, and they have unfolded a rich and beautiful chemistry of
their own. Although the application of group 5 complexes to organic synthesis is still
limited, certain complexes have been used for carbon-carbon bond forming reactions,
e. g. polymerization of unsaturated hydrocarbons, cross-coupling of imines and
ketones, and cyclization of dienes. Group 5 organometallics are now thought to be
essential to understanding a number of metal-catalyzed processes. Representatives are
a series of tantalum alkylidene complexes which played a central role in clarifying
mechanisms of olefin metathesis reactions. More recently, some tantalum complexes
afforded conceptual models for Fischer—Tropsch catalysis, and for carbon-nitrogen
and carbon-sulfur bond breaking processes of hydrodenitrogenation and hydrodesul-
furization catalysts, respectively. Like group 4 metal complexes, vanadium, niobium
and tantalum complexes are strongly oxophilic, so that they are often unstable towards
moisture and air.

7.2 Vanadium Complexes

The coordination chemistry of vanadium is strongly influenced by the redox properties
of the metal center. Conversely, in order to selectively isolate desired complexes with a
spectfic oxidation state in high yield, it is important to choose suitable reaction condi-
tions and adequate auxiliary ligands. Low-valency vanadium complexes consist most-
ly of those containing carbonyl ligands, while the higher oxidation states (+4 and +5)
of vanadium are often associated with an oxo ligand in the ubiquitous vanadyl (VO**
and VO*) units. Thus a large number of vanadyl complexes have been synthesized.
Vanadyl occurs in certain petroleums in the form of oxovanadium(IV) porphyrins,
which cause problems in refineries. High-valency vanadium is also present in bioinor-
ganic systems, and a high concentration of vanadium has been noticed in the blood of
ascidians such as sea squirts and tunicates.

Synthesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Ltd




100 GROUP 5 (V. NB, TA) METAL COMPOUNDS
V(n3-CgHy)o
Na(indeny!)
VCp's [VCIo(THF))]  —222 _» yop,
3LiCp~ Zn |THF
VOLCPls = ygly — T o \GI(THF), T:f__ng > Na[V(CO)q]
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PR3 TMEDA

Y
VCl53(PR3)s VCIy(TMEDA),

THF

MCp' (M = Na, TI, 1/2Mg)

\
VCIioCp(PR3)2

Scheme 7.1

The progress of organovanadium chemistry has been slower than that of the other
first transition elements. This is partly because vanadium in most oxidation states
tends to form paramagnetic complexes and their characterization by NMR is not very
casy. Nevertheless, there are a good number of complexes having cyclopentadienyl and
its derivatives. Typical examples include VCp(CO),, VCp,, VCICp,, and VCL,Cp,,
where the oxidation state of vanadium spans +1 to +4. These cyclopentadienyl com-
plexes have been used as convenient entries to other organovanadium complexes.

The basic precursors for organometallic complexes of vanadium, and for coordina-
tion complexes as well, are the commercially available V(I1I) chloride and its THF
adduct, VCl; and VCI,(THF);, as shown in Scheme 7.1. Reductive carbonylation of
VCI(THF); under atmospheric pressure of CO with sodium sand at room temperature
leads to Na[V(CO),] [1]. This reaction, however, requires a large quantity of cyclooc-
tatetraene (cot) as a catalyst. Without cot, it is necessary to introduce CO at a high
pressure and elevated temperature. The electronically “precise” anionic carbonyl com-
plex can then be converted into the neutral 17-electron V(CO),, by treating
Na[V(CO);] with an acid, or by sublimation of the tetraalkyl ammonium salts in the
presence of H,PO, [2].

When the reduction of VCI,(THF); by zinc or magnesium is carried out in the
presence of diphosphines, TMEDA ( = N, N, N’, N'-tetramethylethylenediamine), or
pyridine, V(II) chlorides of general formula trans-VCLL, (L, = diphos, TMEDA; L =
py) are readily formed [3]. Likewise reduction of VCI,(THF), with zinc dust followed
by addition of cyclopentadienide gives rise to VCp, {4]. The ring-substituted
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vanadocenes as well as bis(indenyl)vanadium (indenyl=#"-C,H,) are prepared in a
similar manner [5]. In the case of decamethylvanadocene, VCp*, (Cp* = pentamethyl-
cyclopentadienyl), addition of excess LiCp* to a THF solution of VCI(THF), gives a
high yield of product [6]. The X-ray analysis of VCp*, exhibits a normal sandwich
structure.

Oxidation of VCp, with AgCl suspended in THF readily gives VCICp, and then
VC1,Cp,[7]. Vanadocene monochloride can also be synthesized by oxidation of VCp,
with RCI or CHCI, [8], and the analogous VCICp*, by oxidation of VCp*, with Cl, or
HCI [9]. Alternatively, these complexes are prepared from the reaction of the corre-
sponding vanadocene and PbCl,, where elemental lead is generated as the by-product
[10]. It was reported that the direct reaction of VCl, with TICp in THF provided
VCICp, in high yield, if TICp is sublimed prior to use [11].

RCl or CHCL3
/ AgCl \ AgCl
VCps ! ~ VCICp, ————> VCICp2 (1)
PbCl
VCp*2 ChorHOl VCICp2 (2)
VCiz + 2TICp VCiCps 3)

The reaction of VC1,(THF); with SnBu,Cp* resulted in the halfsandwich V(III)
complex, [VCL,Cp*]; [12]. Aside from [VCL,Cp*]., facile syntheses of monocyclopenta-
dienyl vanadium dichloride, VC1,Cp” or VCLCp'L, (L = neutral donor ligand), from
VCI(THF), have not been reported. However, if the preformed alkylphosphine
adducts VCI,(PR,), (R = Me, Et) are used as precursors, the desired complexes of gen-
eral formula VCL,Cp'(PR,), (Cp” = CsHs, C;H,Me) can be prepared upon treating the
adduct with NaCp’, TICp’, or: MgCp’,in THF [13].

Synthesis and isolation of homoleptic alkyl, aryl, and allyl complexes from
VCI(THF), is not well documented, except for a few thermally stable examples of this
class (Scheme 7.2). The reaction of VCl(THF); with excess LiPh in ether generated
Li,VPh(Et,0),, the sole example of a homoleptic V(II) aryl complex [14]. During this
reaction the vanadium center is reduced, and the four lithium cations in the complex
cap the trigonal faces of the VPh, octahedron. The analogous reaction with
Li[2,6-(MeO),CH;] gave rise to V,[2,6-(Me0),C, Hs],, where each vanadium is again
reduced to V(II) [15]. In contrast to the mononuclear structure of Li,VPhy(Et,0),,
some of the methoxy groups and the aryl carbons link two metal centers of
V,[2,6-(Me0),C, Hl, resulting in a very short V—V triple bond. Interestingly, addi-
tion of three equivalent of MesMgBr (Mes = 2.4,6-Me,C.H,) to VCI(THF), in THF
led to the formation of the mononuclear V(III) aryl complex, V(Mes),(THF) [16].
When the alkylation was carried out with LiNp (Np = neopentyl) under an N, atmos-
phere, dinitrogen was incorporated, thus forming (VNp;),(N,) [17]. The dinitrogen
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VCI3(THF)3

Li[2,6-(MeO),CgH3] MesMgBr
THF
THF
|
V.
YOXT o- NV
R (T IR
7 O~ g
o AN

Scheme 7.2

bridges two vanadiums(I11) with a linear V—N-—N—V spine, and the N, molecule is
labile.

It was reported that reaction of VCI, with Mg(C;H;)X produces the homoleptic allyl
complex V(n'-C;Hjs);, which spontaneously decomposes even at low temperature [18].
The pentenyl analog, V(n'-C,H,),, is slightly more stable.

The low-valency cyclopentadienyl vanadium complexes are usually stabilized by
carbon monoxide, and VCp(CO), is the most useful precursor to various low-valency
organovanadium complexes. There are a number of synthetic routes to VCp(CO),.
One convenient method is to carry out the reaction between NaCp and VCl, in THF in
situ and then to carbonylate under 60 atm CO pressure at 120 °C [19]. Reduction of
preformed vanadocene by potassium, and subsequent carbonylation also gives rise to
VCp(CO), [20]. These methods, however, cannot be applied to alkyl-substituted
cyclopentadienyl derivatives. It is necessary to treat alkyl-substituted cyclopentadiene

d
VCp, K or Na san VCpaJ

co

VCp(CO)4 4)
VCly + NaCp ——

CO 60 atm

V(CO)s + CpH = VCp'(CO)4 (5)
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directly with V(CO),, which produces the corresponding VCp’ (CO), in 45-85% yield,
where Cp’ is CsMes, C;RH, (R = Me, Et, trityl), or indenyl, etc [21].

The substitution of CO in the 17-electron neutral carbonyl complex V(CO), with
P-donor ligands proceeds under mild conditions to form V(CO),L (L = phosphine,
phosphite) [22]. Since V(CO), tends to be reduced to [V(CO),], substitution reactions,
particularly those with N - and O-donor Lewis bases, often lead to with disproportion-
ation products formulated as [VL,][V(CO)] or [VL,J[V(CO);; [23]. The disproportion-
ation reactions occur more slowly for the phosphine derivatives V(CO),_,(PR;), [24].
On the other hand, photolysis of the 18- electron anionic complex [V(CO),] in the
presence of phosphines gives rise to the corresponding [V(CO),_(PR;),]” derivatives

[25].
V(CO)s + PR3 V(CO)s(PR3) (6)
[VLAIIV(CO)e]
V(COlp — o Q
[VLA][V(CO)gl2
L = N-donors, O-donors
n=4or6

Certain organometallic complexes of high-valency vanadium can be synthesized
from VCI, (Scheme 7.3) and VOCI, (Scheme 7.4). Reaction of VCl, with a cyclopenta-
dienyl anion, e.g. MgCpCl, and its derivatives provides a general synthetic route to
VCI1,Cp’, (Cp’ = C;H;, C4(CR)H,, C4(SiR;)H,) [26]. Ring-bridged vanadocene dichlo-
rides [Me;E(n’-C;H;),]VCL (E = Si, Ge) have also been synthesized using analogous
procedures [27]. Treatment of VCI,Cp, with SOCI, leads to formation of the
monomeric vanadium(IV) trichloride VCpCl,[28]. Alternatively, the trichloride deriv-
atives VCp’Cl, (Cp’ = C;H;, C;MeH,, C;Me,, C;Me,Et) can be prepared in high yields
by oxidation of VCp’(CO), with Cl, [29].

VCp'(CO)4 VCp'Cly (8)

Homoleptic alkyl and aryl complexes of vanadium(IV) can in principle be synthe-
sized from VCIl,. However their thermal instability of makes them difficult to isolate. In
some cases, the use of lithium alkyls and alkyl Grignards leads to reduction from
V(IV) to V(III). Interestingly, [V(I-norbornyl),], prepared from VCI, and Li(l-
norbornyl), is relatively stable up to 100 °C and is only moderately air sensitive [30].
The most air/ thermally stable complex of this class is [V(Mes),], which was isolated in
nearly quantitative yield by air oxidation of Li[V(Mes),] [31].

Li(Mes) Li[V(Mes)4] air

V(Mes)sTHF V(Mes)4 )

Reduction of VCl, by AICIl, and Al powder (Friedel-Crafts method) in boiling
benzene yields the vanadium(I) bis(benzene) complex salt, [V(n-C¢H),I[AICL]. The
neutral bis (benzene) complex was prepared by hydrolysis of the salt [32].
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hydrolysis
[V(n-CeHe)2l[AICI] > V(n-CeHe)2
AICl; | CeHe
All A
SOCI
T Vo ———> VCI,Cp
MgCpCl
VCly
Li(norborny!}
Lis[MeoECp2]
V(1-norbornyl)4
Me .7 .- Cl .
E \Y% (E = Si, Ge)
Me”™ @‘m
Scheme 7.3
@]
Cl Cl
o] Cl
. O
Li[VO(Mes)3] —= VO(Mes);
excess Li(Mes)
{(p-tol)NCO R.M
VOCl3 > V[N(p-Tol)]Cls ——— V[N(p-Tol)]RaCla-n
ZnPh, or HgPhy| —30°C
VOPhAClI,
Scheme 7.4

Alkylation of VOCI, usually give rise to partially alkylated compounds which may
decompose explosively. For instance, the low-temperature reaction of VOCI; with
ZnPh, or HgPh, in pentane or in liquid propane produces VOC]I,Ph in high yields [33].
In contrast, when the reaction of VOCI, is carried out with excess Li(Mes), paramag-
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netic Li[V(Mes);0] is formed which is in turn converted into neutral pentavalent vana-
dium species V(Mes),O by oxidation with chloranil [34]. Replacement of the oxo
group of VOCI, with imido ligands facilitates isolation of alkyl complexes and relevant
alkoxy and amide complexes. Introduction of imido ligands is achieved by treating
VOCI, with p-substituted arylisocyanates, p-XC,H,NCO(X = Me, OMe), to give
V[N( p-XCH,)ICl, [35]. Further alkylation, for instance, with (Me,;SiCH,),Mg leads to
V[N( p-XC,H](Me,SiCH,),Cl, , the product depending on the stoichiometric ratio.

7.3 Synthesis of Vanadium Compounds

All procedures must be conducted under inert atmosphere using dry solvents.

(1) trans-Dichlorobis(N, N, N, N’-tetramethylethylenediamine)vanadium(Il),
trans-VCL(TMEDA),[3]

Zn
VC|3 -—TH—F'_" [V2C|3(TH F)e]g[ZﬂgCls]
TMEDA

THE > trans-V,Clo(TMEDA),  (10)
The original method to prepare the title V(IT) complex requires two steps. The first step
consists of reduction of VCI;(THF), with zinc powder [36], and then the resulting com-
plex salt [V,Cl, (THF)],[Zn,Cly] is treated with TMEDA in THF. Thus a 200 mL
Schlenk tube equipped with a reflux condenser and a magnetic stirring bar is charged
with THF(45 mL), pre-dried zinc powder (2.4 g, 37 mmol), and VCI, (5.5 g, 35 mmol).
The THF suspension is stirred for 18 h at room temperature, and the precipitate
becomes green in color. If the reaction does not proceed smoothly, the THF suspen-
sion may be refluxed. After the supernatant is decantated off, the green powder is dis-
solved in CH,Cl, to give a dark green solution. The solution is filtered carefully to
remove zine chloride and unreacted zinc powder, and partial removal of the solvent
followed by addition of hexane gives [V,Cl;(THF)|,[Zn,Cl] as a green powder (13.1 ¢,
8.05 mmol, 92%).

To a THF (120 mL) suspension of [V,Cl;(THF)¢,[Zn,Cl] (12.3 g, 7.6 mmol) in a

three-necked round-bottomed 200 mL flask. equipped with a reflux condenser and a
magnetic stirring bar, 30 mL of TMEDA is added. The THF suspension is refluxed for
1 h and is filtered. Light-blue micro crystals are formed from the resulting light-blue
solution overnight in a refrigerator. Analytically pure large-scale crystals are obtained
after recrystallization from THF (150 mL) containing a small amount of TMEDA.
Yield 41%.
Propeties: IR(Nujol mull, KBr, cm™'): 1380 (m), 1360(s), 1290(w), 1280(s}, 1235(s),
1185(s), 1150(s), 1120(s), 1105(w), 1100(w), 1070(s), 1045(m), 1015(s), 955(s), 920(m),
775(s), 720(w), 595(s), 490(s), 470(s), 460(W). M 3.68u. Highly air and moisture
sensitive.

The title complex can also be prepared from the reaction of VCI(THF), with Mg
metal in THF and in the presence of TMEDA. A THF suspension (10 mL) of
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VCI(THF), (0.16 g, 0.43 mmol) becomes a homogeneous purpie solution upon intro-
duction of TMEDA (0.15 mL). Addition of Mg (0.13 g, 5.3 mmol) to this solution
results in a color change from purple to light blue in 30 min. Stirring the suspension for
2 h, followed by a workup similar to the above, gives rrans-VCI(TMEDA), in 50-60%
yields [37].

Analogous V(II) dichlorides, trans-VCI(N, N,N’-trimethylethylenediamine),, trans-
VCl,(pyridine), and trans-VCl,(pyrrolidine), can be prepared in a similar manner. In
the case of VCl(pyridine),, both reduction of VCI,(THF), by zinc powder and addi-
tion of pyridine may be carried out in one pot, so that it is not necessary to isolate
[V,Cl(THF)e],[Zn,Cl].

The chemistry of cyclopentadienyl-free and CO-free low-valent organovanadium
complexes has been little explored due to synthetic difficulties. Thus readily available
trans-VCIL,(TMEDA), is a convenient entry to rare divalent organovanadiums.
Reaction of VCI,(TMEDA), with two equivalents of Li[o-C;H,CH,NMe,] and subse-
quent addition of one equivalent of pyridine under nitrogen atmosphere forms the
dinitrogen complex [V(o-C H,CH,NMe,),(py),],(1-N,), [38].

Li{o-CgH4CHoNMe,] pyridine
trans-VClo(TMEDA); - -
ether N»

[V(0-CegHsCHaNMes)o(py)2la(u-N2)2 - (11)

The V(II) tetrakis- and bis(alkynide) complexes, [Li(TMEDA)],[V(u-
C=CPh),(TMEDA)] and V(C=CPh),(TMEDA), have been synthesized from the
reaction of VCL(TMEDA), with four and two equivalents of Li(C==CPh), respective-

Iy [39].

(2) Tetracarbonyl(n®-pentamethylcyclopentadienyl)vanadium(I), V(7’-CsMes)(CO),
[21a]

V(CO)e + CsMesH > \/(15-CsMes)(CO)s + 2CO + 1/2H, (12)

hexane

Vanadium hexacarbonyl, V(CO), (2.42 g, | L mmol) is dissolved in 250 mL of hexane
in a three-necked round-bottomed 500 mL flask equipped with a condenser.
Pentamethylcyclopentadiene (2.7 mL, 17 mmol) is added via syringe, and the solution
is refluxed for 3 h. After the solution has been evaporated under reduced pressure to ca.
30 mL, it is loaded onto a silica gel column (Merck grade 60, 70-230 mesh, 60 x 1.6
cm). The desired complex is eluted with pentane/toluene (10:1) as a red-orange band,
and the solvent is removed in vacuo. The complex may be recrystallized by redissolving
the resulting solid in pentane, and refrigerating the concentrated solution, to give
V(1*-CsMeg)(CO), as reddish-orange needles. Yield 45%.

Properties: IR(KBr, cm ™ '); w(CO); 2001 (m), 1990(s). 'H-NMR (THF-dy, 28°C, 9): 1.93
(s, CH;). mp 130-131 °C. Air- and moisture-sensitive.

The analogous vanadocene—carbonyl complex V(n*-C;H;)(CO), can be synthesized
from reduction of V(1°-C;H;), with Na or with K under atmospheric CO [20]. The
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R R
RC=CR
V(45-CsHs)(CO)2(RC=CR) - CpV—
100°C / ;
CCR R
O o
RC=CR | hv
L
V(#5-CsHs)(CO)4 - > V(°-CsHs)(CO)3L

L = PPhs, CN'Bu, THF etc.
- O,/Cly \_ in CCly

V(O)(n>-CsHs)Cl

Scheme 7.5

procedure is rather straightforward, and the complex can be purified by sublimation
(0.1 -1 mmHg, 80-100°C). Yield 75%. mp 138 °C.

One or more carbonyl ligands in V(n*-CsMes)(CO), and V(n*-C;H)(CO), can be
replaced with a number of nucleophiles upon photolysis at low temperatures. Selected
reactions of V(n’-C;H;)(CO), are shown in Scheme 7.5 [40].

(3) Bis(n*-pentamethylcyclopentadienyl)vanadium(II), V(n*>-CsMes), 6]

VC|3 + 3Li(C5M65) T V(J’]S-C5M85)2 + 3 LCI + M95C5'

(13)

VCIx(THF), + 2 Na(CsMes) R V(15-CsMes), + 2 NaCl

Pentamethylcyclopentadiene (30.0 g, 220.6 mmol) and 50 mL of THF are placed in a
200 mL Schienk tube equipped with a magnetic stirring bar. To this solution, 240 mmol
of LiMe is introduced dropwise under vigorous stirring, and a light yellow solid gradu-
ally precipitates. After the addition of LiMe is complete, the suspension is kept stirring
for 2 h. The light—yellow solid obtained is separated from the supernatant liquid by fil-
tration or by a centrifuge, and is washed with ether. The resulting white solid is dried
in vacuo for several hours to give Li(CsMe;) (25.5 g), which probably contain THF
molecules coordinating to Li. It is essential to use this preformed white solid in order to
synthesize V(n*-CsMes), in high yields according to the procedure described below.

A THF (500 mL) suspension of VCI, (5.25 g, 33.36 mmol) and Li(C;Me) (14.2 g,
100 mmol) is refluxed for 2 days in a three-necked round-bottomed 1000 mL flask
equipped with a condenser. After the solid is filtered off, the mother liquid is dried in
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V(1n5-CsHs)a( n°-CsHs)2(N3)2
R
\
//C R
c 5. RC=CR y ~
e V(n°-CsHs), —— V(n>-CsHs)2(RC=CR)
Cp2 V S |
E A
L=5,NR PhSSPh | tojuene

V(n5-CsHs)2(SPh),
Scheme 7.6

vacuo. The residue is then sublimed at 170-190°C to give V(n>-C;Me;), as a red solid.
The compound can be recrystallized from n-hexane or pentane. Yield 70 %.

Alternatively, the title complex may be synthesized from the reaction between
VCI(THF), and Na(C;Me;) according to the following procedure [41].

In a 100 mL Schlenk tube a suspension of VCI,(THF), in THF (50 mL) is prepared
from VCI, (3.11 g, 19.8 mmol) and zinc dust (0.65 g, 9.9 mmol) according to the
method described by Kohler and Préssdorf [4]. The stirred suspension is transferred
through a cannula to a THF (100 mL) solution of Na(CsMe;) (4.00 g, 25.3 mmol) in a
200 mL Schlenk tube equipped with a condenser, and the mixture is refluxed for 7 h.
The resulting dark purple solution is dried in vacuo, and the residue is heated under
vacuum (60 °C, 10 ° Torr) for 6 h to remove oily impurities. The solid is then extracted
with pentane (50 mL) , washed with pentane until washings become colorless, and the
extracts are filtered. Solvent is removed under reduced pressure to give a red microcrys-
talline solid. Sublimation (100 °C, 10~ Torr) and subsequent recrystallization from
pentane give V(11°-C;Me), as dark red prisms. Yield 65 %. Li(C;Me;) may be substitut-
ed for Na(C,Me), but with a significant reduction in yield.

Properties: IR(Nujol mull, KBr, cm '): 2989 (m), 2940(m), 2895(s), 2850(m), 2750(w),
1470(m), 1448(m), 1422(m), 1373(m), 1355(w), 1065(m), 1023(w), 722(w), 587(w),
463(m), 422(w), 233(W). tr 3.781. mp 300 °C. Air- and moisture-sensitive.

Non-substituted vanadocene V(1°-CsH;), as well as V(n*-C;MeH,), can be prepared
by the second route using the Na and Li salts of the corresponding cyclopentadienyl
[4]. Scheme 7.6 shows typical reactions of V(n’-CsHs),, some of which occur also with
V(n’-C;Me;),[6.8a,42].

(4) Dichloro(n’-cyclopentadienyl)bis(triethylphosphine)vanadium(II),
V(n*-CH;)CL(PEL,), [13]

VC|3(THF)3 + 2PEt3 VC|3(PE13)2

—3THF
1/2 Mg(CsHs),

—_—
— 1/2 MgCl,

(14)
V(n°-CsHs)Clp(PEts3)




SYNTHESIS OF VANADIUM COMPOUNDS 109

The title complex can be prepared from the reaction of the preformed phosphine
adduct VCl,(PEt;), with Mg(C;Hj), or from the one-pot reaction of PEt;, VCI;,(THF),,
and Mg(C;Hy),.

THEF is syringed into a 200 mL Schlenk tube containing VCI,(THF), (7.78 g, 20.8
mmol) with stirring. Subsequent addition of PEt, (6.20 mL, 42.1 mmol) at room tem-
perature results in a dark solution, which is stirred for 3 h and then is cooled slowly to
~80°C. Crude VCI, (PEt,), (6.86 g, 81% yield) separates as dark crystals. The com-
pound may be recrystallized from pentane to give analytically pure dark red crystals.
The title complex is synthesized by treating this phosphine adduct with Mg(C;Hs), in
THE

The general procedure described below can be applied preparation of
V(C,H/)CL(PR,),(R = Mg, Et) on a large scale. Since isolation of VCL;(PR;), prior to
the reaction with Mg (C;Hs), may lower the overall yields, the following procedure uses
VCI1,(PR,), which is prepared in situ without separation.

Addition of PR, (200 mL) to a THF solution (1200 mL) of VCI,(THF), (100 mmol)
at room temperature results in a dark solution after stirring for 3 h. The solution is
cooled to —80°C, and Mg(C;Hs), (50 mmol) in 100 mL of THF is added dropwise over
2 h. Upon warming the reaction mixture slowly to room temperature, the color oi the
solution turns blue. The mixture is stirred for another 2 h at room temperature.
Removal of solvent in vacuo gives a sticky residue, which is stirred with 200 mL of pen-
tane for 15 min. Solvent is evaporated from the extract to remove the remaining THF.
The resulting solid is carefully powdered and extracted with pentane. The blue pentane
extract is cooled slowly to 25 °C and the blue V(CsH;)CL(PR;), crystallizes out. Yield
71% (R=Me), 88% (R=Et).

Properties: V(CsH;)CL(PMe,),: '"H-NMR (toluene-dg, 20°C, 8(Av,,, in Hz)); 17.6
(1085) (PMe,). mp. 198 °C. V(C;H)Cl(PEL;),: 'H-NMR (toluene-ds, 20°C, 8 (Av,,, in
Hz)); 18.8 (2280) (P(CH,CHj;);), -1.49 (310) (P(CH,CH;);). mp 92°C. Both com-
pounds are air- and moisture-sensitive.

Use of VBr;(THF);, instead of its chloride congener, generates V(CsHs)Bry(PR),.
However, attempts to prepare analogous complexes with PPh;, PPh,Me, PPhMe,,
Pcy,, DMPE, and DPPE failed. On the other hand, although introduction of methyl
substituted cyclopentadieny! is possible upon using Na(C;Me;), pentamethylcyclopen-
tadienyl derivatives cannot be synthesized in this manner with Li{C,Me;), Na(CsMes),
or Mg(C;Me;)CL.

(5) Tris(2,4,6-trimethylphenyl)tetrahydrofuranvanadium(III),
V(2,4,6-Me;CH,);,(THF) [16]

VCI(THF)s + 3 Mg(2,4,6-MesCeHo)Br
- 3 MgBr

o THF V(2,4,6-Me3CgHo)3(THF) (15)

A 300 mL THF solution of the Grignard reagent, MesMgBr (Mes = 2.4,6-Me,C¢H.,),
is prepared from the reaction of mesitylbromide MesBr(75 g) and Mg (12g) in THF
followed by filtration. To the stirred solution, a 200 mL THF solution of VCIy(THF); is
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LI[V(MGS)3(EPh2)]
E=N,P
LIEPh,
Mes CN'B RCOOH
u
v l(l: ~———— V(Mes)3(THF) ———— V(RCOO);
N o)
\‘Bu /A or O,
3 Ph
V(Mes)3(0)
Scheme 7.7

added dropwise at room temperature, and the mixture is stirred for 2 h to give a blue
solution. Addition of dioxane leads to precipitation of the magnesium salt which is
separated by filtration. When the resulting blue solution is allowed to stand at —20°C,
analytically pure blue crystals of V(Mes),(THF) are formed. Yield 50-60%.

Properties: IR(Nujol mull, cm™): 3010 (m), 2970(m), 2925(s), 2850(m), 1738(m),
1618(m), 1598(m), 1545(m), 1450(s), 1404(m), 1382(m), 1283(m), 1260(w), 1224(m),
1064(m), 1040(m), 1008(s), 946(w), 912(w), 874(s), 860(ss), 712(w), 705(w), 690(w),
583(m), 540(m). W.q: 2.73ug. mp. 300 °C. Air- and moisture-sensitive.

The title complex is a rare example of a fully characterized homoleptic vanadium
aryl (and alkyl) complexes which are fully characterized, and its reactivity has been
widely investigated. Some reactions are shown in Scheme 7.7 [43].

7.4 Niobium and Tantalum Complexes

Compared to vanadium, the higher oxidation states are much more favored in niobium
and tantalum, and the majority of their organometallic complexes occur with oxida-
tion state of +5. Strong oxophilicity and resistance to reduction are properties shared
with the neighboring zirconium and hafnium. In the lower oxidation states, the heavy
group 5 transition metals are prone to form metal-metal bonds, a trend which resem-
bles that of the group 6 elements. These group 5 and group 6 metals also share an abil-
ity to form multiple bonds with non-metal ligands. such as carbenes (or alkylidenes),
nitrenes (imides), oxides and sulfides. Roughly speaking, in their high oxidation states
niobium and tantalum exhibit chemistries similar to those of the group 4 transition
metals, while in the lower oxidation states their chemistries are comparable to those of
the group 6 transition metals.

The most important starting materials for organometallic complexes of niobium
and tantalum are their pentachlorides, NbCl; and TaCl;. The commercially available
pentachlorides can be sublimed if further purification is necessary. They are common-
ly used for access to both high-valency and low-valency compounds. The crystal struc-
ture of NbCl; consists of dimeric Nb,Cl,, with two chlorides bridging as shown in
Scheme 7.8, and the Ta analogue is presumed to have a similar structure. In non-
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Cl Cl

cl Cl Cl  Cl
Cl.. | CI.._,_r\!b__,..---C' /e N/ al\ . / CL \
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Scheme 7.8

complexing solvents, the dimeric structure could be retained, while in donor solvents
monomeric adducts are formed. In the gas phase, MCl; is monomeric with a trigonal
bipyramid structure. The pentachlorides are strongly electrophilic, and catalyze
Friedel-Crafts type reactions. Since the MCl, compounds promotes polymerization of
THF, albeit slowly, it is advisable to avoid using THF as a solvent for their reactions.
Although neutral adducts of the pentachlorides MCLL (L = nitriles, ethers, phosphine
oxides, amines, organic sulfides, etc) are available [44] reactions with O-donors occa-
sionally produce oxo trichloro complexes as well, particularly in the case of niobium.

The tetrachlorides of niobium and tantalum offer attractive entries into chemistry
of oxidation state +4 or lower. They form one-dimensional polymers consisting of
edge-sharing polyoctahedra, which exhibit bond alternation with metal-metal bond-
ing pairs (Scheme 7.8). Because of the chain structure, the relatively air stable tetra-
chlorides are diamagnetic and poorly soluble in most organic solvents. Their more
soluble molecular adducts such as NbCIl,(THF), and NbCl,(MeCN), are available,
while the phosphine adducts often occur as dinuclear complexes formulated as
Nb,CL(PR;), or Nb,CI,(PR,),. The dinuclear structure contains a metal-metal single
bond, and may be regarded as the remnant of the polymeric MCl, structure. Tantalum
appears to be less prone to adopt dinuclear structures, and forms the seven-coordinate
TaCl,(PR,), or six-coordinate TaCl,(PR,). depending on the size of the phosphines.

The majority of low-valency complexes of niobium and tantalum contain carbonyl
ligand(s). Carbonyl complexes of group 5 metals are usually less stable than those of
the corresponding group 6 carbonyls, particularly so for heavier group 5 elements.
While the neutral hexacarbonyl complex of vanadium, V(CO),, is accessible and con-
stitutes a convenient entry to low-valency organovanadiums, its niobium and tantalum
congeners have not been isolated. On the other hand, anionic 18-electron complexes
[M(CO)¢] (M=Nb, Ta) are stable, and can be prepared on a large scale according to
eq (16). Reduction of the pentahalides by sodium naphthalenide or

MC1oHg]

MCls — 2= » M[M(CO)s] (M=Nb, Ta; M’ =Na, K) (16)
CO 1atm

potassium naphthalenide is followed by addition of an atmospheric pressure of CO
[45]. Previously reported route to [M(CO),] consists of a similar reduction of the pen-
tachlorides with Na/K alloy in the presence of diglyme. However this method requires
a high pressure of CO (5000-6000 psi) and yields are low (ca 15%) [46].

Typical reactions of [M(CO),]™ are shown in Scheme 9. Photochemical replacement
of CO by phosphines gives a series of phosphine-substituted derivatives formulated as
[M(CO):PR;] . and the analogous reactions with diphosphines lead to the tetracar-
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MX(CO)a4(dppe) [Ma(p-Cl)3(CO)g]™
2 [H-py]X
X =Cl, Br, | dppe Clz or HCI LiCp
Nan
M(CO)e] “hgo, - MCp(CO),
% hv PRg
[M(CO)4(dppe)I~ [M(CO)sPR3]~
M=Nb, Ta
Scheme 7.9

bonyl complexes [M(CO),(P-P)] [47]. Treatment of [M(CO),]” with Cl, or HCI pro-
duces the binuclear chloride/carbonyl complexes [M,(u-C1);(CO),] , where the metal is
oxidized to the +1 state. When similar oxidation reactions with I, are carried out under
the presence of diphosphines, mononuclear 7-coordinate complexes MI(CO),(P-P)
are obtained, which can also be synthesized by addition of diphosphines to a THF
solution of [My(p-1);(CO),] at low temperatures. Use of 2 equivalents of pyridinium
halides [H-py]X and 1 equivalent of diphosphines provides a more general synthetic
route to MX(CO),(P-P) (X =Cl, Br, 1) [48].

Another important entry to group 5 metal carbonyls is provided by the neutral
18-electron complexes of the type MCp(CO), (M=Nb, Ta) and their ring-substituted
derivatives. The cyclopentadienyl complexes are synthesized in moderate yields from
the reaction of [M(CO);] with NaCp in the presence of HgCl, as shown in Scheme 7.9
[49]. Alternatively high yields of MCp(CO), can be obtained by oxidation of
[M(CO),]” with Cl, or HCI, which generates the aforementioned binuclear anionic
complex [M,(i-Cl);(CO)]', and subsequent reaction with LiCp [50]. The ring-substi-
tuted derivatives are generally prepared by Zn-promoted reductive carbonylation of
MCp’Cl, under 300-400 atm CO pressure (eq (17)) [S1a]. Successive introduction of
methyl groups

Zn
CO 300-400 atm

MCp'Cly MCp’(CO)4 + 2 ZnCl, (17)
in the ring seems to facilitate the reductive carbonylation. For tantalum, an improved
route to TaCp*(CO), (Cp* = pentamethylcyclopentadienyl) has been developed as
shown in eq (18), where Na/Hg reduction of TaCp*Cl, is attained under 1 atm CO in
the presence of PMe, [51b].

Na/Hg, PM
TaCp*Cl, Cog1 atme“ TaCp*(CO), + TaCp*(CO)s(PMes)
PMe; | Mg 47% 7%
TaCp'Cla(PMeg)y oo TaCp Cla(CO)p(PMes); ——o———> TaCp*(CO)s  (18)

66% 94% 65%
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MCp’(CO)5(PR3) (NbCp”)2(Asg)
Cp" = 1,3-tBUQC5H3
\ Asy decalin 170°C
Nag[MCp(CO)3] == MCp/(CO)y — MCp’(CO)s(THF)
[(PhsP):N]CI / THF RC=CR\ hv
[(Ph3P)aNJINbCp(H)(CO)3] NbCp(CO)»(RC=CR) etc.

M =Nb, Ta; Cp’=Cp, Cp* etc.

Scheme 7.10

Scheme 7.10 shows representative reactions of MCp’(CO), (Cp’ = Cp, Cp*).
Treatment of MCp(CO), with Na in liquid NH; generates Na,[MCp(CO),], while a
hydride complex of niobium [(Ph,;P),N][NbCp(H)(CO),] is formed upon reduction of
NbCp(CO), with Na/Hg in THF followed by a cation exchange with [(Ph,P),N]CI [52].
Upon refluxing a decalin solution of MCp’(CO),, the carbonyls are replaced by
polypnictogens such as As, [53]. Photosubstitution reactions of MCp(CO), readily
occur with various phosphines and diphosphines to give MCp(CO);PR; and
MCp(CO),(P-P), respectively. Likewise, photolysis of NbCp(CQO), in the presence of
alkynes leads to a series of alkyne complexes, NbCp(CO),(RC=CR), NbCp(CO)
(RC=CR),, and [NbCp(CO)(u-RC=CR)], [54]. The analogously prepared THF
adduct, NbCp(CO),(THF), serves as another useful precursor which, for instance,
reacts readily with H,S and CH,SH to give the dinuclear sulfide and thiolate complex-
es (eq (19)) [55]. Interestingly,

HoS INbCp(CO)olo(u-S)n  (n=2, 3)

NbCp(CO)3(THF) (19)

M [NbCp(CO)2o(1-SMe),

NbCp(CO),;(THF) can be handled at ambient temperatures, although the vanadium
analog VCp(CO);(THF) is unstable and decomposes above 20 °C,
Cyclopentadienyl/chloride complexes of the types MCp’Cl, and MCp’,Cl, are
extremely versatile starting materials for organoniobium and organotantalum chem-
istry with the oxidation states of +5 and +4. A large number of interesting derivatives
have been prepared from these chloride complexes. The first convenient syntheses of
the tetrachlorides, which appeared in 1977, employed 1 equivalent of tin reagents, as
shown in eq (20) [56a,b,c]. It was later found that corresponding trimethylsilyl reagents
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MCls + SnCp’Bus \
(20)

MCp’Cl,
MCls + Cp'SiMes ——

M=Nb, Ta; Cp’=Cp, Cp* etc.

(1 equivalent) react readily with the pentachlorides to give Mcp’Cl, [56d.¢]. If the anal-
ogous reactions are carried out between NbCl; and an excess of sodium or lithium
salts of cyclopentadienyl, biscyclopentadienyl chloride complexes NbCp,Cl, tend to be
formed (eq (21)) [S6a,b.f,g]. These sodium and lithium salts promote reduction of the
metals. Alternatively, niobocenedichloride can be prepared from the reaction of NbCl,
with two equivalents of the tin reagent, or by use of the pre-reduced Nb(IV) chloride,
NbCl(THF),[56h]. The tantalum complex, TaCp,Cl,, is available by basically similar
preparative routes.

NbCls + excess NaCp NbCpoCl,
NbCls + 2 Sn(MeCp)Bus Nb(MeCp)-Cl, (21)
Al THF 2 LiCp

NbCls(THF),

NbC|5 NbCng|2

Addition of NaBH, to the NbCI/LiCp* reaction system generates NbCp*,BH,,
which provides a convenient entry to NbCp*,Cl, and NbCp*,H, as shown in Scheme
7.11 [57a). This strategy does not apply to the preparation of the Ta congeners.
However, reduction of TaCp*Cl, with magnesium in the presence of PMe, gives rise to
TaCp*Cl(PMe;), and the subsequent replacement of one chloride with Cp* leads to
TaCp*,Cl,. This method allows us to synthesize the mixed-ring complex TaCp*Cp’Cl,
by substituting an appropriate cyclopentadienyl derivative for KCp* [57b).

NbCp*2H3
Py
H, 1 atm
. NaBH,4
NbCls; + excess LiCp* *
5 P OVE NbCp*BH,
HCI
NbCp*QCIQ
TaCp*Cls + PMes TaCp*Cl(PMes) TaCp*CpCls
KCp*
LiAIH,

TaCp*,Cly, —— TaCp*sHj

Scheme 7.11
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The trihydride structure of MCp’,H; is unique to niobium and tantalum. The bent-
metallocene fragment of these metals appears to be ideal for accommodating three
hydrides because of the favorable oxidation state of +5 and perhaps because the void
created at the equatorial girdle has the right size for three hydrides. The compounds
can be easily handled and yet show interesting reactivity. The trihydrides continue to
serve as important starting compounds for a wealth of chemistry. Scheme 7.12 shows
their transformation to some useful precursors and to heterometallic clusters
[56b,57,58].

As was mentioned earlier, the monocyclopentadienyl and biscyclopentadienyl com-
plexes of niobium and tantalum constitute an extensive array of organometallic deriv-
atives. An epoch-making example of this class is a series of tantalum alkylidene
complexes which attracted attentions as prototypes for the formation of metal-carbon
double bonds by metal atoms in high oxidation states. Many synthetic routes to the
alkylidene complexes have been developed, a-hydrogen abstraction from an alkyl lig-
and being a common strategy. For instance, dehydochlorination of TaCp*(CH,Ph),Cl,
and TaCp’(CH,Ph});Cl occurs by thermolysis (or photolysis) and by addition of
Ph,P=CH,, respectively, to afford corresponding alkylidene complexes (eq (22)) [59].

, PhsP=CH, ,
TaCp'(CHaPh)sCl ——5—osr—— TaCp'(=CHPh)(CH,Ph)
(22)
A orhv .
TaCp*(CH2Ph)2Cl ™ —to1uena = TaCp*(=CHPh)C;

The bulkiness of the cyclopentadienyl group is probably a factor which promotes
activation of a C—H bond at the o position. Thus, addition of LiCp* to a solution of
Ta(CH,Ph),Cl, results in formation of TaCp*(—CHPh)(CH,Ph)Cl, while the reaction
of TaCp*Cl, with 4 equivalents of Li(CH,SiMe;) gives TaCp*(=CHSiMe;)
(CH,SiMe;), [60]. Another interesting route is decarbonylation of TaCp*,(CO)Me by
photolysis, which produces TaCp*,(=CH,)H (eq (23)) [61]. The immediate product of

HCI

MCp*2(H)(CHo=CHy) MCp*2(H)(CO) MCp*5(CINCO)
CH.=CH, -H, co /-H»
Na[NbCpoHy] ~—2H — MCpHy —22298% 1aGpy(n3-CH,CHCHMe)
Fe(CO)s/ ZnCp;
NbCp2(CO)(u-H)Fe(CO)q [NbCpaHz]a(p-Zn)

M = Nb, Ta; Cp’ =Cp, Cp*

Scheme 7.12
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this reaction could be the coordinatively unsaturated methyl complex, and it is in equi-
librium with the methylene complex.

TaCp*»(CO)Me [TaCp*,Me] —=—> TaCp*s(=CH)H (23

Vv
-CO

Reactivity characteristic of alkylidene complexes of tantalum is that the o-carbon is
susceptible to electrophilic attack, in contrast to the electron-deficient a-carbon of
Fischer-type carbene complexes of group 6 transition metals [62]. Based on this unique
property of the alkylidene metal-carbon double bond, a range of new types of reac-
tions has been developed. The discovery of the alkylidene complexes of tantalum was
a key to understanding the mechanism of olefin metathesis, and they continue to play
important roles in C—H bond activation, alkyne polymerization, and ring-opening
metathesis polymerization.

Introduction of bulky aryloxides and alkoxides as auxiliary ligands added a new fla-
vor to the chemistry of niobium and tantalum. Reactions of MCI, with hydroxide and
small alkoxides usually lead to oligomeric or polymeric structures which are difficult to
characterize. However, use of bulky OAr (or OR) groups allows access to monomeric
chloride/ aryloxide (alkoxide) complexes M(OAr),Cl;_,. For instance, treatment of
TaCl; with an excess of 2,6-di-tert-butylphenoxide leads to Ta{O(2,6-C¢H,'Bu,},Cl;,
while a similar reaction with less bulky 3,5-dimethylphenoxide gives
Ta{O(3,5-C;H;Me,}; [63]. On the other hand, TaCl; reacts with 2 and 3 equivalents of

Ta(OAr),Cls Ta(OAr)s(=NAr{N(A)CH,CH,Ph}
2 LiR A
/R: CH.Ph
Ta(OAr):R3 2 ArNC > Ta(OAr)s(R)m2-ArN=CR),
OAr = O(Q,G-CaHaMeg)
R =Me 7 days \_ 1 =Me
OAr = 0(2,6-C6H3lBU2)
A |-CH, Ta(OAr')o(=NAr{N(Ar)CMe=CMe5}
Ar’
0]
Me ... Tla O
Me™ | Y S T|
_ a
0 CHa Me™™ |
O

Scheme 7.13




NIOBIUM AND TANTALUM COMPLEXES 117

Ta(silox)sCly

Na/Hg l -2NaCl

. H 1/2 CO
Ta(silox)zHz 2| Ta(silox)g | ——— 1/2 Ta(silox)30 + 1/4 [Ta(silox)alz(n-Co)

w/ W\ T
7 /

silox silox
Ta(silox)z N
silox —Ta .. Ta— silox
/ l .. \ '
/N silox silox
Ta
e | >~
silox silox
silox
Scheme 7.14

Na-silox (NaOSi'Bu,) to yield Ta(silox),Cl; and Ta(silox);Cl,, respectively [64]. Some
intriguing reactions of these complexes are of note.

The alkyl/aryloxide complexes Ta{0(2,6-C.H;Me,)},R; (R = Me, CH,Ph), prepared
by reactions of the corresponding trichlorides with LiR, undergo migratory insertion
of 2 equivalents of arylisocyanides (CNAr) to give the bis(n*-iminoacyl) complexes.
The benzyl complex thermally generates the mixed imido/amido complex Ta{O(2,6-
C¢H;Me,)} ,(=NAr){N(Ar)CH,CH,Ph}, presumably via n’-imine/n*-iminoacyl inter-
mediate and subsequent transfer of a-hydrogens of the n*imine to the n’-iminoacyl.
When a solution of the methyl complex was allowed to stand for 7 days,
Ta{O(2,6—C6H3Mez)}2(:NAr){N(Ar)CMeICMez} was isolated, which was thought
to be formed via iminoacyl-imine coupling followed by an electrocyclic rearrangement.
Thermolysis of a similar trimethyl complex Ta{0(2,6-C(H,'Bu,)},Me; resulted in
interesting two sequential C—H bond activation processes of the 'Bu groups that gen-
erated methane and mono- and bis(cyclometallated) products.

Reduction of Ta(silox);Cl, with Na/Hg leads to a three-coordinate alkoxide com-
plex Ta(silox);. The coordinatively unsaturated tantalum complex is capable of cleav-
ing H, and O, bonds resulting in the hydride and oxo complexes as illustrated in
Scheme 7.14. Carbon monoxide is also split upon carbonylation of Ta(silox); generat-
ing the oxo and p-dicarbide complexes. This reaction models the C—O bond cleavage
and C—C bond formation believed to occur in the Fischer-Tropsch reaction, and the
ketenylidene complex Ta(silox),(=C=C=—0) was postulated as the key intermediate.
On the other hand, when Ta(silox), was treated with pyridine and benzene, remarkable
n’-coordinated complexes were formed.

7.5 Synthesis of Niobium and Tantalum Compounds

All the procedures must be conducted under inert atmosphere using dry solvents.
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(1) Hexacarbonylniobate and hexacarbonyitantalate(-I), [M(CO),] (M = Nb, Ta) [45]

CO / "BusNBr
DME, 50 ~ —70°C . ['BU4N][M(CO)g] (24)

M = Nb, Ta; Np = naphthalenide

MCiz + Li(MeNp) or LiNp

The traditional methods for preparation of the title carbonyl complexes involved very
high-pressure reductive carbonylations of the pentahalides. On the other hand, the
present method, developed by J. E. Ellis ez a/, provides a series of hexacarbonylmeta-
lates efficiently using atmospheric carbon monoxide.

Freshly sublimed TaCl; (20.1 g, 56.1 mmol) is slowly added to 300 mL of vigorously
stirred DME in a three-necked round-bottomed flask held at 50 °C. Rapid addition of
TaCl; must be avoided, because the exothermic reaction causes strong local heating. In
another reaction vessel, 12 mL of 30% lithium dispersion (6.5 equivalents of Li) in
mineral oil is transferred by syringe to a DME (425 mL) solution of 1-methylnaphtha-
lene (55 mL) at 0°C. The deep green (or black) Li-MeNp mixture is stirred for 2.5h,
during which time the solution gradually warms to room temperature. Then the solu-
tion is cooled to —60 °C with stirring. To this cold Li-MeNp solution, the aforemen-
tioned DME solution of TaCl; at —60°C is added via a large diameter cannula.
Immediately after the addition of the TaClj, color of the solution becomes deep-red
brown. Carbon monoxide is bubbled into the solution through a Nujol bubbler vent,
first vigorously for 1h and then relatively slowly for 14 h. The temperature must be
maintained low at —60 °C during the carbonylation reaction. The resulting very dark
solution is filtered into a flask containing "Bu,NBr (18.2 g, 56.1 mmol) to give a dark
solution. Removal of DME from the solution by a rotary evaporator at 30-50°C
leaves nearly black tar, which is then triturated and washed with pentane (5 x 200 mL)
until it solidifies to a brown yellow solid. The solid is dried in vacue and recrystallized
from 95% ethanol/acetone (100 mL each). Addition of water (300 mL) facilitates pre-
cipitation of the product, which is filtered and washed with water and dried in vacuo to
give ["Bu,N][Ta(CO)] (18.0 g, 54%).

If lithium naphthalenide is used in place of Li-MeNp, a bright orange solution is
obtained after a cation exchange with "Bu,NBr. Addition of excess pentane to this
solution often gives the product as a homogeneous yellow solid.

A series of complex salts of {Ta(CO),] and [Nb(CO),] are synthesized by similar
procedures described above. For the details, see [45]. The Nujol mull IR spectra in the
v(CO) region exhibit a very broad asymmetric absorption band, while the spectra in
polar solvents show one relatively sharp intense band. All the complexes are very oxy-
gen sensitive in solution, while the solid samples can be handled in air for brief periods
of time.

Complex v(CO)(cm 1 mp, (°C)

["Bu,NJ[Ta(CO),] ~1835 (s, br), 1863 sh (Nujol mull) 117-118
1860(s) (in CH,CN)

[Et,N][Ta(CO),] ~1835(s, br), 1875 sh, 1851 sh 142 (darkened)
(Nujol mull) >190 (dec.)

(continued)
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Complex v(CO)(cm™) mp, (°C)
Na[Ta(CO)q) 1874(m), 1835(s, br) (Nujol mull) pyrophoric
1860(s) (in CH;CN)
[Na(diglyme)][Ta(CO),] 2015(w), 1835(s, br) (Nujol mull) 170-172 (dec.)
[PPh,][Ta(CO)} 1859(s, br) 1837(s, br) >170
(Nujol mull)
["Bu,N][Nb(CO),] ~1830(s, br) (Nujol mull) 116-117
[Et,N][Nb(CO)] ~1837(s, br) (Nujol mull) >140 (darkened)
1860(s) (in CH,CN)

[Na(diglyme)][Nb(CO),] 2015(w), 1834(s, br) (Nujol mull) 146-149 (dec.)

(2) Tetrachloro(n’-pentamethylcyclopentadienyl)niobium(V) and
Tetrachloro(n’-pentamethylcyclopentadienyl)tantalum(V),
M(n*-CsMes)Cl, (M = Nb, Ta) [56]

(Method 1)

MCls; + "BusSn(CsMes) w7 M(n5-C5Me5)CI4
CHoCl

(25)
(Method 2)
MCls + MesSi(CsMes) M(n®-CsMes)Cly

M =Nb, Ta

toluene

Tetrachloro(cyclopentadienyl) complexes of niobium and tantalum, and their ring-
substituted derivatives can be prepared by two general methods. One method uses tin
reagents of cyclopentadienes and the other uses trimethylsilyl reagents, which are
reacted with niobium or tantulum pentachloride. Here the former method (Method 1)
is described for the synthesis of Ta(n’-C;Me,)Cl, , and the latter (Method 2) for the
synthesis of Nb(m’-CsMe;)Cl,.

(Method 1) The mixture of preformed sodium pentamethylcyclopentadienide (7.9 g,
50 mmol) and n-Bu,SnCl (16.3 g, 50 mmol) in 400 mL of toluene is stirred at 20 °C for
4 days followed by filtration to give a light yellow-orange filtrate. The solid remaining
on the filter is washed with three 50 mL portions of toluene. All filtrates are combined
and the solvent is removed in vacuo resulted in yellow-orange liquid. This liquid is dis-
tilled at 0.005 torr and the fraction between 115 and 120 °C is collected to yield (n-
Bu,)Sn(C;Me;) as a light yellow-orange liquid (16.7 g, 78% ).

Properties: 'H-NMR (8): 1.86 (s, Cs(CH,),), satellite peaks with J(Sn-H) 17 Hz, 0.92
(m, C,Hy,), 1.38 (m, C,H,). Air- and moisture-sensitive.

A TaCl; (3.2 g, 8.9 mmol) suspension in CH,Cl, (100 mL) is maintained at —78 °C. n-
Bu,Sn(C;Mes) (4.3 g, 10.1 mmol) is then added to the suspension with stirring, and the
mixture is allowed to warm to room temperature and stirred for 24 h. During this time
the color changed from light orange-yellow to deep red brown. Removal of the solvent
under reduced pressure resulted in the red-brown solid, which is washed several times
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with light petroleum ether and is recrystalized from chloroform and petroleum ether to
yield Ta(n’-C;Me;)Cl, as bright yellow-orange crystalline solid (3.9 g, 95 %).

(Method 2) By use of a pressure-equalized dropping funnel, SiMe,(C;Me;) (0.9 g, 4.3
mmol) is added to a stirred solution of NbCl; (1.1 g, 4.1 mmol) in toluene at 80 °C.
The mixture is stirred at 100 °C for 2h and the solvent is evaporated to dryness. The
resulting solid is washed with two portions of hexane (40 ml) and dried in vacuo to
give analytically pure Nb(n’-C;Me;)Cl, as dark-red microcrystals. Yield 70 %. Mp
145 °C.

In the case of the synthesis of Ta(n’-C;Me;)Cl,, the reaction of SiMe,(C;Me;) with
TaCl; in hot toluene gives rise to the product as an orange-yellow precipitate, which
can be readily separated by filtration followed by washing with toluene.

(3) Tetracarbonyl(n’-pentamethylcyclopentadienyl)tantalum(l),
Ta(n*-CsMes)(CO), [51b]
CO

Ta(n5—C5Me5)CI4 + PMej + Na/Hg THE —9a°C

Ta(n®>CsMes)(CO)s  (26)

Trimethylphosphine (0.084 g, 1.1 mmol) is vacuum condensed from a graduated cold
finger onto a mixture of Ta(n’-CsMe;)Cl, (0.5 g, 1.1 mmol) and sodium amalgam (22.5
g, 0.5% w/w, 495 mmol) in THF (40 ml) cooled to —-94 °C in a thick-walled 150 ml
Rotoflo glass ampoule. Then 1 atm CO is introduced into the vessel and the mixture is
allowed to warm to room temperature with stirring. In 1h, the color of the solution
turns red-brown. After refilling with 1 atm CO at -94 °C, the mixture is stirred at room
temperature for a further 20 h. The color of the solution turns further from purple to
brown and finally to orange-brown. The volatile components are removed in vacuo and
the residue is extracted into toluene (80 mL). Filtration of the resulting orange solu-
tion, concentration of it to 10 mL, and subsequent cooling to —78 °C, generates Ta(n’-
CsMe)(CO), as orange crystals. Yield 47 % (0.22 g). The remaining filtrate after this
recrystallization contains a side product Ta(n’*-CMe )(CO),(PMe,) in ca. 7 % yield.

Properties: IR(THF solution, CsI, em'): 2020 (s), 1905(s, br). '"H-NMR (CDCl,,
25°C, 6): 2.14 (s, C(CH,)).

(4) Bis(n’-pentamethylcyclopentadienyl)niobium(V) tetrahydroborate,
Nb(n°-CsMe;),(BH,) [57a]

NbCls + Li(CsMes) + NaBH,4 Nb(n3-CsMes)o(BH,) (27)

DME, 80°C
To a dimethoxyethane slurry (250 ml) of Li(C;Me.) (31.4 g, 0.22 mol) is added NaBH,
(22.7 g, 0.68 mol). The slurry is cooled to —80 °C, and NbCl, (27.0 g, 0.10 mol) is slow-
ly added over a 30 min period with stirring under an argon flow. The resulting brown
mixture is allowed to warm to room temperature and then heated to reflux for 3 days.
The volatile components are removed under reduced pressure and the purple residue is
sublimed at 120 °C, 10 * Torr. The green sublimate is separated and washed with petro-
leum ether, and then sublimed again under the same condition to give Nb(n’-
C,Me,),(BH,) as a green solid. Yield 12.1 g (32 %). mp. 239-241 °C.
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Properties: IR(Nujol mull, cm™): 2716(w), 2452(s), 2428(s), 2312(m), 1728(w),
1620(m), 1516(m), 1483(s), 1417(m), 1390(w), 1171(s), 1028(s), 864(s), 798(w), 420(m).
'H-NMR (benzene-d,, 8): 1.67 (s, Cs(CH5)5), 5.2 (s, br, BH,), —-18.2 (s, br, BH,).

(5) Tris(hydrido)bis(n’-pentamethylcyclopentadienyl)niobium(V),
Nb(n*-CsMe;),H, [57a]

H
Nb(ﬂS-CsMe5)2(BH4) + C5H5N tolufme Nb(n5-C5Me5)2H3 + C5H5NBH3 (28)

To a toluene solution (10 mL) of Nb(n*-C;Me;),(BH,) (5.61 g, 14.8 mmol) is added
pyridine (15 mL) at -196 °C. The solution is allowed to warm to room temperature, to
which 1 atm of H, is added. After stirring for 8 h, the resulting red solution is filtered
and cooled to prduce a light pink solid. Washing the solid with cold petroleum ether,
and subsequent recrystallization from octane and petroleum ether under 1 atm of H,
gives the white product Nb(n’>-CsMe;),H,. Yield 78 %o.

Properties: IR(Nujol mull, cm™): 1752, 1697, 1027, 773. 'H-NMR (benzene-d,, 8): 1.81
(s, Cs(CH,)s), —2.31 (d, br, *Jyy,; = 4 Hz, NbH,H), -1.23 (t, br, NbH, H).
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8 Group 6 (Cr, Mo, W) Metal
Compounds

| T. Ito, Yokohama National University

8.1 Introduction

All three metals belonging to the group 6 triad display a wide variety of oxidation
states ranging from -2 to +6 although the first row element chromium differs some-
what in its chemistry from the other members of the triad, molybdenum and tungsten.
For instance, chromium compounds with the +2 valency state are ubiquitous, whereas
such compounds of molybdenum and tungsten structurally differ from Cr com-
pounds. Furthermore, although paramagnetic d® complexes of Cr(III) are stable, very
few such complexes of Mo and W have been reported. Chromocene, Cp,Cr (Cp =
1°-CsHs), can be isolated as a stable solid at room temperature, whereas the corre-
sponding compounds molybdenocene and tungstenocene can only be detected as
highly reactive intermediates. It is intriguing also that the low-valency complexes with
the phosphine ligands, e.g. [ML,(PR,),] (L = alkenes, alkynes), which are fairly ubiqui-
tous for molybdenum and tungsten, has not been so popular for chromium.

Organometallic compounds of group 6 transition metals may be divided into the
following six categories.

8.2 The Homoleptic Alkyl and Aryl Complexes and the Related
Compounds

Rather limited numbers of homoleptic alkyl or aryl complexes of the group 6 metals
have been reported since it is usually difficult to attain an 18-electron configuration by
summing d° electrons of the central metal and the ligand electrons of alkyl or aryl lig-
ands which donate one electron each to the metal center. Coordinatively unsaturated
homoleptic alkyls (or aryls) of the type MR, (M = Cr, Mo, W) are known for alkyl lig-
ands lacking B-hydrogens such as R = Me, CH,'Bu, or CH,SiMe; [1]. X-ray structure
analysis of the tolyl complex Mo(o-tolyl), revealed that the complex possesses a slight-
ly distorted tetrahedral geometry [2]. In the case of tungsten, octahedral hexamethyl-
tungsten(VI), W(CH,),, has been synthesized by the transmetallation reaction using
trimethylaluminum (see Section 9.8 (1))[3].

Synthesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Ltd
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8.3 Complexes with One or More Carbonyl Ligands

The octahedral complexes of the type M(CO), (M = Cr, Mo, W) are air-stable,
hydrophobic white crystalline solids which are readily sublimable under vacuum. They
are very slightly soluble in non-polar solvents and are slightly soluble in polar solvents
such as THF and CHCI,. Some physical and structural properties of M(CO), are sum-
marized in Table 8.1 [4].

The hexacarbonyls, M(CO),, are convenient starting materials for a variety of syn-
theses. One or more CO ligands can be displaced by Lewis bases such as tertiary phos-
phines, isonitriles, and amines, and the products undergo oxidative addition to give
Mo(1I) species. Representative reactions of molybdenum hexacarbonyl are summa-
rized in Scheme 8.1. Since CO is a good n-accepting ligand, good o-donors such as ter-
tiary phosphines, amines or ethers usually displace at most three CO groups from
M(CO),.

Table 8.1 Representative Data for the Physical and Structural Properties of M(CO), [4]

Cr(CO), Mo(CO) W(CO),
Molecular weight 220.06 264.00 35191
Vapor pressure, Torr/°C 1.63/50 0.27/30 0.35/50
58.9/100 42.8/100 14.1/100
Melting point, °C (under air) 130 (dec.) 150 (dec.) ca. 150 (dec.)
(under vacuum) 150(2) 146(2) 166
M—C bond energy, kJ mol™ 107 151 179
Bond length, A (M—C) 1.915(1) 2.063(3) 2.058(3)
(C—0) 1.140(1) 1.145(2) 1.148(3)
IR (gas) W(CO), cm™! 2000.4 2004 1998
2) 3) 6)
Na{(n5-CsHs)Mo(CO)s] [{(Mo(CO)s}a(p-H)I- [Mo(CO)s(0:CR)I
A
NaBH4
NaC5H5 RCOZ—
o 10 (4K, THF j Hacac . 7)
[Mox(CO) o]~ == [Mo(CO)e] J > [Mo(acac);]
A4 H,C = CHCH,4

CsHs HCECH
10) 8)
[Mo(CO),(n*-C4Hpg)] [Mo(CQ)s5(n2-C3Hg)]

P [Mo(CO)s(n2-CsHa)]

[Mo(CO)3(n®-CeHe)

Scheme 8.1 Representative Reactions of [Mo(CO), (Hacac = 2,4-pentanedione).
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8.4 Carbene and Carbyne Complexes

Compounds with metal-carbon double bonds, which are now known as carbene com-
plexes, were first recognized in 1964 when E. O. Fischer and A. Massbol reported the
syntheses of (OC)sM=CR(OR") (M==Cr, Mo, and W)[13]. This type of carbene com-
plex, which features a low oxidation number of the central metal and heteroatom(s) on
the a-carbon, is called a Fischer-type carbene complex and is prepared typically by the
following reaction starting from the hexacarbonyls (eq. (1)).

O~ Li* OR’
i / R+ /

(0C)sM—CO —=w (0C)sM=C’_ e (0C)sM=C_ (1)
R R

Another type of carbene complex is characterized by a high oxidation state of the
central metal and an a-carbon atom that does not usually bear a hetero atom. It is
called an alkylidene complex or Schrock-type complex, since R. R. Schrock first
synthesized a tantalum complex of this type [14]. Formation of the tantalum carbon
double bond is based on the a-elimination reaction of a neopentyl ligand as shown in

eq.(2).
Bu!

LiCHoBU! —MeBu
iCHzBu (BUrCHQ)QTa H L (BUtCH2)3Ta:< (2)
H

(Bu’CH2)3TaCI2
But
A tungsten complex which possesses all three types of metal-carbon bonds, single

(alkyl), double (alkylidene), and triple bonds (alkylidyne) has been prepared as shown
in ¢q. (3) and structurally characterized [15].

But Megﬁ) /BUt
6 LiCHoBu’ 4PM \ -
WClg ~————» [(BUICH,);W=CBu], — 2 CH—WZ
| Sc—But

The stability of Fischer-type carbene complexes is explained in terms of the reso-
nance hybrids shown in Scheme 8.2 in which the unshared electron pairs on the

!0-R ‘O-R’ ®0O-R’
PR o PR @
M=— N M—C\@ - M— N
R R
A R B C

Scheme 8.2 The Canonical Forms of Fischer Carbene Complex.
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heteroatom play an important role. The presence of the canonical form B suggests that
the carbene carbon atom should be electrophilic.

A Schrock-type diphenylmethylidene complex has been prepared by nucleophilic
attack of phenyl lithium at the carbene carbon of the Fischer-type methoxyphenylcar-
bene complex (eq. (4)), which demonstrates the electrophilic nature of the carbene car-
bon in Fischer-carbene complexes [16, 17].

OMe
©
(OC)5W—(|3 —Ph| Li
Ph

Ph
W, oc)w=c! @
-78 °C Ph

OMe  pp;

(OC)S\N:C\Ph o

The carbene carbon atom in high oxidation state complexes of Schrock-type car-
benes, by contrast, shows nucleophilic behavior. The bonding mode of these two types
of carbene complexes may be schematically represented as shown in Scheme 8.3.

Studies on these carbene complexes, especially those of the Schrock type, have
attracted special interest in connection with the mechanism of catalytic olefin metathe-
sis reactions. The formation of metallacyclobutane intermediate from the oxidative
cycloaddition reaction between carbene complex and olefin was found to be an impor-
tant key step in the catalytic cycle (eq. (5)).

R
M=/ M——CH-R M R
+ _— I I _— J + ( &)
Ly ‘R~C—C—R’ R R’
‘R R H H

Recently special interest in the Schrock carbenes, especially those of Ta, Mo, W, Re,
and Ru, have been focused on the stereospecific polymerization of the cyclic olefins or
dienes which is called a ring opening metathesis polymerization (ROMP). A typical
example of ROMP is shown in the following equation [18].

H
C
X “Mo=C(H)R” Mo \Bu’
- n
7 X (6)
X X

“Mo=C(H)R" = N H X =CFs COMe

! \\“"Mo ~
Bu!CH,O Bu!
BUtCHQO
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o2 (singlet carbene) oln! (triplet carbene)
(A) (B)

Scheme 8.3 Bonding Mode in the Fischer Carbenes (A) and the Schrock Carbenes (B).

8.5 Complexes with n°-cyclopentadienyl Ligand(s)
P

Complexes of the group 6 transition metals containing n’-cyclopentadienyl ligand, n’-
C,H; (hereafter abbreviated as Cp), may be classified roughly into two categories: one
is those which contain only one Cp ligand of the type CpML,, which are often called
“half sandwich” or “piano stool” complexes, the other is those which possess two Cp
ligands of the type Cp,ML,. which generally have a wedge-shaped bent metallocene
structure,

Typical examples of the half sandwich type Cp complex are anionic zerovalent
metal complexes of the type [CpM(CO),]” and their binuclear derivatives
[Cp,M,(CO)] [12, 19]. Starting from the anion [CpM(CO),]", a variety of complexes
have been derived, including the neutral hydrides, CpMo(H)(CO),;, alkyls,
CpM(R)CO);, [12] and the cationic allyl or diene complexes, [CpMo(n’-
C,H,)(NO)(CO)]" [20, 21] or [CpMo(n*-CH(CO),]" [21, 22]. The stereochemistries
of nucleophilic attack on the last two complexes have been extensively studied [23].
Permethylcyclopentadienyl of these complexes, e.g. (n°-CsMes)Mo(H)(CO);, [24], have
also been extensively reported.

As mentioned above, the only simple ferrocene analogue of the group 6 metals that
can be isolated is chromocene, Cp,Cr, which is prepared by the reaction of Na*Cp

o7 |T =27 0g 0 <<

| , CO I
Mg /'\l’I M N
oc” \ oc /% oC” /=R
cO oc CO [/ N oc CO

MO\L' 2 MO"&// _ 0\
OC\\-“ % OC\«‘ / oC I B H
NO co oc CO

Representative half sandwich complexes of Cr, Mo, and W.



130 GROUP 6 (CR, MO, W) METAL COMPOUNDS

with CrCl, [19, 25]. The chromocene thus obtained, the electron count of which is 16e,
forms red, air-sensitive, paramagnetic needles; mp 173 °C, pq = 3.20 B.M. (the calcu-
lated spin only value for two unpaired electrons is 2.83 B.M.). In the case of molybde-
num or tungsten, this type of metallocene is not isolable and the dihydrido derivatives
of the metallocene, Cp,MH, (M = Mo, W), are most commonly used as starting mate-
rials for the synthesis of a wide variety of molybdenocene and tungstenocene deriva-
tives (see below) [26, 27].

Since the bent metallocene derivatives Cp,MH, (M = Mo or W) have three orbitals
as shown below, the d* electron pair of Mo(IV) occupy one of three orbitals; thus these
compounds behave as Lewis bases and are easily protonated with acids such as acetic
acid, HCI, [26] or p-toluenesulfonic acid [28] to give the cationic trihydrides,
[Cp,MH,[".

@ =y 2 =g o
K™ N X\
Neutral molybdenocene derivatives coordinated with tertiary phosphines,

Cp,Mo(PR;) (R = Ph, Et, cyclo-C{H, |, n-Bu, OEt) have been prepared from Cp,MoH,
by the reaction steps shown below (eq. (7)-(9)) [29].

CpaMoHz + TsOH-HO =90~ CpoMoH(OTs) + Hy + HO0  (7)

CpzMoH(OTs) + PR3 = [CpsMoH(PR)]*TsO- )

[CP2MOH(PR3)*TsO~ + NaOH == CpoMo(PRg) + NaOTs + H,0 (9

R = Ph. Et, cyclo-CgHq4, n-Bu, OEt

Green et al. have reported that dihydridotungstenocene, Cp,WH,, on irradiation
with a medium pressure lamp in benzene, afforded the hydridophenyl derivative as a
result of the aromatic intermolecular C—H activation by the photochemically gener-
ated intermediate tungstenocene (eq. (10)) [30].

H
CpaW (10)

&

CpaWH —— {Cp,W }

8.6 Arene Complexes and Other t-complexes

Sandwich complexes of the type (n°-arene),M and the half sandwich complexes (n°-
arene)M(CO), are the representative of this class. As an arene ligand, benzene as well
as biphenyl, naphthalene, and their derivatives are often employed. The preparation of
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(n-C,H,),Mo and (n*-C{H;OCH,)Cr(CO); will be described as typical examples in the
later section. Mixed cyclopentadienyl-arene complexes have also been synthesized as
shown ineq. (11)[31].

EtAICl, Nagsgo4 @ Q
l Jf () o, S Qo a

Complexes of the type (n°-arene)Cr(CO)3 are very important from the viewpoint of
selective organic synthesis involving aromatic substitution reactions since the tricar-
bonylchromium moiety attached to the arene ring can modify its reactivity. Interesting
stereo- and regioselective organic syntheses have been developed based on the specific
properties of (n°-arene)Cr(CO), [32]. A typical example of nucleophilic substitution
on the aromatic ring by a carbanion is shown in eq (12).

H
< = - R
é r (I; r oxidation © (12)

oc” | “co oc” L >co
co 7 co

The following homoleptic n-allyl complexes of the group 6 metals are known, the
paramagnetic Cr(n’-C,;H;),, diamagnetic M(n'-C,Hs), (M = Mo, W), and dimeric
M,(n*-C,Hs), (M = Cr, Mo) [33]. They are highly air-sensitive solids; X-ray analysis of
Mo,(n*-C,Hy), has shown that it has two terminal and two bridging allyl ligands [33b].
Mo(n*-C,H,); is an example of a homoleptic diene complex which has been prepared
by metal-vapor synthesis directly from metallic molybdenum and butadiene [34].

N
<<—M0—Mo )) £> M@Bj

Structure of Moz(rr -C3Hs)y Structure of Mo(n*-C4Hg)3

87 Organometallic Complexes with Tertiary Phosphine Ligands

In contrast to the late transition metals, especially group 10 metals, which form a large
number of alkyl or aryl complexes stabilized with tertiary phosphine ligands, few com-
plexes of this type are known for group 6 metals. Instead, various kinds of polyhydrido
derivatives or zero-valency metal complexes of molybdenum and tungsten stabilized
1 by tertiary phosphines with or without N, or CO have been synthesized. Examples are
MH,(PR;),, MH(CO)PR;);, M(N,),(PR;),, M(CO)(PR,)s ., M(alkene),(PR;).,
M(PMe;), (M = Mo or W); some will be described in detail in the following section.
Interestingly, very few analogous chromium complexes containing tertiary phosphine
ligands have been prepared.
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co

| WPRs
OC—W——r
rRP” | H

CO

Kubas, 1984 [35a]

Figure 8.1 Bonding mode in the °-dihydrogen complex [37].

The first known n*-dihydrogen complexes, so-called “non-classical” hydrido com-
plexes, were the molybdenum and tungsten compounds, M(CO),(PR,),(m*H,) (M =
Mo, W; R = ¢yclo-C¢H,,, i-Pr) isolated for the first time by Kubas [35]. In order for the
dihydrogen molecule to be able to coordinate to the metal without cleaving the H—H
bond, it is necessary that the back-donation of the ¢lectron from metal d orbital to the
antibonding o* orbital of the H, is minimized (Figures 8.1). This was shown by a com-
parison of the 7, values in the 'H NMR measurement in the two complexes,
MoH,(CO)R,PCH,CH,PR,), (R = Et and Ph). The T, value (370 ms) for the complex
with the more electron donating depe ligand (R = Et) is much longer than the value of
20 ms for the complex containing the more n-accepting dppe ligand [36].

8.8 Synthesis of Group 6 Metal Compounds

(1) Hexamethyltungsten(VI), W(CH.,), |38]

NMe,
WCl, + 6AI(CH,), . W(CH,), + 6AICH,),CI{N(CH,),}  (13)

To a suspension of tungsten(VI) hexachloride in isopentane (ca. 10 mL per 1 g of
WCly) cooled to -70 °C, is added dropwise trimethylaluminum (6 mols per mol of
WCl) during a period of 10-15 min with a vigorous stirring. (Caution:
Trimethylaluminum is a highly pyrophoric liquid (bp 126 °C, mp 15 °C) that reacts vio-
lently with air, water and alcohols. Special care should be paid so as to handle under a
rigorously air- and moisture-free atmosphere.) After the addition is completed, the
temperature of the system is raised gradually to room temperature. After stirring the
solution at room temperature for 15 min, the system is cooled again to —70 °C and an
excess of N(CHa), is added carefully. A slurry of AI(CH,),Cl{N(CH,),} is found with
evolution of heat. After the exotherm has ceased, the system is filtered at —70 °C and
the volume of the deep reddish orange filtrate is reduced to half by evaporation under
reduced pressure. After cooling the concentrated solution at —70 °C, precipitated
AI(CH;),CI{N(CH,);} is filtered off to leave W(CH,), as a red oil. Yield 60-70%.
Although the purity of the oil is high enough for ordinary synthetic purposes, it is pos-
sible to purify the oil by recrystallizing it at —100 °C or by subliming it under a vacuum
to give red crystals. (Caution: The title complex is explosive at room temperature and
reacts violently with the air.)
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An alternative synthetic route employing methyllithium has been developed as fol-
lows [39].

WCI, + LiCH, — W(CH,), + 6LiCl (14)

To a suspension of tungsten(VI) hexachloride (12 g, 30 mmol) in diethyl ether
cooled at 20 °C is added dropwise methyllithium (90 mmol) during a period of 30
min. The resulting greenish brown solution turns to dark brown on raising the temper-
ature to room temperature. The solvent is removed by evaporation under vacuum at
about 0 °C and the residue is extracted with petroleum ether. The solvent is evaporated
off from the deep red extract under vacuum at —20 °C and the red crystals of W(CH;);
are vacuum sublimed onto a cold finger kept at -20 °C. Yield 40%.

Properties: red crystals when pure, which readily form an oil. Soluble in hydrocarbons
and can be sublimed onto a —10 °C probe. Upon warming to room temperature,
W(CH,), decomposes violently evolving methane and ethane. IR (CCl,): WC—H) =
2980, 2870 cm '; §(C—H) = 1395, 1090, 800 cm™; v(W—C) = 482 cm . '"H NMR
(toluene-dy) : 8(CH;) = 1.62 ppm (singlet with W-satellite, Jyc = 3.0 Hz).

(2) Pentacarbonyl{(methoxy)methylmethylene}chromium(0),
Cr(CO)s{=C(CH;}(OCH,)} [40,41]

Cr(CO), + CH,Li — Li[Cr(CO)(COCHS,)] (15)
Li[Cr(CO){(COCH,)] + [(CH;);0][BF,] = Cr(CO);{=C(CH;(OCH;)} (16)

In a three-necked, round-bottomed flask equipped with a nitrogen gas inlet, a gas out-
Jet with a paraffin bubbler, and a pressure-equalized dropping funnel, are placed
hexacarbonylchromium(0) (5.0 g, 22.7 mmol) and dry diethyl ether (100 mL). To the
stirred suspension is added dropwise a diethyl ether solution of methyllithum (1.0 M,
25 mL. 25 mmol) from the dropping funnel over a period of 15-20 min. As the reaction
proceeds, the color of the solution changes from yellow to dark brown while most of
the Cr(CO), dissolve. From the reaction mixture solvent is evaporated off under
reduced pressure to leave solid Li[Cr(CO);(COCH,)]. The solid is dissolved in water
(60-80 mL) and the solution is filtered. To the filtrate is added solid trimethyloxonium
tetrafluoroborate in small portions until the aqueous solution is neutralized. Care
should be taken not to make the solution too acidic, since the by-product HBF, may
react with the product. After addition of a small amount of Na,CO; to make the solu-
tion slightly basic, the carbene complex is quickly extracted with pentane. The extract
is dried with sodium sulfate, and the dried solution is concentrated to a volume of
20-30 mL on a rotary evaporator. Cooling to dry ice-acetone temperature causes the
carbene complex to crystallize. It is recrystallized from diethyl ether—hexane to give
yellow needles of pentacarbonyl{(methoxy)methylmethylene}chromium(O). 20¢g
(35%).

Following an essentially similar procedure, and allowing one of the carbene complex
to react with some nucleophilic reagent, a variety of the Fischer-type carbene com-
plexes of the type (CO);Cr=C(R)X (R = CH,, C,H,, C;H;, CH=CH,, C,,Hy,
C,H,N(CH,),, C,H,OCH,, CF;; X = OCH;, SCH,, OCOCH,, NH,, NHR’, NR’,, etc)
have been prepared [42].
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Properties: a dull yellow crystalline solid. mp 34 °C. Decomposes slowly in the air in
the solid state. Soluble in pentane, hexane, heptane, benzene, 1,4-dioxane, tetrahydro-
furan, chloroform, dichloromethane, and methanol. IR (cyclohexane): v(CO) = 2065,
1985, 1965, and 1950 cm™. '"H NMR (CDCl,): 8(CH,0) = 3.85 ppm, 8(CH;) = 2.30
ppm. "C NMR: §(Cr-C) = 362.3 ppm, §CO,,,) = 217.6 ppm, 8(CO,,,,,,) = 223.6 ppm.

(3) {n-Butyl(methoxy)methylene}pentacarbonylmolybdenum(0),
Mo(CO)s{=C(n-CH,)(OCH,); |42]

) CH,080,CF,
Mo(CO), + n-C,H,Li — Mo(CO)s{=C(n-C,H,)(OCH,)} (17)

To a suspension of molybdenum hexacarbonyl (0.53 g, 2.0 mmol) in diethyl ether (10
mL), cooled to 0 °C, is added a hexane solution (1.6 M) of #-butyllithium (1.25mL, 2.0
mmol). The mixture is stirred until all Mo(CO), has disappeared, when the solution
becomes reddish orange. Methyl trifluoromethanesulfonate (methyl triflate) (0.45 mL,
4.0 mmol) is slowly added to the solution. After the addition is completed, the solution
is stirred at 0 °C for 5 min. The reaction mixture is treated with saturated aqueous
NaHCO,, then extracted with hexane. The combined organic layer is dried over
MgSO, and chromatographed on silica gel to give Mo(CO)s{=C(n-C,H,)(OCH,)}.
0.38 g, 56%. Methyl fluorosulfonate CH,OSO,F can be used in place of CH;O0S0,CF;
to give the same product in yield of 54%.

When methyllithium and phenyllithium are employed in place of #-butyllithium,
the corresponding carbene complexes, Mo(CO),{=C(CH;}{OCH,)} and
Mo(CO),{=C(C,H;)(OCHS,)}, respectively, are obtained, though they are less stable
than the n-butyl analog and can not be obtained in a satisfactorily pure state.

The present preparative method involving direct methylation via addition of methyl
ester of fluoro or trifluoromethylsulfonate is superior to the conventional method such
as shown above in view of simplicity and reproducibility.

Properties: 'H NMR (CDCl,): 8(CH;0) = 4.68 ppm (s), 8(n-Bu) = 0.90 (t), 1.34 (sex-
tet), 1.51 1.43 (m), 3.24 (t) ppm.

(4) Bis(*-cyclopentadienyl)dihydridomolybdenum(IV), Mo(n*-CsHs),H, [26,43]

0 — O
@ + Na —HF Na+ +1/2 Hp (19)

THF
Mo(n>-CsHs)oHo

Since the product Mo(n’-CsH;),H, is highly sensitive to the air, the following proce-
dure should be conducted under dry, oxygen-free nitrogen or argon gas.
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Just prior to the synthesis of Mo(n’-CsH;),H,, cyclopentadiene should be prepared
by cracking dicyclopentadiene, the Diels-Alder dimer of cyclopentadiene. In a three-
necked, round-bottomed flask equipped with a nitrogen gas inlet, a reflux condenser,
and a pressure-equalized dropping funnel, is placed sodium dispersion (50% in paraf-
fin, 52 g, 1.14 mol) and the dispersion is rinsed 10 times with 100 mL of hexane to
remove paraffin. After being dried in a stream of nitrogen, the powdery sodium is
treated with dry tetrahydrofuran (THF) (350 mL) and the suspension is cooled to
-10 °C with an ice-salt bath. At the same temperature, cyclopentadiene (120 mL) 1s
added to the stirred suspension dropwise through a dropping funnel. After the addi-
tion is completed, the mixture is stirred at room temperature for 5 h.

To the THF solution of sodium cyclopentadienide (0.5 mol in 250 mL THF) thus
prepared is added sodium borohydride (10 g, 0.263 mol). To the stirred mixture, cooled
with an ice bath, is added slowly powdery molybdenum pentachloride (27 g, 0.1 mol)
with stirring. After addition is completed, the mixture is heated under reflux for 4 h.
The solvent is removed by evaporation under vacuum to leave a dark brown solid
from which the product dihydride is isolated by employing one of the following two
procedures.

(1) The residue is submitted to vacuum sublimation (ca 120 °C /10~ mmHg) to give
a yellow solid which is crystallized from diethyl ether-light petroleum at -78 °C.

(2) The residue is dissolved in 3M aqueous HCI and the resulting colorless solution
of [Mo(n’-C;H;),H;]"Cl is filtered. Neutralization of the filtrate with 2M aqueous
NaOH affords yellow dihydride which is collected by filtration.

The product thus isolated is purified by sublimation under a vacuum at 50 °C to give
yellow crystals of Mo(1’-C;H;),H,. Yield 30-50%.

An alternative method of preparation of Mo(n’-C;H;),H, employs metal vapor syn-
thesis, in which molybdenum atom vapor and cyclopentadiene react directly under a
high vacuum. Yield ca 50%. [44].

(Yo

Properties: Yellow crystals. Highly sensitive to the air both in the solid state and in
solution. mp 183-185 °C. IR: v(Mo—H) = 1847 cm '. '"H NMR(C,Dy): 8(MoH) =
-8.76 ppm (m); &(CsH;) = 4.36 ppm ().

Mo(n>-CsHs)2H> 21)

(5) Bis(n’*-cyclopentadienyl)dihydridotungsten(IV), W(n3>-CsH;),H, [26,27,43]

Liali W(n>-CsHs)oH; (22)

WCI(;> + 2Na(CsH5) + NaBH,4

Essentially the same procedure as shown above for the preparation of Mo(n’-CsHj),H,
is applicable for W(n’-CsH;),H,, using tungsten hexachloride (40 g, 0.1 mol) in place of
MoCl,. Since the temperature needed for a vacuum sublimation (120 °C/ 10~ mmHg)
is higher than for the molybdenum analogue, method (2) above, i.e., extraction with
acid, for the isolation of the product is preferred to the sublimation method (1).
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Properties: Yellow crystals. Less sensitive to the air than molybdenum analog. mp
163-165 °C. IR (KBr): v(W—H) = 1905 cm . '"H NMR(C,D;): §WH) = -12.28 ppm
(septet, J = 0.75 Hz); &(C;H;s) = 4.24 ppm (t, J = 0.75 Hz).

(6) (n°-Anisole)tricarbonylchromium(0), Cr(n*-C H.OMe)(CO);, [45]
Cr(CO), + C,H,OCH, — Cr(n’-C,H,0Me)(CO), + 3CO (23)

The reaction should be conducted under inert atmosphere in a well ventilated hood
because carbon monoxide evolves during the reaction.

In a three-necked, round-bottomed flask equipped with a nitrogen gas inlet, a Liebig
condenser, and a pressure-equalized dropping funnel, are placed hexacarbonylchromi-
um(0) (4.0 g, 18 mmol), anisole (25 mL), di-n-butyl ether (120 mL) and tetrahydrofu-
ran (10 mL). The mixture was heated under reflux with stirring for 24 h. The resulting
yellow solution is cooled to room temperature and filtered through Celite (or kiesel-
guhr or anhydrous silica gel) to remove the small amount of decomposition products.
The filtrate is concentrated by rotary evaporator and finally the solvent is evaporated
off under a high vacuum to leave a deep yellow oil. Addition of light petroleum or
hexane (20 mL) to the oil yields yellow crystals of Cr(n®-C,H;OMe)(CO),. 4.1 g (92%).
The product can be further purified by recrystallization from benzene-light petroleum
or from diethyl ether—light petroleum, or by sublimation in vacuo.

Various arenechromium complexes of the type Cr(n®-arene)(CO), (arene = C,H,,
CeH;F, CHCl, C;Hy(NMe,), C,H;COOMe) have been prepared following essentially
the same procedure as described above [46].

Properties: Yellow crystals. mp 83-84 °C. It is fairly stable to the air in a solid state but
deteriorates slowly in solution. IR (cyclohexane): v(CO) = 1980, 1908 cm™'. '"H NMR
(CDCl): 6(CH;0) = 3.6 ppm, 8(C H;) =4.77 (1H, t), 5.03 (2H, d), and 5.4 (2H, t) ppm.

(7) Bis(n®-benzene)molybdenum(0), Mo(n°-C H,), [47]

AlCI,
3MoCl, + 4A1 + 6CH, —— 3[Mo(n’®-C,H,),JJAICL] + AICI, (24)

6[1\40(T‘lé'(:(]Hf))z]+ + SOH SMO(nG'CﬁHG)Z + [MOO4]7 + 4HZO + 2C6H6 (25)

In a 500 mL round-bottomed flask are placed molybdenum pentachloride (65 g, 238
mmol), anhydrous aluminum chloride (140 g, 1.05 mol), and aluminum powder (8.5 g,
315 mmol), and the mixture is mixed well. To the mixture, benzene (250 mL) is added
slowly over a period of ca 15 min. If the temperature of the contents increases too
much on addition of benzene, the flask should be cooled by an ice bath. After the reac-
tion mixture has cooled to room temperature, the flask is shaken well to mix the con-
tents and a reflux condenser is attached. A Teflon sleeve should be put on the flask joint
to prevent it from freezing and the condenser should be tightly wired to the neck of the
flask. The nitrogen pressure is adjusted as 15-17 psi using mercury bubbler. The flask is
immersed in the oil bath and the temperature of the bath is raised gradually to 120 °C.
After refluxing for 12 h, the mixture is cooled to room temperature and the flask is
shaken to mix the contents well. Then the flask is heated again under reflux for 12 h.
After the flask has cooled to room temperature, the benzene layer is removed by
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decantation and the residue is washed four times with hexane (250 mL). The solid thus
obtained is dried well under a vacuum for 14 h, while the flask is shaken periodically to
break down the bulk solid into small lumps.

To a 3 L three-necked round-bottomed flask containing an aqueous solution of
KOH (750 g KOH / 1750 mL H,0) cooled to 15 °C, the small lumps of solid obtained
as above are added slowly over a period of ca 2 h with vigorous stirring under a counter
stream of nitrogen. The addition should be at such a rate that the temperature of the
contents do not exceed —5 °C. After the addition, the contents of the flask are allowed
to warm slowly to room temperature and stirring is continued for another 2 h. The
contents are filtered through Celite and the residue is washed with water (250 mL) and
dried under vacuum. Care should be taken because the solid thus obtained is highly
pyrophoric. The solid is finely pulverized and extracted with portions of hot benzene
(total volume: 1 L). The extract is filtered while hot and the green filtrate 1s concentrat-
ed to a volume of ca 100 mL. On allowing the solution to stand at 6 °C for 1 h, bright
green crystals of Mo(n®-C4H,), come out which are filtered off, washed with light
petroleum (100 mL), and dried in vacuo. Yield: 17.3 g (34.5%).

Use of toluene or 1,3,5-mesitylene in place of benzene in the above reaction has
been shown to give the corresponding bis(n°-arene) complexes [48].

The same reaction in a smaller scale (using 5.0 g of MoCl;) has been reported by
using a glass ampoule to give Mo(n-CHy), in yield of 71%. [49].

Alternatively, Mo(n -arene), complexes (arene = C,H,, C,H,CH;, C;H,F, C;H;Cl,
C H(NMe,), C,H,COOMe) have been prepared by metal atom vapor synthesis from
molybdenum metal and arene [50,51].

Properties of Mo(n*-C¢Hy),: Bright green crystals. mp 115 °C. 'H NMR (CDy):
8(C4H,) = 4.60 ppm ().
(8) Tris(n*allyl)chromium(IIT), Cr(n*-C;Hs), [52]

CrCl, + 3C,H,MgCl Cr(n-C;Ho)s (26)

To a Schlenk flask containing a suspension of anhydrous chromium(11I) trichloride
(4.7 g, 29.6 mmol) in dry diethyl ether (30 mL), cooled to —20 - -30 °C, is added a
diethyl ether solution of allylmagnesium chloride (0.5 M, 195 mL, 98 mmol) over 2 h
with good stirring. Stirring is continued for another 3 h at the same temperature, then
the solution is allowed to stand overnight at —78 °C. The dark red solution thus
obtained is filtered and the solvent is removed from the filtrate by evaporation under
reduced pressure (0.1-0.5 mmHg) at -40 °C. After removal of diethyl ether, the residue
is extracted with three 150 mL portions of precooled pentane. The extraction should
be conducted at —40 °C to avoid decomposition. Evaporating the solvent from the
extract at -40 °C yields the red powdery Cr(n-C,Hy);. 3.6-4.1 g (69-79%). The prod-
uct could be further purified to give red crystals by concentrating the pentane solution
to two-thirds volume at — 40 °C and crystallizing at —78 °C. Special care should be
taken to avoid contact with air because the solid is highly pyrophoric.

Properties: a dark red crystalline solid. Monomeric in benzene and in dioxane.
Paramagnetic with py = 3.78 BM. mp 77-79 °C (dec.). Cr(n*-C;Hy), undergoes trans-
formation to the dimer, Cry(n’-C;Hs),, thermally or photochemically, which has been
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independently prepared from CrCl, by its reaction with allylmagnesium chloride at
~18 °C followed by warming to room temperature [53].

(9) Tetrahydridobis{1,2-bis(diphenylphosphino)ethane}molybdenum(IV),
MoH (Ph,PCH,CH,PPh,), [54]

MoCl,(CH,CN), + Ph,PCH,CH,PPh, MoCl,(Ph,PCH,CH,PPh,} (27)

MoCl,(Ph,PCH,CH,PPh,) + Ph,PCH,CH,PPh, + NaBH,
MoH,(Ph,PCH,CH,PPh,), (28)

To a flask containing MoCl; (25.0 g, 91.5 mmol) is added acetonitrile (100 mL) to
result in gas evolution and exotherm, and the mixture is stirred for 2 ds. The resulting
brown precipitate is collected by filtration, washed with benzene and hexane, and dried
in vacuo to yield MoCl,(CH;CN), [55]. (20.2 g, 69%; IR (KBr): v(CN) = 2270, 2300
cm ). To the dichloromethane (100 mL) solution of Ph,PCH,CH,PPh, (diphos, 0.021
mol) is added MoCl,(CH;CN), (0.01 mol) during a period of 1 h with stirring.
Addition of light petroleum (350 mL) to the solution separates a solid which is collect-
ed and washed with light petroleum (400 mL) and dried in vacuo for 15 min. Formation
of MoCl,(Ph,PCH,CH,PPh,) was ascertained by observing the absence of v(CN) in
the IR spectrum.

The mixture of MoCl,(Ph,PCH,CH-PPh,) (6.80 g, 0.01 mmol) thus formed and
diphos (4.78 g, 0.12 mol) dispersed in dry ethanol (150 mL) is stirred at 50 °C for 30
min. To the solution, NaBH, (3.0 g, 0.08 mol) is added with stirring over a period of 5
min. The solution is heated under reflux for 30 min and then cooled slowly to room
temperature. The yellow precipitate thus formed is collected by filtration and dissolved
in benzene at 50 °C. Addition of ethanol (200 mL) to the solution crystallizes the
product. Repetition of this crystallization procedure yields yellow crystals of
MoH,(Ph,PCH,CH,PPh,),, which are dried ir vacuo at 25 °C for 5 h. Yield: 1.5 g.

The analogous complexes MoH,L, with L = unidentate phosphines such as
P(C,H;);, P(CH;)Ph,, P(C,H;)Ph,, and P(OC,H;),Ph are similarly prepared, although
in some cases (for L = P(CH;)Ph, and P(C,H,)Ph,) the reaction should be conducted
under an atmosphere of argon or helium instead of nitrogen to obtain satisfactory
yield [54]. Tungsten analogs of MoH,L, are also prepared similarly starting from
WCI..

Properties of MoH,(Ph,PCH,CH,PPh,),: yellow crystalline powder. IR: v(Mo—H) =
1750, 1830 cm '. 'H NMR (C,D,): 8(Mo—H) = —3.64 ppm (quintet, 2/, ,, = 30.3 Hz).

(10) Hexahydridotris(trimethylphosphine)tungsten(VI), WH(PMe.,), [56]

WCI,(PMe,), + LiAIH,

WCI,(PMe,), [56a] (29)
WH,(PMe,), [56b] (30)

To a stirred suspension of tetrachlorotris(trimethylphosphine)tungsten(IV) (10 g, 18.1
mmol), which is prepared by stirring WCl, suspended in THF in the presence of
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trimethylphosphine [55a], in diethyl ether (400 mL) is added lithium aluminum hydride
(7 g, 184 mmol). The color changes from red to yellowish green and hydrogen gas is
evolved. After stirring for 1 h the mixture is cooled to 78 °C and methanol/diethyl
ether (1:1 v/v, 30 ml) is added dropwise over a period of 30 min. The mixture is stirred
at —78 °C for another 1 h and then allowed to warm to room temperature. On raising
the temperature, further gas evolution and a color change to brown is observed. After
having been stirred for 1 h at room temperature, the mixture is centrifuged to collect a
fine powdery product suspended in the system and the supernatant layer is removed.
The residue is extracted with four portions of hexane (100 mL) and the collected
extracts are reduced in volume to ca 50 mL by evaporation under reduced pressure.
Cooling the solution to —20 °C affords several crops of white crystals. Yield:3.5 g (46%).

Properties: Colorless crystals. mp 115 °C (dec.). IR (Nujol): 1745 s, 1420 s, 1305 m,
1300's, 1280 5, 950's, 770 w, 725 5, and 680 s cm™. 'H NMR (C,D,): 3 W-H) = -2.61
ppm (quintet, >Jpy, = 37.6 Hz with "W satellites, Jyy = 27.0 Hz), 8(CH,) = 1.57 ppm
(pseudo-triplet).

(11)  trans-Bis(dinitrogen)bis{1,2-bis(diphenylphosphino)ethane}molybdenum(0),
trans-Mo(N,),(Ph,PCH,CH,PPh,), |57]

MoCl,(CH,CN), + Ph,PCH,CH,PPh, MoCl,(Ph,PCH,CH,PPh,) (31)

MoCl,(Ph,PCH,CH,PPh,) + Ph,PCH,CH,PPh, + 2N, + Na-Hg
trans-Mo(N),(Ph,PCH,CH,PPh,), (32)

To a mixture of MoCl,(Ph,PCH,CH,PPh,) (2,5 g, 3.9 mmol), prepared as described
above, and Ph,PCH,CH,PPh, (diphos) (1.25 g, 3.1 mmol) dissolved in tetrahydrofuran
(30mL), 1% sodium amalgam (40 g, 17 mmol as Na) is added and the mixture is stirred
at room temperature for 6 h under an atmosphere of nitrogen. From the resulting
orange-brown suspension, mercury is removed by decantation and the suspension is
filtered through a No.3 glass filter. From the filtrate solvent is evaporated in vacuo to
leave oily material which is dissolved in benzene (5 mL). Addition of methanol (50 mL)
cooled at 0 °C to the benzene solution precipitates the product. This is collected by
filtration, and the orange solid thus obtained is recrystallized from benzene-methano!l
(1:10) to give orange crystalline trans-Mo(N,),(Ph,PCH,CH,PPh,),. Yield: 1.3 g
(36%).

Although trans-Mo(N,),(Ph,PCH,CH,PPh,), was originally prepared by the route
employing molybdenum(I1I) acetylacetonate and triethylaluminum, the procedure
described above is preferable because handling of pyrophoric triethylaluminum needs
special caution and the yield is not very high (13%) [58].

Mo(acac), + Ph,PCH,CH,PPh, + Al(C,H.), + 2N,
trans-Mo(N,),(Ph,PCH,CH,PPh,), (33)

An alternative route in which MoCl,(tetrahydrofuran), is reduced with magnesium
under a nitrogen atmosphere to give trans-Mo(N,),(Ph,PCH,CH,PPh,), in fairly high
yield has been reported [59, 60].



140

GROUP 6 (CR, MO, W) METAL COMPOUNDS

References
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2020 vw, 1970 vscm ™.
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9 Group 7 (Mn, Tc, Re) Metal
Compounds

T. Ite, Yokohama National University

9.1 Introduction

Transition metals of groups 6 and 7 display the characteristics of early and late transi-
tion metals because they reside in between those two categories in the Periodic Table.
Among the group 7 triad, the chemistry of manganese differs considerably from that
of technetium and rhenium. In contrast to manganese, which was isolated as early as
1774 by Gahn, the other two metals were not discovered until 1937 for technetium and
1925 for rhenium. Technetium, which is a radioactive metal, was the first element to be
produced artificially; named after the Greek ‘technikos” which means ‘artificial’, it has
been produced in tonne quantity from fission products of uranium nuclear fuel [1].
There are 19 isotopes of technetium, with atomic masses ranging from 90 to 108. The
half-lives of *’Tc and *Tc are 2.6 x 10° years and 4.2 x 10° years, respectively. The iso-
meric **Tc, whose half-life is 61 d, is useful as a tracer because it produces gamma rays
[2]. Since its organometallic chemistry is still in its infancy, the chemistry of technetium
will not be described in detail in this chapter.

9.2 Organometallic Chemistry of Manganese

Manganese compounds with the oxidation state ranging from -3 to 7 are known, those
of Mn(II) being most stable. Mn(VII) species such as KMnQ, and Mn,0, are known
to be powerful oxidizing agents. As for organometallic complexes, the carbonyl com-
plexes Mn,(CO),,, Mn(CO),;X, and CpMn(CO), are probably the most important, and
rich chemistries have been reported for these complexes.

Dimanganese decacarbonyl, which is prepared by the reduction of manganese(1I)
halide in the presence of carbon monoxide under pressure [3], is a yellow crystalline,
air-stable solid soluble in organic solvents, which sublimes readily in vacuo at ca 50 °C.
A single-crystal X-ray diffraction study showed that Mn,(CO),, possesses the D5,
structure as shown below.

Og ,CO co GO

2, |

OC—-M M—CO

{=
oC ©o (l;o co

Syathesis of Organomerallic Compounds: A Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Ltd
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Table 9.1 Representative Data for the Physical and Structural Properties of Mn,(CO),, [4]

Mn,(CO),y Te(CO)yg Re,(CO),q
Molecular weight 389.98 476.11 652.52
Appearance Yellow White White

crystals crystals crystals
Melting point, °C (under air) 110 (dec.)

(under vacuum) 154-155 160 177

M-—M Bond energy, k] mol™ 154 160 166
Bond length (M—M), A 2.9038(6) 3.036(6) 3.0413(11)
Raman wM—M}, ¢m™! 160 148 122
IR (hexane soln.) (CO), cm™ 2045.8

2014.7

1983.8

In Table 9.1 are compared the physical and structural properties of the decacar-
bonyls Mn,(CO),, (M =Mn, Te, Re).

Dimanganese decacarbonyl is an important starting material for manganese car-
bonyl chemistry: the Mn—Mn bond is cleaved by treatment with various reagents, e.g.
cleavage by halogens gives the halides Mn(CO);X (X=Cl, Br, and I) and by sodium
amalgam in tetrahydrofuran affords the anionic manganese(-1) pentacarbonyl,
Na[Mn(CO);]. In contrast, a cationic Mn(I) hexacarbonyl is formed by its treatment
with NOPF,. The reactions of dimanganese decacarbonyl are briefly summarized in
Scheme 9.1.

The photochemical reaction of Mn,(CO),, with PPh; has been shown to form disub-
stituted product, Mn,(CO)y(PPh;),, as the major product together with a minor
amount (ca 5%) of monosubstituted Mn,(CO),(PPh,) (Scheme 9.2). This finding indi-
cates that the reaction proceeds via initial photocleavage of the Mn—Mn bond to yield
17-electron radicals Mn(CO)s, which is known to be substitution-labile, followed by
thermal substitution of one of the CO ligands with PPh; at the radical stage [5].

MnH(CO)s (n°-CsHs)Mn(CO)3 Mn2(CO)10-n(PR3)n
H+ hv, Hy CsHg PR3
M=Li, Na, K ) X =Cl, Br, |
MMn(CO)s] = Mn(CO) 1 = MnX(CO)s

MnMe(CO)s Na[Mn3(CO)42] [Mn(CO)g]PFg (CO)sMnRe(CO)s

Scheme 9.1 Representative Reactions of Mn,(CO),,{4b].
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hv PPh
Mny(CO)1g =—— 2 {Mn(CO)s} T3> 2 {Mn{CO)4PPhs} + 2CO

t

| PPhg ‘
|

' —CO
]

t

L-- //+ Mna(CO)gPPhs Mn2(CO)g(PPha)z

minor product major product

Scheme 9.2 Photochemical Reactions of Mn,(CO),, with PPh,.

Manganocene and permethylmanganocene (n°-C;R;),Mn (R = H, Me) have been
prepared by the reaction between anhydrous MnX, (X = Cl, Br, I) and Na[C,R4] in
tetrahydrofuran. (n*-CsH;),Mn is a brown, highly air-sensitive, volatile solid, which is
antiferromagnetic below 180 °C. Its color changes to pink between 180 °C and the mp
193 °C and in this range the compound is paramagnetic, and high spin. An X-ray crys-
tallographic study on (n*-C;H;),Mn showed that it has a polymeric structure in which
chains take zigzag arrangement of (n°-CsH;)Mn units bridged by the second C;H;
group.

n’-Cyclopentadienyltricarbonylmanganese(l), (n’>-C;H)Mn(CO);, so-called
“cymantrene,” constitutes another important category of organo-manganese chem-
istry. In addition to the method involving treatment of Mn,(CO),, with cyclopentadi-
ene as shown in Scheme 9.1, cymantrene has been prepared either by carbonylation of
(m*>-CsH;),Mn (eq (1)) or by the direct method starting from MnCl,(py), and CO under
pressure (eq (2)).

(N5-CsHs)2Mn + 3 CO ——= (5-CsHgMn(CO)3 [6] (1)

2 MNCly(CsHsN) + Mg + 2 CsHg + 6 CO % (N5-CsHe)MN(CO)3 [7]  (2)

2

n°-Cyclopentadienyltricarbonylmanganese(I) is an air-stable, pale-yellow crys-
talline solid with mp 76.8-77.1 °C and is readily sublimable at room temperature
in vacuo. The analogous (1°-methylcyclopentadienyl)tricarbonylmanganese(I), (n°-
C.H,Me)Mn(CO),, has been commercially produced by the direct carbonylation
method similar to that shown above starting from MnCl,(py), and methylcyclopenta-
diene, since it is used as an antiknock agent in gasoline.

The reactions of (n°-CsH;)Mn(CO), have been studied extensively; they include
electrophilic ring substitution and photosubstitution of the carbonyl ligand(s).
Photolysis of (n°-CsH;)Mn(CO), in tetrahydrofuran (THF) gives (n’-
C;H,)Mn(CO),(THF), which is useful for the preparation of a series of monosubsti-
tuted cymantrenes. Treatment of (n°-CsH;)Mn(CO), with sodium nitrite and HCI at
elevated temperatures affords the cationic n’-cyclopentadienyl(dicarbonyl)nitrosyl-
manganese(1). Substitution of one of the two carbonyl ligands with PPh; gives the
racemic cation, [(n°-C;H;)Mn(CO)(NO)(PPh,)]" [8], which can be separated into opti-
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RC=CH L
CpMn(CO)x(=C=CHR) =<——— Cp,Mn(CO),(THF) — > CpMn(CO),L
] L = PRy, olefin, SRy, NoH,
THF | hv
(1) BuLi/
TMEDA (1) RL, (2) Me*
(M3-CsH4E)Mn(CO); =——— CpMn(CO) » CpMn(CO),{=CR(OMe)}
2) E*
E =D, R, SiR,, etc. ()/
BCl3
RCOX/AIX'3
Nu-
(n3-CsH4,COR)MN(CO)3 CpMN(CO){=CR(Nu)} <—— [CpMn(CO),{=CR)]*
Cp =n5-CsHs Nu = Me, Ph, Cp, OPh, CN, SCN, OCN

Scheme 9.3 Some Reactions of n’-cyclopentadienyltricarbonylmanganese(1), n° (C;H;)Mn(CO),, (Cymantrene).

cally pure isomers via the diastereomeric isomers formed by the treatment with chiral
sodium /-mentholate [9]. Some reactions of (n°-CsH;)Mn(CO), are summarized in
Scheme 9.3.

Oxidation of the hydrazine complex formed by the reaction of (n’-
C,;H;)Mn(CO),(THF) with hydrazine (Scheme 9.2) gives a dinitrogen complex (n*-
C;H)Mn(CO),(N,). Methylation of the N, ligand with MeLi followed by treatment
with methyl cation converts the N, complex into a dimethyldiazene complex, from
which the diazene ligand is released by applying N, pressure (eq (3)) [10].

MelLi OC‘\“ A ~N=N L|®

=
o

l M930+'BF4_ (3)
N

MeN=NMe Mn

The first c-alkyl or c-acyl complexes of manganese to be characterized were
Mn(CH;)(CO); and Mn(COCH;)(CO),, which were prepared from Na[Mn(CO);]
and CH,l and CH,COCI, respectively [11]. Mn(COCH,)(CO); is also formed by car-
bonyl insertion into the Mn—C bond of Mn(CH,)(CO),. The investigation of this
reaction using CO labeled with *C and *C revealed that it is in fact an alkyl migration
reaction (eq (4)); the name “migratory insertion reaction” was given to this type of
reaction [12].



ORGANOMETALLIC CHEMISTRY OF RHENIUM 147

. Me

] Me Y co |

_ | oCO | e
OC—Mn—CO +'CO ——= OC—Mn—CO

oC oC
CO CO

*CO = 18CO or 4CO

The homoleptic alkyl complexes of the type MnR, have been prepared by the reac-
tion of MnCl, with Grignard reagent. Most of these complexes are found to be dimer-
ic or polymeric; e.g. [Mn(CH,CMe,Ph),},, [Mn(CH,CMe,),},, and [Mn(CH,SiMe;),],
[13]. A phenylmanganese complex of the type MnPh,(PCy;) (Cy = cyclohexyl), that is
prepared from Mn(acac), and AlPh; Et,0 in the presence of PCys,, has been shown to
undergo Grignard-like reactions such as the insertion of CO, or R,CO into the
Mn—C bond [14].

(4)

- Organometallic Chemistry of Rhenium

In contrast to manganese, in which oxidation number of +2 is the most stable form,
rhenium can take wide range of oxidation states; high oxidation states such as +4 and
+5 have an extensive chemistry.

Binuclear carbony! complexes with M—M bond analogous to Mn,(CO}),, have been
prepared for technetium and rhenium. The rhenium analogue has been synthesized by
the carbon monoxide reduction of Re,0, or KReO, (eq (5)) [3] or by reduction of
anhydrous Re(III) or Re(V) chloride by sodium under CO pressure (eq (6)). [15]. The
physical and structural properties of Tc(CO),, and Re,(CO),, are listed in Table 9.1.

250-270°C 1
Re-0O7 + 17CO 500250 atm il Reg(CO)m +7C0O, (5)
THF /130 °C
ReCls / ReCls + Na + CO > Re,(CO)yg (6)
250 atm

Re,(CO),, is an important starting material in various facets of organorhenium
chemistry. Reduction of Re,(CO),, with NaBH, followed by protonolysis with H;PO,
gives a mixture of hydrides, ReH(CO),, Re;H (CO),,, and Re;H(CO),, [16]; bubbling
H, through a decahydronaphthalene solution of Re,(CO),, heated at 160 °C gives the
tetrahedro-cluster Re,H,(CO),, [17}; and bromination of Re,(CO),, in cyclohexane
affords ReBr(CO); [18]. Furthermore, treatment of Re,(CO),, with dicyclopentadiene
forms another important starting complex, (n’-CsH;)Re(CO); [19], which is also pre-
pared by the reaction between ReBr(CO); and sodium cyclopentadienide (eq (7)) [20].

co

7 7

Rey(CO)o + 2 — {f—Re o =— Na+ +ReBr(CO)s (1
eo
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The pentamethylcyclopentadienyl analogue of (M’-CsH,)Re(CO);, (n°-CsMej)Re
(CO),, has been similarly prepared by the reaction between Re,(CO),, and pen-
tamethylcyclopentadiene at 150-210 °C (eq (8)) [21]. Pentamethylcyclopentadienyl-
tricarbonylrhenium(I) thus obtained is converted into a cationic (carbonyl)nitrosyl
derivative by treatment with NO"BF, . A hydride reduction of the coordinated car-
bony! to methyl has been shown (eq (9)) [21, 22].

@ ®
150 - 210 °C
Re,(CO)qg + _ I

Re

Y
OocC co cO
| NO+BF4_ I
SR ——| _Re BF,
oC (50 CcO OC co NO

+
. PPh, ‘@ 1) LIEtsBH @' ©)

— | BFs4

o) BH.eTHE I
2) BHzeTHF

Re Re
/:- < /5 (N
PhsP” 5 NO PhoP” &, NO

As in the case of the manganese analogue, tetrahydrofuran (THF) displaces one of
three carbonyl ligands from (n*-CsH;)Re(CO), or (*-CsMe;s)Re(CO); on irradiation of
their solutions with a high pressure mercury lamp. Taking advantage of the lability of
the THF ligand in (n’-CsH)Re(CO),(THF) or (n’-CMes)Re(CO),(THF) one can pre-
pare various kind of monosubstituted derivatives. The following reaction shown in
eq (10) is one such example [23,24].

| AFN2+BF4_
Re — '
~ N2Ar Ng OC/: ~ N2

Re R
N hy N v
0G” 55 CO oc THF 0”3,

ArN,*BF 4~ = OH30—©—N2+BF4—

Bis(cyclopentadienyl)hydridorhenium(III), (n’-C,;H;),ReH, which is prepared by
the reduction of Re,Cl,, with NaBH, in the presence of sodium cyclopentadienide,
constitutes another important category of cyclopentadienyl derivatives of rhenium
[25]. (n’-CsHs),ReH forms yellow crystals (mp 161-162°C) that are sublimable at
ca 80°C /0.01 mmHg and are highly sensitive to the air. A significant feature of this
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R92C|10

Cp*ReCl(=CCMe3) =—— Cp*ReONp>
0O .
Cp*Re(CO); ——= Cp*ReOs

Cp*zRex04

CHali - _ O
—__>[(CH3)4R6 — RB(CH3)4 ] ReOQ(CHg)s - ReO3(CH3)
NO

0 CHali Al(CH3)
2 » ReOCl, ——> ReO(CHg)y =——= Re(CHa)e

02

A CHali CHjsli
— R83C|g — RG3C|5(CH3)3 —_— Re3(CH3)9

Scheme 9.4 Reactions of Re,Cl..

MGQC(CHQMQBF)Q
cprReoCl, —=  CpaRe X
MeMgCIl o

CpTiCl
P, Cp*ReMe.Cl,
lMeMgCI

2CpTiCl; NpMgClI

—NpH, -HC!
AlMGs

Cp*ReOMes

Cp*gReg(CO)4 Cp*gReg,Oe Cp*ReMe4

MeMgCl

Cp*ReMesCl

Cp* = n5-05Mes, Cp= T]5'05H5, Np = 'CH2CME3

Scheme 9.5

hydride is the high basicity of the metal center; it is as basic as the nitrogen atom in
organic amines. As a consequence, the compound dissolves in dilute acids to form
solutions of the protonated cation [(n*-C;H;),ReH,]" and reacts with methyl iodide to
give the cationic dimethyl derivative, [(m*-CsHs),ReMe,]" [26].

One of the characteristic features of rhenium is its tendency to form stable complex-
es in a high oxidation state such as Re(VI) and Re(VII) and a series of rhenium oxo-
alkyls and a variety of polyhydrides of this type have been extensively studied.

In Scheme 9.4, various oxo-alkyls of Re(V1) and Re(VII) starting from rhenium('V)
chioride are shown [27]. The binuclear oxo-alkyl complexes of formula [ReR,0;], R=
neopentyl), have been prepared by the reaction between ReOCL,(PPh;), and
dineopentylzinc [28].

Herrmann et al. have developed an extensive chemistry of the oxorhenium(V) com-
plexes of the type (n°-CsMes)ReOX, which are prepared from (m*-CsMe;)Re(CO), [29].
An outline of the reactions is given in Scheme 9.5 [30].

The highest number of hydride ligands attached to a single metal atom has been
found in the long-known homoleptic, dianionic rhenium nonahydride, K,[ReH,]
(Scheme 9.6). Its molecular structure has been determined by a neutron diffraction
study as tricapped trigonal prismatic with an average Re—H distance of 1.68(1) A
(Figure 9.1a) [31]. Later, a series of rhenium polyhydrides stabilized by tertiary phos-
phine ligands has been synthesized and characterized spectroscopically and by the use
of X-ray or neutron diffraction crystallography [32]. Most of these polyhydrides
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H
w—"/ \ n N / _PEt,Ph
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Figure 9.1 The Tricapped Trigonal Prismatic Geometry of the [ReH,}> Anion (a) and the
Central Core of HiRe,(PEt,Ph), (b).

Na L
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ReCl4L2 e H7R9L2

Scheme 9.6 Polyhydrides of Rhenium

shown in Scheme 9.6 are colorless or light yellow, diamagnetic, and air stable in the
solid state. The molecular structure of dimeric HgRe,(PEt,Ph), determined by neutron
diffraction (Figure 9.1b) revealed unambiguously that it has four bridging and four
terminal hydrogen atoms (the average Re—H distances are 1.669(7) A for the terminal
hydrides and 1.878(7) A for the bridging hydrides) [33].

9.4 Synthesis of Group 7 Metal Compounds

(1) Pentacarbonylhydridomanganese(I), MnH(CO); [34]
Mn,(CO),, + 2Na-Hg — 2Na[Mn(CO),] (1D
2Na[Mn(CO),] + H,PO, MnH(CO), + NaH,PO, (12)
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Sodium amalgam is first prepared in a 300 mL three-necked, round-bottomed flask fit-
ted with a nitrogen inlet, a pressure-equalized dropping funnel, and a reflux condenser.
Under an atmosphere of nitrogen, mercury (4 mL, 54 g) is placed in the flask and sodi-
um metal (0.45 g, 19.5 mmol) was carefully added in several portions with stirring. One
must ensure that every piece of sodium has reacted with mercury before the next por-
tion is added. After addition of sodium is completed, the liquid amalgam is allowed to
cool to room temperature and a tetrahydrofuran (60 mL) solution of dimanganese
decacarbonyl (3.0 g, 7.7 mmol) is added from the dropping funnel. The reaction mix-
ture is stirred vigorously for 2 h, during which period the yellow color of the
Mn,(CO),, disappears and becomes a grey suspension. Then the mixture is allowed to
stand and the grayish green supernatant solution containing Na[Mn(CO);] is trans-
ferred by a hypodermic syringe to a 300 mL three-necked, round-bottomed flask.
Solvent is removed by evaporation in vacuo (ca 30 mmHg) to leave a grayish residue.
After admitting nitrogen to the flask, a dropping funnel containing 85% aqueous
orthophosphoric acid (30 mL) is attached. The apparatus is connected to a vacuum
system through a trap cooled to —196 °C that contains phosphorus(V) oxide (25 g). The
apparatus is evacuated, and H;PO, is added slowly (1 h), while the product and water
distill into the cooled trap. At the end of the addition, the mixture is warmed to 50 °C.
The product is distilled from the trap into the vacuum system and fractionated in the
vacuum system to remove traces of tetrahydrofuran and finally distilled a second time
over P,0s in vacuo to give MnH(CO); as a slightly yellow liquid [2.5 g (83%)].

MnH(CO); can also be synthesized by the reaction of Mn,(CO),, with H, and CO
under pressure at 200 °C or by reduction of Mn,(CO),, with magnesium metal in aque-
ous methanolic hydrochloric acid [35]. Treatment of Mn,(CO),, with aqueous KOH at
60 °C followed by acidification with H;PO, gives trinuclear cluster, [HMn(CO),];
(mp 123-125 °C (dec.), IR (cyclohexane): v(CO) = 2078 vs, 2032 vs, 2008 vs, 1985 vs
cm™) [36].

Properties: colorless, foul-smelling liquid. Usually it appears yellow due to the contam-
ination by a small amount of Mn,(CO),,. mp -24.6 °C. Bp. 111 °C (extrapolated
value). Vapor pressure = ca 5 mmHg at room temperature. Weak acid (K = 0.8 x 107)
and very air-sensitive. IR (cyclohexane): v(CO) = 2118 w, 2016 vs, 2007 s cm™;
v(Mn—H)=1783 wem '. '"H NMR: §Mn—H) =-7.5 ppm.

(2) Pentacarbonylmethylmanganese(I), MnMe(CO), [37]

Mn,(CO),, + 2Na-Hg — 2Na[Mn(CO),] (13)
2Na[Mn(CO),] + CH,I MnCH,(CO), + Nal (14)

The first step is the preparation of Na[Mn(CO);] described above for the preparation
of MnH(CO);. To a tetrahydrofuran (50 mL) solution of Na[Mn(CO),] (prepared as
above from 60.6 g of 10% sodium amalgam and Mn,(CO),, (780 mg, 2 mmol)), a
tetrahydrofuran (20 mL) solution of methyl iodide (600 mg, 4.2 mmol) is added drop-
wise from the dropping funnel and the mixture is stirred at room temperature for 30
min. Solvent is evaporated in vacuo by means of a water pump. Since the product is so
volatile it is necessary to take care not to evacuate too much. The resulting solid is sub-
limed at 25 °C /0.1 mmHg to yield colorless crystals of MnMe(CO)s. Yield ca 90%.
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When XMn(CO),L or XMn(CO),L, (X = Cl, Br; L = PPh,, P(OPh),) are employed
in place of Mn,(CO),,, the corresponding phosphine substituted methyl(carbonyl)
complexes, Mn(CH,)(CO),L or Mn(CH;)(CO);L,, were formed via the intermediates,
Na[Mn(CO),L] or Na[Mn(CO);L;], respectively [38,39].

A procedure similar to that described above is also applicable for the preparation of
Re(CH,)(CO); starting from Re,(CO),, [40].

Properties: Colorless, air-stable crystals. Special precautions are necessary because of
its high volatility. mp 95 °C. IR (hexane)v: (CO) = 2085 w, 2000 vs, 1960 s cm ' 'H
NMR: &(CH,) = ¢a 0.05 ppm.

(3) Dicarbonyl(n’-cyclopentadienyl)(1-methoxyethylidene)manganese(l),
Mn(n*-CsH:}{=C(OCH;)CH;}(CO), [41]

Mn(n’*-CsH;)(CO), + LiCH, Li[Mn(n’-CsH;)(CO)(COCH,)] (15)
LiMn(n*-C;Hs)(CO)(COCH;)] + H' — [Mn(n*-C;Hy){=C(OH)CH;;(CO),] (16)

{Mn(n’-C;H;){=C(OH)CH,}{CO),;+ CH,N,
Mn(n’*-CsH;){=C(OCH;)CH,{(CO), (17)

Tricarbonyl(n’-cyclopentadienyl)manganese (8.16 g, 40 mmol) is allowed to react with
methyllithium (40 mmol) in dry diethyl ether (100 mL) to give a yellow, very air- and
moisture-sensitive precipitate of an adduct, LifMn(n*-CsH;}(CO),(COCH,)], which is
filtered and dried in vacuo. Yield: 7.80 g (86%).

A suspension of LiiMn(n’*-C;sH;)(CO),(COCH,)] (1.72 g, 7.61 mmol) in dry diethyl
ether is treated with dilute H.SO, (100 mL). The mixture is stirred vigorously to form
the protonated intermediate, which is methylated by the corresponding amount of dia-
zomethane. Chromatography and distillation in vacuo at 60 °C give Mn(ny’-
C.H;){=C(OCH,)CH,}(CO), as a red-brown liquid. Yield: 0.44 g (18%).

Following similar method, the phenylmethoxycarbene analogue, Mn(n’-
C,H,){=C(OCH;)CH;}(CO), is obtained by using phenyllithium in place of methyl-
lithium. (Yield 49%).

Properties: red-brown liquid. IR (Nujol): v(CO) = 1965 vs, 1894 vs cm '. 'H NMR:
3(OCH,) = 3.88 ppm; & C—-CH,) = 2.33 ppm; 6(C;H;) = 4.37 ppm.

(4) Tricarbonyl(n®-pentamethylcyclopentadienyl)rhenium(I),
Re{n*-C5(CH;)s}(CO), [21]

Re,(CO),, + (CH;)sC;H

Re{n’-C5(CH,):}(CO); (18)

Since this reaction is accompanied by evolution of CO gas, the reaction should be con-
ducted in a good fume cupboard. In a 100 mL round-bottomed flask fitted with a
reflux condenser are placed Re,(CO),, (10.0 g, 15.3 mmol) and pentamethylcyclopen-
tadiene (6.88 g, 50.5 mmol) and the mixture is heated under nitrogen at 150 °C with
stirring for ca 0.5 h, while evolution of CO gas is observed. The temperature is then
gradually raised to 210 °C. After 0.5 h at 210 °C, evolution of gas had ceased and heat-
ing is continued for 2-5 h in all. The flask is allowed to cool slowly to room tempera-
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ture. That no Re,(CO),, remained is confirmed at this stage by silica gel TLC. The flask
is chilled in the freezer and the crystals are filtered, washed several times with cold
hexane and air-dried to give micro-plates of Re{n’-Cs(CH;);}(CO),. Yield: 11.7 g
(95%).

Properties: colorless plates. mp 149-150 °C. IR (hexane): v(CO) = 20155, 1915scm™.
'H NMR (CDCL,): 8(CH;) = 2.21 ppm (s). “C NMR (acetone-d;): §(CO) = 199.1 ppm;
&(CsMes) = 99.6 ppm; HCsMes) = 10.7 ppm.

(5) m’-Cyclopentadienyltris(trimethylphosphine)rhenium(I),
Re(n’-CHs)(PMe,); [42]

KReO, + PMe, + aqueous HCl—— mer-ReCl;(PMe,), (19)
ReCl,(PMe,), + CsHy + K,CO, + Na-Hg Re(n’-CsHy)(PMe;); (20)

A slurry of potassium perrhenate (1.50 g, 5.18 mmol) in absolute ethanol (10 mL) is
degassed in a glass bomb of size 3 x 12 cm by evacuating while stirring at —78 °C. To the
slurry is added PMe, (2.6 g, 34 mmol) by a trap-to-trap method in a vacuum. The mix-
ture is brought to 78 °C to which deoxygenated, 36% aqueous HCI (1.2 mL, 14 mmol)
is added. The resulting slurry is warmed to 110 °C for 19 h which causes the color of
the solution to become bright lime-green. After having been cooled to -78 °C, the solu-
tion is treated with a second aliquot of 36% aqueous HCI (5.0 mL, 58 mmol). The
resulting black solution is heated at 110 °C for 4 d when the solution becomes dark red.
The solution is concentrated in vacuo to ca one half of its volume and then partitioned
between water (100 mL) and benzene (50 mL). The aqueous layer is reextracted with 50
mL of benzene and the combined organic phases are washed with water (100 mL) and
brine (100 mL). After being dried over K,CO;, the solution is concentrated on a rotary
evaporator to give a brown-yellow, crystalline solid which is purified by flash chro-
matography (silica gel, 12 x 5 cm) in air. Elution with diethyl ether/hexane (2:1) pro-
duces an orange band followed by an yellow band. Evaporation of the yellow fraction
provides paramagnetic mer-ReCly,(PMe;); as a bright yellow powder. Yield: 2.29 g
(85%). mp 174175 °C. IR (KBr): 950 s cm™. '"H NMR (benzene-d;): &(CH;) = 2.26 (s,
18H), -2.59 ppm (s, 9H).

In a 500 mL flask are placed a slurry of mer-ReCl,(PMe;); (3.00 g, 5.77 mmol),
cyclopentadiene (25 mL, ca 310 mmol), K,CO; (1.94 g, 14.0 mmol), and tetrahydrofu-
ran (80 mL). To the vigorously stirred slurry sodium amalgam (0.787%, 40.34 g, 13.8
mmol Na) is added at once causing a color change to green and then to brown. After
having been stirred for 18 h, the dark green slurry is filtered and the filtrate is evaporat-
ed to leave a dark green solid. Rapid filtration of the 5% ether/pentane solution of the
solid through 4 x 14 ¢cm alumina(III) column at —105 °C provides 150 mL of a pale yel-
low solution which is evaporated to dryness to give a pale yellow solid. In order to
remove small amounts of contaminating dicyclopentadiene, the solid is dissolved in
cyclohexane (75 mL) and the solution is frozen. The coolant is removed, and the
volatile materials are sublimed off under high vacuum to give Re(n*-CsH)(PMe;); as
an extremely air sensitive, fluffy white powder. Yield: 1.04 g (38%).

Irradiation of a benzene solution of Re(n’-CsH)(PMe,), in Pyrex vessels with a
medium pressure mercury lamp gives Re(n’-CsH;)Ph(H)(PMe;), in 64% yield.
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Irradiation of Re(n’-C;H;)(PMe,), in hexane, cyclopentane, or cyclohexane with
methane affords the corresponding C—H activation products, Re(n’-C.H;)(n-
CHp)(H)(PMes),  (15%), Re(n*-CsHj)(c-CsH,y)(H)(PMes), (17%), or Re(n’-
C;H;)(CH;)(H)(PMe), (43%), respectively [42].

Properties: fluffy white powder. mp decomposed above 250 °C without melting.
Extremely air-sensitive. IR (benzene): 927 s cm™'. 'H NMR (benzene-d, ): 8(C H,) =
4.19 ppm (quartet, J = 0.8 Hz, 5H); §(CH;) = 1.40 ppm (virtual d, J = 7.0 Hz, 27H).
“C{'H}NMR (benzene-dg): 8(CsH;) = 71.93 ppm (quartet, J,=1.7Hz); 8(CH;) =
30.10 ppm (m). *'P{'H}NMR (benzene-d;): 83(P(CH,);) = —37.67 ppm (br, ).

(6) Methyltrioxorhenium(VII), ReO,(CH,) [43, 44]

H,0,

ReOCI,(PPh,), + LiCH,
ReO(CH,), + O,

ReO(CH.), 1)
ReO,CH, (22)

To a suspension of ReOCl;(PPh;), (8.31 g, 10.0 mmol) in diethyl ether (120 mL) is
added slowly a diethyl ether solution (ca IM) of methyllithium (80 mL, 80.0 mmol) at
—78 °C. The mixture is allowed to warm slowly to room temperature. After having been
stirred for 0.5 h, the dark brown solution is cooled to 78 °C, and water (ca 10 mL) is
added dropwise to destroy excess of MeLi. After being allowed to warm to room tem-
perature the solution is cooled again to —30 °C and hydrogen peroxide (2.5 g, 30% H,0,
diluted in 20 mL of H,0) is added dropwise very slowly with vigorous stirring. The
color of the solution rapidly changes to red and stirring is continued after warming to
room temperature for ¢ 0.5 h. The solution is then cooled to —78 °C and the ether layer
is filtered to remove ice, and dried first with anhydrous CaCl, at room temperature, and
then with molecular sieves. The solution is cooled again to —78 °C, filtered, and the sol-
vent is carefully removed at —50 °C. From the residue, crystalline ReO(CH,), is sub-
limed in vacuo onto a cold probe at —78 °C (10~ mmHg). 1.26 g (ca 48%). Reddish
purple crystals mp ca 45 °C. IR (CS,): v(Re O) = 1002 cm™'. Very volatile. Sensitive to
air but thermally very stable.

Tetramethyloxorhenium thus obtained (ca 100 mg) is placed in a 1 L round-
bottomed flask. Dry air is admitted up to atmospheric pressure. The growth of long
needles of ReO;CH; can be seen in a few days, and after 4 weeks the yield exceeds 50%.
The product is purified by sublimation in vacuo.

Properties: colorless needles. mp 110 °C. Stable in air. Soluble in acetonitrile, benzene,
chloroform, ethanol or diethyl ether, and sparingly soluble in CS, or hexane. IR (CS,):
V(Re—0) =990 w and 960 s cm™'. 'H NMR (CDCly): (CH,) = 2.6 ppm.

) (n5-Pentamethylcyclopentadienyl)trioxorhenium(VlI), ReO,{n’-Cs(CH,)s} [45]

ReO;{n’-Cs(CH,);} (23)

Re{n’-C(CH,);}(CO),(THF) + O,

A tetrahyrofuran solution of dicarbonyl(n’-pentamethylcyclopentadienyl)(tetrahy-
drofuran)rhenium(I) is placed in an autoclave and set aside under O, pressure (450 psi)
for a day. The solvent is removed by evaporation in vacuo and the residue is column
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chromatographed on silica gel. Organic products are eluted and the organorhenium
complex is eluted as a yellow band with diethyl ether. Evaporation of the yellow frac-
tion and recrystallization of the resulting solid give yellow needles of ReO;{r’-
C4(CH,),}. Yield 55%.

Properties: yellow needles. mp 192°C. Soluble in benzene, diethyl ether,
dichloromethane, tetrahydrofuran, and methanol. Air-stable both in solid state and in
solution. Sublimable (40 °C / 107> Torr). IR (KBr): v(Re—O) =910 s and 881 vs cm ™.
'"H NMR (CDCl,): & CH;) = 2.16 ppm.

(8) Bis(tricyclohexylphosphine)heptahydridorhenium(VII), ReH,{P(c-CH,,)}, [46]

ReOC13(PPh3)2 + 2P(C'C6H”)3 RCOC13{P(C‘C6H”)3}2 (24)

ReOCL{P(c-C.H, )3}, + NaBH, ReH;{P(c-CeH,) )34, (25)

To a slurry of ReOCl,(PPh;), [47] (1.9 g, 2.3 mmol) in benzene (200 mL) is added
an excess of P(¢c-C(H,,); (2.9 g, 10 mmol). The yellow slurry turns into a clear green
solution on stirring for 10-20 min. Stirring is continued for 1 h until a green slurry
appears. The solvent is removed under vacuum and the green solid residue is extracted
with 5 x 20 mL portions of diethyl ether to give a green solution and a yellow powder
of ReOCL{P(c-C,H,));},. Yield: 2.3 g (100%). IR (KBr): v(Re—O) = 969 cm™';
v(C—H) = 2850, 2930 cm . *'P{1H}NMR (CDCl,): v(P(c-C(H,);) = -27.0 ppm.

ReOCL{P(c-C¢H,));}, prepared as above (1.5 g, 1.7 mmol) and NaBH, (1.8 g, 48
mmol) are added to absolute ethanol (100 mL) and the mixture is stirred for 20 h at
room temperature. After removal of ethanol in vacuo, the residue is extracted with
4 x 20 mL benzene. The benzene is removed under vacuum and the residue washed
with absolute ethanol, giving ReH,{P(c-C4H,,);}, as a beige solid in 70% yield. Further
purification is achieved by recrystallization from benzene—hexane.

Properties: white powder. IR (KBr): v(Re—H) = 1970 w br, 1935 sh, 1915scm™. 'H
NMR (benzene-d;): 8CsHs) = 4.19 ppm (quartet, J = 0.8 Hz, SH); 8(c-C,H,,) = 2.22
(d.J = 13 Hz, 12H), 1.80 (18H), 1.64 (18H), 1.20 (18H) ppm; -6.50 ppm (1, J = 20
Hz). C{'H}NMR (benzene-d,): 8(c-CH,,) = 40.4 (d of t, 1C), 30.5 (¢, 2C), 28.1 (t of 1,
2C),27.2(t, 1C) ppm. *'P{'H}NMR (benzene-d;): 8(P(c-C.H,,);) = 47.2 ppm.

(9) Bis{1,1-bis(trifluoromethyl)ethoxo}(2,6-diisopropylphenylimido)-
(neopentylidyne)rhenium(VII}), Re{N(2,6-C;H,-i- Pr)}(CCMe,)-
{OCMe(CF,),}, [48]

Re{N(2,6-C,H,-i-Pr)},(CHCMe;)Cl + HCI (gas)
[N(2,6-C¢H;-i-Pr)H,][Re {NH(2,6-C¢H;-i-Pr)} (CCMe,)Cl,]  (26)

[N(2,6-C,H,-i-Pr)H,][Re {NH(2,6-C,H,-i-Pr}}(CCMe,)Cl,] + NE{,Cl
[NEt,J[Re{NH(2,6-CH,-i-Pr)}(CCMe,)Cl,] 27)

[NEt,J[Re{NH(2,6-CH,-i-Pr) (CCMe,)Cl,] + LIOC(CF,),Me
Re{N(2,6-C4H;-i-Pr)}{CCMe,) { OCMe(CF,),} (28)
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To a stirred solution of Re{N(2,6-C,H;-i-Pr)} ,(CHCMe;)CI [49] (2.0 g, 3.12 mmol) in
diethyl ether (250 mL) is added via syringe HCl gas (210 mL, 0.4 mmol) at -78 °C. A
fine orange precipitate of [N(2,6-C,H,-i-Pr)H,][Re{ NH(2,6-C¢H;-i-Pr)} (CCMe,)Cl,]
forms after 5 min and the mixture is then warmed to 25 °C over 1h. The precipitate is
collected by filtration and washed with diethyl ether (250 mL). 2.24 g (96%). IR
(Nujol): v(N—H of ArNH) = 3210 br; v(N—H of ArNH,) = 3065 v br cm .

Re{N(2,6-C¢H;-i-Pr)} ,(CHCMe,)CI (10.62 g, 14.1 mmol) formed as above is par-
tially dissolved in CH,Cl,. Over an hour, tetracthylammonium chloride (3.69g,21.2
mmol) is added as the mixture is stirred vigorously. The dark-red slightly cloudy solu-
tion is filtered and concentrated slowly until red crystals begin to form. Diethyl ether is
added carefully until most of the product precipitate. The flask is cooled and left
overnight at —40°C to give red microcrystals of [NEt][Re{NH(2,6-C;H;-i-Pr)}
(CCMe;)Cl] in two crops. 9.60 and 0.23 g (99%). IR (Nujol): (N-H)=3190cm™.

LIOC(CF;);Me (1.71 g, 9.09 mmol) is added to [NEt4][Re{NH(2,6-C,H,-i-
Pr)}(CCMe;)CL] (2.00 g, 2.84 mmol) in 110 ml of CH,CI, at -30 °C. The mixture is
allowed to warm to 25 °C over a period of 1 h to give a red solution containing sus-
pended lithium chloride. The mixture is filtered through Celite and the solvent is
removed from the filtrate in vacuo. The residue is extracted with pentane and the
extract is reduced in volume to yield the red crystalline product, Re{N(2,6-C,H-i-
Pr)}(CCMe;){OCMe(CFy;),},, which can be recrystallized from cold pentane. 1.70 g
(75%).

Properties: red crystals. "C{'H}NMR (benzene-d;): d(carbyne C,) = 304.6 ppm.
Re{N(2,6-C¢H;-i-Pr)}(CCMe,) {OCMe(CF,),}, reacts with 3-hexyne to give a
rhenacyclobutadiene derivative. 2,2-Dimethyl-3-hexyne is lost rapidly from the initial-
ly formed a-terz-butyl-substituted metallacycles.

Ar
N Et
RO, ,NAf o ROy, Il
- he + EtC=CEt —— ,‘ReO Et + tBuC=CEt
RO” t.1By RO
Et (29)
CH(CH
(")Fs (CH3),
RO- = Me—Q—O— Ar =
CFs CH(CHa),
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10 Group 8 (Fe, Ru, Os) Metal
| Compounds

S. Komiya and M. Hurano, Tokyo University of Agriculture and Technology

10.1 Introduction

Organometallic complexes of Group 8 having carbon monoxide, cyclopentadienyl or
tertiary phosphines as supporting ligands have been widely investigated. Because the
starting materials for the preparation of Group 8 complexes are commercially avail-
able and fairly inexpensive, many alkyl, alkene, alkyne, alkylidene, and alkoxy com-
plexes have been reported. In particular, relatively low valent complexes such as
Fe(CO),, FeCl,, FeCp, and RuCl;-3H,O are important for starting materials of
organoiron and -ruthenium complexes. On the other hand, many organoosmium com-
plexes are prepared from the complexes with higher oxidation states such as OsO, or
Na,OsCl,.

The organoiron, -ruthenium and -osmium complexes generally have oxidation states
of -2 to +4, -2 to +4 and -2 to +2, respectively [1]. Organoosmium chemistry has
received less attention than that of iron and ruthenium, because of the high price of Os
metal.

10.2 Iron Complexes

Organoiron complexes have played a central role in organometallic chemistry since
Fe(CO), was discovered in 1891 [2-3]. The Fischer-Tropsch reaction developed in 1925
using a heterogeneous iron complex encouraged interest in the chemistry of iron car-
bonyl and carbene complexes. On the other hand, the discovery and unexpected stabil-
ity of ferrocene opened the modern era of organometallic chemistry [4]. Applications
of organoiron complexes to organic synthesis have been developed since the 1960’s,
particularly the use of Fe(CO),, Fe,(CO),, and Na,[Fe(CO),] in promoting isomeriza-
tion of olefins, dehalogenations, carbonylations, and so on.

In the following sections, series of iron complexes are reviewed, divided into 4
groups according to their supporting ligands. The first group are homoleptic carbonyl-
iron complexes. They are one of the most well investigated organoiron complexes for
organic syntheses such as olefin isomerizations, olefin cycloadditions, and carbonyla-
tions. The simplest mononuclear carbonyliron complex is Fe(CO);. They are not only
used for organic synthesis, but also used as starting materials of many carbonyliron

Synthesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Ltd
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derivatives. In this section, their chemical reactivities are described. The second group
are iron complexes with a diene ligand. They frequently contain a carbonyl ligand as
well. However, they should be described individually because they are extensively stud-
ied to date. The third group are iron complexes with cyclopentadienyl ligands.
Ferrocene, FeCp, is one of the most important compounds in the rapid developement
of organometallic chemistry in the last half century. The recent developments using
asymmetric ferrocenyl phosphines are also noteworthy. A monocyclopentadienyliron
fragment, CpFe(CO),, is interesting because it provides various kinds of organoiron
complexes. The last group are iron complexes having phosphine ligands. Low valent
iron complexes having phosphine ligands are of interest for activation of C-H bonds
or small molecules. The chemistry of the other organoiron complexes are dealt with in
reviews [5].

10.2.1 Iron Carbonyl Complexes

Iron carbonyls are among the most investigated compounds in both organic and
organometallic chemistry. During studies of their chemical reactivities, several charac-
teristic properties are revealed [2]. For example, carbonyliron complexes are stzong
reducing agents, and can abstract oxygen or halogen, and they are also capable of cat-
alyzing carbonylation under a CO atmosphere. In carbonyliron complexes having an
alkene, diene, or alkyne ligand, the unsaturated ligand is susceptible to addition of
nucleophiles because of the strong electron withdrawing property of the Fe(CO), frag-
ment. On the other hand, it is shown that they react with some electrophiles such as H”
or MeCO". By virtue of such various reactivities of carbonylirons, they are used for
organic synthesis or preparation of organoiron complexes, in particular, Fe(CO);,
Fe,(CO), and Fe;(CO),, (Figure 10.1).

All three Group 8 metals form trinuclear clusters My(CO),,. However, while all car-
bonyl ligands in ruthenium and osmium dodecacarbonyl complexes coordinate to the
metal center as terminal carbonyls, there are two bridged carbonyl groups in iron
dodecacarbonyl. This may be due to the smaller van der Waals radius of the iron atom.
In this section, Fe(CO),, Fe,(CO),and Na,[Fe(CO),] are reviewed.

Pentacarbonyliron was prepared independently by Mond [2] and Berthelot [3] in
1891 by the direct reaction of finely ground iron with carbon monoxide. It is an air-
stable liquid at room temperature which is used as a starting material for iron(0) chem-
istry (Scheme 10.1). Corresponding pentacarbonyls of ruthenium and osmium have
found less application due to their facile decomposition to M(CO),,. Since Fe(CO); is
commercially available and inexpensive, there is no need to synthesize it in the labora-

OC ¢co
O R

co i oc\ . co
1 .co 0C.,, &~ ..CO oc, /fe  .co
OC—Fe, OC—Fe—Fe—CO OC—Fe—Fe—CO

| ~co 71> Sco NS
co oc //Cxcl;\ oc /CX| “0

S Yo O/ o

Figure 10.1 Structures of Fe(CO),, Fe,(CO), and Fe,(CO),>.
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Na/amalgam

y

Na[FeCp(CO),]

Scheme 10.1

tory except for preparing isotopically labeled compounds. Because Fe(CO); 1s toxic
(even though less toxic than Ni(CO),) with relatively high vapor pressure (21 mmHg,
20 °C), it should be handled with care under a well ventilated hood.

Dienes can displace two carbonyl ligands from Fe(CO); giving Fe(CO);(diene)
[diene = 1,3- cyclohexadiene [6], norbornadiene [7], cyclooctatetraene [8] or cyclobuta-
diene [9]]. Tertiary phosphines (L) give Fe(CO),(L) and Fe(CO),(L),. On the other
hand, if a carbonyl ligand is lost from Fe(CO);, in the absence of an appropriate 2e
donor, another Fe(CO); molecule can be trapped by the labile “Fe(CQ),” species to
form Fe,(CO), in high yield [10]. Interestingly, treatment of Fe(CO), with dicyclopen-
tadiene results in formation of the dinuclear complex [FeCp(CO),], containing mono-
valent iron, which can be readily reduced to the Fe(0) anion complex [Fe(CO),Cp] by
sodium amalgam. Because the carbonyl ligand is a strong m-acid iron carbonyl com-
plexes, its complexes can be isolated by the reduction of Fe(CO), with base [11-12].

Enneacarbonyldiiron can be derived by the exposure of pentacarbonyliron to UV
light and is also commercially available. It is an air-stable shiny yellow crystalline solid
at room temperature. Fe,(CO), is less important as a precursor of iron complexes than
as a reagent in organic synthesis. However, the following two reactions [13-14] are
interesting because Fe,(CO), is used as a Fe(CO), synthon (Scheme 10.2).

Pentacarbonyliron and enneacarbonyldiiron are also applied to many organic syn-
theses and show basically similar chemical reactivity. However, the former sometimes
gives higher yields than the latter. Several typical reactions by pentacarbonyl iron and
enneacarbonyldiiron are described.




162 GROUP 8(FE, RU, 0S) METAL COMPOUNDS
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- Fe(CO)s
Scheme 10.2

10.2.1.1.  Isomerization of olefins

The reaction of pentacarbonyliron with mono-olefins is known to give olefin-Fe(CO),
complexes. These are probably intermediates in olefin isomerization, which generally
occurs via a 1,3-hydrogen shift in a n*-allylic intermediate (Scheme 10.3)[15].

Various kinds of olefin isomerizations are effectively promoted by Fe(CO).
However, because the isomerized product is usually released from the iron complex by
oxidation, these isomerizations require a stoichiometric amount of pentacarbonyliron
as described below (Scheme 10.4, eq (1)) [16-17].

=

1) Fe(CO)s (1)

2) [O]

On the other hand, catalytic isomerization of olefin by pentacarbonyliron can also

occur (eq (2)) [18].
O cat. Fe(CO)s Q )
+ Fe(CO)s, - CO /Fe(CO)4 (OC)sFe—H
R/\/\R. = R/\/\R, ——p o
(OC)4F9
+CO \/ - Fe(CO), P
R RI R/\/\ R

Scheme 10.3
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Fe(CO)3

//—\> Fe(CO)s va |\_ [0] VA

Scheme 10.4

The driving force for these reactions is considered to be the thermodynamic stability
of the 1,3-diene-Fe(CO), intermediate.

10.2.1.2  Carbony! Insertion

Carbonyl insertion reactions are also carried out in the presence of pentacarbonyliron
and are widely used for organic synthesis. Reaction of pentacarbonyliron with an
organolithium followed by protonation gives an aldehyde derivative; if a suitable alkyl
halide is used in place of acid, a ketone is obtained (Scheme 10.5) [19].
These reactions probably occur by the nucleophilic addition of the aryl anion to one of
the CO groups of pentacarbonyliron followed by the addition of electrophiles.
Pentacarbonyliron also causes carbonylation of electrophilic aryldiazonium salts [20].
Pentacarbonyliron is also capable of producing lactone from epoxides [21]. The
reaction of dienemonoepoxide with Fe(CO); gives a u-n-allylcarbonyliron complex.
Unsaturated lactone is obtained after treatment of the allyliron intermediate with ceri-
um (Scheme 10.6).

CHO
R
1) Fe(CO)s
Li -
R 2) H+
R
COCH.Ph
& 1)Fe(CO)s R
2) PhCH,Br
R
Scheme 10.5
@)
O
J—re(co)s 0
Fe(CO)s o CelV

—=
5% _

Scheme 10.6
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Scheme 10.7

This reaction can also be applied to f-lactam synthesis as depicted below. Treatment of
the p-m-allylcarbonyliron intermediate with benzylamine followed by oxidation by
cerium(IV) yields the B-lactam framework in high yield {Scheme 10.7) [22].

10.2.1.3 Dehalogenation

Treatment of an a-bromoketone with pentacarbonyliron results in coupling, loss of
Br and formation of 1,4-diketones (eq (3)) [23].

r 1) Fe(CO
Ar)g( , ) Fe(CO)s Ar%m o
R R 2) H,0 ARG

10.2.1.4 Hydroquinone Synthesis

Reaction of acetylene and carbon monoxide with water in the presence of Fe(CO);
yields hydroquinone. Although this reaction occurs stoichiometrically at 50-80 °C, the
reaction becomes catalytic and a yield of up to 70 % is obtained under high CO pres-
sure (600—700 atm) (eq (4)) [24].

Fe(CO
HC=CH o0 | HOOOH @)
COM,0

Substituted acetylenes also react under similar conditions to form the corresponding
alkylhydroquinones. Of particular interest is that a mixture of methyl acetylene and
dimethyl acetylene yields trimethylhydroquinone, which is an important precursor of
vitamin E (eq (5)) [25].

Fe(CO)s

MeC=CMe + MeC=CH ~ HO oH ()
CO/M,0
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Scheme 10.8

10.2.1.5 [3+2] and [3+4] Cycloadditions

Reaction of o,a’-dibromoketones with enneacarbonyldiiron gives oxoallyl cations
which easily react with alkenes, enamines, and amides via [3+2] and with dienes via
[3+4] cycloadditions, respectively, in high yield (Scheme 10.8) [26-29].

Although similar cycloadditions promoted by zinc-—copper have been reported, they
usually gave lower yields than those of the iron catalyst [30)].

10.2.1.6 Desulfurization

Enneacarbonyldiiron acts as a strong reducing reagent. For example, desulfurization
of episulfides has been carried out stereosclectively by Fe,(CO),(eq (6)) [31-32].

1 4
S F92(CO)9 R R

R1.2.../u‘..g4 - = (6)
R R3 R2 R3

10.2.1.7  Preparation of Organometallic Complexes by Dehalogenation

By using the reducing capability of enneacarbonyldiiron, several organoiron com-
plexes have been prepared by dehalogenation. For example, treatments of enneacar-




166

GROUP 8(FE, RU, OS) METAL COMPOUNDS

bonyldiiron with dichloroisobutene [33-34] or 1,2-dichlorocyclobut-3-ene [35] gen-
erates trimethylenemethane or cyclobutadiene complexes of tricarbonyliron (eq (7)

and (8)).
< Ci Fe(COJs e o)
Cl T

Fe(CO)3

\j

Cl ~

II( Feg(CO)g \i
8
Fe(CO)3 ®)

Cl

These dihalo-compounds presumably coordinates to iron(0) and then the excess
iron(0) species removes the halogen atoms from the coordinated dihalo-alkenes.

Disodium tetracarbonylferrate (Collman’s reagent) is prepared by the reduction of
Fe(CO); with sodium naphthalene in THF or sodium benzophenone ketyl in dioxane.
Though it can be i1solated as a white precipitate, it is usually used in THF or dioxane
solution without isolation because of its highly air-sensitive and pyrophoric character.
It is reported that the solubility of Na,[Fe(CO),]is 7x 10~ M in THF and that it can be
stored for moderate periods in an inert atmosphere in the dark [36]. X-ray crystallogra-
phy of Na,[Fe(CO),] (Fig. 10.2) shows that the C—Fe—C bond angle opposite to the
sodium cations is significantly distorted (129.7°) [37]. However, this distortion is
reduced for the potassium analogue [38].

Oxidative addition reactions of Na,[Fe(CO),] have been the subject of many studies.
It reacts with alkyl and acyl halides to yield the corresponding ketones, aldehydes,
acids, amides and esters as shown below (Scheme 10.9) [39].

The reactions of Na,[Fe(CO),] with alkyl halides or alkyl p-toluenesulfonates pro-
ceed with inversion in stereochemistry via Sy2 mechanism (eq (9)) [39].

1) Nay{Fe{CO)4], CO

/\/\/\/
: 2) Mel /\/\/I 9
OTs o

(S)-(+) (R)-(-)
88% (>99%ee)

ocC,
.. ,CO
/Fe\z'
oc”eo,
Na* Na* Nar Na*
\OC\\‘ ’12-/00’/
'Fe
oc” “co

Figure 10.2  Structure of Na, [Fe(CO),].
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Scheme 10.9

Na,[Fe(CO),] is also used as a reductant, especially for the preparation of unsymmetric
aldehydes or ketones. Reduction of maleic anhydride by Na,Fe(CO), gives maleinalde-
hydic acid (eq (10)) [40].

0 O
Nay[Fe(CO)4] - H (10)
0 OH
O 0

The unsymmetrical ketone MeCOCH,(CH,),CO,Me is obtained in reasonable yield
from BrCH,(CH,),CO,Me and methyl iodide with Na,Fe(CO), (eq (11)) [41].

Na,{Fe(CO)4]
Mel + BrCHx(CH;)4CO,Me ~ MeCO(CH,)sCOMe  (11)

10.2.2 Diene Complexes of Iron

Diene complexes of iron are usually prepared from Fe(CO)s or Fe,(CO),. The tricar-
bonyliron fragment acts as a protecting group of a coordinated diene for the hydro-
genation, and Diels-Alder reactions. For example, (1,3-butadiene)Fe(CO), given in
equation (12) fails to react with hydrogen even in the presence of platinum catalyst, or
to undergo cycloaddition with maleic anhydride [42]. On the other hand, it can act as
an activating group of dienes toward nucleophilic addition, a reaction which does not
proceed under usual conditions.
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10.2.2.1 Reactions of Fe( CO); with Dienes

Pentacarbonyliron releases its carbonyl ligands upon heating or exposure to UV light,
and the resulting unsaturated species are known to react with various kinds of
1,3-dienes to form dieneiron tricarbonyl complexes. For example, (butadiene)tricar-
bonyliron is prepared by the direct reaction of 1,3-butadiene with Fe(CO); at
130-140°C in a closed system (eq (12)) [42].

_2c0 YZR

AF +  Fe(CO)s L (12)
oc™ | Sco
co

The diene ligands transform to the cisoid form because of the thermodynamic stability
of the complex. Because the bond distances of C,—C, and C,—Cj in the butadiene lig-
and are 1.45and 1.46 A, respectively, the double bond character between C,—C,;and the
bond order alternation is stili insignificant [43). This may be due to the strong n-acidity
of three carbonyl ligands which reduces n-back donation from iron to the butadiene
ligand. (Cyclohexadiene)tricarbonyliron complexes are also noteworthy. Fe(1,3-cyclo-
hexadiene)(CO), was prepared by the reaction of 1,3-cyclohexadiene with Fe(CO), [44)
(eq (13)) and more stable Fe(1,4-cyclohexadiene)(CO), was also prepared [45].

© +  Fe(CO)s 20, ' (13)

e
oc” | ~co
CO

By use of cyclohexadiene complexes of iron, many stereo- or rigioselective reactions
have been developed. For example, Fe(1,3-cyclohexadiene)(CO), undergoes stereo-

H
1) PPhg !
2) MeCOCV/AICly “COMe
|
Fe

oC" | ~PPhs
CO
1) LICMeoCN
- (Oromen =)
- CMe,CN + CMe,CN
oo} CHO

PhsCBF 4 @ BF,

i
o Fe\
oc" | ~co
CO

Scheme 10.10
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selective Friedel-Crafts acylation to give an endo-acetyl complex, whose yield is much
improved if one CO ligand was replaced by PPh; (Scheme 10) [46]. The reaction of
Fe(1,3-cyclohexadiene)(CO); with 2-lithio-isobutylonitrile at =78 °C dominantly gives
3-(I-cyanoisopropyl)cyclohexene. If this reaction was carried out at room tempera-
ture, 3-(1-cyanoisopropyl)-4-formylcyclohexene was exclusively obtained. The tenden-
cy suggests that nucleophilic attack of the anion takes place at the C-2 position of the
diene [47]. Fe(1.3-cyclohexadiene)(CO), also reacts with electrophiles such as triph-
enylmethyl tetrafluoroborate, giving a cationic cyclohexadieny! complex, which reacts
with nucleophiles from the exo-face (Scheme 10.10).

10.2.2.2 Reactions of Fe,( CO ), with Dienes

Fe,(CO), 1s sometimes used in place of Fe(CQ); for reactions with 1,3-dienes. It results
under milder conditions because it readily generates a “Fe(CO),” species upon heating.
It can also react with heterodienes under mild conditions as described below (eq (14))

[48].
o Me
Me Phﬂ o)
| (14)
_ + Fen(CO)g fe
Ph oc |1 ~co
CO

10.2.2.3  Reactions of Fe,( CO ), with Methylenecyclopropane

Methylenecyclopropanes undergo C—C bond cleavage on reaction with Fe,(CO), to
give conjugated diene complexes having electron withdrawing substituents (eq (15))

[49].
MGOQC
MGOQC /
+ Fe,(CO)q MeO,C '|:\ (15)
.re
MeOQC OC\‘~ ‘ \CO
CO

10.2.2.4 Cyclobutadiene Complexes of Iron

Cyclobutadiene complexes are prepared by the method described in equation (8); some
members of the series can also be synthesized by dimerization of an acetylene on an
iron tricarbonyl fragment {eq (16)) [50].

Ph., ~Ph

Ph’@ Ph

Fe\
ocY | ~co
CcO

Ph———~Ph + Fe(CO)s
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10.2.3 Iron Complexes with Cyclopentadienyl Ligands

Treatment of Fe(CO); with dicyclopentadiene results in the formation of the dimeric
iron(I) complex [Fe(CsH;)(CO),],, which is a convenient starting material for mono-
cyclopentadienyl complexes. For examples, [Fe(C;H)(CO),], reacts with sodium
amalgam to give the zero-valent ion salt Na[Fe(C,H;)(CO),] via reductive Fe—Fe
cleavage, while treatment with HCI leads to oxidative addition giving FeCI(C,H.)
(CO),. There are many reports of stoichiometric reactions promoted by these com-
plexes.

Bis(cyclopentadienyl)iron derivatives, ferrocenes, are remarkably stable against heat
and air and undergo various kinds of chemical reactions. They are usually prepared by
the reaction of FeCl, with an alkali metal salt of cyclopentadienyl or cyclopentadiene
in the presence of base [51]. Although ferrocene derivatives basically have chemical
reactivities similar to those of aromatic compounds, they have found only limited
applications to organic synthesis so far. However, because chiral ferrocenylphosphines
are capable of having both planar chirality and an asymmetry in the side chain in their
rigid framework, they have been used recently in a number of asymmetric reactions. In
this section, synthesis and developments of monocyclopentadienyl complexes and fer-
rocenylphosphines are described. The general chemistry of ferrocenes and half metal-
locene complexes is reviewed elsewhere [52-53].

10.2.3.1  Monocyclopentadienyliron Complexes

One of the most intriguing aspect of chemistry of monocyclopentadienyl complexes is
a series of reactions starting from Na[Fe(C;H;)(CO),]. Cationic olefin complexes of
iron are prepared by treatment of Na[Fe(C;H;)(CO),] with chloroisobutene [54], epox-
ides [55], alkyl halides followed by B-hydrogen elimination [56], or alkyl halides fol-
lowed by hydrogen abstraction [57]. Fe(n'-allyl)}(CsH;)(CO),is prepared by treatment
of the cationic olefin complex with a tertiary amine [58]. The complexes obtained from
reactions of the olefin complexes are n'-carbon-bonded compounds, which have to be
oxidized to release the organic products. The n'-allyliron complex reacts with elec-
trophilic olefins, enones, amines or isonitriles to give corresponding adducts (Scheme
10.11) [53,59].

10.2.3.2  Ferrocenylphosphines

Recently, a number of ferrocenylphosphines have been developed for asymmetric
hydrogenation and C—C bond formation. A breakthrough in the chemistry of ferro-
cenylphosphines was the optical resolution of ferrocenylamines with tartaric acid [60).
Many optically active ferrocenylphosphines are derived as outlined in Scheme 10.12
[61].

[t is worthwhile noting that Rh/BPPFAOH is capable of producing high asymmetric
introduction in hydrogenation of aminoketones due to hydrogen bonding between the
carbonyl group of the substrate and the OH group in the ligand. Furthermore, a series
of ferrocenylphosphines having an aminoethyl group also resulted in high enantiose-
lectivity because of interaction between the aminoethyl group and the substrate. For
example, a gold(l) complex of a ferrocenylphosphine possessing a tertiary amine
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catalyzes the asymmetric aldol reaction of an isocyanoacetate with aldehydes to give
oxazolines in high enantioselectivity (> 96 % ee) (eq (17)) [62].

R COMe R CO;Me
[Au(c-HexNC)a]BF 4/L ' I\

RCHO + CNCHyCO,Me ChCh BC O\/N + O\/N

pu " an
N\
L2~ ppn,

L= l:'e
S PPhe

More recently, a trans-chelating asymmetric ferrocenyl phosphine (abbreviated as
TRAP) has been developed [63]. The rhodium complex of TRAP catalyzes asymmet-
ric Michael additions of a-cyanocarboxylates in high enantioselectivity (72-89 % ee)
(eq (18)) [64]. Because these Michael reactions proceed via a N-bound enolato complex
[65], the reaction center on the enolato ligand is far from the metal center. Thus, a
cis-chelating phosphine cannot control the direction of electrophilic attack. The reac-
tion with cis-chelating phosphines gives only a poor enantiomeric excess (BINAP, 17 %
ee: DIOP, 12 % ee: CHIRAPHOS, 3 9% ee).

RhH{CO)(PPhg);

N (S,9)-(R,A)-TRAP
- + R
R

Me

(5,5)-(R,A)-TRAP =

These recent developments have reawakened interest in the fundamental chemistry
of optically active ferrocenes [66].

10.2.4 Iron Complexes with Phosphine Ligands

Although a number of iron complexes having phosphine ligands have been prepared,
of particular interest are a series of iron diphosphine complexes. They have been exten-
sively studied because the iron(0) complexes generated from them are capable of acti-
vating C—H bonds or small molecules (Scheme 10.13). In this section, iron complexes
with phosphines are briefly reviewed from the viewpoint of the chemistry of zero-
valent iron complexes. Other recommended reading is given in ref. 5.
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Since Chatt and Davidson discovered C—H bond activation by reduction of
RuCl,(dmpe), with a sodium/naphthalene system, the iron analogues have been widely
investigated. Actually, reductions of FeCl,(diphos), or FeH,(diphos), have played the
central role in this area and FeCl,(diphos), can be prepared by the reaction of purified
FeCl, with diphosphine.

FeH,(diphos), 1s derived from the reduction of FeCl,(diphos),. The hydrido ligands
are known to be eliminated by exposure to UV light (313 nm) [67]. It is noteworthy that
the exposure of FeH,(dmpe), to UV light gives a zero-valent iron dimer Fe,(dmpe),
[68], while corresponding treatment of FeH,(dpe), leads to internal C—H activation
[67,69]. Thus iron(0) species with phosphine ligands are good candidates for C—H
bond activation. Indeed, C—H bond activation of arenes [70], ketones and nitriles
[71], olefins [72], and even alkanes such as pentane [73] or methane [74] have been car-
ried out by generation of Fe(0) species.

Zero-valent iron complexes can activate small molecules. For example, reduction of
FeCl,(diphos), under nitrogen atmosphere resulted in formation of Fe(N,)(diphos),
[diphos = dmpe or depe] (Scheme 10.13). Interestingly, protonolysis of Fe(N,)(dmpe),
was reported to give ammonia under ambient conditions [75]. In addition, the coordi-
nated dinitrogen in Fe(N,)(depe),[76-77] can be readily replaced with CO or CO.,.
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10.3 Synthesis of Fe Compounds

(1) Pentacarbonyliren(0), Fe(CO);|78]

(moderately air stable, toxic, hood)

Fe Fe(CO)s (19)

Because pure pentacarbonyliron(0) is commercially available at a reasonable price, it is
not usually necessary to prepare it. However, this method is sometimes used for the
preparation of PC or '30 labeled Fe(CO);.

Iron powder (5.0 g) is suspended in dry heptane (30 mL) and is activated by shaking
for 15 min in an atmosphere of H.S. A slight gas evolution on the surface of the iron
particles is observed during the activation. The suspension is then stored under nitro-
gen. After introduction of "CO or C'*O at atmospheric pressure, the suspension is
stirred at room temperature very vigorously for 20 h. The solution gradually turns red
during the reaction. The solvent is then removed under reduced pressure. The title
product is obtained by distillation at atmospheric pressure (bp 103 °C).

Properties: mp -20°C. bp 103°C. IR [Fe(CO);in C,H,,]: 2022, 2000 cm™.
[Fe(CO),,(3CO),J: 2023, 2001, 1988, 1976, 1972, 1964, 1955 cm' ; [Fe(CO); (C*0),]:
2023, 2008, 2001, 1988, 1976, 1964, 1955 cm .

Pentacarbonyliron is a straw-colored liquid with a musty odor, which is stable in air
at room temperature. It should be handled in a hood because it is a toxic liquid with a
relatively high vapor pressure even at room temperature (21 mmHg, 20 °C). It should
be stored in the dark to prevent slow decomposition.

(2) Enneacarbonyldiiron(0), Fe,(CO),[79]

(moderately air sensitive, toxic, hood)

Fe(CO)S Feg(CO)g (20)

Fe(CO); (146 g, 0.746 mmol) is dissolved in anhydrous glacial acetic acid (200 mL) in a
1 L three-necked pyrex flask with mechanical stirrer, stopper, and gas inlet under inert
atmosphere. If the glacial acetic acid contains water, the reaction yields only a brown
pyrophoric powder. The vessel is placed in a 5 L silver lined Dewar flask and is cooled
continuously by running water. A bucket lined on the side and bottom with aluminum
foil can also be used instead of a silver lined Dewar flask. A 125 W high pressure mer-
cury lamp with a water-circulating glass jacket is placed as close as possible to the reac-
tion vessel. The temperature of the reaction mixture should be kept between 20-25 °C
during the irradiation. Moreover, vigorous stirring is required for this reaction because
precipitation of diiron enneacarbonyl formed on the surface on the lamp side signifi-
cantly reduces the product yield. On 24 h exposure of the reaction mixture to UV light
with vigorous stirring, the title complex is precipitated. The solution layer is removed
by cannula and the residuals are washed first with ethanol and then ether, repeatedly.
The shiny yellow precipitate is dried in vacuo. 122 g (91%). The title complex is insolu-
ble in almost all organic solvents and water and is slowly decomposed in THF and
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dichloromethane. Over a long period, it should be stored in the dark in an inert atmos-
phere, preferably carbon monoxide.

Properties: mp 100-120 °C (dec). IR(KBr) 2082, 2019, 1829 cm™.

(3) Disodium Tetracarbonylferrate(-II), Na,|Fe(CO),] [80]
(air sensitive, pyrophoric, hood)

NaC10H8

Fe(CO)s Nas[Fe(CO),] (21

A sodium dispersion in paraffin (1.73 g as Na, 75.0 mmol) is charged in a well-dried 1L
three-necked round-bottomed flask with a magnetic stirrer bar equipped with a 200
mL dropping funnel and rubber serum stoppers under nitrogen atmosphere. The vessel
is cooled to 0 °C and a THF solution (200 mL) of naphthalene (9.90 g, 77.0 mmol) is
added by stainless cannula. Freshly distilled THF from sodium benzophenone ketyl
should be used as solvent. The reaction mixture is stirred at 0 °C for 2 h. The resulting
deep green solution is cooled at —78 °C. Freshly distilled iron pentacarbonyl (7.02 g, 36
mmol) in THF (100 mL) is added dropwise from the funnel over a 30 min period with
vigorous stirring. It should be noted that low quality iron pentacarbonyl leads to poor
yield and purity. The color changes from deep green to beige. At this point, the addi-
tion of iron pentacarbonyl is discontinued and the mixture is stirred for an additional
hour before warming to room temperature, Then, dry pentane or hexane (200 mL) is
added by cannula to the reaction mixture and stirs for 30 min. The white precipitate is
isolated by a glass filter under nitrogen and washed with pentane (100 mL). It is finally
dried in vacuo. Yield: 7.39 g (96 %).

Properties: mp 104-105 °C. IR(KBr) 1730 cm .

(4 (w-AllyDbromotricarbonyliron(IT), FeBr(n*-C,H,)(CO),[13]

C3H5Bl‘
FeBr(n3-C3Hs)(CO)s (22)

Fey(CO)gy

To a hexane suspension of Fe,(CO),(36.5 g, 0.1 mol) is added allyl bromide (12.0 g, 0.1
mol) under a nitrogen atmosphere. The reaction mixture is warmed at 40 °C for 1.5 h
with vigorous stirring. The resulting dark red solution is filtered and the filtrate is con-
centrated under reduced pressure (20-30 °C/12 mmHg). Care should be taken because
toxic pentacarbonyliron is present in the solution. Cooling the concentrated solution
at 0 °C gives dark yellow prisms (ca 4 g). The solution layer is concentrated to give fur-
ther crystals (ca 6 g). Recrystallization from petroleum ether {bp. 45-60 °C) gives dark
yellow crystals. Yield: 9.9 g (38 %).

Chloro or iodo analogues are also prepared by the reaction of Fe,(CO), with corre-
sponding allyl chloride and 1odide,

Properties: FeX(n*-C;H)(CO),; (X = Cl): yield 25 %, yellow needles, mp 88-89 °C,
IR(KBr): 2091, 2013 cm ™. (X = Br): yield 38 %, yellow prisms, mp 86-87 °C (dec.),
IR(KBr): 2095, 2020, 1991 ¢cm™. (X = I): yield 67 %, yellow needles, mp 85-86 °C,
IR(KBr): 2078, 2015cm ™.
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(5) (n*-1,3-Butadiene)tricarbonyliron(0), Fe(n*-1,3-C H)(CO),[42]

(under nitrogen, hood)
1,3-C4Hg

Fe(CO)s Fe(n?-C4He)(CO)s (23)

Though the preparation of the complex was first reported by Reihlen et al., nowadays
it was usually prepared by the following modified method [81].

Fe(CO)s (29 g, 0.15 mol) and butadiene (0.3 mol) is charged in a stainless autoclave
(300 mL). The reaction mixture is heated at 135 °C for 24 h. After cooling the autoclave
to room temperature, the generated carbon monoxide is discharged. This procedure is
repeated 3 times and then unreacted Fe(CO)s is removed from the combined orange
solution under reduced pressure at room temperature. Because this procedure gener-
ates toxic gaseous pentacarbonyliron, a cold trap (-78 °C) should be placed in the dis-
tillation system. After removal of Fe(CO), distillation under reduced pressure
(47-49 °C /0.1 mmHg) gives a pure orange yellow oil: 4.6 g (16 %). Crystallization
from ligroin or methanol at --78 °C affords pale yellow crystals.

This complex can also be prepared by the ligand exchange reaction of
(n4-4-phenyl—3—buten—2-one)(tricarbonyl)ir0n with 1,4-butadiene as described below

82].

PhCH=CHCOMe + Fe,(CO),
(n*-PhACH=CHCOMe)Fe(CO), + CH,—CH—CH=CH,

Properties: mp 19 °C. IR: 2051, 1978 cm .

(M*-PhCH=CHCOMe)Fe(CO), (24)
Fe(n*-1,3-C,H(CO), (25)

(6) Tricarbonyl(n®-1,3-cyclohexadiene)iron, Fe(*-C,H,)(CO), [81b}

(moderately air stable complex, but store under nitrogen)

1,4-CgHg
Fe(CO)s Fe(n4-CgHg)(CO)3 (26)

Into a stainless autoclave (300 mL) is added Fe(CO);(29.2 g, 0.149 mol) and 1,4-cyclo-
hexadiene (12.9 g, 0.161 mol) under nitrogen. The reaction mixture is cooled to -78 °C,
the pressure reduced to 1 mmHg and heated at 150 °C for 20 h. The autoclave is cooled
to room temperature and the generated CO is discharged. The resulting yellow liquid is
collected from the autoclave. This procedures are repeated for 3 times. The unreacted
Fe(CO); and 1,4-cyclohexadiene are removed from the combined yellow liquid under
reduced pressure. Then, the title compound is distilled under reduced pressure (bp
50-66 °C/1 mmHg). Care should be taken because this procedure generates toxic
Fe(CO); vapor. A cold trap (-78 °C) should be therefore placed in the distillation sys-
tem. Yield: 19.2 g (19 %).

Properties: mp 8-9 °C. IR: 2066, 1978 cm .

(7)  Bis(n*-cyclopentadienyl)tetracarbonyldiiron(1), [Fe(n®-CH,)(CO),],[83]

(fairly air stable complex, but prepare under nitrogen in hood)

CsHs
Fe(CO)s [Fe(CsHs)(CO)5), (27)
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Into a 2 L three-necked round-bottomed flask equipped with a three-way stopcock, a
reflux condenser, and thermometer is added dicyclopentadiene (1 kg, >95 % purity)
and iron pentacarbonyl (150 mL, 1.1 mol) under nitrogen. The mixture is heated at
140-150 °C with stirring until yellow vapors of iron pentacarbonyl are no longer
observed (ca 8 h). Careful attention should be paid to keep the temperature exactly at
140 °C during the reaction because no product is obtained below 140 °C and extensive
decomposition will occur over 150 °C. The deep red mixture is cooled to room temper-
ature and then allowed to stand for several hours to give reddish purple crystals. The
crystals are filtered and repeatedly washed with cold hexane or pentane. Yield: 76 g
(38 %). These crystals are pure enough to use in further reactions. Analytically pure
crystals are obtained by recrystallization from a mixture of pentane-dichlorom ethane
or sublimation (110 °C /0.1 mmHg). However, significant loss of the product occurs
during purification.

(8) Alkyl(n’-cyclopentadienyl)dicarbonyliron(I), FeR(1>-CH)(CO), [84]

(under nitrogen atmosphere)

Na[Fe(CsHs)(CO)2] FeR(CsHs5)(CO)2 (28)

Reaction of [Fe(CH;)(CO),], (see above)} with sodium amalgam in THF for 2 h results
in formation of orange Na[Fe(C,H)(CO),].

A two-necked round-bottomed flask equipped with a dropping funnel and magnetic
stirrer bar is charged with THF solution (300 mL) of Na[Fe(C;H)(CO),) (20 g, 0.10
mol). The solution is cooled to 0 °C and is treated dropwise with a THF solution of
methyl iodide (7.0 g, 0.12 mol). The mixture is stirred at room temperature for several
hours and solvent is then removed under reduced pressure. The resulting solid is sub-
limed (60 °C / 0.1 mmHg) to give orange crystals of Fe(CH,)(n’-CsH)}(CO),. Yield:
14.3 g (70 %). Other alkyl iron complexes can be prepared similarly [84-91].

Properties: (R = Me): mp 78-82 °C. IR(CCl,): 2010, 1955 ¢cm'. 'H NMR (CDCl,):
80.17 (s, 3H), 4.78 (s, 5H).

(9) Chloro(n’-cyclopentadienyldicarbonyliron(If), FeCl(n>-C;H;)(CO),[92]

(air stable)

[Fe(CsHs)(CO)2l FeCl(CsHs)(CO)2 (29
[Fe(C;H)(CO),], (15 g, 42.4 mmol), chloroform (180 mL), ethanol (120 mL) and final-
ly 2M hydrochloric acid (120 mL) are added to an Erlenmeyer flask in that order. The
reaction mixture is stirred for 5 min at room temperature. Concentrated hydrochloric
acid (15 mL) is added to the mixture and then the solution is oxidized by gentle bub-
bling of air at room temperature. The air oxidation should be discontinued when the
solution color changes from reddish purple to red (ca 1 h). Chloroform should be
added to the reaction mixture if chloroform is significantly vaporized during the air
oxidation. After air oxidation, the organic layer is separated and the water layer is
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extracted repeatedly with chloroform (5 x 20 mL). The combined organic layer is dried
over anhydrous magnesium sulfate. Magnesium sulfate is filtered off and the filtrate is
concentrated to dryness and dried in vacuo. The resulting dark red solid is dissolved in
benzene (100 mL) and the msoluble black precipitate is removed by filtration. The fil-
trate is concentrated to ca 20 mL under reduced pressure and then hexane (150 mL) is
added. The precipitate formed is filtered, washed with hexane and dried under vacu-
um. Yield: 14.4 g (80 %). The corresponding bromide and iodide are also obtained by
an analogous procedure.

Properties: mp 85-86 °C. IR(CHCI,): 2057, 2012 cm™'. '"H NMR (CDCl,): § 5.05
(s, SH).

(10)  Bis(n’-cyclopentadienyl)iron(Il), (Ferrocene), Fe(n’-C.H.),[93]
(air stable complex, prepare under nitrogen atmosphere in hood)

CsH
FeClg >

Fe(CsHs)o (30)

A mixture of cyclopentadiene (42 mL, 0.5 mol) and anhydrous iron dichloride (31.8 g,
0.25 mmol) in a 250 mL round-bottomed flask is cooled to 0 °C. To the reaction mix-
ture 1s added diethylamine (100 mL, ca 1 mol) with vigorous stirring. The mixture is
allowed to warm to room temperature and stirred for 6-8 h. The excess diethylamine is
removed under reduced pressure and the resulting solid is extracted repeatedly with
refluxing petroleum ether. The extract is purified by hot filtration and removal of the
solvent gives orange solid. Recrystallization from pentane or cyclohexane, or sublima-
tion (150 °C /760 mmHg), gives pure ferrocene. Yield: 34-39 g (73-84 %)).

Properties: mp 173-174 °C. 'H NMR: 8 4.11 (in CS,), 8 4.04 (in CCl,), §4.01 (in C,D,).

(11) Dihydridobis{bis(1,2-diphenylphosphino)ethane}iron(II), FeH,(dpe), [94]
(under nitrogen atmosphere)

dpe, NaBH,

FeCl, FeHg(dpe)g (31)
(DPE = Ph,PC,H,PPh,)

Highly reactive anhydrous iron dichloride should be used for this preparation. It is
obtained by grinding FeCl,-4H,0 under nitrogen atmosphere followed by drying
under vacuum (110 °C /0.1 mm Hg) for 3-4 h. Into a single-necked round-bottomed
flask equipped with a reflux condenser and magnetic stirrer bar is added dpe [1,2-bis-
(diphenylphosphino)ethane] (20 g, 0.05 mol), anhydrous iron dichloride (2.52 g, 0.02
mol) and dry THF (250 mL). The mixture is stirred at room temperature for 10 min
and then solid NaBH, (4.0 g, 0.11 mol) is added. The purple-red reaction mixture is
refluxed for 10 min and additional NaBH, (2.0 g, 0.055 mol) is added. Then, absolute
ethanol (20 mL) is added dropwise. After gas evolution has caused, the chrome-yellow
suspension is refluxed for a further 10 min. The insoluble materials are filtered off and
the filtrate is concentrated to ca 50 mL. The resulting yellow powder is collected and
dried in vacuo. The powder is dissolved in toluene (500 mL, its solution is filtered and
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the filtrate is concentrated to 200 mL. The resulting yellow crystals are collected and
dried under reduced pressure at 50 °C for 8 h. Yield: 11.5 g (56%). The composition of
the crystals is characterized as FeH,(dpe),"2CH,CH,.

Properties: mp 187 °C, IR(KBr): 1870, 1845 cm ! (Fe—H).

(12)  Chlorohydridobis{bis(1,2-diphenylphosphino)ethane}iron(II),
FeHCl-(dpe), [95]

(air stable complex but prepare under nitrogen atmosphere)

dpe, NaBH
FeCl, = i

FeHCl(dpe). (32)

Into a three-necked round-bottomed flask (250 mL) equipped with a dropping funnel,
gas inlet and magnetic stirrer bar is charged FeCl,-2H,0 (0.652 g, 4.1 mmol), 95 %
ethanol (40 mL) and dpe [1,2-bis(diphenylphosphino)ethane] (3.2 g, 8.1 mmol) under a
nitrogen atmosphere. The reaction mixture is warmed at 40 °C for 1 h. Then, an
ethanol solution (20 mL) of NaBH, (160 mg, 4.2 mmol) is added dropwise overa 1 h
period to the stirred solution, and then a reddish violet precipitates form. The reaction
mixture is stirred at 40 °C for an additional hour. The precipitate is filtered on a glass
frit. The precipitate is washed with deoxygenated water, then with warm ethanol
(40-50°C, 40 mL) and acetone (40 mL). The reddish violet compound is dried in vacuo
to give the crude product. (2.8 g, 80 %). The product is dissolved in dry benzene (30
mL) and the extract 1s filtered to remove insoluble materials. The filtrate is concentrat-
ed under vacuum until crystals appears, then petroleum ether is added to the mixture,
The reddish violet crystalline is filtered, washed with petroleum ether and dried in vac-
uum. Yield: 1.5 g (43 %).

Properties: mp 195 °C (dec.). IR(Nujol) 1955 cm™ [v(Fe—H))].

(13) Dichlorobis(triphenylphosphine)iron(II), FeCL(PPh,), [96]
(under nitrogen)

PPh;

FeCl, FeCly(PPhg), (33)

Anhydrous FeCl, is obtained by grinding FeCl,-4H,0 under nitrogen atmosphere and
then heating under vacuum (110 °C /0.1 mm Hg) for 3-4 h. Into a 100 mL Schlenk
tube is charged anhydrous FeCl, (1.36 g, 1.07 mmol), triphenylphosphine (10.5 g, 4.00
mmol) and dry benzene (60 mL) under nitrogen atmosphere. The reaction mixture is
refluxed for 4 h. After the reaction, the hot solution is filtered and the filtrate is allowed
to stand for a day at room temperature. The colorless crystals (ca 0.9 g) are separated
and washed with benzene. More crystals (ca 0.7 g) are obtained by concentration of
the mother liquor to ca 30 mL. The combined crystals are dried in vacuum for 6 h
(70 °C /5 mmHg). Yield: 1.58 g (23 %).

Properties: FeCl,(PPh,), has a tetrahedral geometry with high-spin configuration.
U = 4.88 [97] (5.07 [98]) BM. Soluble in acetone, nitrobenzene, methanol, or
dichloromethane. Insoluble in benzene, diethyl ether or chloroform.
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10.4  Ruthenium Complexes

Recently, the chemistry of ruthenium complexes has been extensively explored.
However, they have so far found less application in organic synthesis than palladium
compounds, probably because their chemistry is more complicated [99]. Indeed. in
contrast to palladium(Il) compounds. ruthenium complexes generally have 5- or
6-coordinated geometry and their oxidation state can vary between —2 to 6. This com-
plexity, however, leads to many interesting reactions and further developments in this
field are expected.

A wide variety of organoruthenium complexes is known. They can be roughly divid-
ed into 4 groups according to their supporting ligands. The first group are carbonyl
complexes which are generally derived from Ruy(CO);,. This complex is attractive
because while it is an air stable orange complex and easy to handle, it is the precursor
of an active catalyst for reduction of nitro groups, C—H bond activation or carbonyla-
tion. The second group are ruthenium complexes with tertiary phosphine ligands of
which RuCLL,, RuHCIL,,or RuH,L, are noteworthy because they are useful for organ-
ic synthesis. They have been extensively explored and a number of catalytic reactions
have been developed. Recent developments of ruthenium complexes having chiral
ligands are also of interest. The third group are cyclopentadienyl complexes.
Bis(cyclopentadienyl) complexes, ruthenocenes, undergo electrophilic substitutions.
but half metallocene or multi-nuclear cyclopentadienyl complexes are more intriguing.
Furthermore, both cyclopentadienyl and pentamethylcyclopentadienyl ligands effec-
tively stabilize alkyl-ruthenium bonds. whereas in phosphine complexes the alkyl
group tends to undergo 3-hydrogen elimination.

The last group are ruthenium complexes having arenes or dienes. These nt-stabilized
complexes are not only used for low valent ruthenium starting materials via replace-
ment of arenc or diene ligands but are catalysts for olefin dimerization, hydrogenation
of arenes, or C—C bond cleavage reaction.

For the preparation of these ruthenium complexes, RuCly-3H,0 and Ru,(CO),, are
frequently used as starting materials, though many ruthenium complexes are now
commercially available. They are relatively inexpensive and stable against oxygen, and
many ruthenium complexes are derived from them under ambient conditions.

In this section, we will review the nature and chemical reactivities of several kinds of
ruthenium complexes under the following headings: ruthenium carbonyl complexes,
dichlororuthenium complexes, chlorohydrido complexes. dihydridoruthenium com-
plexes, ruthenium complexes with chiral ligands, ruthenium complexes with cyclopen-
tadienyl ligands, and ruthenium arene/diene complexes.

10.4.1 Ruthenium Carbonyl Complexes

Ru(CO); is less frequently used than Fe(CO); for organic synthesis or as a starting
material as a zero-valent ruthenium complex because of its ease of decomposition to
Ru{CO),, [99]. Dodecacarbonyltriruthenium is very useful for these purposes. It has
been shown to be an active catalyst for the hydrogenation of olefins [100], carbonyla-
tion of ethylene [101], hydroformylation of alkenes [102], water-gas shift reaction
[103]. and reduction of nitro groups [104], and recently, C—H bond activation [105]
and coupling of diynes with CO [106].
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Ru(CO)4{P(OMe);

[(Ph3P)aN][Rug(CO)14]

Dodecacarbonylruthenium has been prepared by a number of methods. However,
the following three methods are conveniently employed for laboratory scale prepara-
tions. It can be dertved from the reaction of CO with RuCl,-3H,O in the presence [107]
or absence [108] of zinc powder, or from [Ru,O(u-0,CMe).(H.0).](0O-CMe) [109]. It is
obtained as orange crystals which are stable to light and oxygen. The structure of
Ru,(CO),, resembles that of Fe,(CO),, in containing a triangle of metal atoms. but in
contrast to Fey(CQ),, it contains no bridging CO groups.

One noteworthy feature of Ru,(CO),, is that it retains trinuclear framework during
many reactions. Indeed, while treatment of Fe,(CO),, with tertiary phosphines gives
mononuclear phosphine complexes even under mild conditions, similar treatment of
Ruy(CO),, gives Ruy(CO)L; (L = tertiary phosphine), and conversion of Ru,(CO),L,
into Ru(CO),L requires severe conditions [L = PPh,, 150 °C/ CO(80 atm}] [110]. This
rigid triangular framework provides specific reaction sites, and several unique reac-
tions have consequently been developed.

Typical chemical reactions of Ru;(CO),» are outlined in Scheme 10.14. Reactions of
olefins containing at least three carbon atoms give p-H and p-allyl trinuclear complex-
es [111]. Similarly, reaction of Ru,;(CO),, with terminal alkynes produces trinuclear

(CO)5L |
Ru R R
/l\
L(OC)3Ru—Ru(CO)3L Ru [(CO)3
A
[RuCl>(CO)3p (OC)sRu—Ru(CO)s
-3CO |+ 3L ‘ H
/=/_ (CO)3
- 3C0O Ru
+ CHCl; R /
(OC) 3qu || Ru(CO)s

RC=CH
+ 3P(OMe)s R< - 3C0

(0C) 4Ru—Ru (COM ., onash,

C w‘ (CO):

-6C0O
(CO) EtsN*

+ Na

\
[EtaN]2[Rus(CO)16] (CO)

Scheme 10.14
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p-H and p-acetylide complexes [112]. Treatment of Ru,(CO),, with NaBH, followed by
Et,NBr [113] or with H,[114] give u-H complexes. Reductions of Ru;(CO),, with sodi-
um result in the formations of hexanuclear clusters [115-116]. Monomeric ruthenium
complexes can also be produced by the treatment of Ru,(CO),, with cyclopentadiene
[117], phosphites [118] or chloroform [119]. Detailed reviews of the chemistry of
Ru;(CO),;» are available [120-122].

Ru,(CO),. 1s also used in several catalytic reactions as described below.

10.4.1.1 Reductions

It is used in a variety of reactions involving the conversion of CO to CO- under mild
conditions, For example, nitro groups are readily reduced to amino groups by CO in
the presence of Ruy(CO),, (eq (34)) [104].

Ru3(CO)4o/ NaOH (34)

RNO, > RNH,
CO(1atm)

Because Ru,;(CO),, is practically insoluble in water, the above reaction needs a phase
transfer reagent. If this reaction is carried out in methanol under more severe condi-
tions, reductive carbonylation takes place to give carbamate (eqs (35)) [123].

RU3(CO)12, MeQH

RNO; > RNHCO;Me (35)
CO(80 atm)

10.4.1.2 C—H Bond Activation

Recently, a three-component coupling reaction of pyridine, olefin and CO by
Ru:(CO),-has been reported [105]. This is a rare example of catalytic functionalization
of pyridine via C—H activation. The practical turnover frequency of the catalyst
(300/h) is achieved under moderate conditions (eq (36)).

0 O
N R Ruz(CO)12 N N R
= .
l + / CO, 150 psi . = I R 4 = (36)
AN 150 °C AN N

13:1 R =C4Hg

The mechanism of this interesting reaction ts also discussed. Since kinetic studies
suggest that the rate-determining step of the catalysis is C—H activation of pyridine.
this reaction requires an excess of pyridine. An active key intermediate depicted below
is isolable (Figure 10. 3). Although a mononuclear ruthenium complex cannot be ruled
out as the active catalyst, the cluster framework remains intact during the course of the
catalysis.

10.4.1.3  Reaction of Diynes with Carbon Monoxide

Ru,(CO),, catalyzes an unprecedented C—C bond formation between a diyne and two
molecules of CO (eq (37)) [106]. The carbonyl groups may be transformed in situ into
carbyne ligands in this process.
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(CO)4
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Figure 10.3 C-—H Bond activation of pyridine.

Ru3(CO)1o/PCys .
E i —: HSiMe,'Bu, CO E>O©:OS|M9 Bu .
E —  50atm, 140°C E .

10.4.2 Dichlororuthenium Complexes

Halide ligands in dihaloruthenium(I1) complexes can be replaced with alkyl, aryl, or
hydrido ligands by treatment with an appropriate reagent. Furthermore. since La
Placa and Ibers [124] discovered that the vacant site of RuCl(PPh,): s occupied by an
agostic proton. and Chatt and Davidson demonstrated that C—H bond activation of
naphthalene could be carried out by reduction of a dichlororuthenium complex [125],
dihaloruthenium complexes have been attractive precursors of coordinatively unsatu-
rated species. They have also been used as catalvsts in various organic syntheses such as
the N-alkylation of amines or oxidation reactions. In this section. the chemical reactiv-
ities of a widely used dihaloruthenium complex, RuCl,(PPh,);. and an example of a
ruthenium(0) species isolated by the reduction of RuCl,(CO),(PMe'Bu,), are
described.

Most dichlororuthenium complexes are formed by the reduction of RuCl;:3H,0 in
the presence of the ligand. RuCl,(PPh,), is obtained by treatment of RuCl,-3H,0 with
an excess of PPh; in methanol as air-stable shiny black crystals [126]. However, reac-
tion of RuCl,-3H,0 with PRR’, or PR,R’ (R = phenyl, R’ = alkyl) gives cationic dinu-
clear complexes [Ru,CL,(PR,R’:,)s]Cl under similar conditions [126b]. The X-ray
crystallography of RuCl,(PPh,);showed that it has a distorted octahedral geometry
with a vacant site which is occupied by an agostic proton of a phenyl group [124]. The
PPh; ligand in RuCl,(PPh,), is readily displaced by CO [126]. norbornadiene [127], ace-
tonitrile [128] or nitrosyl [129] and the Cl ligands are replaced by hydrides by treatment
of the complex with H./NEt, or NaBH, (Scheme 10.15) [130-132].

10.4.2.1  N-Alkyviation of Amines by Primary Alcohols

Divalent ruthenium complexes are efficient catalysts for N-alkylation of amines by a
primary alcohol. RuCl,(PPh,), or RuCl,-:3H,0/P(OBu), effectively catalyze the
N-alkylation of aromatic amines (eq (38)) [133-134]. On the other hand, N-alkylation
of aliphatic amines with a primary alcohol is carried out in high yield by the use of
RuH,(PPh,), as catalyst [135].
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- LiHSOd,
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Scheme 10.15

RUC'gSHzO/P(OBU)3
NH, + MeOH - NMe; + @-NHMe (38)

80 % 6 %

These N-alkylations are potentially applicable to the preparation of nitrogen heterocy-
cles. For examples, reactions of amines with 1.5-pentadiol [136], 1,4-pentadiol [137], or
2-butyne-1.4-diol [138] give N-alkyl piperidine, pyrrolidine, or pyrrole, respectively, in
high yield (Scheme 10.16).

X
HO™ N\ \/\OH‘ —\
RuCls 3H,0/P(OBu); R—-N X (X=CHy, O,NR)
or
RUCIa(PPha)s oH
RNH, TN R—N:j
OH

HO

P
-

A,

\

Scheme 10.16
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10.4.2.2  Oxidation of Amines, Amides, and Diols

RuCl,(PPh,), is also a catalyst for the oxidation of nitriles, amides and lactams under
moderate conditions. In this respect, its activity resembles that of ¢cytochrome P-450.
While reactions of secondary amines with 'BuOOH give the corresponding imines
(eq (39)), t-butyldioxylation at the a-position of N-alkyl groups has been carried out
by the reaction of tertiary amines with '‘BuOOH in the presence of RuCl,(PPh,), (eq

(40)) [139].
R RII
R\ '‘BUOCH >_ s
/CHNHR” RuCl,(PPh g N (39)
R] u 2( 3)3 RI
R\ '‘BUOOH R\
N—CHs - =  N—CH,00Bu (40)
R'/ RuCly(PPh3)3 R'/

Moreover, RuCl,(PPh,), is an active catalyst for the oxidation of amides which are oth-
erwise hard to oxidize except electrochemically.

Because RuCl,(PMe,), is soluble in supercritical carbon dioxide. it catalyzes the for-
mation of formate or formamide from carbon dioxide. hvdrogen. and alcohol or amine
under supercritical conditions with a maximum 370 000 1. These reactions may lead
to a breakthrough in CO,activation [140].

Recently, an intriguing coordmatively unsaturated 16e ruthenium(0) complex has
been reported [141]. Reduction of RuCl(CO).(P'Bu-Me). with magnesium affords an
1solable 16e ruthenium(0) complex Ru(CO).(P'Bu.Me)-(eq (41)). This complex is high-
ly reactive toward hvdrogen, acetylenes and phosphines to give coordinatively saturat-
ed compiexes. The X-ray structure analysis showed that this complex has two
phosphine ligands in trans configuration and that the carbonyl groups are significantly
bent. An ab initio calculation for the model phosphine complex Ru(CO),(PH,), indi-
cates that this bending lowers the total energy.

P'Bu,Me
+ Mg OCL | (41)
RuCl,(CO)z(PBuMe), ———= _Ru
- MgCly OoC I
P‘BuzMe

Analogously a four coordinate styrene complex Ru(n)*-CH,—CHPh),(PPh;), has been
known, though one of the styrene ligands has an n® character [142].

10.4.3 (Carbonyl)(chloro)(hydrido)ruthenium Complexes

Carbonylchlorohydridoruthenium complexes are often formed by the reduction of
ruthenium chloride with alcohol in the presence of tertiary phosphines. The carbonyl
ligand is derived from the alcohol just as Vaska’s complex, IrCI(CO)PPh,),, is formed
from (N H,),IrCl,, PPh; and alcohols. The carbonyl ligand is always located trans to
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Scheme 10.17

chloride in these complexes. Because the hydrido ligand has a strong trans effect. 4
phosphine ligand trans to hydride is exclusively replaced by an incoming 2e donor
[143]. In this section, two recent developments in the chemistry of these complexes are
described.

One of the most interesting recent topics in ruthenium chemistry is undoubtedlIy
C—H bond activation in which the generation of coordinatively unsaturated species
may play an important role. These species are usually produced by thermal or
photo-mediated reductive elimination of dihydrogen, alkanes, alkenes or arenes.
Recently, dehydrochlorination from RuHCKCO) (P'‘Bu,Me), is reported to give a
w-allyl complex via C—H activation of propylene (eq (42)) [144].

PBu,Me
AN H. |
RuHCHCO)(PBu,Me), + LiCMej, “Ru—/N\ (@
oc” |
PBu,Me

Interesting chemical reactivity of RuHCI(CO)PPh,), has recently been reported [145].
Treatment of RuHCICO)PPh,); with N N-dimethylallylamine resulted in formation
of a m-allvlruthenium complex via C—N cleavage, while reaction with allylamine gives
a azaruthenacvcle complex {(Scheme 10.17).

10.4.4 Dihydridoruthenium Complexes

Dihydridoruthenum complexes are reported to be catalysts for either the direct [146] or
transfer [147] hydrogenation of olefins and the detailed mechanism for the hydrogena-
tion has been studied [148]. Ruthenium hydride complexes are also catalysts for organ-
ic reactions such as the coupling reaction of alkenes with terminal alkynes [149], the
[2+2] cycloaddition of norbornene with alkynes [150], Tishchenko-type reactions
[151], and the catalytic insertion of olefins into the ortho C—H bond of aromatic
ketones [152]. This section concentrates on the chemistry of RuH,(PPh,),. The chem-
istry of other ruthenium dihydride complexes, including RuH,(PPh,),, is reviewed in
detail by Geoftroy and Lehman [148d].

RuH,(PPh,), is prepared by the reaction of RuCl,(PPh;); with NaBH, in the pres-
ence of PPh, in refluxing methanol [130] or by the direct reaction of RuCl;:3H,O with
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NaBH, and PPh, in refluxing ethanol [153]. It is formed as an off-yellow powder and
should be kept under argon, not nitrogen. because a PPh; ligand is readily replaced by
dinitrogen.

Though RuH,(PPh,), is a coordinatively saturated complex, it easily releases a PPh,
ligand in solution and it reacts with N, [154], CO,[155] or ethylene {156]. While hydro-
genation of olefins is catalyzed by RuH,(PPh;), [157-158], regioselective C—H activa-
tion of acrylate takes place at room temperature (Scheme 10.18) [159]. Additionally,
treatment of RuH,(PPh,), with crotyl esters gives m-allylruthenium complexes [160].
On the other hand, reaction of Ru-H,(PPh,), with vinyl acetate results in C—O bond
activation to yield RuH(OAc) (PPh;); and ethylene [161].

Reactions with active hydrogen compounds have also been extensively studied. For
example, treatment of RuH,(PPh,), with nitromethane gives a zwitterionic O-bound
enolate complex, RuH[O,NCH,](PPh,), [156b]. Of particular interest are chemoselec-
tive aldol and Michael reactions catalyzed by ruthenium complexes [65a,162-163].
Though both ethyl cyanoacetate and acetylacetone have similar pK, values (pK, = 9.0),
the former exclusively reacts with electrophiles in the presence of ruthenium complex-
es, even in a mixture of ethyl cyanoacetate and acetylacetone (eq (43)).

|
H
PhsP-_ |+ PPhs
Ru RUHQ(NQ)(PPh3)3 Ph-P | PPHh
= - 3
Phep” | NC\) "Ry
_ ‘ ‘o
OR PhsP” |
0 04
Oﬁ») —PPh3 +N2 H
H OR NC—X:OPPhg, +co, /PP,
pnsp_ | PPhs AG r |
U~ RuH(C,H.)(PPh,CgH.)(PPh
phsp/| O + Hacac + CoH, ( 2 4)( 2g 4)( 3)2
/ =Mz —PPhs RuHo(PPhs)s - PPhs
COsR
’ H
Pth\I . PPhg
R
PhaP” | |
COOR N
RO
u__\
OR

Scheme 10.18
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o O NC Ph O O
RUHQ(PPh3)4 -
PRCHO + NG~™G0,Et+ Tl —/ 4 M (43
pKa=9 pKa=9 EtOC

While RuH,(PPh,),dominantly reacts with acetylacetone in the mixture of acetylace-

tone and ethyl cyanoacetate, the resulting complex, IRuH[OCMeCHC(I)CMe](PPh: -
has little nucleophilicity. Indeed. it does not react even with Mel. On the other hand. a
reaction of RuH-(PPh;), with 2 equivalent amounts of ethyl cyanoacetate gives a zwit-
terionic N-bound enolate complex, RuUH(NCCHCO,Et)(NCCH,CO,Et)(PPh;), which

1s much more nucleophilic than kuH[OCMeCHC(SCMe](PPh_;)_;. Thus, this chemose-
lectivity results from the kinetic factor. It was recently reported that a ruthenium poly -
hydride complex RuH,(PPh).. also acts as a chemoselective catalyst for the analogous
Knoevenagel reactions [164].

Ruthenium dihvdride complexes catalyze coupling reactions of acetylenes with
dienes [149]. The reaction of 1-octyne with 1.3-butadiene catalyzed by RuH,(PBu:).
affords 2- dodecen-5-vne (eq (44)). A similar coupling reaction is also catalyzed by
RuCl(CH (CH .} [165].

RUHQ(PBU3)4

CeHizg—=—= + A \F = CeHig—=—="— L (44)

RuH,(PPh;), reacts with aldehydes to give esters via Tishchenko-type dimerization.
For example, benzaldehyde is converted to benzyl benzoate by RuH.(PPh,), (eq (45
[166—-167]. This reaction involves C—H bond activation of the formyl proton followed
by formation of a ruthenium acyl alkoxide complex Ru(OCH,Ph)(COPh)(PPh,),.

RUHQ(PPh3)4 _
PhCHO >  PhCO,CH,Ph (43

Treatment of RuH,(PMe,), with alcohol gives a hydridoalkoxoruthenium complex
RuH(OR)(PMe,),. This reaction occurs by an associative mechanism via an intermedi-
ate [RuH(H,)PMe,),JOR [168].

An analogous ruthenium dihydride complex, RuH,(CO)(PPh,);, has recentl
attracted much attention because of its ability to catalyze olefin coupling reactions of
aromatic ketones via C—H bond activation (eq (46)) [152].

O O

cat. RUHQ(CO)(PPh3)3
+ ZSiMeg g o

SiMe3

This reaction is carried out almost quantitatively under relatively mild conditions
(refluxing toluene). Moreover, it can be applied to almost all aromatic ketones, includ-
ing heterocyclic compounds such as acetylfuran or acetylthiophene. Although
RuH,(PPh,),, Ru(CO),(PPh;}).. and Ru(CO),(PPh,), are also effective catalysts for this
reaction, RuH,(CO)PPh.), is the most active. A plausible intermediate in this reaction
1s an orthometallated ruthenium complex; stoichiometric orthometallation by rutheni-
um complexes has been reported (Figure 10.4) [157, 169].
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Figure 10.4 A possible intermediate in the olefin coupling reaction of aromatic ketone cat-
alyzed by RuH,(CO)PPh,),. Other ligands are omitted.

10.4.5 Ruthenium Complexes with Chiral Ligand

Ruthenium complexes have played an important role in asymmetric synthesis.
Although rhodium and palladium complexes are also emploved in asymmetric hydro-
genation, they are usually less effective than ruthenium complexes for hydrogenation
of prochiral olefins with functional groups such as amides. acids, or alcohols.
Ruthenium complexes are also effective for hydrogenation of carbonyl group to give
chiral alcohols. This behavior is of interest both academicaily and industrially. Indeed,
chiral ruthenium complexes are used as catalysts in commercial processes such as the
manufacture of Naproxen or of antibiotic precursors. In this section, recent develop-
ments in the chemistry of ruthenium complexes with the chiral ligands BINAP and
PYBOX are described.

BINAP complexes of ruthenium are one of the most intriguing catalysts for asym-
metric hydrogenation of olefins. Because both R- and S-forms of BINAP (Figure 10.5)
are also commercially available. a series of ruthenium(binap) complexes can be pre-
pared without difficulty [170-172]. For example. Ru(OAc),(binap) is obtained by the
reaction of [RuCl, (cod)], with AcONa and BINAP in the presence of Et;N [170].

Ruthenium(binap) complexes effectively catalyze asymmetric hydrogenation of a-
amidocinnamic acids [172]. allvlic alcohols [173] and acrylic acids with almost quanti-
tative enantiomeric excess [174]. For example. one of the largest-selling anti-inflamma-
tory agents, Naproxen should be supplied as the enantiomerically pure S-isomer,
because the R-isomer is expected to be toxic to the liver. Asymmetric hydrogenation of
the precursor by RuCL[(S)- binap] produces S-Naproxen with 96-98 % ee (eq (47))
[175-176].

(S)-(+)-BINAP (R)-(-)-BINAP

Figure 10.5 Atropisomers of the BINAP Ligand

Y U A5 IR AP
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(S)-Naproxen

Furthermore, these ruthenium(binap) complexes are remarkably effective catalysts
for the hydrogenation of C—=O bond of B-ketoesters giving optically active alcohols
[175].

A ruthenium carbene complex in the presence of a chiral ligand is capable of cat-
alyzing the formation of optically active cyclopropane derivatives from alkenes and
diazo compounds in high enantiomeric excess [177]. A mixture of [RuCl,(p-cymene)]-
in the presence of pybox-(S, S)-ip catalyzes the asymmetric cyclopropanation of
styrene (eq (48)). The key intermediate is proposed to be a dichloro(pybox)ruthenium
carbene complex.

2CHCOgtBU 2R 1H

- v o @
Ph [RuCla(p-cymene)]z (1 moi%) CO2tBu CO2Bu

pybox-(S,5)-ip

(94 %ee) (97:3) (85 %ee)

possible intermediate

10.4.6 Ruthenium Complexes having Cyclopentadienyl Ligands

Ruthenium complexes having cyclopentadienyl ligands have also been extensively
investigated. Because ruthenocene is relatively unreactive, much attention has been
focused on mononuclear ruthenium complexes with one cyclopentadienyl ligand or
ruthenium dimers having cyclopentadienyl ligands.

The dinuclear complex [RuCl,(C:Me,)]. prepared by the reaction of RuCl;-3H-O
with pentamethylcyclopentadiene in ethanol (Scheme 10.19) [178] is a versatile
reagent. For example, it reacts with cyclooctadiene to give monomeric
RuCl(C;Me;)(CgH,,) [178] with chlorine in CH,Cl, to give [RuCl(CsMes)], [179], and
with CO to give RuCl(CO),(C;Me;) [178]. respectively. Recently, RuCl(C;H:)}(C.H,-
was reported to catalyze an Alder type coupling reaction of alkenes with alkynes under
relatively mild conditions (DMF, 100 °C) [165, 180]. Treatment of [RuCl,(C;Me)]-
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RuCI(C5Me5)(CBH12)
RuCl,(n3-C3Hs)(CsMes) 0 [RuCl3(CsMes)]o
+ C4HsCl +Cetie 7,
+ PMePh
RUCI(CsMes)(PMePhy), - 2 [RUCIp(CsMes)l,  —- <2 RLGICO)(CsMes)
+ PPhg + PPhy, NaBH,
+ LiAlH,
Y

H,H

V2 \

-Ru //Ru
\
e

Scheme 10.19

with PPh;, followed by reduction with NaBH, yields @ mononuclear ruthenium trihy-
dride complex RuH,(C:Me:)(PPh,) in high yield [178, 181}. On the other hand, simple
reduction of [RuCl,(C:Mes)], by LiAlH, followed by ethanolysis produced a tetrahy-
dride ruthenium dimer [182]. Because the resulting hydridoruthenium complex,
[Ru(u-H),(C Me,)], readily releases dihydrogen to give a coordinatively unsaturated
complex, the chemical reactivity of the analogous ruthenium dimer has been exten-
sively studied [183]. While reaction of [RuCl,(CsMey)], with PPh, at room temperature
gives (triphenylphosphine)ruthenium(III) dichloride complex [179], treatment with
PMePh,, DPE, DPPP, DPPB, DPPPh, or DPPH in hot ethanol give corresponding
ruthenium(II) monochloride complexes [178]. Ruthenium allyl and diruthenium aza-
allyl complexes are also derived from [RuCl(CsMes)),1n high yield [184].

Treatment of Ru,H,(CsMe;), with ethylene results in the formation of a divinyl(eth-
ylene)diruthenium complex under ambient conditions (Scheme 10.20) [183]. This is an

W A \g\v 7\%

Scheme 10.20
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interesting reaction because there are few examples of vinylic C—H bond activation
with metal polyhydride complexes. Furthermore, a 2.5-dimethylruthenacyclopentadi-
ene complex can be isolated upon warming the divinyl(ethylene)diruthenium complex.
There is also an intriguing thiolato bridged cationic ruthenium(I1)/(111) dimer which
reacts with tolyl acetylene to give a metallacycle complex having an indane framework
(Scheme 10.21) [185]. This unique reaction probably proceeds via an acetylide-
vinvlidene intermediate.

10.4.7 Ruthenium Complexes with Arene/Diene Ligands

Arenes and dienes are employed as supporting ligands of low valent ruthenium com-
plexes. Ruthenium arene/diene complexes are starting materials for organometallic
complexes of ruthenium. For example, reduction of [RuCl,(arene)], in the presence ot
cod and aqueous ethanolic Na,COj, gives Ru(arene){cod) complexes, which are also
prepared by the reaction of Ru(cod){cot) with arene under atmospheric hydrogen
[186]. The coordinated arene or diene is cleanly replaced by phosphine ligands.
Furthermore. these areneruthenium complexes are applied to catalytic reactions such
as hydrogenation of arenes by [Ru,H-Cl (arene).]CI [187], and Ru(arene)(cod) gives
tail-to-tail dimerization of acrolein [188], methyl acrylate [189] or acrylonitrile [190]. In
this section. Ru(cod)icot). [RuCl-(arene/diene)],. and Ru(benzyne)L, are described.
Other arene- or dieneruthenium complexes are reviewed in detail by Bennett, Bruce
and Matheson [191].

Ru(cod)(cot) is prepared by the reduction of RuCl;-3H,O with zinc powder in the
presence of 1.5-cyclooctadiene in methanol [192]. It is used in several catalytic reac-
tions and as a convenient precursor to various zero- or multi-valent ruthenium com-
plexes (Scheme 10.22). For example. it gives Ruy(CO),, by the treatment with CO [193].
Reactions of Ru(cod)(cot) with tertiary phosphines or phosphites give Ru(cod)(cot)L
[L = PMe; or P(OMe),] [194]. Reactions of Ru(cod)(cot) with hydrogen in the presence
of tertiary phosphines give ruthenium polyhydride complexes [194]. However, when
Ru(cod)(cot) reacts with hydrogen and cyclohexadiene or benzene in the absence of
tertiary phosphines, an n°-benzene complex is formed. No ligand displacement reac-
tions take place in the absence of hydrogen [195]. Interestingly, Ru(cod)(cot) is
reversibly protonated by HBF, to give [RuH(n’-C H,,),]BF, [196]. Treatment of
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Ru(cod)(cot) with allyl bromide in the presence of PMe, yields a r-allylruthenium
complex [197]. Of particular interest is that reactions of Ru{cod)(cot) with allyl esters
or vinyl esters result in the oxidative addition of the C—O bonds at room temperature
giving allyl- and vinylruthenium(I1) complexes [198-199].

Ru(cod)(cot) has been used as a catalyst for several unique processes as described
below.

10.4.7.1 Dimerization of Norbornadienes

An unique dimerization of norbornadienes involving C—C bond activation by
Ru(cod)(cot) has been reported recently (eq (49)) [200]. This reaction occurs under
mild conditions (85 °C) to give a single species with high yield. This reaction is also
applicable to substituted norbornadienes to give corresponding dimers.

Ru(cod)(cot) 80 °C, 10h
2 \ > (49)
\//Z Al —\

CONMBQ

10.4.7.2  Catalytic Allylation

Recently developed ruthenium-catalyzed allylations are often show quite different
reactivities and selectivities from those of palladium-catalyzed allylations. For
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example, ruthenium complexes sometimes show ambiphilic reactivity (eqs (50) and

(51)) [201].
Q 0 Ru(cod){(cot) 9 ©
+
) e Y
Ri /

OH
ACHO + A~ OAc PulCOhe/NEL Al OV
CO R x

The (r-allyhruthenium complex Ru(z-C,H)(OAc)CO),, which is a model for a possi-
ble key intermediate of Ru.(CO),. catalyzed allylations, shows ambiphilic reactivity
[202].

Furthermore. allylation of ethyt acetoacetate with allyl carbonate in the presence of a
ruthenium complex exclusively gives a branched isomer, whereas palladium complexes
give predominantly the linear isomer (Scheme 10.23). However, the detailed mecha-
nism of the regiocontrolling step is still unclear [203].

Reduction of RuCl;-3H,0 with COD. or 1.3- or 1.4-cyclohexadiene in ethanol
resulted in the formation of [RuCl,(cod)], and [RuCl.(C.Hy)],, respectively, in high
yield (Scheme 10.24) [204]. Similarly, the corresponding p-cymene complex could be
obtained from phellandrene. These complexes are particularly important for starting
materials of divalent ruthenium catalysts. For example, RuCl.(binap) complex can be
cleanly derived by the reaction of [RuCl,(cod)], with BINAP.

In the presence of other m-acceptor ligands, these ruthenium complexes can be
reduced by appropriate reagents to give the ruthenium(0) species [205]. Protonation of
zero-valent Ru(arene)(diene) give cationic ruthenium(II) complexes possessing an
agostic proton [206-207]. Deprotonation from cationic areneruthenium(II) complexes
is of interest because double deprotonation from [Ru(C Me,),}[PF], gives endo-
coordinated tetramethyl-o-xylyleneruthenium(0) complex [208], while that from
[RuX(CMeg)L,J[PF,] (X = nitrate or trifluoroacetate. L = tertiary phosphine or phos-

dominant product

0O 0
Ru(0)
~ OEt
o 0 _
Ph
Ph X-"0coMe )J\/“\OEt o o
Pd(0)
- OEt

Ph
Scheme 10.23
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Scheme 10.24

phite) results in formation of exo-coordinated tetramethyl-o-xylyleneruthenium(Q)
complex [209].

[Ru(nbd)Cl,], or [Ru(cod)Cl,], are reduced by cyclooctatetraene dianion to give
Ru(nbd)(C¢H) and Ru(cod)(C¢H,), respectively, though the product yields are rela-
tively low (eq (52)) [210].

Ko[CgHg])
[RULCly], ——

RuL(CgHa) (52)
L = nbd, cod

A ruthenium benzyne complex is derived by the elimination of methane or benzene
from cis-methylphenylruthenium or cis-diphenylruthenium complexes, respectively

[211]. This compilex is capable of activating C—H. O—H or N-—H bonds under ambi-
ent conditions (Scheme 10.25).

A HN:@
[
L4RU(CaHa)2 ~PhH | + PhMe L4Ru

+ CaoHy —PhH
— PhCoH, + PhNH,
L4Ru<©
+ PhCN + MeCOPh
Ph — PhH
N 7 + PhCHO O\
L4RU y
Ph
O, L = PMes
L4RU

Scheme 10.25
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10.5 Synthesis of Ru Compounds

(1) Dodecacarbonyltriruthenium(0), Ru,(C0O),[119]

(air stable, hood)

co
RuCl3-3H,0

Rus(CO)q2 (53)

Hydrated ruthenium trichloride (5.0 g, 19 mmol) is treated with carbon monoxide
(50-65 atm) in methanol (use as received, 200 mL) at 125 °C for § h in an autoclave.
The reaction temperature should be kept at 125 °C during the reaction because side
reactions (reddish purple or dark blue precipitates) takes place at higher temperatures.
[t is therefore highly recommended to use an autoclave with small volume (200-300
mL) which allows facile thermal control. After cooling the reaction vessel and dis-
charging carbon monoxide, the reddish orange precipitate is separated by decantation.
The mother ligor can be used for several syntheses of Ru;(CO),,, if more RuCl,-3H,0
is added to the solution. Recrystallization from hot hexane gives reddish orange crys-
tals. Yield; 3.0 g (74 %).

Properties: IR(C,H,,): v(CO) = 2061 (vs), 2031 (s), 2011 (m) em™. *C{'H} NMR: &
199.7(s).

(2) trans-Dichlorotris(triphenylphosphine)ruthenium(II), RuClL,(PPh,) [126]

(air stable in solid state)

PPh
RuCls-3H,0 ®  ~ RUCIy(PPha)g (54)

Hydrated ruthenium trichloride (1.0 g. 3.8 mmol) is dissolved in methanol (250 mL)
and then the reddish brown solution is refluxed for 5 min under nitrogen. After cool-
ing. an excess of triphenylphosphine (6.0 g, 23 mmol) is added. The reaction mixture is
again refluxed for 3 h. The shiny black crystals are filtered. washed with ether several
times and then dried under vacuum. Yield: 2.7 (74 %).

RuCl,(PPh.). is air sensitive in solution and moderately soluble in hot chloroform,
acetone. benzene or ethyl acetate to give dark yellow solutions.

X-ray crystallography shows that the title complex has a distorted octahedral geom-
etry with a vacant site which is occupied by an agostic proton of a phenyl group.

Properties: mp 132--134 °C.

3) (Carbonyl)(chloro)(hydrido)tris(triphenylphosphine)ruthenium(II),
RuHCI (CO)(PPh,),[212]

(air stable)

PPhs, HCHO (55)
RuCl3-3H,0 » RuHCI(CO)(PPhs);

Although the title complex was originally prepared by the reaction of ruthenium
trichloride with triphenylphosphine in basic alcohol solution, it can also be prepared
conveniently in higher yield by the following procedure.
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A 2-methoxyethanol solution (60 mL) of triphenylphosphine (1.6 g, 6.0 mmol) is
stirred vigorously and refluxed. Hydrated ruthenium trichloride (0.26 g, 1.0 mmol) dis-
solved in a mixture of 2-methoxyethanol (20 mL) and aqueous formaldehyde (20 mL,
40 w/v %) is rapidly added. The reaction mixture is refluxed for 10 min and then is
allowed to cool to room temperature. The resulting cream-white microcrystals are fil-
tered off and washed with ethanol (2 x 10 mL), water (2 x 10 mL), ethanol (2 x 10 mL),
and finally with hexane (10 mL) and then dried under vacuum. Yield; 0.89 g (93 %).

The title complex is insoluble in ethanol, ether, and hexane, and soluble in benzene
and chloroform.

Properties: mp 209-210 °C (in air), mp 235-237 °C (under nitrogen). IR(Nujol):
2020(m), 1922(vs), 1903(sh) cm™'. '"H NMR(C(Dy): 3-6.64 (dt, Ru—H).

(4) Dihydridotetrakis(triphenylphosphine)ruthenium(II), RuH,(PPh;),[153]
(moderately air sensitive)

PPhs, NaBH _
RuClg-3H,0 > o~ RuHy(PPha), (56)

Hydrated ruthenium trichloride (0.53 g. 2.0 mmol) in ethanol (20 mL) is added to a
vigotrously stirred hot ethanol solution (120 mL) of triphenylphosphine (3.14 g, 12.0
mmol) in a Schienk tube with a reflux condenser and one inlet. Sodium borohydride
(0.38 g. 10.0 mmol) in ethanol is warmed until it has just dissolved (sodium borohy-
dride is decomposed rapidly in hot ethanol. therefore the solution should be used with-
in 15 min). Portionwise addition of the sodium borohvdride solution by a syringe into
hot ethanol solution of ruthenium trichloride and triphenylphosphine gives a yellow
precipitate, which is filtered. washed with ethanol (3 x 50 mL.), water (3 x 50 mL) and
finally ethanol (3 x 50 mL). and dried in vacuo to give a light yellow precipitate. Yield:
2.17 g (94 %). Care should be taken during the addition of sodium borohydride solu-
tion, since vigorous evolution of hydrogen with bubbling takes place.

The product obtained here is sufficiently pure to use for most reactions, but recrys-
tallization from hot toluene gives pure, bright yellow microcrystals (20-50 %). The
compound is very stable under argon and slowly decomposes in air in the solid state,
but it decomposes rapidly in solution in air. In solution at room temperature, it dissoci-
ates one triphenylphosphine ligand to give RuH,(solvent)(PPh;), [213]. To avoid for-
mation of a dinitrogen complex, it is highly recommended to keep the complex under
argon.

The compound can also be prepared by the reaction of dichloro(triphenylphosph
ine)ruthenium(II) (1.0 g, 0.87 mmol) with finely ground sodium borohydride (1.5 g. 40
mmol) in the presence of excess triphenylphosphine (6.0 g. 23 mmol) in a mixture of
benzene (60 mL) and ethanol (100 mL). The preparation should be carried out at room
temperature [214]. Yield: 85-90 %. Reduction of tris(2.4-pentanedionato jruthenium(I1I)
with triethylaluminum in the presence of triphenvlphosphine also affords a low yield
(24 %) of the product [213].

RuCly(PPh.), + PPh; + NaBH, RuH,(PPh,), (57)

Ru(acac), + PPh, + AlEt, RuH,(PPh;), (58)
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Properties: mp 220 °C (capillary tube). TR: v(RuH) = 2080(m) cm . '"H NMR(C,D,):
8-10.1 (br, Ru—H)

(5) Bis(acetylacetonato)|(S)-2,2’-bis(diphenylphosphino)-1,1"-binaphthyl]-
ruthenium(II), Ruf(S)-binap)(OAc),[170]

BINAP, AcONa, EtsN )
[RUCIx(CgH12)]n e e Ru(OAC)x(binap) (59)

To a toluene solution of (S)-BINAP (1.37 g. 2.20 mmol) and [RuCly(cod)], (0.56 g, 2.0
mmol per RuCly(cod)) in 250 mL Schlenk tube is added triethylamine (1.2 mL, 8.6
mmol) under argon. The brown solution is refluxed for 12 h with stirring and is then
cooled to room temperature. The resultant reddish brown solution is evaporated to
dryness under reduced pressure to give a brown solid, which is dissolved in
dichloromethane (40 mL). The solution filtrates through a celite pad and the filtrate is
evaporated to dryness. To the solid is added anhydrous sodium acetate (0.88 g.
11 mmol) and ters-butyl alcohol (107 mL). The mixture is refluxed for 12 h under
argon. The solution is then evaporated to dryness under reduced pressure and the
resulting solid is extracted with diethyl ether (3 x 20 mL). The combined extract is
evaporated under reduced pressure to give brown solid. The solid is extracted with
absolute ethanol (3 x 20 mL). Evaporation of the solvent gives a yellow brown solid
(1.58 ). Recrystallization from a mixture of toluene (12 ml) and hexane (30 mL) yields
fine yellow needles. 1.23 g (68 %).

This crystals are pure enough for use as A—(S)- Ru(binap)(OAc), for asymmetric
hydrogenations. The related complexes Ru(p-tolbinap)(OAc),, Ru(binap){OCOCMe,].
and their enantiomers can be also prepared by this method.

Properties: mp 185-187 °C (enantiomer). 'H NMR (CDCly): 6 1.80 (s, 6H), 6.47-7.84
(m. 32H). "P{'H} NMR (CDCl,): § 65.13 (s). IR (CH,Cl,): 1452, 1518 cm ™.

(6) Dichloro(n’-pentamethylcyclopentadienylyruthenium(ITT),
[RuCl, {n*-C:Meg}),[178]

C5M85H
RuCly-3H,0 [RUCIZ(CsMes)]: (60)

To an ethanol solution (40 mL) of hydrated ruthenium trichloride (2.01 g, 7.7 mmol) is
added pentamethylcyclopentadiene (2.70 g, 19.8 mmol) at room temperature under
nitrogen. The reaction mixture is warmed at 50 °C for 5 h with vigorous stirring. The
solution color gradually changes from dark green to dark brown. After the reaction.,
the solution is cooled to room temperature and set aside for an hour. The solution layer
is removed to give dark brown microcrystals. The crystals are successively washed with
abs. ethanol (4 x 10 mL) and diethyl ether (2 x 10 mL), and then dried under vacuum.
Yield; 1.97 g (83 %).

Properties: mp 272 °C (dec.). 'H NMR (CDCl,): 8 4.90 (frequency at half band width
=17 Hz). p; = 1.89 B.M. IR (KBr): 2983, 2906, 1478, 1375, 1023, 440 cm ™",
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(7) Trichloro(n*-pentamethylcyclopentadienyl)ruthenium(IV),
[RuCly-{n’-CsMes}, [179]

(hood)

Cl
[RUCI,(CsMes)] ® —~ [RuCI5(CsMes)]: (61)

Into a dichloromethane sotution (10 mL) of [RuCl,(C:Mes)], (0.132 g, 0.215 mmol) in
a Schlenk tube (20 mL) is bubbled chlorine gas (1 atm) for 10 min at room temperature.
Then, bubbling of chlorine is stopped. The reaction mixture is stirred for 2 h under a
chlorine atmosphere, during which time a dark brown precipitate is formed. The sol-
vent is removed by cannula and the resulting precipitate is successively washed with
dichloromethane (5 x 5 mL) and diethyl ether (3 x S mL). The brownish black precipi-
tate is dried under vacuum to give the title product. Yield: 0.134 g (91 %0).

Properties: mp >280 °C. IR (KBr): 2901, 1464, 1423, 1366, 1078, 1008, 998, 333 cm.

Related ruthenium tribromide or -triiodide complexes are also obtained by using
bromine or iodine instead of chlorine, respectively.

[RuBry(C;Me,)],: mp > 280 °C. IR(KBr): 2988, 2950, 2905. 1476. 1369. 1076, 1003
-1

cm .

[Rul,(C;Me.)].: mp > 181 °C. IR (KBr): 2942, 2877. 1472. 1447. 1421. 1372, 1073, 1006
1

cm .

The poor solubility of these ruthenium trihalide complexes in most organic solvents
suggests that they have an oligomeric structure bridged by halogen atoms.

Treatment of the tribromide with PPh, in CH.Cl, gives a mononuclear
ruthenium(IV) complex.

[RuBr;(C.Me.)], + PPh,

Dark red microprisms, 55%. mp. 184 °C, IR(KBr): 3047, 2966, 2800, 1586, 1480, 1436,
1371, 1185, 1121, 1090, 1015, 742, 723, 695, 344 cm '. '"H NMR(CDCl,):8 1.57 (s,
15H), 7.3-7.8 (m, 15H), *'P{'"H} NMR(CDCL,): 6 35.2 (s).

A reaction of [RuBr;(CMe;)], with 5 equivalents of NaBH, in abs. ethanol in the
presence of PPh, (1.3 equvalents) gave mononuclear ruthenium(IV) hydride complex.

[RuBr,(C;Me,)], + PPh, RuH,(C.Me,)(PPh,) (63)

Pale brown prisms, 18%. mp 136 °C, IR(KBr): 3052, 2972, 2896, 1974, 1960, 1479,
1434, 1375, 1091, 758, 744, 699, 538, 514 cm-'. '"H NMR(C,Dy): 6-9.72 (3H, d, /= 20.5
Hz), 1.84 (15H.d.J= 1.3 Hz), 7.0-7.7 (15H, m). "'P{'H} NMR(C.Dy): 6 79.3.

RuBr,(C;Me.)(PPh,) (62)

(8) Chloro(n’-cyclopentadienyl)bis(triphenylphosphine)ruthenium(II),
RuCl (n*-CH)(PPh,),[215]

(air sensitive)

CsHg, PPhs
RuClg-3H,0 > RUCH(CsHs)(PPhg)s (64)

LSS RV
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RuCl;-3H,0 (0.52 g, 2 mmol) is solved in absolute ethanol (20 mL) under nitrogen and
the resulting dark brown solution is filtrated. The filtrate is added into a refluxing
cthanol (100 mL) solution of PPh; (2.10 g, 8.0 mmol), immediately. Then, an ethanol
(20 mL) solution of freshly distilled cyclopentadiene (1-2 mL) is added into the reac-
tion mixture, The reaction mixture is refluxed for 45-60 min. The solution color
changes from dark brown to orange. The reaction mixture is cooled in a refrigerator
for a night. The resulting orange crystals are collected by filtration and washed with
cold ethanol (10 mL x 2), water (10 mL x 2), cold ethanol (10 mL x 2), and petroleum
ether (10 mLx 2). The orange crystals are dried under vacuum to give the title product.
Yield: 1.25 g (86 %).

Properties: mp 131-135 °C (dec.).

(9) Chloro(n’-cyclopentadienyl)(n*-1,5-cyclooctadiene)ruthenium(IT),
RuCl(n*-CsHy)(n*-C5H,,) [216]

(under nitrogen)

CCly

RUH(CsHs)(CgH15) RuCI(CsHs)(CgH12) (65)

RuH(C;H,)(C;H,»,) is prepared from [RuH(CyH ,} NH,NMe,),]PF, by the published
procedure [217]. To a pentane (150 mL) solution of RuH(CsH,)(C,H,,) (5.51 g, 20.0
mmol) is added carbon tetrachloride (2 mL). The reaction mixture is stirred at room
temperature for 5 min to give golden orange microcrystals. The microcrystals are col-
lected by filtration and dried under vacuum. Yield: 5.1 g, (82 %).

Properties: mp 240-235 °C (dec.). 'H NMR(CDCl,): & 4.95 (SH): BC{'H} NMR
(CDCl,): 6 27.6, 33.4 (CH,), 78.6, 85.9 (CH). 87.5 (C.H,).

Related ruthenium bromide or -iodide complexes are also obtained by using CH,Br, or
CH;linstead of CCl, in 75 and 60 % yield. respectively.

(10)  Dichloro(n*-cyclooctadiene)ruthenium(Il), [RuCl(n*CgH,,)|, [218]

CaHi2

[RUCK(CeHi2)ln (o)
Into a Schlenk tube (50 mL) is charged RuCl,-3H,0 (1.20 g, 4.60 mmol), 1,5-cyclooc-
tadiene (1.60 g, 13.0 mmol), absolute ethanol (25 mL) and a magnetic stirrer bar. The
reaction mixture is refluxed for 44 h under nitrogen atmosphere. The resulting brown
precipitate is collected and then washed with absolute ethanol (6 x 20 mL). After dry-
ing under vacuum, [RuClL,(CH,,)], can be isolated as a brown solid., quantitatively.
This product is pure enough to be used for further reactions.

RUC|3'3H20

(11)  Dichlorobis(n®-p-cymene)diruthenium(1), [RuClL(n*-p-MeCH,CHMe,)|, |219]

p—MeC5H4CHMeg
RuCls-3H,0 - [RUCla(p-MeCgH,CHMe,)], (67)
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RuCl,-3H,0 (0.91 g, 3.48 mmol) and p-phellandrene (4.93 g, 35.5 mmol) is dissolved in
ethanol (70 mL). The reaction mixture is refluxed for 5 h. The resulting orange precipi-
tate is collected by filtration and washed with ethanol (20 mL x 5) and dried in vacuo.
Yield: 0.75 g (70 %).

Properties: 'H NMR(CDCL,): § 1.3 (d. 6H). 2.3 (s, 3H), 2.9 (q, 1H), 5.4 (d, 2H), 5.4 (d.
2H).

Related ruthenium iodide complex is also obtained by the following procedure.
RuCl;-3H,0 (0.48 g, 1.8 mmol) and p-phellandrene (1.35 g, 9.8 mmol) is dissolved in
ethanol (40 mL). The reaction mixture is refluxed for 5 h. To the reaction mixture is
added dropwise a water—ethanol (50 v/v %. 20 mL) solution of KI (1.54 g, 9.0 mmol).
This solution is refluxed for 2 h. The resulting purple precipitate is collected by filtra-
tion, and washed with ethanol (5 mL x 3) and dried in vacuo. Yield: 0.80 g (89 %).

Properties: "H NMR(CDCl,): 8 1.3 (d. 6H), 2.3 (s. 3H), 3.0 (g, 1H). 5.5 (d, 2H), 5.5 (d.
2H).

(12) Tetrachlorobis(n®-hexamethylbenzene)diruthenium(II),
[RuClL(n"-C¢Me)],[220]
(under nitrogen)

C5M85
[RuClg(pMeC6H4CHMeg)]2

[RuCl(CgMeg)], (68)

[RuCly( p-MeC,H,CHMe.)].(1.0 g. 1.6 mmol) is dissolved into fused hexamethylben-
zene (10 g). After 2 h stirring. the reaction mixture is cooled to room temperature and
excess hexamethylbenzene is washed out with hexane, The title compound is obtained
as reddish brown microcrystals which are enough pure to be used further reactions.
Yield: 0.87 g, (80 %). Recrystallization from chloroform followed by silicagel chro-
matography gives the analytically pure compound.

Properties: IR(Nujol) 299(s), 258(br) cm ', 'H NMR(CDCl,): 6 2.03.

(13) Bis(n’-cyclopentadienyl)ruthenium(IT), (ruthenocene), Ru(n*-C.H,),[221]

(the procedure should be performed under inert gas, although the product is stable in
air)

(a) [RuCl{(C¢H,,)], + n-Bu,Sn(C;Hy) Ru(C;Hs), (69)

An ethanol (150 mL) suspension of [RuCl,(CiH,,)], (8.4 g, 30 mmol) and n-
Bu,Sn(C.H,) (32.0 g, 90 mmol) is refluxed for 48 h under nitrogen atmosphere. After
the reaction, the hot mixture is immediately filtered by a jacketed glass filter in air and
the filtrate is cooled at 0 °C to give pale yellow microcrystals. The mother liquor is sep-
arated by catheter tube and the resulting crystals are washed with cooled ethanol (2 x
20 mL) and diethyl ether (2 x 20 mL). Recrystallization from either hot ethanol or ace-
tone gives pure white crystals. Yield: 5.2 g (75 %).

(b) [RuCly(C4H )], + TI(CH5)

Ru(CsHy), (70)
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A dimethoxyethane suspension of [RuCIl(C¢H,,)], (1.4 g, 5.0 mmol) and TI(CH;) (2.7
g, 10 mmol) is refluxed for an hour under nitrogen. The hot reaction mixture is filtered
rapidly in air, the filtrate is evaporated and the residue is dried in vacuo. The resulting
solid is extracted with diethylether (4 x 20 mL) and the combined extracts are evapo-
rated to yield crude product. Analytically pure product is obtained by recrystallization
as described above. Yield: 0.9 g (80 %).

Properties: mp >250 °C (dec). 'H NMR (CDCl,) 8 4.55 (s); "C{'H} NMR (CDCl,) §
70.1(s).

The pentamethylcyclopentadienyl analogue could be also prepared by the following
procedure.

(¢) [RuCl,(n*-C4H,,)], + n-Bu,Sn(C;Me;)

Ru(C Me.), (71)

(under nitrogen)

Into a Schlenk tube (300 mL) is charged [RuCl,(C{H,,)], (5.6 g, 20.0 mmol).
n-Bu,Sn(CMe.) (23.2 g, 44.0 mmol) and ethanol (150 mL) and a magnetic stirrer bar.
The reaction mixture is refluxed for 1.5 h under nitrogen. The hot reaction mixture 1s
filtrated rapidly, and the filtrate is cooled at 0 °C to give white crystals. The resulting
crystals are collected by filtration, washed with cold ethanol (15 mL) and then diethyl
ether (10 mLx 2). The pure title compound is obtained by the recrystallization from
hot ethanol. Yield: 5.2 g (70 %).

Properties: mp >250°C (dec). "H NMR (CDCl,): 8 1.63 (Me); “C{'H} NMR (CDCl.)
0 10.0(s). 82.9(s).

Reaction of Ru(CMe;), with HPF, or CF,CO-,H in CHCI, gives hydride cations.
Ru(C.Me.). + HX [RuH(C:Me.).]'X (X=PF,orCF,C0O,) (72
‘HNMR(CDCL:): 8 8.30(1H). 1.84 (15H).

(14) (n*-1,5-cyclooctadiene)(n®-1,3,5-cyclooctatriene)ruthenium(0),
Ru(m*-CyH,,)(n"CeH o) [192]
(moderately air-sensitive)

1,5'CBH12, Zn
RuCl3-3H,0 = Ru(CgH42)(CgH1p) - (73)

An absolute methanol solution (18 mL) of 1,5-COD (45 mL) with finely ground zinc
powder (17.03 g) is refluxed in two-necked flask (500 mL) equipped with a reflux con-
denser and a dropping funnel under nitrogen. At the same time, RuCl;-3H,0 (1.98 g.
7.59 mmol) is dissolved in methanol (15 mL) in 20 mL Schlenk tube. The deep red
(almost black) methanol solution of RuCl;-3H,O is transferred to the dropping funnel
by cannula and then added dropwise. The reaction mixture is heated at 70 °C for 3 h
with vigorous stirring. The color of the mixture changes from deep red to brownish
yellow, and finally to reddish brown. Ultrasonic irradiation during the reaction
increases the yield [222], while longer reaction time or large-scale reaction (¢ca > S g)
tends to reduce the yield. After 3 h, the reaction mixture is set aside for 30 min to allow
the zinc powder to settle. The reddish brown suspension is transferred to a Schlenk
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tube (500 mL) by a cannula (or a bridge filter with a G-3 glass trit). The gras residnal
washed repeatedly with methanol (4 x 20 mL). The combined filtrate 1s evaporaed
under reduced pressure and the resultant reddish yellow powder is dried in vacuum
The crude products are extracted with dry hexane (3 x 30 mL) and the extract 1s cor-
centrated to about one third. The red solution is purified on an alumina column
(70-200 mesh, 10 mmd x 300 mm) with hexane as eluent. The first vellow fraction
collected, evaporated to dryness and the resultant yellow powder is dried i v w0
Recrystallization from pentane gives yellow needles. Yield: 1.54 g, (64"+). By concen-
tration of the filtrate, further crystals can be obtained.

2.92(m, 4H), 3.79 (m, 2H), 4.78 (m, 2H), 5.22 (dd, 2H).

10.6 Osmium Complexes

Due to the cost of osmium, the chemistry of organoosmium complexes has received
less attention than that of iron or ruthenium complexes, although, in general. it resem-
bles the latter than the former. Thus, Os;(CO),, is structurally similar to Ru,(CO),- and
0s0, 1s an oxidizing agent similar to, but less powerful than RuO,. Organoosmium
complexes are generally more stable to air and thermally than their ruthenium ana-
logues. Osmium complexes have been widely studied for homogeneous oxidation reac-
tions. For example, some olefins are effectively oxidized by stoichiometric amounts of
OsO, to give 1,2-diols. However, because OsO, is highly toxic and is relatively expen-
sive, use of a catalytic amount of OsO, with an oxidant such as H,O,. NaClO..
‘BuOOH., tertiary amine N-oxide, or K ;Fe(CN), to give Os(VIHI) from Os(V1) is gener-
ally preferred. Sharpless discovered that oxidation of olefins in the presence of a chiral
amine ligand led to asymmetric dihydroxylation in high optical yield [223]. Because
oxidation reactions are generally hard to control and the nature of the active species is
usually unclear, these results gave fundamental information on stereospecific oxidation
reactions.

Reviewed in this section is the chemistry of Os;(CO),,, OsH,ClL,(P'Pr;),. Os(p-
MeC¢H,CHMe,)(N'Bu), Na,OsCl,, OsO,and osmium carbene complexes. Reviews of
other osmium complexes are available [224-225).

10.6.1 Osmium Carbonyl Complexes

A series of osmium carbonyl complexes have been prepared by the reaction of OsO.
with CO or decomposition of Os,(CO),,[226]and a mononuclear homoleptic osmium
carbonyl complex, Os(CO)s, is also known. It is a volatile, colorless liquid and is the
most robust M(CO); type complex of the iron triad against both oxidation and heat
but it gradually loses CO to form Os;(CO),,. Multinuclear osmium carbonyl clusters
such as Os;(CO),,, Oss(CO},q, Os(CO),q, Os4(CO)5, OsCO),,, and Osy(CO)-. have
also been reported [227]. In this section, several carbonyl complexes based on
0s,(CO),,are described.

Trinuclear Os,(CO),, has the triangular framework common to the Group 8 trinu-
clear dodecacarbonyl complexes. However, the triangular framework of Os. is less
readily broken down to mononuclear fragments than that of the Ru; framework.

e A ns & B s s m s s e .
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Scheme 10.26

Indeed. several chemical reactivities of Os,(CO),, are depicted in Scheme 10.26
[228 234]. For example, Os;(CO),, reacts with hydrogen at room temperature to give
u-H bridged Os;:H(CO),, in high yield [235-238]. Reaction of Os,(CO),, with 25 atm
of hydrogen at 140 °C gives tetranuclear p-H bridged Os,H,(CO),, [239-240].

One of the most striking features of Os,(CO),, is its ability to activate C—H bonds
m alkyl or aryl groups. For example. the methyl group in Os;H(Me)(CO),, gives a
#'-CH group upon heating via a-climination when the complex is heated [241]; B-[242].

¥-[243]. and 8-CH bond activations [244] have also been reported. Surprisingly, a tung-
sten-triosmium cluster having a p'-allyl ligand leads consecutive C—C bond scission
to give a trialkylidyne complex under ambient conditions (eq (74)) {245].

Tol
(CO) &
Os
N (CO)q OS/Cp\ >OS (CO)s
Tol ‘c/\ Tl —co_ ~w -
/C;r\\C\ 50 ~ 55 °C |// \\
(CO); Os————0s(CO), & C.
N YAt
W Tol Os
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10.6.2 Hydridoomsmium(Il) Complexes

Hydridochloro(carbonyl)osmium(II) complexes OsHCI(CO)L, (n = 2 or 3) are
relatively well-investigated. Osmium hydride complexes are generally active in a
number of insertion reactions of a hydrido ligand into unsaturated bonds. For
examples, OsHX(CO),(PPh,), (X = Cl or Br) reacts with CS. [246}, RNCO [247]
or p-ToIN=C=Np-Tol [248], to give corresponding hvdrido insertion products,
OsCISCHS)(CO)(PPh;),, OsBr(RNCHO)(CO) (PPh,).. and OsCl(p-ToINCHNp-Tol)
(CO),(PPh,), respectively. Recently, an interesting insertion reaction of alkynylalco-
hols into the Os—H bond has been reported. OsHCHCO)(P'Pr.), reacted with
2-propyn-1-ol to give a vinylosmium complex while the reaction of the complex with
1-phenyl-2-propyn-1-ol formed vinylcarbene and heterocycle complexes (Scheme
10.27) [249].

Because little is known about d*-complexes of coordination number six, the dihydri-
dodichloroosmium complex OsH,ClL,(P'Pr,)- is focused on the viewpoint of coordina-
tion chemistry. The shape of the complex is better to understand as a trigonal prism
rather than by octahedral geometry on the basis of both experimental and computa-
tional results [250]. Interestingly, this complex reacts with terminal alkynes to give car-
byne complexes (eq (75)) [251].

OsHoCly(PPr3); + =—Ph = (PrsP)oChHOs =——  (75)
Ph

Cationic hydridoosmium complexes catalyze the regio- and stereoselective dimeriza-
tion of terminal alkynes. [OsH(N,)(PP;)}]BPh, [PP; = P(CH,CH,PPh,},] is a catalyst
precursor for the dimerization of l-phenylacetylene to give (Z)-1,4-diphenylbut-
3-en-1-yne [252].

OH Pipl’g
— / oc._| /j
/Os
Cl \O
H
PEPF3
OSHC'(CO)(PiPr3)2
OH I'—"‘Prg P‘Prg
= cO oc s
Cli 7/ At 3
Ph \/Os + >Os !
CHCly Cl l o Cl l\Q"J Ph
PPrs PiPrs
Ph
41 % 8 %

Scheme 10.27
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10.6.3 Imidoosmium Complex

Treatment of [(arene)OsCl,], with lithium amide in THF results in the formation of
imidoosmium complexes in high yield, which react with a with wide variety of active
hydrogen compounds and polar compounds (Scheme 10.28) [253].

H2N(2,6'M€206H3) _ G_ OS = N
0 0O
MeO/”\/U\OMe /NH‘Bu
- Os
CH(COQMG)Q
0} O

PN _CH(COMe),

&OSEN—t-Bu G——O\s—_o
0

y

Bu
'BUNCO /N\
(Jros jc=0
N

'Bu

Scheme 10.28
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OsH,(CO)PPhs)s
+ HCHO
+ KOH
Os +PPhs OsH,(CO)»(PPhs):

"zr;‘ +HCHO

Na>OsClg + KOH

+ PPh,
+ NaBH,4
+ HCHO
+ PPhy
OsH4{PPh3), OsHCI{CO)(PPhj3)5

Scheme 10.29

10.6.4 Sodium hexachloroosmate

Na,OsCl, 1s a commercially available but relatively expensive compound. This complex
is sometimes used for preparation of mononuclear osmium complexes as outlined in
Scheme 10.29 [254].

10.6.5 Osmium Oxide Complexes

Although OsO, is excluded from the definition of organometallic complexes, it should
be briefly reviewed because it is a convenient reagent for the preparation of 1.2-diols
from alkenes. OsO, is a colorless, volatile solid (mp 40 °C) which is very harmful espe-
cially to the eyes, hence reactions should be done in the hood. A number of systems
consisting of catalytic amount of OsO, with an oxidant have been developed.

10.6.5.1 1,2-Diol Synthesis

In the presence of OsO, and KCIO, or NaClO;, mono- or disubstituted alkenes are
effectively oxidized to the corresponding 1,2-diols. However, these catalytic systems
are inactive for the oxidation of tri- or tetrasubstituted alkenes. and OsO,-'BuOOH is
widely used for this purpose (eq (76)) [223].

0s04-BuQOH

10 % Et;NOH
BuOH

By combining OsO, and a natural alkaloid, asymmetric oxidation has been devel-
oped. Oxidation of trans-stilbene dissolved in aqueous acetone with morpholine-
N-oxide, dihydroquinidine 4-chlorobenzoate as the ligand. and 0.4 mol % of OsO, as

aMBAL L A i bhink soima
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the catalyst quantitatively gives the R, R-diol in 90 % optical purity (eq (77)) [255-256].
The effects of the ligand [257], the oxidant [258], and the solvent [258] on the stereose-
lectivity have been studied in detail. Olefin oxidations by OsQO,/K;Fe(CN), system are
significantly enhanced by the addition of a base such as DABCO (1,4-diazabicy-
clo[2.2.2]octane) or quinuclidine [258a].

. )3 ' 050 alkaloid/morpholine oxide ~ Ph, h 7
el H H

10.6.5.2  Hydroxyamination

Similar treatment of cyclohexene with Chloramine-T (sodium p-toluenesulfonchlo-
ramide) in a polar solvent such as '‘BuOH in the presence of a catalytic amount of
Os0, gives the optically active hydroxyaminated cyclohexane in good yield (80%) (eq

(78)) [259].
0s0, . H 8)
Na[TsNCI] NHTs

However, the hydroxyamination of unsymmetrical olefins shows poor regioselectivi-
ty (eq (79)) [260].

/_/: h o Me\—ih MK_{h
> ; + - (79)
Na|[TsNCI - N
M alTsNCl TsHN H HO HTs

39% 42%

10.6.5.3  Olefin Metathesis

The ring opening metathesis polymerization (ROMP) of norbornene by the OsO.
complex has been reported recently [261]. The key intermediate is considered to be an
oxaosmacyclobutane whose C—C and Os-—O bonds can open to form an osmium
alkylidene species (Scheme 10.30).

OSO4
E 1 C\ QSOS
S

Scheme 10.30

ROMP

O3
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o
% | CI(NO)(PPh o s 0
. ) _
\/
CI(NO)(PPh3)Os=CH
CO
> CI(NO)(PPh;)Os
Scheme 10.31

10.6.6. Osmium Carbene Complexes

Although osmium carbene complexes have made little impact on organic synthesis, the
osmium carbene complex CI(NO)(PPh,;)Os=CH, has an interesting organometallic
chemistry, because it reacts with both nucleophiles and electrophiles. For example, it
can react with nucleophilic SO, and electrophilic CO to give the corresponding osma-
cycle complexes (Scheme 10.31). Because osmium carbene complexes sometimes show
this ambiphilic property, they may be considered as being intermediate between
Fischer- and Schrock-type carbene complexes [262].

10.7 Synthesis of Os Compounds

(1) Dodecarbonyltriosmium(0), Os,(CO),,[229]
(hood)

CO
OSO4 = OS3(CO)12 (80)

In a 100 ml autoclave is charged OsO, (2.0 g. 7.8 mmol), methanol (30 ml) and carbon
monoxide (75 atm). The reaction mixture is heated at 125 °C for 12 h with stirring. On
cooling, yellow crystals are filtered off, washed with cold acetone, and dried in vacuo
(20 °C, 0.1 mmHg). These orange crystals are usually sufficiently pure for further syn-
thesis. Further purification is carried out by sublimation (130 °C/0.01 mmHg) or
recrystallization from hot benzene. 1.6 g (70 %).

Properties: IR (hexane): 2070 (s), 2036 (s), 2015 (m), 2003 (m) cm ™.
(2) Dicarbonyldihydridotris(triphenylphosphine)osmium(IT),
OsH,(CO)-(PPh,),[254]

PPhj (81)
Na,OsClg > OsH,(CO)(PPha)s

Into a single-necked round-bottomed flask (500 mL) equipped with a reflux condenser
and a magnetic stirrer bar is charged triphenylphosphine (0.92 g, 3.5 mmol) and
2-methoxy-ethanol (100 mL). To the solution is rapidly added a 2-methoxyethanol
solution (30 mL) of Na,OsCl,-6H,O (1.18 g, 2.1 mmol), formaldehyde (55 mL. 40
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11  Group 9 (Co, Rh, Ir) Metal
Compounds

S. Komiya and A. Fukuoka, Tokyo University of Agriculture and Technology

11.1 Introduction

There are many kinds of organometallic compounds of the Group 9 metals: cobalt,
rhodium, and iridium. The chemistry of monovalent and trivalent complexes of these
elements has been extensively studied. Cobalt complexes of oxidation states 0 and —1
are also well known. Monovalent complexes of Group 9 metals adopt a d* configura-
tion, and square planar 16-electron complexes are common for Rh(I) and Ir(I). which
generally contain m-acid ligands such as CO. PR.. and alkenes. Oxidative addition to
the M(T) complexes gives M(I11) complexes with octahedral geometry and a d° 18-elec-
tron configuration.

Group 9 metal complexes can catalyze important homogeneous reactions such as
hydrogenation and hydroformylation of alkenes. Some of them are employed in indus-
try. The mechanisms of the catalytic reactions involve M(I) and M(III) intermediates
having 16 and 18 electrons. In some cases. the catalytic intermediates have been isolat-
ed, and a mechanistic study of the catalvtic reactions has greatly contributed to the
progress of organometallic chemistry.

In this section, the applications of compounds of Group 9 metals and the related
organometallic chemistry are reviewed [1].

11.2  Cobalt Complexes

The oxidation state of the metal in organocobalt compounds ranges from -1 to +4, the
common being -1, 0, +1, and +3. Examples of Co(0) complexes are the homoleptic
carbonyls: Co,(CO); and Co,(CO),,. Most Co(I} complexes contain n-acid ligands
such as Cp, CO, RNC, and PR;. Co(I) complexes are usually five-coordinate and trigo-
nal bipyramidal, and in oxidative addition reactions to give Co(11I) complexes one lig-
and is eliminated. Since the discovery of vitamin B,, coenzyme, much work has been
devoted to organocobalt(ITl) complexes with a metal carbon bond. Here the charac-
teristic reactions of some cobalt complexes are presented.

Syathesis of Organometullic Compounds: A Practical Guide. Edited by S. Kemiya
© 1997 John Wiley & Sons Ltd
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11.2.1 Carbonyls and Related Complexes

Co,(CO), 13 one of the important organometallic compounds, which is used as a
homogeneous catalyst in hydroformylation of alkenes. In the solid state Co,(CO)q is a
dinuclear complex having a Co—Co single bond (2.52 A) with two briding CO ligands
[2]. However, in the solution state an equilibrium exists between bridged and
non-bridged isomers (eq (1)).

CO
OC_ -COo cCO | OC\ Co oc CO (|JO O
TR , ~ y
Co Co oC —/Co (|30-—CO _Co Co\ (
oc. 4 \'CO oc”{ |
OC cO OC CO g o o CO

Co,(CO)y is thermally unstable, decomposing at above 50 °C, to give the tetranuclear
cluster Co,(CO);,. Co,(CO); is a useful starting material; for example, it reacts with
pyridine to give [Co(py)e][Co(CO),]., which on treatment with sulfuric acid produces
HCo(CO), [3]. Reaction of Co,(CO); with PR, in non-polar solvents or at high tem-
perature in polar solvents gives Co.(CO)(PR.),. On the other hand, the reaction
at room temperature 1n polar solvents leads to the formation of
[Co(CO)y(PR;),][Co(CO),] [4].

Co,(CO); 1s a catalyst precursor in the hydroformylation (oxo reaction) of alkenes to
give aldehydes [5]. The active catalytic species generated in situ is proposed to be
HCo(CO),. In industry, production of butanal is performed by this homogeneous cat-
alytic reaction. PBu, is added to increase a n/iso ratio of the aldehydes (eq (2)).

CHO
Co2(CO)8
N +CO 4+ H —— = _~_CHO _ A (2
n iSO

For the hydroformylation of internal alkenes. addition of Ru,(CO),, as a cocatalyst
increases the reaction rate (eq (3)) [6].

Co2(CO)s + Ruz(CO)12 3
+ CO + Hp - cHo

When HSIR is used in place of H.. a silvl enol ether is obtained in the presence of cat-
alytic amount of Co,(CO); (eq (4))[7].

| Cox(CO) OSiEt,Me
+ CO + HSiEt,Me — (4)

Homologation of methanol to ethanol has attracted much attention in C, chemistry.
since ethanol is a potential precursor to ethylene [8]. The reaction is catalyzed by
Co,(CO); and the addition of Ru(CO),, is also effective in this reaction (eq (5)) [9].
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COz(CO)B APy, PR3
CH3OH + CO + 2H2 CchHQOH + Hgo (5)

Orthometallation and subsequent carbonylation of aryl azo compounds is catalyzed
by Co,(CO)s(eq (6)) [10].

Q

N@ Co2(COJg C

) . 6
NH

Reaction of Co,(CO); with a variety of alkynes forms compounds of the type
Co,(CO)(RC,R) (eq (7).

R

b

C

Cos(CO)s + RCZCR — = / é\ +2C0  (7)
(CO) CoﬁF'{—\Co(CO)3

Accordingly, the Co,(CO), unit can be used as a protecting group for C—C triple

bonds (eq (8)) [11].
OH OH

— COg(CO)a R 1. HBF4

; ~2C0 | 2. H,0
Co(CO)g
OH OH
HO ? Fe(NO;)3-9H,0 . HO>+/k (8)
Co,(CO)g

Hydrogen cyanide is added to butadiene to give 1.3-dicyanobutane in the presence
of Co,(CO); catalyst (eq (9)) [12].

CN
Con(CO)
AN +2HCN i )\/\CN <+ /\/\CN> Y

Reduction of Co,(CO); with sodium-amalgam in THF solution gives Na[Co(CO),].
Na{Co(CO),] has high nucleophilicity, and the reaction with alkyl halides gives alkyl-
cobalt complexes. It is generally difficult to isolate the alkylcobalt complexes, but in the
presence of alkenes and alkynes, acylated compounds are obtained in good yields (eq

(10)) [13}.
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AN |
RX + NalCo(CO)s] ———= [RCo(CO),] RC-Co(CO)s
O
R?% NEt3/ CO N RM (10
o) Co(CO), ~{NHEt5][Co(CO)4] o)

11.2.2  Dinitrogen Complex

CoH(N,)(PPh,), was the first dinitrogen—metal complex prepared directly from dini-
trogen [14]. The dinitrogen ligand is easily displaced by other two electron donor lig-
ands such as alkenes, NH;, CO, CO,, and RCN [15]. For example, reaction of
CoH(N,)(PPh;), with CO, liberates N, to form a formate complex Co(O,CH)(PPh.,
(eq(11)). Here CO, has iserted into the Co—H bond. Oxidative addition of H, results
in the formation of a trihydride complex (eq (12)).

CoH(Ng)(PPhg); + CO; ——— = Co(O,CH)(PPhs)s + Ny (I
CoH(N2)(PPh3)3 + Ho —— CoHjg(PPhj)s (124

The following stoichiometric and catalytic reactions are based on the displacement
of N, in CoH(N,)}(PPh;), by alkenes. For example. replacement of the N, ligand of
CoH(N,)(PPh;); to ethylene and the subsequent reaction of the ethylene complex with
acyl chloride give ketone stoichiometrically (eq (13)) [16].

CoH(N2)Lz + CHz=CH, CoH(CHy=CHp)Lg Et—Cols
— N2
Et
RCOCI RC—Co—Ls RCOEt + CoClLg 0
O Cl L=PPhy

Dimerization of ethylenc to give 1- and 2-butenes is catalyzed by CoH(N,)(PPh.)
(Scheme 11.1)[17].

Decarbonylation and reduction of acid chlorides proceed with CoH(N,)(PPh;), to
give the corresponding hydrocarbons (eq (14)) [18].

RCOCI + CoH(N2)(PPhg)s —— RH + CO + N + CoCly(PPhs); (14

11.2.3 Cyclopentadienyl Complexes

The chemistry of monocyclopentadienyl complexes of cobalt has been extensively
studied. Complexes of the type CoCpL, (L = PPh,, CO, cod) are capable of catalyzing
the cyclotrimerization of alkynes [19]. In this reaction, an 1*-acetylene complex is
formed first and the reaction with the second alkyne gives a cobaltacyclopentadiene
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COH(NQ)LQ, L= PPh3

_N2 CH2=CH2

COH(CHQICHQ)L;;

CH3CH=CHCH;

CoHq
Et—COL3
CoHsCH=CH.
CoHy
CaHs
HC_COL3 _— CQHS'CHQCHQ—COLS
]
CHs;
Scheme 11.1
R

Cp = 05H5, L= PPh3

Scheme 11.2
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complex (Scheme 11.2). This complex reacts further with the third alkyne to produce
arene derivatives. In the case of CoCp(PPh.)., the catalytic intermediate cobaltacs -
clopentadiene complex can be isolated.

In principle. use of unsymmetrical alkynes (R'C,R7) could give four isomers of the
metallacycle., but these are not observed (eq (15)). The alkyne carbon with a larger sub-
stituent tends to form a Co—C bond and the carbon with a smaller substituent to form
a C—C bond. Thus, cyclization proceeds regioselectively [20]. However, sometimes 4
mixture of regioisomers is obtained, and column chromatography is needed to sepa-
rate the isomers.

R, Ry
R> R
2Ri——R> Cp\ == Cp\ = 2 i
CoCp(PPhs), > /CO _ + Co _ (154
/s
PhsP Ro PhsP R,
R, Ro

The cobaltacyclopentadiene complex reacts with a variety of compounds contain-
ing multiple bonds to give cyclic compounds (Scheme 11.3) [21]. In some cases, the
organic products remain coordinated to Co: they can be removed by oxidation with

Ce* or Fe'.
(Fp
x O
N L
S N R

Cp HC=CH RCN [/ \S
(ljo co E=S,Se E
=/’ CNR
Q:NR\ Cp

NS RN
90@ —_— / \

S
Scheme 11.3

Substituents on the cyclopentadienyl group are omitted for clarity.
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CoCp(CO), also is a versatile synthetic precursor. which reacts with a wide variety of
organic compounds. It serves as a source of the reactive CoCp unit, and this species
catalyzes cyclization of alkynes as well. This reaction has been applied to the one step
synthesis of steroid analogs [22].

SiMe3 x
N CoCoiCO Me38i
I N CoCp(€0r (16)
SiMes MesSi
11.3 Synthesis of Co Complexes
(1) Octacarbonyldicobalt(0), Co,(CO),[23]
(hood)
2Co(OH), + 8CO + 2H. Co(CO). +4H.0 (17)

Co,(CO), is commercially available. If some amount of Co.(CO); is in stock. it can be
prepared easily on a large scale by using the compound itself as a catalyst. Cobalt(II)
hydroxide (45 g. 484 mmol. red-pink) and 2-propanol (100 ml) are charged into a high
pressure autoclave (inner volume 300 ml). Octacarbonytdicobalt(0) (10 g) 1s added to
the mixture with CO bubbling. and the bubbling continues for a few minutes. Then the
autoclave is closed. and CO (40 kg/cm) and H. (10 kg/cm”) are added. The autoclave is
heated to 55-60 °C with stirring. During the reaction, CO and H, are supplied periodi-
cally to keep the total pressure at ca. 30 kg/cm-. After 6 h, the autoclave is cooled to
room temperature and the pressure is released. The mixture is filtered under N, and the
filtered sold is recrystallized from CO-saturated hexane to give red-orange crystals.
Yield: 64 g (77 %). They are unstable in air. and decompose thermally to give black
Co,(CO),» even under N,. Thus, they should be stored under CO below 0 °C.

Properties: mp 81-82 °C. IR(KBr): v(CO) 2025(s. br). 1849(s), 1831(s}em ™.

(2) Sodium tetracarbonylcobaltate(-1), Na|Co(CO),] [24a]
(under nitrogen atmosphere)

Co-(CO); + 2Na(Hg)

2Na[Co(CO),)] (18)

Small portions of sodium (total 0.5 g) are added to mercury (50 g) to prepare 1 % sodi-
um amalgam. After cooling to room temperature, anhydrous tetrahydrofuran (100 ml)
is added. Octacarbonyldicobalt(0) (3.42 g. 10 mmol) is added and the mixture is vigor-
ously stirred for 3 h. During this time. the solution turns from red-orange to gray-yel-
low. In some cases the selution is used without evaporation of THF, but it contains a
small amount of Hg[Co(CO),.. The THF solution is also highly air-sensitive. Thus, fil-
teration and evaporation of the THF solution is recommendable. The resulting white
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solid can be used for many purposes. Na[Co(CO),] is also prepared from Co,(CO), and
NaOH, where the use of Hg is avoided [24b].

Properties: IR(THF): v(CO) 1889(s), 1886(vs), 1858(m) cm .

(3) (y-Allyltricarbonylcobalt(I), Co(CO).(1’-C;Hs) [25]
(under nitrogen atmosphere)
C,HBr + Na[Co(CO),]

A solution of Na[Co(CO),] (1.5 g) in diethvl ether (25 ml) is prepared according to
the above method. Allyl bromide (0.5 ml. 5.8 mmol) is added to the solution at 0 °C.
and the mixture 1s stirred overnight at 0 °C. The solution is evaporated to dryness
at 0 °C. and the resulting solid is extracted with cold pentane (2 ml x 3). The extracted
solution 1s concentrated to 2 ml. and the solution is cooled to —80 °C to give yellow
crystals. The crystals are filtered at 80 °C and dried under vacuum. They are air-
sensitive.

Properties: mp —33 to -32 °C. bp 39 °C/ 15 mmHg. IR (CCl,): 3058(w), 3003(w).
2924(vw), 2058(s), 2000(vs), 1488(w). 1471(w). 1387(w). 1224(w), 1199(w), 1188(w).
1126(w), 1017(w), 948(w), 930(w) cm '. 'H NMR (C.D,): 82.38 (1H). 3.28 (2H), 5.2°%
(2H).

Co(CO)(C H,) + NaBr + CO (19)

(4) Hydrido(dinitrogen)tris(triphenylphosphine)cobalt(I) [26]
(under nitrogen atmosphere)

Co(acac), + Al('Bu), + 3PPh. ~ N\

CoH(N,)(PPh,), (20,

Tris(acetylacetonato)cobalt(III) (3.56 g. 10 mmol) and triphenylphosphine (7.86 g, 30
mmol) are added to toluene (40 ml). The mixture is cooled to =30 to —40 °C, and tri-
isobutylaluminum (4.6 ml) is added by using a hvpodermic syringe. The mixture i
stirred with N, bubbling. The temperature is held at 20 °C for 1 h, and then at 0-10 °C
for 8-9 h, The reaction time is important to obtain a good yield. Petroleum ether (100
ml) is added to the red- brown solution. and the mixture is cooled to -20 to 0 °C to give
orange crystals. The crystals are filtered. washed with petroleum ether, and dried under
vacuum. Yield: 8.0 g (92 %). The crvstals are purified by recrystallization from toluene
to give golden orange crystals. They are air-sensitive, and soluble in tetrahydrofuran.
benzene, toluene, ether. but insoluble in water.

Properties: mp 80 °C. IR (C.H,): v(N-) 2088 cm .

(5) (n-Cyclopentadienyl)bis(triphenyiphosphine)cobalt(I) [27]
(under nitrogen atmosphere)

CoCl(PPh.). + NaC.H.

CoCl(PPh;); + NaCl + BH, + 6H.O

Co(C.H.)(PPh.), + PPh, + NaCl (21

Cobalt(II) chloride hexahvdrate (9.6 g) and triphenylphosphine (32.0 g) are added 1.
ethanol (600 ml). and the mixture is vigorously stirred at 60-70 °C for 30 min to form
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blue CoCl,(PPh,),. The mixture is cooled to 30 °C. and sodium tetrahydridoborate
(total 1.28 g, added in 10 small portions) is added over ca. 10 min. The reaction mix-
ture turns dark-green, and finally minute brown crystals are formed. The crystals of
chlorotris(triphenylphosphine)cobalt(I) are vacuum-filtered under air, washed with
ethanol, water, ethanol, and petroleum ether. and dried under vacuum. Yield: 24.0 g
(67 %).

To a suspension of CoCIl(PPh,), (24 g. 27.2 mmol) in toluene (160 ml) 1s slowly
added a THF solution of sodium cvclopentadienide (14 ml, 2 M) from a dropping fun-
nel under N, (for preparation of NaCp. see CoCp(C-H,),). The mixture is stirred for 30
min, and a 10 % water solution of ammonium chloride (20 ml) is slowly added from a
dropping funnel to decompose excess NaC:H.. The water layer is removed by means of
a hypodermic syringe, and the resulting organic layer is transferred to another Schlenk
flask and dried with anhydrous sodium sulfate for 1 h under N,. After filtration, the
solution is concentrated to 50 ml, and hexane (60 ml) is added. When small crystals
appear, the flask is connected to a N line with a pressure-releasing bubbler, and is
moved into a water bath at 60 °C for 2 h to grow the crystals. Then hexane (30 ml) is
added and the mixture is allowed to stand at room temperature overnight. The result-
ing large black crystals are washed with hexane (10 ml x 2), and dried under vacuum.
They contain 1/2 molecule of hexane as crystal solvent. Yield: 9.9-13 g (53-69 %). The
crystals should be stored under N. at low temperature, but big crystals can be handled
in air for a short time.

Properties: mp 135-140 °C (Ar. dec). H NMR(C,Dy): 84.45 (s, Cp), 6.8-7.9 (m, Ph).

(6) (n-Cyclopentadienyhbis(n*-ethylene)cobalt(I) [28]
(under nitrogen atmosphere) (hood}

CoCl, + 2NaC:H.
Co(C;H,), + K+ 2C.H,

Co(CHy), + 2NaCl [28a]
Co(C;Hy)(n*-C,H,), + KC;H, [28b] (22)

In a distillation apparatus, dicyclopentadinene is heated at ca. 180 °C in an oil bath and
the distilled cyclopentadiene (bp 4244 °C) is collected. The cyclopentadiene (98-123
ml, 1.2-1.5 mol) is slowly added to the mixture of Na (23 g, 1 mol) and THF (500 ml).
To the NaCH;solution in THF 1s added anhydrous cobalt(Il) chloride (65 g, 0.5
mmol) to give deep purple solution. The solution is refluxed for 2 h and then evaporat-
ed. The resulting solid is dried and dark purple crystals of cobaltocene is obtained by
sublimation (60-200°C /10 *-10 “mmHg). Yield: ca. 85 g (90 %).

Small grains of potassium are prepared as follows. Potassium is added to hot ben-
zene (ca. 70 °C) and the mixture is vigorously stirred until small grains of potassium
are obtained. Stirring is stopped and the mixture is cooled to room temperature. The
resulting solid is filtered, washed with pentane. and dried under vacuum.

Cobaltocene (31.3 g, 166 mmol) is added to diethyl ether (350 ml), and the solution
is stirred and saturated with ethylene at -20 °C. The potassium grains (7.14 g, 183
mmol) are added to the solution, and the solution is stirred at —20 to 0 °C under ethyl-
ene until no more ethylene 1s absorbed (ca. 15 h). KC;H: and excess K are filtered off at
—30 °C, and washed with ether (3 x 50 ml). The filtered solution combined with the
ether-wash is evaporated to dryness, and the resulting solid is dissolved in hexane. The
solution is filtered, undissolved solid is washed with hexane, and the combined solu-
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Co(CsHs)(PPhs), + 2PhC=CMe —»

tions are allowed to stand at —78 °C. The resulting brown crystals are filtered. and dried
under vacuum. Yield: 25.3 g (85 %).

Properties: '"H NMR (C,D,CD;): 5 0.63 (=CH), 2.49(=CH), 4.23 (Cp). 'C NMR
(C.H,0): §37.7 (=CH,), 85.6 (Cp).

(7) (n-Cyclopentadienyl)(2,3-dimethyl-1,4-diphenylcobaltacyclopentadiene) [29]

(under nitrogen atmosphere)

(2%
(05H5)(PPh3)(I)o—C(Ph):C(Me)-C(Me):(lJ(Ph) + PPhj

To a toluene solution (30 ml) of Co(CsH;)(PPh,),sC H,, (1.82 g, 2.63 mmol) is slowh
added a toluene solution (5 ml}) of 1-phenyl-1-propyne (600 mg, 5.17 mmol) from a
dropping funnel. The solution is stirred and the color turns from dark green to dark
brown in 10-20 h. The dark brown solution is fairly stable to air. The reaction mixture
is concentrated to ca. 5 ml under vacuum and separated by column chromatography
(alumina, activity II-1I1, 3.5 x 23 cm). First, hexane is used as a moving phase to elute
PPh;. then toluene/hexane (1:3, 50 ml) is used to spread the brown layer, and finally the
brown layer is eluted using toluene. The toluene solution is evaporated to dryness, and
the resulting solid is recrystallized from dichloromethane/hexane to give dark brown
crystals. The crystals are filtered and dried under vacuum. Yield: 660-845 mg (35-44
%). In the above procedures, benzene can be used in place of toluene.

Properties: mp 174-176 (dec). 'H NMR (CDCl,): & 1.61 (CHy,), 4.64 (Cp).

11.3 Rhodium Complexes

Organometallic compounds of rhodium have the metal center in oxidation states rang-
ing from +4 to -3. but the most common oxidation states are +1 and +3. The Rh(I)
species have a d" electron configuration and both four coordinated square planar and
five coordinated trigonal bipyramidal species exist. Oxidative addition reactions to
Rh(I) form Rh(IIT) species with octahedral geometry. The oxidative addition is
reversible in many cases. and this makes catalytic transformations of organic com-
pounds possible. Presented here are important reactions of rhodium complexes in cat-
alytic and stoichiometric transformations of organic compounds.

11.3.1 Carbonyls and Related Complexes

Representatives of homoleptic rhodium carbonyls are Rh,(CO),, and Rh(CO),,.
Rh,(CO),, decomposes at 130-140 °C to give Rhy(CO),,. Due to the low solubility of
Rhy(CO),, in organic solvents. Rh,(CO),, is usually employed in reactions at low tem-
perature. However, in reactions at high temperature and/or high pressure of CO.
Rh,(CO),, and Rh(CO),, give similar results.

There are many examples of carbonylation reactions using these two carbonyl com-
plexes. Rhy(CO),, is a good catalyst precursor for the hydroformylation of alkenes, and
PPh; is frequently added to increase the n/iso ratio of the resulting aldehydes, as is true
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also for cobalt-catalyzed hydroformylation [30]. In this case, RhH(CO)(PPh,), is sug-
gested to be an active species formed in the reaction system. Thus, RhRH(CO)(PPh,), is
a good catalyst precursor for hydroformylation and the reaction proceeds under much
milder conditions: room temperature and 1 atmosphere (eq (24)) [31].

CHO

Rh4(CO)42/ PPh
DN 4 CO s p, OO _CHO R)\ (24)
or RhH(CO)(PPh3)3

n iso

Nitrobenzene is reduced, carbonylated and coupled with benzene to give the corre-
sponding amide in the presence of catalytic amount of Rh(CO),.(eq (25))[32].

Rhg(CO)15

CSH5N02 + CGHG + 3CO C5H5NHCOC5H5 + 2002 (25)

Unsymmetrical ketones are produced from alkynes, alkenes, CO, and H- by Rh car-
bonyl catalysts (eq (26)) [33].

Rl

Rh4(CO)42
RC=CR' + H,C=CH, + CO + H Rv)\ -CoHs  (26)
2 2 2 or Rhs(CO)w@ / %

H )

Carbonylation of alkvnes is catalvzed by Rh,(CO),- to give unsaturated lactones,
where two molecules of CO being incorporated (eq (27)) [34].

P .

1 2 C

RC=CR' 4+ 200 _nel€On: Lo + Lo 27)
Ro R4

In C, chemistry, the Rh carbonyl complexes are homogeneous catalyst precursors
for the conversion of synthesis gas to ethylene glycol under high pressure and high
temperature (eq (28)) [35].

Rh4(CO)12 or RhB(CO)m
CO + Hy > HOCH,CH,OH + CH3OH (28)

{PhzP)oN / amine solvent

[RhCI(CO),], is formed in the reaction of RhCl; and CO, and both [RhCI(CO),},
and RhCl, are used as catalyst precursors in the carbonylation of methanol to acetic
acid, the so-called Monsanto process (eq (29)) [36]. In this reaction, methyl iodide is
necessary as a promoter and [Rhl,(CO),] is proposed as the active species.

Rh / CHgl

CH5;OH + CO CH3COOH (29)

Reaction of [RhCI(CO),], with strained cycloalkanes induces oxidative addition of
C—C bond to the Rh center, and subsequently CO insertion takes place. For example,
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reaction of [RhCI(CO),], with cubane and further treatment with PPh; result in the
reductive elimination of the corresponding ketone {eq (30)) [37].

PPh
+ 1/2 [RhCI(CO)], — (30)
C
A
s O ﬁ
_CI \CO n O

The intermediacy of a metallacycle complex is supported by a study of the reaction
with qaudricyclane, where a diacyl complex is isolated by the treatment with PPh, (eq

(31) [38].

1/2 [RhCI(CO)2J2 PPh3

. AL (31)

~C
Rh™ 7> ,C C.
/ O O \Rh/ \O

AN
PhaP” &, P Ph

11.3.2  Phosphine Complexes

Since the discovery of Wilkinson's complex RhCI(PPh,), in 1966 [39], many useful cat-
alytic reactions have been reported which are catalyzed by this and related complexes.
In particular, RhCI(PPh,), is a very useful catalyst precursor for hydrogenation of vari-
ety of alkenes. The chemical reactivity of RhCI(PPh,), is summarized in Scheme 11.4
[40).

Hydrogenations of C—C double and triple bonds are effectively catalyzed by
RhCK(PPh;), under mild conditions (room temperature and 1 atm) (eq (32)) [39].

RhCI(PPhs)
O o= O

Selective hydrogenation of C—C double bonds is possible for a molecule having two
C—=C bonds (eq (33)) [41].

O O
-“‘WCOQH H RhCi(PPhg);

/

(33)

HO OH
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H

L""Fllh"'SOI

- ~

L él H

H
Cl
L. | .Sol
RN Lo O —0, L
|
Lr,._Rh..‘L
L™ ~cl
CoHs
Mel
Me / \
L,.,_F|%h‘..\l H L
‘Rh

L/él ~IMe co L~ el

OcC... Rh"‘L

L™ ~cl L = PPhg, Sol = solvent

Scheme 11.4

This could be expressed more conciselyv as follws: RhCI(PPh,); also catalyzes transfer
hydrogenations (eq (34)) [42]. isomerization of C—C double bonds (eq (35))[43] and
hydrosilylation of o,B-unsaturated carbony! compound (eq (36)) [44].

=

T

AdTITT

O OH

Cl Cl Cl
\ o > oy PhCIPPha); . s : o (34)
Cl

Cl Cl
O OH

=<:O><H RNCI(PPhg); __</:O><H (35)
O CsHys O GC7Hys

Reactions of RhCI(PPh;); with carbonyl compounds lead to stoichiometric decar-
bonylation to give the corresponding hydrocarbons and RhCI(CO)(PPh,), (eq (37))
[45]. Catalytic decarbonylation is possible at high temperature (eq 38) [45].

RhCI(CO)(PPh,), is also active for the decarbonylation reactions [46]. Cationic
complexes like [Rh(dppe),]'Cl and [Rh(dppp),] CIl” (dppe = 1,2-bis(diphenylphosphi-

Cl

Y

Cl
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N O RhCI(PPhg)s a6
. " “0SiHPh,
HoSiPh,
CHO
RhCI(PPhg)s ]
toluene reflux @ + RhCCO)(PPhy)> + PPhg (37
RhCI(PPh;), 38
240 °C

COClI

no)ethane; dppp = 1,3-bis(diphenylphosphino}propane) are more active catalysts to
decarbonylate aldehyde under milder conditions [47].
RhCl(PPh,), decarbonylates cyclobutanones to give cyclopropanes, and in this reac-

tion the activation of a C—C bond next to a carbonyl group is proposed to occur (eq
(39)) [48].

0
o’ RhCI(PPhs)s

- RhCI (PPhg)y ————
toluene reflux — PPhs

RRCI(CO)(PPhy); Q> + RACICO)(PPhg)y (39
Ph

Ph

Ph

Reactions of RhCI(PPh,). with organolithinm or Grignard reagents gives
RhR(PPh,), (R = Me. Ph). but analytically pure products have not been isolated
[49a,b]. Similar reactions take place using RhCI(CO)(PPh,), where oxidative addition
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of alkyl halides or acyl halides and subsequent reductive elimination leads to C—C
bond formation (eq (40)). In this case. the complex can be recovered and reused {49c¢].

RRCKCO)PPN) + ~~pggr  —— " Rn(CO)PPhy), + MgCIBr

\/\COCnst

C1HpCOCI . (|:I
\/\I:l%h(CO)(PPh3)2 T Rhc|((;o)(PPh ) w
COC;1Hz3 -

Dimerization of terminal alkynes is promoted by RhCi1(PPh;); (eq (41)) [50].

RhCI(PPh3)s
2 CRECH — RCH=CH-C=CR (41)

The activation of unreactive C—H bonds is a topic of current interest in
organometallic chemistry [51]. Under irradiation. RhCl(CO)(PMe,), catalyzes the
C—H activation and carbonylation of pentane to give hexanal (eq (42)) [52]. 1-Pentene
is also formed by a Norrish tyvpe Il reaction. The 14-clectron Rh(I) species
RhCl(PMe,), formed by irradiation is thought to be the active species.

RhCH{CO)(PMe3) H
AN+ CO — vz SN CHO ™ @2)
2.730% / Rh 9,620% / Rh

Dehydrogenation of alkanes ts catalyzed by RhCIl(PPh,), under reflux (eq (43)).
Effective removal of H, from the reaction svstem is essential for the catalytic reaction
[53].

RhCH{PPhs)s / reflux

- + Hg (_43)

Oxidative addition of an unreactive C—C bond occurs in the reaction of the diter-
tiary phosphine shown in eq (44) with HRh(PPh.).. the reaction being preceded by the
kinetically favored C—H activation [34]. The intermediates have been isolated and
characterized. A similar reaction takes place using RhCI(PEt,),.

[RhCl(cod)], has a labile COD ligand. and reaction mixtures with tertiary phos-
phines at various PR/Rh ratios are used as homogeneous catalysts. For example, in a
similar reaction to eq (39). hvdrogenolysis of cvclobutanone is catalyzed by a
[RhCl(cod)],-dppe system under H- pressure (eq (43)) [48].

Reactions of [RhCl(cod)]. with AgClO, and subsequent coordination of diphos-
phine give ionic complexes [Rh(P)-(cod)] C10O, . Complexes of this type having asym-
metric diphosphine ligands. such as BINAP. BPPFOH. and DIOP (Fig. 11.1), are very
effective catalysts for various asvmmetric reactions.

7 MY IITIE 2

MBS
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Me PPh2 Me PPh2
+ RhH(PPh3)4 | Ha
Me “rrhe Rh-PPhy — =
Me PPh, Me PPh,
Me I|3Ph2
Th*PPha + CHy (4
Me PPh,
9 ;
c/’O [RhCl{cod)]o-d C, Hy RSO
e . RhCKPPhg); —
toluene, 140 °C "’Me
il Ph Ph
H .\CHQOH
2
: (45)
“Me
Ph

Me
o Y
PPh, H Oz —PPh,
Fe ~PPh, ><

o® v, e

(R)-BINAP (R)-(S)-BPPFOH (R,R)-DIOP

Figure 11.1 Asymmetric diphosphines.

Catalytic asymmetric hydrogenation reactions are performed with high enantiose-
lectivity (eq (46) and (47)) [55,56].

H
H COsH [Rh(binap){cod)]* '
_ + Ho - PhCHg_CI:*_COZH (46)

Ph NHCOPh NHCOPhH
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OH
s H RN-BPPFOH  _ » & cHNHMe (47)
Ar” ~CH,NHMe 2 - ] 2

H

Asymmetric isomerization of allylamines is performed with high enantioselectivity
[57]. This process is applied to the industrial production of L-menthol from diethylger-
anylamine by the Takasago Perfumery Company (eq (48)).

AN Z

NE%2  (Rh((5)-binap)(cod))- NEt,

> - = CHO

diethylgeranylamine

=0, -0, -
; OH ) OH
/-\ /_\

L-menthol

Asymmetric hydrosilylation of ketones gives silyl ethers and the resulting silyl ethers
are readily hydrolyzed to give optically active alcohols (eq (49)) [58].

0O H
I . Rh-diop hydrolysis I . .
Me/C‘COZiPr + HoSiPh(1-Np) > Me—gH—COQ‘Pr (49)

11.3.3 Cyclopentadienyl Complexes

Rh complexes having a cyclopentadienyl ligand shows high reactivity in C—H bond
activation. Irradiation of RhCp*(PMe,)(H), (Cp* = C;Me) in alkane solvent pro-
duced a coordinatively unsaturated [RhCp*(PMe,)] species, which undergoes activa-
tion of the sp’ C—H bond of the alkane to give an alkyl hydride complex (eq (50))
[59.,60].

N - [RhCp*(PMes)] — F|{ )
LN PMeg
CHaCH3CHs

Y
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2

[RhCp*(C,H,)(CH,CH,-u-H)}". which is prepared by protonation of
RhCp*(C,H,),, is a highly active catalyst for tail-to-tail dimerization of methyl acry-
late to dimethyl hexenedioates (eq (51)) [61].

MeozoWCOgMe

[RhCp™(CoHg)(CHCHz-u-H)I

MeO,C
FoM N CoMe

11.3.4 Synthesis of Rh Compounds

(1) Dodecacarbonyltetrarhodium(0), Rh,(CO),, [62]
(hood)

RhCl,3H,0 + 2Cu + 4CO + NaC]
4Na[RhC1,(CO),] + 6CO + 2H,0

Na[RhCl(CO),] + 2Cu(CO)CI
Rh,(CO),, + 2CO, + 4NaCl + 4HCI (52)

Copper powder is washed with a mixture of concentrated hydrochloric acid and ace-
tone, and then rinsed with acetone. The powder is dried under vacuum. The activated
copper powder (1.5 g, 24 mmol) and sodium chloride (0.6 g, 10 mmol) are added to
water (200 ml), and the water is well degassed and saturated with CO. Under a stream
of CO, the regorously stirred mixture is treated with a degassed solution of rhodium
trichloride trihydrate (2.6 g, 9.9 mmol) in water (50 ml) from a dropping funnel (rate of
dropping is about 1 ml/min). After the addition, the funnel is washed with degassed
water (10 ml), and the mixture is stirred for 2 h. During this time, a small amount of
Rh,(CO), - separates as an orange powder. The funnel is charged with a solution of dis-
odium citrate in degassed water (0.4 M. 50 ml}. and the solution is added to the yellow
mixture under a stream of CO over a period of 50 min. Then the mixture 1s stirred for
20 h. and the orange solid 1s filtered under CO. The solid is washed with water under
CO and then dried under vacuum. The resulting solid is extracted with the minimum
amount of dichlomethane (5 x 5§ ml) under CO. The solution is quickly evaporated to
dryness under vacuum on a water bath at room temperature and the resulting crystals
are dried under vacuum for 2 h. Yield: 1.55-1.75 g (80-90 %). The compound is soluble
in dichloromethane. chloroform. pentane, toluene, tetrahydrofuran, and acetone, and
sparingly soluble in cvclohexane and methanol. It is slowly decomposed to dark and
insoluble Rh,(CO),, at room temperature under nitrogen, and should therefore be
stored under CO below 0°C.

Properties: IR(heptane): 2101(w), 2075(s), 2069(s), 2059(w, sh), 2045(m), 2001 (w.
1918(w), 1882(s), 1848(w)cm .

(2) Chlorotris(triphenylphosphine)rhodium(I), RhCI(PPh,), [39,63]
(under nitrogen atmosphere)

RhCl,3H,0 + 4PPh,

RhCI(PPh,), + 2H,0 + OPPh, + 2HCl (53
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To a hot ethanol solution (350 ml) of triphenylphosphine (recrystallized from ethanol
prior to use, 12 g, 46 mmol) is added a hot ethanol solution (70 ml) of rhodium trichlo-
ride trihydrate (2.0 g, 7.6 mmol). The solution is refluxed for 30 min, and red crystals
are filtered from the hot solution. The crystals are washed with ether and dried under
vacuum. Yield: 6.3 g (86 %). The compound is soluble in benzene, chloroform, and
dichloromethane.

Properties: mp 157158 °C.

(3) Carbonylhydridotris(triphenylphosphine)rhodium(I), RhRH(CO)(PPh;,), [64]
(under nitrogen atmosphere)

RhCl,3H,0 + 3PPh, + HCHO + NaBH,

RhH(CO)(PPhs), (54)

To a solution of triphenylphosphine (2.64 g. 10 mmol) in boiling and vigorously stirred
ethanol (100 ml) is added a solution of rhodium trichloride trihydrate (0.26 g, 0.99
mmol) in ethanol (20 ml). After 15 s. aqueous formaldehyde (10 ml, 40 % w/v) and then
a solution of potassium hydroxide (0.8 g) in hot ethanol (20 ml) are added quickly to
the reaction mixture. The mixture is refluxed for 10 min, and then cooled to room tem-
perature. The yellow crystals are filtered. washed with ethanol, water, ethanol, and
hexane, then dried under vacuum. Yield: 0.85 g (94 %).

Properties: mp 120-122 °C (in air). 172-174 °C (under nitrogen). IR: v(RhH) 2041(s),
Vv(CO) 1918(vs)em ™. '"H NMR(CDCl;): 8-9.7 (br. RhH).

(4) Hydridotetrakis(triphenylphosphine)rhodium(I), RhRH(PPh;), [65]
(under nitrogen atmosphere)

RhCl;3H,0 + 3PPh; + KOH

RhH(PPh,), (55)

To a refluxing solution of triphenylphosphine (2.62 g, 10 mmol) in ethanol (80 ml) are
added quickly a solution of rhodium trichloride trihydrate (0.26 g, 0.99 mmol) in hot
ethanol (20 ml) and then a solution of potassium hydroxide (0.4 g) in hot ethanol (20
ml). The mixture is further refluxed for 10 min and cooled to room temperature. The
resulting yellow crystals are filtered: washed with ethanol, water, ethanol, and hexane;
then dried under vacuum. Yield: 1.10 g (97 "«). The crystals are soluble in benzene,
chloroform, and dichloromethane, and the solutions are highly air-sensitive.

Properties: mp 145-147 °C (in air), 154156 °C (under nitrogen). IR: v(RhH) 2156(m)
1
cm .

(5) Di-u-chlorotetrakis(n-ethylene)dirhodium(I), Rh,C1,(C,H,), [66]

2RhCl,-3H,0 + 6C,H, Rh,Cl,(C,H,),+ 4HCl + 2CH,CHO + 4H,0  (56)

Rhodium trichloride trihydrate (10 g, 38 mmol) is dissolved in hot water (15 ml), and
the solution is added to ethanol (250 ml). The mixture is degassed with an aspirator
and filled with | atm of ethylene. The reaction mixture is vigorously stirred at room

B
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temperature by bubbling ethylene (1 bubble/s) for 7 h. During this stirring, the product
separates as red solid. Under nitrogen atmosphere, the solid is filtered and washed with
methanol (50 ml), then dried under vacuum. Yield: 4.8-5.0 g (6065 %). Some of the
product reacts with HC1 formed during the reaction and is dissolved in the filtered
solution. To neutralize HCI, an aqueous solution (3 ml} of sodium hydroxide (1.5 g) 1»
added to the filtered solution and washings. The mixture is bubbled with 1 atm of eth-
ylene as before to recover a further 1.0-1.5 g of the product. The total yield is 6.0 ¢
(75 %). The compound is slightly soluble in most organic solvents, and is thus impossi-
ble to purify by recrystallization. It can be handled in air for several minutes, but
should be stored under nitrogen below 0 °C.

Properties: mp 115 °C (dec). IR(KBr): 3060, 2980. 1520, 1430, 1230, 1215, 999, 952.
930, 715¢cm™.

(6) Di-Li-chlorobis(1,5-cyclooctadiene)dirhodium(1), Rh,Cl,(CgH,,), [67]
(under nitrogen atmosphere)

IRhCI3H,0 + 2CH,, + 2CH.CH.OH
Rh,Cl,(C,H .), + 4HCl + 2CH,CHO + 6H,0 (57

Rhodium trichloride trihydrate (1.0 g, 3.8 mmol) and 1,5-cyclooctadiene (2 ml, ca. 16
mmol) are added to ethanol (30 ml), and the mixture is stirred and refluxed for 3 h.
After the mixture is cooled to room temperature. the orange solid is filtered, washed
with ethanol, dried, and recrystallized from acetic acid. The crystals are dried under
vacuum. Yield: 0.56 g (60 %). The crystals are stable under air. Soluble in
dichloromethane, chloroform, acetic acid. and acetone, slightly soluble in ether.
methanol, ethanol, and benzene. and insoluble in water.

Properties: IR(Nujol): 998, 964. 819 cm '. 'H NMR(CDCl,): 6 4.3 (=CH), 1.7-2.6
(CH.).

(7) [(1,5-cvclooctadiene){2,2’-bis(diphenylphosphino)-1,1’-binaphthyl} -
rhodium(I)|perchlorate [S7]

(under nitrogen atmosphere})

Rh.Cl{C.H ).+ 2AgCl10, + 2BINAP — 2[Rh(binap}C;H,,)]C1O, + 2AgCl  (58)

Silver perchlorate (0.104 g. 0.5 mmol) is added to an acetone (30 ml) solution of
Rh,Cl,{C¢H,,)- (0.123 g. 0.25 mmol), and the mixture is stirred at room temperature.
The colorless precipitates are filtered and washed with acetone. To the filtered solution
and washing is added solid (+ or —)-BINAP (0.311 g, 0.5 mmol), and the solution 1s
stirred for 1 h at room temperature. After concentration of the solution to ca. 2 ml.
ether (5 ml) is slowly added to give deep orange crystals. The crude product is again
recrystallized from acetone/diethyl ether to give deep orange crystals. The crystals are
filtered. washed with ether, and dried under vacuum. Yield: 75-80 %. Recrystallization
from THF/acetone gives more well-formed crystals as THF solvated complex.

Properties of crystals from acetone/ether: 164 °C (in Ar, dec). 'H NMR (CD,Cl,): &
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2.00-2.62 (m, 8H, CH,), 4.58 (br, 2H. CH=). 4.84 (br. 2H. CH=), 6.42-8.22 (m, 32H,
Ar).

(8) Di-u-chlorotetracarbonyldirhodium(l), Rh,Cl1,(CO), |66]
(hood)

Rh,Cl(C,Hy), +4CO Rh.Cl(CO),+4C,H, (59)

This compound is obtained from the reaction of RhCl;-:3H,0 and CO at 100 °C [68],
but in practice it does not always work well. The following method is recommended.

Di-u-chlorotetrakis(ethylene)dirhodium(l) (1.0 g. 2.6 mmol) is suspended in diethyl
ether (30 ml), and CO is bubbled (1 bubble/s) through the stirred mixture for 1 h. The
mixture is then filtered, and the filtered solution 1s concentrated to 15 ml with a rotary
evaporator. The solution is cooled to 0 °C to give red crystals, and the crystals are fil-
tered and washed quickly with cold ether. Yield: 0.50 g (50 %). The crystals are soluble
in most organic solvents. The compound is stable in air as solid, but should be stored
under CO below 0 °C.

Properties: mp 126-127 °C. IR (hexane): 2103(m). 2089(s), 2080(vw), 2035(s), 2003(w)
cm L

11.4 Iridium Complexes

The chemistry of Ir complexes resembles that of Rh, and Ir(I) and Ir(111) complexes
are common species. However. in contrast to Rh (I), Ir(I) often undergoes oxidative
addition irreversibly. Thus, the corresponding [r(ITT) complexes are more stable and
can be isolated in many cases. Much work has been devoted to the oxidative addition
to IrX(CO)(PPh,), complexes. Another characteristic of Ir is the extensive formation
of polyhydrides.

Due to the stability of Ir complexes. catalytic activity of Ir complexes are usually
lower than the corresponding Rh ones. Thus. the reported examples of catalytic reac-
tions by Ir complexes are fewer than those ot Co and Rh.

11.4.1 Carbonyls
Like Rh carbonyls, stable homoleptic Ir carbonyls are Ir,(CO),, and Iry(CO),.
Ir,(CO),, catalyzes the water-gas shift reaction. which can be used to hydroformylate
alkenes (eq (60) and (61)) [69].

CO + HLO —————— COz + H» (60)

Ir4(CO)2

RN 4+ 2CO + H0 R/\/CHO + CO,  (61)

Like Rh/I systems, the Ir,(CO),,/1, system catalyzes the carbonylation of methanol to
acetic acid [70]. In homogeneous hydrogenation of CO (Fischer-Tropsch reaction).
Ir,(CO),, shows a relatively high catalytic activity compared with other transition
metal carbonyls (eq (62)) [71].
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Ir4(CO)12

CO + H, 120°C 2 CHy + CoHg + (62)

11.4.2 Phosphine Complexes

The most important Ir(T) complexes are rrans-IrCI{(CO)(PPh;), (Vaska’s complex) and
its phosphine derivatives, since they provide clear examples of oxidative addition reac-
tions. Scheme 11.5 summarizes the addition reactions to IrCl(CO)(PPh,), [72]. Alkyl
halides, acyl halides. H.. and SnCl, oxidatively add to the Ir center, and reactions with
O.. alkyne. CO. and SO, give their coordinated complexes without complete cleavage
of the appropriate bond.

[rCI(CO)(PPh,), catalyzes the hydrogenation of alkene [73] and the transfer hydro-
genation reaction of diene (eq (63)) [74].

IrCI(CO)(PPhs)s
Q=) e

CHs
L,,,_Air&.\co CHg
|
SnC|3 Cl/l\L ?O
L., I .CO
L""'lr"‘\CO I
c | L ¢ c|;| )
Cl CHdl CH,COCI
SnCI4
H
] ?OZCO L., ~CO R L] aH
e, L - Ar
Cl/lr\L S0, c” L I
CO
0O,
CcO —_
L RC=CR O\
oc.. | L Ifr"‘O
Cl/:r—-CO cI” | L
! R CO
|
C
L,,,_,:rEC—R
L
co L = PPhy

Scheme 11.5
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Oxidation of alkenes and ketones with oxygen is catalyzed by IrCI{CO)(PPh;), (eqs

(64) and (65)) [75].
) OH
O . 0 1CICO)PPha)z ij . © (64)
O
. o, IrCHCOXPPhsl HOZC\/\/\COQH (65)

The Ir analog of Wilkinson’s complex. IrCl(PPh.).. is relatively inactive in alkene
hydrogenation, since the reaction of IrCl(PPh.). with H. gives stable IrH,CI(PPh;,),,
which does not readily lose PPh;. However. [Ir(cod)u-Cl)}. is active when two mole of
PR, arc added per Ir. Another useful catalyst is [Ir{(cod ) PCy.}py)]' PF,", which cat-
alyzes hydrogenation of hindered alkenes with a higher rate than that of RhCI(PPh,),

(eq (66)) [76].
Me . o C,Me H [ir(cod)(PCy3)(py)]PFe CHM
~ =La + -
Me Me 2 CH,Clp, 0 °C MeoCH ©2 (66)

An Ir(II) complex having tridentate phosphine ligand. [Ir(triphos)(H),(C,H,)]|BPh,,
is capable of catalyzing cyclotrimerization of alkynes (eq (67)) [77]. The Ir(triphos)
systems show a variety of reactions such as activation of C—H and C—S bonds [78].

[Ir{triphos){H)2(CH4)]BPh _ PPh
3 CoHyp it O triphos = PPh, 2 (67

PPh,

11.4.3 Polyhydrides

Polyhydrides are complexes with a H:M ratio exceeding 3 [79]. Complexes of the type
IrH(PR;), are polyhydrides of Ir(V). but their protonation products are not hexahy-
drides of Ir(VII) but Ir(IIl) complexes having two dihydride and two neutral dihydro-

gen ligands (eq (68)).

PCYs B PCy3 1+

H H
- I ‘H H* H 1, ~ .“‘\

H—-——'Ir;; I ""'Ir" H (68)

/ H

H H H |
PCys F’CysH
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A typical polyhydride is IrH (P'Pr,),. It reacts reversively with ethylene, releasing H, to
give a cyclometallated complex (eq (69)).

IrHs(P'Prs)a + 2 CoHy === [r(C,H,)o{P(CMey) Pr:}(PIPrs) + 3 H, (69)

As a consequence of this type of reactions, IrH(P'Pr,), catalyzes hydrogenation—dehy-
drogenati on reaction of linear alkenes (eq (70)) [80].

IrH5(P'Pr3)2

AN SN+ AN L oA (0

IrH(P'Pr;), can activate the C—H bonds of benzene and catalyze the H—D
exchange reaction of benzene and hydrogen (eq (71)) [81].

IrHs(P'P
©+02 _Hs(PPra)e D + HD (71)

11.44 Cyclopentadienyl Complexes

The first well-characterized example of oxidative addition of the unreactive C—H
bond of an alkane was based on Ir complexes containing a Cp* ligand (eq (72) and
(73) [82,83,51]. Photoirradiation is needed to create active IrCp*L species. However, 4
cationic complex [IrCp*(PMe;)(Me)}(CICH-CD] [B(Ar),] can thermally activate
methane and alkane at 10 °C (eq (74)) [84].

(|3p* (|3p*
/ Ir-...., H + RH th—_H2> / |r.\""H R= CGHSa CGH‘I 1, CHQCMes (72)
- H . R L = PPh3, PMej
hv RH
Cp*Ir(CO) [Cp*Ir(CO)] Cp*(CO)Ir(R)(H) (73)

R = CgHq1, CHZCMeg

Cp* -I *

/\/\/ PN lr B(Arf)4_ 13CH, /C|CH2C| (74)
- —_— [lr]
[ir] ~4 MeaP/ \CIC—:||30H2C| cH, “N13CH,

[Ir] = Cp*(PMej)Ir, B(Ary)4 = B(3,5-CeH3(CF3)2)a

In the presence of a hydrogen acceptor, it is possible to generate an unsaturated irid-
ium species thermally that can activate C—H bonds (eq (74)) [85].
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But
[IrH,S,L5]BF,  + Q +3__/ @ — [@wmz

t
BF, +3 BY (79

S = acetone, L = PPhs

11.4.4 Synthesis of Ir Compounds

(1) Dodecacarbonyltetrairidinm(0), Ir (CO),, [86]
(hood)
Na,IrCl, + CO — Ir,(CO),, (76)

After sodium hexachloroiridate(I11) (5.0 g. 8.9 mmol) is dissolved in ethanol (100 ml),
the solution is quickly filtered. To the filtered solution is added a solution of sodium
iodide (1.4 g, 9.4 mmol) in ethanol. Fast reduction from Ir(IV) to Ir(II1) takes place
and solid sodium hexachloroiridate Na.IrCl, separates almost quantitatively. The solid
is filtered, washed with ethanol, and dried at 100 °C. The obtained Na,IrCl; (ca. 4.8 g),
Nal (7.9 g, 53 mmol), and water (5 ml) are added to methanol (100 ml). The mixture is
well degassed and saturated with CO. and then refluxed with vigorous stirring under a
CO stream (2 bubble/s). In 4 h, a red-brown solution is obtained, and then the solution
is cooled to room temperature under CO (2 bubbie/s). Finely ground potassium car-
bonate (2.9 g, 17.7 mmol) is added to the solution. and the mixture is vigorously stirred
for 40 h with CO stream (2 bubble/s) to give a vellow solid. The solid is filtered under
nitrogen, washed with water (4 x 2 ml). ethanol (2 x 10 ml), and hexane, and dried
under vacuum. Yield: 1.8-1.9 g (74-78 ). The compound is slightly soluble in most
organic solvents. It is inert to air and water.

Properties: IR(CH,Cl,): 2067, 2027 ¢cm . IR(KBr): 2084, 2053, 2020 cm ..

(2) Di-p-chlorobis(1,5-cyclooctadiene )diiridium(I) [87]
(under nitrogen atmosphere)

2IrCl, + 2CH,, + 2CH,CH.OH

Ir-Cl(CH,,), + 4HCl + 2CH,CHO (77)

Iridium trichloride (2.0 g, 5.7 mmol) 1s added to a mixture of 95 % ethanol (34 ml),
water (17 ml), and 1,5-cyclooctadiene (6 ml). Under nitrogen atmosphere the solution
1s stirred and refluxed for 24 h. during which time the product separates as brick-red
solid. After the mixture is cooled to room temperature, the solid is filtered and washed
with ice-cold methanol. The orange-red solid is dried under vacuum. Yield: 1.5 g
(72 %). The compound is air-stable. Soluble in chloroform and benzene, sparingly sol-
uble in acetone, and insoluble in ether.

Properties: mp > 200 °C (dec). "H NMR (C,D;): 8 1.20 (CH,, 8H), 1.96 (CH,, 8H), 4.28
(=CH, 8H).

(3) Chlorocarbonylbis(triphenylphosphine)iridium(l) [88]

(under nitrogen atmosphere)
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IrCly3H,0 + PPh, + HCONMe, IrCI(CO)PPh,), (78)

Iridium trichloride trihydrate (3.52 g, 10 mmol) and triphenylphosphine (13.1 g, 50
mmol) is added to N,N-dimethylformamide (150 ml). The mixture is stirred and
refluxed for 12 h. The red-brown solution is filtered while hot, and immediately warm
methanol (300 ml) is added to the filtered solution. After the mixture is cooled in an ice
bath, the yellow crystals are filtered and washed with ice-cold methanol. The crystals
are dried under vacuum. Yield: 6.8-7.0 g (87-90 %). The crystals are air-stable, but
take up oxygen in solution. Soluble in benzene and chloroform but insoluble in alco-
hols.

Properties: IR(nujol): v(CO) 1961 em ™.

(4) Pentahydridobis(triisopropylphosphine)iridium(V) [80]
(under nitrogen atmosphere)

H,IrCl,-6H,0 + 3PPr, —= [PHPr][IrCl(PPr),]
[PH'Pr;][IrCL(P'Pr;),] + LiAlH, IrHy(P'Pry), (79)

Hydrogen hexachloroiridate(I1V) hexahydrate (17.4 g, 34 mmol) is added to a mixture
of ethanol (160 ml) and concentrated hydrochloric acid (20 ml). The mixture is
refluxed for 2 h until the color turns from brown to green. After cooled to room tem-
perature, an ethanol solution (70 ml) of triisopropylphosphine (18 ml) is slowly added
to the mixture with vigorous stirring. The mixture is refluxed for 4 h and allowed to
stand overnight at 0 °C. The resulting purple crystals of [PH'Pr;][IrCl,(P'Pt,),] are fil-
tered, washed with cold ethanol, and dried under vacuum. Yield: 16 g (58 %).

To a stirred solution of [PH'Pr;][IrCl,(P'Pr;)] (3.15 g. 3.9 mmol) in THF (110 ml) i
added lithium tetrahydridoaluminate in small portions until the violet solution turns
to a gray suspension. The suspension is stirred for 30 min, and the residual LiAIH, is
hydrolyzed with water/THF (5 ml/15 ml). The mixture is evaporated to dryness, the
resulting solid 1s extracted with petroleum ether (100 ml), and the extracted solution is
concentrated to small volume. Addition of methanol gives white crystals, which are fil-
tered, washed with cold methanol. and dried under vacuum. Yield: 1.8 g (90 %).

Properties: IR: v(Ir—H) 1930(s). 8(Ir—H) 875(m) cm ™. '"H NMR (C,D,): 6 -10.8 (t.
SH., Jp = 11 Hz, IrH). 1.13(d. 18H. J,,,, = 7 Hz. CH,), 1.27 (d, 18 H, J,,, = 7 Hz, CH,).
1.78 (m, br, 6H, CH).
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12 Group 10 (Ni, Pd, Pt) Metal
Compounds

k. Ozawa, Osaka City University

12.1 Introduction

Organometallic complexes in this group possess two stable oxidation states, the
+2 state and the zerovalent state. For platinum the +4 state is also common.
Organoplatinum and palladium complexes are relatively stable toward oxidation,
while organonickel complexes readily decompose in air, particularly in solution.

It has been well documented that organonickel and -palladium complexes are pow-
erful tools for organic transformations in catalytic as well as stoichiometric systems,
particularly for carbon—carbon bond formation [1.2]. In practice. such complexes are
prepared in situ from stable metal species and organic reagents and are employed
in organic synthesis without 1solation. However. it is possible to isolate reactive
organometallic species by introducing appropriate supporting ligands such as tertiary
phosphines and aromatic nitrogen compounds. Studies on the structures and reactivity
of the isolated organometallic species provide crucial informations which clarify the
mechanisms of organic transformations and assist in the design of new synthetic
organic reactions,

12.2 Nickel Complexes

12.2.1 Nickel(0) Olefin and Phosphine Complexes

The most common synthetic route to zerovalent organonickel complexes is the reduc-
tion of nickel(IT} salts in the presence of appropriate ligands. Bis(2,4-pentanediona-
to)nickel(II) (Ni(acac),) is a typical starting material. Treatment of Ni(acac), with
triethylaluminum produces diethylnickel(IT) species, which may be isolated in the pres-
ence of stabilizing ligands such as 2,2"-bipyridine (bipy) and 1,2-bis(diphenylphosphi-
no)ethane (dppe) [3,4]. However, diethylnickel complexes thus formed are generally
very unstable and readily decompose to give Ni(0) complexes (eq (1)) [5-7].

The reduction of nickel(II) dichloride with trialkyl phosphite is another synthetic
route to Ni{0) complexes (eq (2)) [8]. This reaction involves the oxidation of trialkyl
phosphite to trialkyl phosphate.

Synthesis of Organometallic Compounds: 4 Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Ltd
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NiCl, + 5P(OEt); + 2Et,NH Ni{P(OEt)s}s + (EtO)3PO + 2Et,NH,Cl (21

Bis(1,5-cyclooctadiene)nickel(0) (Ni(cod),) prepared in eq (1) is a versatile precursor
to Ni(0) complexes. The cod ligand is readily replaced by group 15 donors and/or
unsaturated organic molecules such as olefins, acetylenes, and isocyanides to give a
wide variety of Ni(0) complexes (eq (3)) [9.10].

Nickel(0) complexes have been utilized as stoichiometric reagents for homocoupling
of organic halides. Aryl, alkenyl, allyl, and benzyl halides can be employed in this reac-
tion. Oxidative addition of organic halide to a Ni(0) species forms an organonickel(I1)
halide (1), which further reacts with another molecule of organic halide to give the
coupling product and a nickel(II) dihalide (eq (4)). This reaction was originally devel-
oped with Ni(CQO), (eq (5)) [11], but nowadays is carried out with the less toxic com-
pounds Ni(cod), and Ni(PPh,), (eq (6) and (7)) [12,13].

In the presence of an excess of zinc, the homocoupling reaction proceeds catalytical-
ly with respect to nickel (eq (8)) [14]. A typical example is given in eq (9) [15].

Zerovalent nickel complexes promote the intramolecular coupling of organic
halides with enolates and enones (eq (10) and (11)) [16,17]. These reactions are initiat-
ed by oxidative addition of organic halides to Ni(0) species to give monoorgano-
nickel(Il) complexes.
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R-X R-R
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Catalytic co-oligomerization of unsaturated hydrocarbons is another important
application of nickel(0) complexes [la.b]. The reaction of 1,3-butadiene has been
extensively studied by Wilke and his co-workers and it has been established that the
structure of intermediate nickel species and the reaction course may be effectively con-
trolled by the proper choice of ligand added to the catalytic system (eq (12)). The cat-
alytically active nickel species can be prepared either by reduction of a nickel(II) salt
(e.g., Ni{acac),} with alkylaluminum in the presence of butadiene and a ligand, or b
ligand displacement of a nickel(0) complex such as Ni(cod), with butadiene and a lig-
and. A nickel(0) complex containing two butadiene molecules and one ligand (L1
(complex 2 in eq (12)) initially undergoes intramolecular rearrangement to give either a
bis(r-allyl)nickel (3) or a (n-allyl)(c-allyl)nickel intermediate (4). A complex of type 3
has been isolated using P(OCH,-0-Ph), and a type 4 complex using tricyclohexylphos-
phine as the supporting ligand. The n-allyl and o-allyl forms are interconvertible
depending upon the reaction conditions and the reaction products are formed from the
intermediate nickel(II) species via reductive elimination and B-hydrogen elimination
processes.

Intramolecular co-oligomerization of dienes and/or alkynes has been applied to the
construction of bicyclic carbon skeletons (eq (13) and (14)) [18,19].
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12.2.2 Dialkylnickel(II) Complexes

Dialkylnickel(11) complexes in the type NiR,L, have been prepared by the treatment of
Ni(acac), with AIR,(OEt) and a supporting ligand or by alkylation of bis(tertiary
phosphine)nickel(I1) dihalides with alkyllithium reagents (Table 12.1). The complexes
bearing monophosphine ligands have a trans configuration and those with bidentate
ligands have a cis geometry.

Alkylation of dibromobis(triethylphosphine)nickel(IT) has been conducted stepwise
using arylmagnesium bromide and methyllithium, leading to unsymmetrical
trans-aryl(methyl)nickel complex 5 [24], which further reacts with 1,2-bis(dimethyl-
phosphino)ethane (dmpe) to give cis-aryl(methyl)nickel complex 6 (eq (15)) [25].

Ni
~

Ni\ NI\
Br Etgp Br Etsp Me

= Ph, MeC6H4-, MeOC6H4-, etc.)
+ dmpe - 2PEY (15)

Me,
P
N/
Ni
/N
P
Me,
6

Ar

Me

Reductive elimination of 5 and 6 has been studied in detail in connection with the
nickel-catalyzed cross-coupling reaction of aryl halides (ArX) and alkylmagnesium
halides (RMgX) (eq (18)). The reaction of trans-5 is induced by addition of aryl
halides (ArX) to the system, where the reductive elimination process involving para-

Table 12.1 Examples of NiR,L. Complexes

R L method ref
Me PMe, a,b 20a, 21
2-MeCH, PMe, a 22
Bu'C=C PMe, a 20b
Me PEt, b 4

Me dppe b 4

Et dppe b 4

Me bipy b 23

Et bipy b 3

Method a: NiCL L, + 2RLi. Method b: Ni(acac), + AIR,(OEt) + 2L.
dppe = 1,2-bis(diphenylphosphino)ethane, bipy = 2,2’-bipyridine.
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magnetic Ni(1) and Ni(IIT) species is operative (eq (16)) [24]. On the other hand, the
reaction of cis-6 is effectively accelerated by addition of tertiary phosphine ligands (L).
In this case, the reductive elimination mechanism via a five-coordinate intermediate
has been proposed (eq (17)) [25].

ArX
Ar PEt, *
N/ — ArNIX(PEt
N MNX(PEL)2 - Ar-Me (16)
Etgp Me
5
[AGNIIX ] <=2 [ ArNi' ]
AI’Ni”X(PEtg)Q
B [ AroNillMe ] i
-, ol -
r
AN L N N
/N:\ /NI\ Ar-Me + /NI—L (17
P Me -L P Me P
Me; L Mes i Me,
6
NiX5(PR's)
Ar-X + RMgX = . AR + MgX (18)

In the catalytic cross-coupling reactions, nickel(I1) dihalides bearing tertiary phos-
phine ligands are generally employed as the catalyst precursors. The dppp-coordinated
complex NiCl.(dppp) is among the most efficient catalysts, particularly for the
reactions using alkylmagnesium reagents bearing B-hydrogens (eq (19) and (20))
[26,27].

Similar cross-coupling reactions can be conducted with palladium catalysts (see
Section 13.4.2.2). While the palladium systems are more widely applicable, the nickel

Ci .
cl 79-83%

E U
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systems are still useful because of their high reactivity toward aryl chlorides and vinyl
ethers, which are poorly reactive in the palladium systems (eq (21) and (22)) [28,29].

\ NiCl
(PPh3),
Q\/\/\/ a8 1

+ MeMgBr 96%

)

S
i NiClo(PPhs) (22)
SiMes | MeMgBr — 32 SfMes

The Grignard cross-coupling reactions have been applied to asymmetric syntheses
using chiral phosphine ligands. For the asvmmetric alkylation using alkylmagnesium
halides, chiral aminophosphine ligands 7 and 8 lead to high enantioselectivity (up to
94% ee) (eq (23)) [30].

NiBro—L*
MICl + g X ©\/\ (23)
Me

up to 94% ee

gm

b

Me

Me H

.’: H
Me,N )@ tBu "
L* = PhoP ™ pe or >_\
> MeoN PPh;
7 8

12.2.3 (m-AllyDnickel(II} Complexes

(m-Allyl)nickel(IT) complexes are synthesized by the oxidative addition of allylic
halides or acetates to Ni(0) complexes. typically Ni(cod), (eq (24) and (25))[31,32]. The
complex formed by the reaction of Ni(cod), with allyl acetate is very unstable in solu-
tion and readily undergoes disproportionation to give bis(m-allyl)nickel(1I) and nick-




NICKELCOMPLEXES 257

Br
Nicod)y + A~ B X0=re <<—Ni/ @4
2
OAc
L
Nifcod), + _A~_-CAc . - <(—Nii (25)
Et,0 L

L = PPh, PEtPh,, PCys

el(I1) diacetate [32]. In the presence of tertiary phosphine ligands, on the other hand,
the m-allyl acetate complexes can be successfully isolated as yellow crystalline solids
(eq (25)). Bis(r-allyl)nickel(I1) has been prepared by the treatment of nickel(II) dichlo-
ride with allyimagnesium chloride [33].

The complexes derived from allyl halides have been utilized as stoichiometric
reagents for allylation of organic halides and ketones (eq (26) and 27)) [34-37].

MeO

(26)

(27)

12.2.4 Nickelacycle Complexes

Nickelacarbocyclic compounds can be synthesized by the addition of alkenes or
alkynes to n*-alkene or n’-alkyne complexes of nickel (eq (28)) [38]. the oxidative
addition of a o,m-dibromoalkane to a nickel(0) complex (eq (29)) [39], and the reaction
of nickel(I1) dihalides with organodilithium or organodimagnesium compounds

F TTT SCLELI
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(eq (30)) [40]. Treatment of a nickelacycle with carbon monoxide affords a cyclic
ketone (eq (28)). The reaction with 1,1-dibromoalkane forms a polycyclic hydrocarbon

(eq (29)).

PhaP X _oHecH,  PhaR
/NFJI + — N (28)
PhsP = PhsP

+ CO

o~T )
Br><O
2Ni(cod), Br
Br(CHy)sBr —— Ni(bipy) - (29)
4bipy

69%

_PPh

CNi (30

AN
PPhg

NICIQ(PPhs)Q + LI(CH2)4LI

The thermolysis of nickelacyclopentane shows interesting behavior (eq (31)) [40].
The thermolysis product varies significantly depending upon the number of phosphine
ligands bound to nickel.

L

L L
s +L s +L yz
Ni Ni Ni—L
-L AN -L AN
L L
| | o
X
2 CH,=CH,

Ni(cod), reacts with o.p-unsaturated amides in the presence of PCyj; to give an azan-
ickelacyclic compound (eq (32)) [41]. A similar complex has been synthesized by the
co-cyclization of propylene and phenyl isocyanate with a nickel(0) phosphine complex
(eq (33)) [42].
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Ni(COd)g + PCy3 + )\CONHQ _— CySPN|\/NI (32)
H

@]

Ni(cod), + 2PEt; + PhN=C=0 + X~ —— (EtaF’)zNiCK (33)
N™o

/

Ph

The nickel(0)-promoted co-cvclization of unsaturated organic molecules has been
extended to useful catalytic reactions. where nickelacycle formation similar to eq (28)
and (33) has been postulated (eq (34) (36)) [43 -43].

Pr Pr Ph
>\ Ni(cod),. PBug :
O ~~Ph + ANC o) NAr (34)
\/\ 819 :
H
Et
— Ft
Ni(cod),. PCys X Pr
+ PrCHO - L5 (33)
: Et 900‘0
Et
Et
— —Ft Ni(cod),. PCys = "0
{ + CO, - . (36)
— —Ft 88°% O

12.3 Synthesis of Ni Compounds
12.3.1 Starting Nickel Complexes

(1) Bis(2,4-pentanedionato)nickel(IT), Ni(acac),

While the title complex can be obtained from commercial sources, it generally has
water of crystallization. The anhydrous complex. which is required for the syntheses of
nickel complexes described below, can be obtained by azeotropic distillation of the
water with toluene using a Dean—Stark apparatus. The dark-green sturry is filtered
while still hot through Celite under nitrogen, and the filtrate is evaporated to dryness
on a rotary evaporator. The green solid residue is crushed in a mortar and dried at
80 °C under vacuum (< 0.1 mmHg) for 16 h to give the anhydrous complex.

L IR
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Table 12.2. Preparation of NiX,L, Complexes

X L mp (°C) ref X L mp (°C) ref
Cl PMe; 199-200 47 Br PPh, 222-225 46,54
Cl PEt, 112-113 48 I PPh, 218-220 54

Cl PPr, 02-93 48 Cl dmpe 55

Cl P(i-Pr), 185-187 49,50 Cl dppe 55
Cl PBu, 48-49 48 Br dppe 55,56
Cl PCy, 227 50 I dppe 56

Cl PMe,Ph 152-153 51,52 i dppp 56
Cl PMePh, 148-150 33 Br dppb 57

Cl PPh; 247-250 46 Cl dppf 58

dmpe = Me,P(CH,),PMe,; dppe = Ph,P(CH,),PPh.; dppp = Ph,P(CH,),PPh,; dppb = Ph,P(CH,),PPh.:
dppf = 1.1"-bis(diphenylphosphino)ferrocene.

(2) Dibromobis(triphenylphosphine)nickel(11), NiBr,(PPh;), [46]

NiBr, 3H,0 + 2PPh, — NiBr«(PPh,), + 3H,0 (37)

To a hot solution of NiBr,-:3H,O (5.45 g, 20 mmol) in BuOH (100 mL) is added a hot
solution of PPh, (10.4 g, 40 mmol) in BuOH (100 mL). Cooling the mixture results in
the precipitation of dark green crystals of the title compound, which is collected by
filtration, washed with BuOH and then with Et,O. and dried under vacuum (72%).
Further purification may be performed by recrystallization from hot BuOH.

Properties: mp 222-225 °C.

A series of NiX,(PR,), complexes can be prepared by mixing an alcoholic solution
of nickel(II) dihalide with a solution of tertiary phosphine ligand in alcohol or
benzene. Typical examples are listed in Table 12.2.

12.3.2 Nickel(0) Complexes

(3) Bis(#*-1,5-cyclooctadiene)nickel(0), Ni(cod), [5]
Ni(acac), + 2cod + 2AIEt, — Ni(cod), + 2AlEt.(acac) + C,H, + C,;H,  (38)

Peroxide impurities are removed from 1,5-cyclooctadiene by filtration through grade 1
neutral alumina; the filtration is repeated until the alumina is no longer colored yellow.
Further purification is not necessary, but the liquid should be used immediately.
Butadiene is dried by passing it through a U trap containing Type 3A molecular sieves.
condensing the gas at -78 °C and storing it in a small stainless-steel cylinder.

A 1 L, four-necked flask is equipped with a gas inlet tube, a mechanical stirrer, and
a dry ice condenser topped with a three-way stopcock which is connected to a source of
a dry nitrogen gas and a mineral-oil bubbler. Ni(acac), (103 g. 0.40 mol) is placed in the
flask, and the system is replaced with nitrogen. Toluene (250 mL) and 1,5-cyclooctadi-
ene (216 g, 2.0 mol) are added, and the mixture is stirred and cooled to —10 °C. The
condenser is filled with a mixture of dry ice and acetone, and approximately 18 g of
anhydrous butadiene is introduced through the gas inlet tube and dissolved to the cold
mixture. The gas inlet tube is replaced with a nitrogen-flushed 250 mL dropping
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funnel, and a solution of triethylaluminum (103 g, 0.9 mol) in 100 mL of toluene is
placed in the dropping funnel. The triethylaluminum is added dropwise to the stirred
mixture with maintaining the temperature at —10 to 0 °C. During the addition, the
green slurry becomes yellow-brown. and a yellow crystalline solid is formed. The
mixture is stirred at 0 °C for 1 h and then allowed to warm to room temperature and
is stirred overnight. The yellow slurry is cooled to —30 °C, and the solid is collected by
filtration, washed several times with cold Et,O, and dried under vacuum. The crude
product is dissolved in toluene (500-700 mL) and 1,5-cyclooctadiene (ca. 10 mL) at
50-60 °C, filtered though a glass-fiber extraction thimble, and cooled to -20 °C to give
vellow crystals of the title compound (ca. 60%).

Properties: 'H NMR (C,D,) & 1.38 (s. 8H. CH.). 3.64 (s, 4H, CH)

The solid compound is decomposed after several minutes in the air.

(4) (n*-Ethylene)bis(tricyclohexylphosphine)nickel(0), Ni(C,H )(PCy,), [6]

Ni(acac), + C,H, + 2PCy. + AIE1.(OEt)
— Ni(C.H,)(PCv,)- + Al(OEt){acac), + C,H, + C,H, (39}

Anhydrous Ni(acac), (4.45 g, 17.3 mmol) and tricyclohexylphosphine (9.7 g, 35 mmol)
are added to a three-necked flask equipped with a gas inlet tube, a 100 mL dropping
funnel, and a three-way stopcock which is connected to a source of argon and a miner-
al-oil bubbler. The system is replaced with argon. Anhydrous benzene (ca. 15 mL), the
amount of which is sufficient to dissolve the reactants is added, followed by 70 mL of
anhydrous Et,0. The solution is stirred magnetically and a slow stream of ethylene is
bubbled through the solution. A solution of diethylaluminum ethoxide (6.5 mL) in
Et,O (30 mL) is placed in the dropping funnel and added dropwise over the period of
30 min. The color of the solution changes from green to yellow-brown. The mixture is
stirred overnight, and the resulting bright vellow precipitate of the title compound is
collected by filtration, washed with Et-O (2 x 25 mL). and dried under vacuum (7.1 g,
63%}). Nickel(0) ethylene complexes bearing triethylphosphine, triphenylphosphine,
and triarylphosphine ligands are prepared by similar procedures [59,60].

(5) Tetrakis(triphenylphosphine)nickel(0). Ni(PPh;), [7]

Ni(acac), + 4PPh, + 2AlIEt, Ni(PPh.), + 2AlEt,(acac) + C,H, + C,H,  (40)

Anhydrous Ni(acac), (21.3 g. 83 mmol) and triphenylphosphine (125 g, 480 mmol)
are added to a 2 L four-necked flask equipped with a mechanical stirrer, a 250 mL
dropping funnel, a thermometer, and a three-way stopcock which is connected to a
source of dry nitrogen gas and a mineral-oil bubbler. The atmosphere is replaced with
nitrogen gas, and Et,0 (800 mL) is added. The mixture is stirred and cooled to 0 °C. A
solution of triethylaluminum (28 g. 250 mmol) in Et,O (100 mL) is place in the
dropping funnel and added dropwise to the mixture over the period of 1-2 h while
maintaining the temperature of mixture below +5 °C. (Note: Care must be taken in
preparation of the Et,0 solution of triethylaluminum since an exothermic reaction
occurs.) During the course of the reaction. the color of the mixture changes from

nss -
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green to brick-red, and a reddish brown solid forms. After the completion of addi-
tion, the mixture is stirred for 30 min at 5-10 °C and then for 1-2 h at 25 °C. The
resulting precipitate is collected by filtration, washed several times with Et,0, and
dried under vacuum. The product is sufficiently pure for the use a catalyst and
synthetic reagent.

Further purification is carried out by extraction with benzene (400-500 mL)
containing triphenylphosphine (40 g) at 60 °C. To the dark red extract is added heptane
(200 mL), and the solution is concentrated to ca. 300 mL. An additional 200 mL of
heptane is added, and the resulting precipitate is collected by filtration and washed
with heptane and Et,0. This purification is repeated and the reddish brown crystalline
solid is dried under vacuum for ca. 16 h (50 g, 55%).

The above reaction may be carried out using diethylaluminum ethoxide in place of
triethylaluminum. The title compound can also be prepared by the reaction of
Ni(cod), with triphenylphosphine [9] or by the reduction of NiCl, with Zn powder in
the presence of triphenylphosphine [61].

12.3.3 Dialkylnickel(IT) Complexes

(6) cis-Diethyl(2,2"-bipyridine)nickel(I), NiEt,(bipy) [3]

Ni(acac), + bipy + AlEt,(OEt) cis-NiEt,(bipy) + AI(OEt)(acac), (41)

Anhydrous Ni(acac), (10.0 g, 39 mmol) and 2.2’-bipyridine (10.0 g, 64 mmol) are
placed in a 200 mL Schlenk tube equipped with a rubber septum, and the system is
filled with nitrogen gas. Et,0 (100 mL) is added. and the mixture is stirred magnetical-
ly at 0 °C. Diethylaluminum ethoxide (30 mL) is added by syringe through the septum
over the period of 10 min and then the system is allowed to warm to room temperature.
After 8 h. the resulting dark green crystalline solid is collected by filtration, washed
with Et,O. and dried under vacuum. The crude product is recrystallized from hot
acetone to give dark green needles of the title compound (55-65%).

Properties: 'H NMR (DMF)§1.15 (t. 6H. CH.). 0.82 (q. 4H, CH.,).

The solid compound is decomposed after several minutes in the air.

(7) trans-Dimethylbis(trimethylphosphine)nickel(II), NiMe,(PMe,), [20a]

NiCL(PMe:). + 2MeLi — srans-NiMey(PMe;), + 2LiCl (42)

Dichlorobis(trimethylphosphine)nickel(I11) (1.0 g, 3.5 mmol) is placed in a 50 mL
Schlenk tube and the flask is then filled with nitrogen. THF (20 mL) is added, and the
mixture is stirred magnetically at —70 °C. A solution of MeLi in Et,0 (6 M, 12 mL) is
added by syringe, and the system is allowed to warm to 0 °C. The solvent is removed by
pumping at the same temperature, and the residue is extracted with cold pentane. The
extract is gradually concentrated under reduced pressure to give yellow needles of the
title compound (82%). Further purification may be performed by recrystallization
from Et,O.
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(8) trans-Bromo(phenyl)bis(triethylphosphine)nickel(IT), NiPhBr(PEt,), [24]

NiBr,(PEt;), + PhMgBr —— trans-NiPhBr(PEt;), + MgBr, (43)

A solution of PhMgBrin THF (1.0 M. 20 mL. 20 mmol) is placed in a 200 mL Schlenk
tube and diluted with 50 mL of THF. The solution is cooled to 5 °C, and a solution of
NiBry(PEt,), (6.0 g, 13 mmol) in benzene (40 mL) is added dropwise with stirring. The
system is stirred for 30 min at the same temperature, and an agueous solution of HBr
(10%, 10 mL) is added dropwise. The organic layer is separated. dried over MgSO,,
and concentrated to dryness by pumping. The resulting solid is recrystallized from hot
acetone to give reddish brown crystals of the title compound (3.8 g, 63%).

The complex is converted into trans-NiMe(Ph)(PEt,), on treatment with MeLi [24].
A series of monoorganonickel(Il) halides of the type trans-NiR(X)L, (L = PPh;,
PEt,Ph, PEt,, PPr,, PMe.Ph: X = ClL Br. I, R = o-MeC/H,, 2,6-Me,CH,
2.4,6-Me,CH.,) are prepared by similar procedures [62]. trans-NiPh(CI)(PPh;), can be
synthesized by the oxidative addition of PhCI to Ni(PPh,), [63]. A variety of
monoalkylnickel(11) complexes are obtained by the treatment of dialkylnickels with an
equimolar amount of HC. phenol. and carboxylic acids [64].

12.3.4 n-Allylnickel(Il) Complexes

(9) Di(u-bromo)bis[n’-2-(ethoxycarbonylallyljdinickel(1T),
[NiBr{n*-2-(EtO,C)C;H,}1, [31]

Br
7/
2Ni(cod), + 2CH, = CH(COLEt)CH,Br — EtO,C 4<(—Ni\ >Ni—>~COQEt +2cod (44)

Br

Ni(cod), (8.88 g, 32.4 mmol) is placed in a 100 mL Schlenk tube under a nitrogen
atmosphere and dissolved in benzene (50 mL) at room temperature. Ethyl 2-
(bromomethyl)acrylate (4.40 mL. 6.26 g. 32.4 mmol) is added dropwise to the stirred
solution over the period of 30 min. During the addition, the color of the solution
quickly turns from yellow to deep red. After the completion of addition, the mixture is
stirred for an additional 30 min and filtered. The resulting red solution is gradually
concentrated at room temperature under reduced pressure (ca. 25 mmHg) until a small
amount of crystalline solid appears. Pentane (25 mL) is carefully added and the
mixture is allowed to stand at 0 °C overnight to form red crystals of the title com-
pound, which are filtered, washed two times with pentane, and dried under vacuum at
room temperature (6.17 g, 70%). A variety of m-allylnickel halides are similarly pre-
pared [31].

(10) Bis(n-allyDnickel(IT), Ni(n*-C;H,), [33]

NiCl, + 2C,HMgCl Ni(n*-C,H,), + 2MgCl, (45)

Anhydrous nickel dichloride (4 g, 31 mmol) is added to a 500 mL Schlenk tube
equipped with a dropping funnel, and the system is filled with argon. Et,O (150 mL) is
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added and the resulting heterogeneous mixture is stirred and cooled to —30 °C. A solu-
tion of allylmagnesium chloride in Et,O (0.5 M, 150 mL, 75 mmol) is added dropwise
over a period of 2 h, and the mixture is stirred at —20 to —30 °C for 3 h, and then at
—78 °C overnight. The solution is filtered at -60 °C, and the filtrate is concentrated to
dryness. Owing to the volatility of the m-allylnickel, which co-distils with ether ver:
readily, the solvent is best removed at -78 °C and a pressure of 10-2 mmHg. The result-
ing yellow-orange solid is extracted with pentane at —40 °C, and the extract is concen-
trated at -78 °C to give yellow crystals of the title compound (80%).

Properties: mp ca 0 °C; IR 1520 and 1493 cm .

Since the compound is very air- and temperature-sensitive, it should be stored under
argon or nitrogen at low temperature.

12.3.5 Nickelacycles

(11)  Tetramethylenebis(triphenylphosphine)nickel(IT), Ni(CH,) (PPh,), [40]

_PPhg
NiClo(PPhs), + Li(CHs) sLi —= CN:’\ + 2LiCl (46)
PPh;

Dichlorobis(triphenylphosphine)nickel(I1I) (5.0 g, 7.5 mmol) is placed in a 200 mL
Schlenk tube equipped with a dropping funnel. and the system is filled with a nitrogen
gas. Et,0 (100 mL) is added, and the mixture is stirred magnetically at —50 °C. A solu-
tion of 1.4-dilithiobutane in Et,0 (13 mmol. 63 mL) is added dropwise from the drop-
ping funnel. The system is maintained at -50 °C during the addition and then slowly
warmed to 0 °C. A bright yellow solid appears at —10 to 0 °C and is collected by filtra-
tion at —10 °C. The yellow solid is dissolved in toluene and filtered at —15 °C to remove
LiCl and starting material. The toluene extract is concentrated under reduced pressure,
diluted with hexane, and allowed to stand at 70 °C to give yellow crystals of the title
compound (36%).

Properties: 'H NMR 8 1.67 (m, 4H. CH.). 1.87 (m, 4H, CH,), 6.5 (m, 30H).

(12) (n’-C*,N-2-methylpropanamidato)(tricyclohexylphosphine)nickel(II),

Ni{CH,CH(Me)CONH}(PCy,) {41]
rNiPCya +2cod (47)

N
O H

Ni(cod), + PCyz + CH,= CH(Me)CONH,

Ni(cod), (1.7 g, 6.2 mmol). tricyclohexylphosphine (1.7 g, 6.2 mmol), and methacry-
lamide (1.1 g, 13 mmol) are placed in a 50 mL Schlenk tube and dissolved in THF (50
mL) at room temperature. The solution is stirred for 6 h to give a greenish yellow solid.
After the mixture is allowed to stand at —30 °C for 2 h. the resulting solid is collected
by filtration, washed several times with Et,O, and dissolved in toluene at 60 °C. The
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solution is filtered and cooled to room temperature to provide yellow crystals of the
title compound (1.8 g, 68%0).

Properties: IR 3400 and 1572 cm .

12.4 Palladium Complexes

12.4.1 Palladium(0) Complex

12.4.1.1 Palladium(0) Phosphine Complexes

The most widely used methods of preparation of palladium(0) phosphine complexes
are the reduction of palladium(IT) salts in the presence of tertiary phosphine ligands
(eq (48)~(50)) [65-67]. Palladium(1I) dichloride and bis(2,4-pentanedionato)palladi-
um(I1) (Pd(acac),) are the typical starting materials. A variety of reducing agents
including hydrazine [65], sodium borohydride [68]. sodium alkoxide [69], and triethyl-
alminum [66] were employed.

PdCl, + 4PPhg + NpHy OME . Pd(PPhy)s (48)

Et,0O
Pd(acac), + 4PPhy + AlEts =~ Pd(PPhs)4 (49)

KoPdCl,] + 5P(OEt); + 2Et,NH ——= Pd{P(OEt)sls + (E10)sPO + 2E6NHCl (50)

Another convenient method to svnthesize palladium(0) phosphine complexes
involves the reduction of CpPd(r-allyl) [70]. The starting 7-allyl complex can be readi-
ly prepared and stored as a relatively stable crystalline solid. In the presence of tertiary
phosphine ligands in solution. this complex undergoes reductive elimination to give
palladium(0) phosphine complexes. The reaction proceeds cleanly under mild condi-
tions without formation of inorganic by-products, leading to a facile synthesis of
kinetically unstable species. This method was used to prepare coordinatively unsatu-
rated bis(tertiary phosphine)palladium(0) complexes (eq (S {71].

@—Pd-—>> + 2L PdL, -

L = PCya, PPh(-Bu)z, P(t-Bu)s

12.4.1.2 Palladium(0) Olefin Complexes

The synthetic reactions of palladium(0) olefin complexes bearing tertiary phosphine
ligands may be classified into four types (eq (52)55)) [72-75]. The first type of reac-
tion involves the reduction of Pd(acac), with AIEt,(OEt) in the presence of olefins and
phosphine ligands and it has been applied to the synthesis of palladium(0) ethylene
complexes bearing PPh;, PCy, and dppe ligands (eq (52)) [72].
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L
\
Pd— H + CoHg
L (32)
Lo = (PPhg),, (PCys)s, {P(OCgH4Me)s}, PhoPCHLCH,PPH,

Ft,0
Pd(acac)> + 2L + AIEt;(OEt) + CoHg

The reaction in eq (52) proceeds via a diethylpalladium(IT) intermediate, which
undergoes B-hydrogen elimination to give Pd(ethylene)L, and ethane. This reaction
sequence can be conducted stepwise using more basic and compact tertiary phosphine
ligands. Thus the diethyl complexes have been synthesized with PMe,, PEt,, PMe,Ph.
PEt,Ph, PMePh,, and PEtPh, ligands [76]. The diethylpalladium(II) complexes decom-
pose in solution at room temperature to provide palladium(0) ethylene complexes
[76a]. In the presence of added olefins, the ethylene complex successively undergoes
ligand displacement with olefins to provide a variety of Pd(olefin)L, complexes (eq

(33) [73].

trans-PdEt:L; + olefin  —— Pd(olefin)Lo + CoHs + CoHg

2\ )\ (53)
olefin= Z>pn 2 >cooMe, COOMe, CN

The third type of reaction involves ligand displacement of tetrakis(tertiary phos-
phine)-palladium(0) complexes with olefins (eq (54)) [74]. Since the coordination of
olefin competes with the phosphine coordination in the reaction system, this route is
only applicable to the olefins bearing highly electron-withdrawing substituents.

PdLs + olefin

Pd(olefin)L, + 2L
(54)

COOMe

olefin = 0o, O:<z>:
COOMe

The fourth type of reaction proceeds via the reductive elimination of a bis(allyl)-
palladium(II) species (eq (55)) [75a]. Palladium(0) olefin complexes bearing bidentate
phosphine ligands have been synthesized by this method. A similar reaction can be
performed with CpPd(m-allyl) [75b].

PR,
+ [ R R Rz
PR, NNF AN
(—pd-> —_— /Pd —_— /Pd—ﬁ (55)
2
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As described in the previous section. Ni(cod), is used as a versatile precursor to
organonickel complexes (see Section 12.2). On the other hand, the corresponding pal-
ladium complex Pd(cod), is too unstable to be handled [77]. Therefore, the more stable
palladium(0) olefin complex Pd,(dba): {dba = dibenzylideneacetone) is generally
employed instead (eq (56)) [78]. The dba complex can be isolated as air-stable purple
crystals and stored at room temperature without decomposition. This complex was
applied to the synthesis of various palladium(0) olefin complexes [79] and mono-
organopalladium(Il} complexes.

MeCOONa

PdCl, + PhCH=CHCOCH=CHPh —~  Pd,(PhCH=CHCOCH=CHPh)3 (56

12.4.2 Palladium(IT) Alkyl, Arvl, and Alkenyl Complexes

12.4.2.1 Synthesis via Oxidative Addition Reactions

Oxidative addition of organic halide to a palladium(0) complex is among the most
frequently employed methods to prepare monoorganopalladium(I1) complexes (eq
(57)) [80]. Besides alkyl, benzyl. arv1 and alkenyl halides. pseudo halides having aryl
and alkenyl groups (e.g.. triflates) also exhibit high reactivity toward the oxidative
addition [81]. Detailed mechanistic studies on the reactions of aryl halides have
revealed that the reactivity significantly decreases in the order iodides > triflates >
bromides >> chlorides [81,82]. Although ary1 chiorides are generally inactive toward
the oxidative addition, their reactions proceed satisfactorily with palladium(0}
complexes bearing a basic diphosphine ligand [82d.e].

PdL, + R-X RPA(X)L, + (n-2)L

57
R = alkyl, aryl, alkenyl, benzyl; X = Cl, Br, |, OTf 67

Monoorganopalladium(Il) complexes are also synthesized by the transmetallation
of dihalobis(tertiary phosphine)palladium(11) complexes with Grignard reagents (eq
(58)) [83] or by the treatment of diorganopalladium complexes with inorganic and
organic acids (eq (59)) [84]. The former reaction is useful to prepare alkylpalladium(IT)
halides and the latter to synthesize organopalladium complexes bearing anionic
ligands other than halides.

PdBro(PEt3)> + MeMgBr — trans-PdMe(Br)(PEtz), + MgBrs (58)

PdMe,(PMeg), + HOPh trans-PdMe(OPh)(PMeg), + CHs  (59)

A variety of palladium-catalyzed organic reactions involve the oxidative addition
process. A typical example is seen in the catalytic arylation and alkenylation of olefins
(eq (60)) [85]. Aryl- and atkenylpalladium(II) complexes (9) formed by oxidative
addition undergo olefin insertion into the palladium-carbon bond to give an alkylpal-
ladium species (10), which provides arylated and alkenylated olefins via B-hydrogen
elimination. The hydridopalladium species 11 thus generated is reduced to a Pd(0)
species upon its interaction with a base and carries the sequence of reactions
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catalytically. This catalytic reaction was first discovered by Mizoroki [86] and Heck [87]
independently and has often been called the Heck reaction. Typical examples are
shown in eq (61) and (62) [88,89]. The catalytically active palladium(0) species are most
frequently generated in situ from Pd(OAc), and tertiary phosphine ligands [90].

+ RX /R
[Pd(O)L>] > L,Pd
AN
X
9
+ base . R'\:

— base-HX

Rl
H
LPd” LPd>_\?
2SN 2 \X

. .

11 \Z\;1 10
Pd(OAC),, EtsN
©—| + YOH . o)
MeCN CHO

(60)

82%
PdCl>(PPhg},
OTt + /\COQMG - \ (62’
EtsN COsMe
84%

Intramolecular Heck reactions are useful for synthesizing cyclic compounds. When
the reaction is performed with polvolefins. successive insertion of olefins into a Pd—C
bond takes place, leading to polveyclic compounds (eq (63)) [91].

The Heck reaction has been applied to a catalytic asymmetric synthesis using a
chiral diphosphine ligand (eq (64) and (65)) [92,93]. Generation of a cationic
organopalladium intermediate is of particular importance to gain high enantioselec-
tivity. Such a species can be produced by the oxidative addition of organic triflates or
by the anionic exchange between organopalladium halides and silver salts [85c].

Under a CO atmosphere, monoorganopalladium(IT) complexes undergo CO inser-
tion into the Pd—C bond to give acylpalladium complexes (eq (66)) [94]. A kinetic
study showed that the CO-insertion into rrans-PdAr(X)L, type complexes proceeds
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Cl PdCl
=~ Pd(PPh3)s =
NEts
PdCli
- Pdo
- = OO @
- HCI
57%
OTBDMS OTBDMS
PdCI,{(R )-BINAP] (64)
\ OTf FProNEt
OO 92% ee
PPh;
PPh,
OO (R)-BINAP

sz (dba)z ,
)-BINAP \:
b
AgsPOs (65)

71% ee

via a four- or five-coordinate intermediate, PAAr(CO)X)L or PdAr(CO)(X)L,; the
reaction course depends upon the electronic property of the aryl ligand.
Acylpalladium complexes have been prepared also by the oxidative addition of acyl

halides to palladium(0) phosphine complexes [80].

PPh; PPh,
| room temp. |
Ph—Pd—1 + CO PhCO—-Pd—I
| (1 atm) |
PPhs PPhs

12

(66)
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The benzoylpalladium iodide (12) prepared by eq (66) has been proven to be
involved in the palladium-catalyzed single and double carbonyiation of phenyl iodide
giving benzoic and benzoylformic acid derivatives. For example, complex 12 reacts
with diethylamine under CO pressure to give PhCOCONEL, as the double carbonyla-
tion product exclusively, whereas the reaction of 12 with ethanol in the presence of a
base affords PhCOOEt as the single carbonylation product. Detailed mechanistic
studies indicated the double carbonylation process illustrated in eq (67) [93]
Coordination of CO to 12 followed by nucleophilic attack of amine on the carbons:
ligand in 13 forms a bis-acyl intermediate (14), which reductively eliminates the double
carbonylation product. The presumed intermediates 13 and 14 have been isolated
using basic tertiary phosphine ligands [96]. On the other hand, single carbonylation
(ester formation) was found to involve a benzoyl(alkoxo)palladium intermediate 18
(eq. (68)) [95a].

L L
PhCO—pd—1 =20 proo—pd-co o
I | — Et,NH-HI
L L
12 13
L
PhCO—I|3d—CONEt2 PhCOCONEt, + PdO)L, (67
)
14
L + EtOH (|3Et
PhCO —Pd—| PhCO—Pd-L PhCOOEt + Pd(O)Ly  (68)
] )
12 15

The palladium-catalyzed carbonylation of organic halides is a convenient means
of synthesizing carbonyl compounds. For example, the single carbonylation of
aryl iodides has been applied to synthesize lactones and lactams (eq (69) and (70))
[97,98].

| PACly(PPhs)
2 o . 0 (69)
OH CO, KoCO5
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R 7y R O
Pd(OAC)g, PPh3
OR -
@ , HN BusN, CO ©/\’rN (70)
OR
@]

(R= CHQOMG)

90%

The double carbonylation product of o-haloacetanilide is readily converted into
isatin and quinoline derivatives in high yields (eq (71 [99].

' PACls(PMePhy)s COCONEt,
+ CO + EtoNH —
NHAc NHAC

|
2) Me,CO

o (
I
> (@)
N Me N
H

75% 93%

1)

The successive insertion of CO and olefin into a Pd—C bond leads to an alternating
copolymerization of CO and olefins [100]. When the reaction is carried out with an 1so-
lated, cationic acetylpalladium catalyst. living polymerization giving a singly dispersed
polymer proceeds (eq (72)) [101].

R
, COMe oo —/ . /CO\LCH(R)CHZCO%COMe
LePd LoPd (72)

cO CO

mw—r - —

12.4.2.2  Diorganopalladium 11 Complexes

The two geometrical isomers of dialkylpalladium(ll) complexes, frans- and
cis-PdR,L,, have been synthesized independently by the proper choice of transmetalla-
tion reagents [76,83a.102). Treatment of palladium(1l) acetylacetonate with dialkyla-
luminum ethoxide in the presence of tertiary phosphine ligands affords trans isomers
(eq (73)). whereas the reaction of palladium(Il) dihalides bearing appropriate support-
ing ligands with an excess of alkyllithium followed by hydrolysis provides cis isomers
(eq (74)). The selective formation of the cis isomers in eq (74) involves a trialkylpalla-
date intermediate, which gives the cis isomer on hydrolysis [103].

The behavior of the frans- and cis-dialkylpalladium(II) complexes having B-
hydrogens on thermolysis offer a striking contrast [76b]. Thus the trans isomers
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decompose selectively via a -hydrogen elimination process, whereas the cis isomers
undergo reductive elimination leading to the coupling of two alkyl groups.
Dialkylpalladium(II) complexes bearing bidentate nitrogen ligands such as 2,2’-bipyri-
dine and N,N,N’,N'-tetramethylethylenediamine undergo oxidative addition of alky1
halides to give trialkylpalladium(I'V) complexes [102d].

Pd(acac), + AIR»(OEt) + 2L — R—Pd—R

3
L (73
R = Me, Et, Pr, Bu; L = PMes, PEt3, PMeoPh, PEt,Ph, PMePh,, PEtPh,
F R 1 R
-L ‘ +H+ L
PdCloL, + xs. RLi - | R Td——R Li+ AR - R F|>d L (74
B L N L

R= Me; L= PMes, PEtg, PMegPh, PEtgPh, PMePhg, PEtPhg, PPh3,
R =Me; L = dppe, bipy, tmeda, cod
R = Et; L = PMesPh, PEt;Ph

The syntheses of trans and cis isomers of unsymmetrical diorganopalladium(II)
complexes have been reported [104]. For example, the reaction of arylpalladium(II)
halides, which have been prepared either by the oxidative addition of aryl halides to
palladium(0) phosphine complexes or by the treatment of diarylpalladium(IT) with
HCI. with 1 equivalent of methyllithium provides rrans-PdAr(Me)L, complexes
(eq (75)). On the other hand, treatment of arylpalladium(Il) halides with excess
methyllithium followed by methanolysis of the resulting dimethyl(aryl)palladate
intermediates leads to cis-PdAr(Me)L. complexes (eq (76)).

Reductive elimination of the unsymmetrical complexes is assumed to be the prod-
uct-forming step in palladium-catalyzed cross-coupling reactions of organic halides

L L
Ar—F[’d—X + Meli Ar——Fl’d—Me (75)
; ﬂ
L Me 17 +H Me
| - | ‘L

l

Ar—Pd—X + xs. Meli Ar—Pd~—Me | Li* Ar—Pd—L (76)
| | - CH, |
L L L
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and organometallic reagents [104,105). Unlike the nickel(IT) complexes (see Section
12.2.2), the reductive elimination of palladium analogs has been found to proceed
without participation of organic halides or added phosphine ligands [104]. Therefore,
the entire catalytic cycle of palladium-catalyzed cross-coupling reaction may be illus-
trated by eq (77).

+ RX /R
(77)
+R'M
R-R' - MX
R
7
LoPd
RI

The palladium-catalyzed cross-coupling reaction is superior to the nickel-catalyzed
one because a wide variety of transmetallation reagents including Mg [106,107],
Sn [108], Zn [109], B [110-112]. Al [113]. Zr [114]. and Cu [115] can be employed
(eq (78)—(84)). The reactions using aluminum. boron, and zirconium reagents in
eq (80)-(83) are particularly useful because these transmetallation reagents are
readily accessible by hydrometallation of olefins and acetylenes [111-114].
Triphenylphosphine catalysts are satisfactory for the arylation and alkenylation
reactions. On the other hand. for the alkylation reactions, dppf complexes prevent
undesirable side reactions involving B-hydrogen elimination, and provide the
cross-coupling products in high yields (eq (78) and (80)) [107].

Br PdClo(dppf)
+ 4>»MgCI o
80%
d(PPhg)s (79)
oTf + SnMe;
LiCl

78-79%

(78)

)

Palladium-catalyzed cross-coupling of acyl halides with organometallic reagents of
zinc and tin is a convenient synthetic route to ketones and aldehydes. Typical examples
are shown in eq (85) and (86) [116,117].
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Y

MeOQC(CHg)g—/ + 9-BBN

‘——<\; + MeOZC(CHg)mB@
Br

PdClx(dppf) / KsPO4 ‘<\;
(CH2)10C0O2Me (801

92%

/O
Bu—— + HB\
O

|

e Ph

Bu._ -~ _~ PdClx(PPhg), Ph
g o A

O NaOEt
82%

/\/\ + HAI(Bu),

PdCI>(PPh3),

AN N \)\ -
Al(FBu), * Bro o~ CO.Me

/\/\/\/L
COsMe (82)

61%

= - (83)

Br ZrCp,Cl Bu
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Me;Si———H

PACIo(PPhg),
+ -~ Me38i%‘©—N02 (84)
CU|,Et2NH
BrONOQ 92%

Pd(PPhs)
/Lcom + 120 " CoE . )ﬁ(\/\coga (85)
o

87—-88%

Ph
/L PACI,(PPh), e (86)
COCl + BusSn—==—Ph -

@
94%

12.4.2.3  Synthesis via Orthopalladation Reactions

Aromatic compounds react with palladium(1I) salts such as Pd(OAc), and Na,PdCl,
via an electrophilic aromatic substitution process to give arylpalladium complexes.
This type of reaction is most commonly observed with aromatic rings bearing a
substituent that makes a five- or six-membered chelate ring with palladium in the
metallation products (eq (87)) [118]. In this case, the electrophilic substitution occurs
only at the ortho position to the chelating substituent.

A. A
O o O
(X = OAc, Cl) P4

)
X, (87)

(A—B = CH,NMe,, CH=NR, CH,N=CR;, NHN=CHH,>

CH=NOH, CH=NNR,, 2-pyridyl, 2-oxazoyl

The palladation products exhibit reactivity similar to that of the arylpalladium
complexes formed by oxidative addition of aryl halides to Pd(0) species, although the
reactions are stoichiometric with respect to palladium. Representative examples
include vinylation via an olefin insertion process (eq (88)) [119], double and single
carbonylation (eq (89) and (90)) {120,121}, and alkylation via a transmetallation
process (eq (91)) [122].
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CHQ COoEt ?HQCOQEt
O
NMe
1/2 < — <
o) pd W Z (88)
/
Cl J 73% O
2
%LH Nag[PdCly] @Pd Cl

(89)

%COCO

2 2
R Y CO. EtN R NHCOMe
1/2 o (90)
R1 ’ EtOH =X COQEt

1/ “NPh NaCl NPh 1) PPhs CHo o1
/ RL| ( )
Pd R

/ H,0*
AcO cl Q

12.4.2.4  Synthesis from Palladiumi 11 )-Olefin Complexes

Since palladium(II) is electrophilic. olefins are activated toward nucleophiles by
coordination to palladium(II) species. The attack of nucleophiles occurs at the more
substituted vinylic carbon from the anti side of palladium to give alkylpalladium
complexes (eq (92)) [123].

The process involving an oxygen nucleophile is termed oxypalladation. A represen-
tative example is seen in eq (93). where nucleophilic attack of hydroxide ion on the
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(92)
Pd' Pd! H

cyclooctadiene ligand give an alkyvlpalladium(IT) complex [124]. The starting palladi-
um(Il) olefin complex can be prepared by the treatment of palladium(II) compounds
such as [PdCL,}" and PdC1,(PhCN). with olefin [125a<¢].

CH
7 .C  Low !Z ~Cl (93)
— ~~Pd Iﬁ/PdJ
27 cl 5 2

The oxypalladation process is assumed to occur in the Wacker type oxidation of
olefins (eq (94) and (95))[126 128].

O
PdCl,. CuCls, O, )J\/\/\/\
/\/\/\/\OAC X OAC (94)
DMF H,0
+-BuOOH 0
Na:PdCl,
X COMe - )]\/COZMe (95)
MECOQH HQO

When an aliphatic amine is used as nucleophile, aminopalladation of olefins takes
place (eq (96)) [129]. The resulting B-aminoalkylpalladium complex undergoes CO
insertion into the Pd—C bond to give a f-aminoacyl complex, which has been isolated

as a stable solid.
Pd—CI

R
|

\ﬂ-+PdUﬂMeCNh-+3EQNH

NHEt,
+ CO/
R R
NEt:  Br,, MeOH NEt,
(96)
Pd—ClI OMe
o | o

NHEt,
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Stabilized carbon nucleophiles such as malonates attack the olefins bound to palla-
dium(II) similarly to O- and N-nucleophiles (eq (97) and (98)) [130,131]. The alkylpal-
ladium species thus formed undergoes B-hydrogen elimination, hydrogenolysis, and
carbonylation (eq (98)).

<=

| . H CH(CO-Me),
P 5 .
PhaP”
D

(97)
H
AR+ Na*{CH(COsEt);]" + PdCIy(MeCN),
CO,Et
2Et;N R
EtO.C
CO,Et
R
-NEts i - EtO,C R %)
SPd_ 2
EtzN cl
W COEt
R
EtO.C
COgMe

12.4.3 m-Allylpalladium(II) Complexes

12.4.3.1.  Synthesis via Oxidative Addition Reactions

(r-Allyl)palladium(Il) complexes are synthesized by oxidative addition of allylic
compounds to palladium(0) complexes. The starting palladium(0) species are often
generated in situ from palladium(11) saits and reducing agents (eq (99)) [132]. Allylic
chlorides react with coordinatively saturated palladium(0) phosphine complexes (e.g..
Pd(PPh,),) to give (n-allyl)palladium(II} chlorides in good yields (eq (100)) [133]. On
the other hand, the oxidative addition of allylic carboxylates toward a Pd(0)L, type
complex is a reversible process and often provides no or only a small amount of
n-allyl complexes. In this case, coordinatively unsaturated Pd(PCy,), affords n-allyl
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complexes in good yields (eq (101)) [134]. The complex Pd(styrene)L, generated from
trans-PdEt,L, and styrene also serves as a useful starting material. The syntheses of
(r-allyl)palladium(II) formates and carbonates have been achieved by this method (eq
(102)) [135]). The oxidative addition of allylic substrates generally proceeds with inver-
sion of the stereochemistry at the allylic carbon (eq (103)) [136a], although retention of
the stereochemistry has also been observed as a result of pre-coordination of the Pd(0)
center to the leaving group [137].

cl
+CO, H0 e Cl

NayPdCly “Pd(0) " <(— Pd/\/\ (99)
2
cl
Cl 4 100
Pd(PPhg)y + - —Pd__ (100)
PPhg
/OAC
Pd(PCys) + ~~OAC <<—Pd\ (101)
PCy3
L e
o+ o~ 0C0Y <(_pd ocoy  (102)
I Ph L
Y = H, OR
1) PdClo(dppe). PPhs i Me - xFh 1"
Me X . Ph FBupAlH '
YV - Pd BF,~  (103)
AN
OAc 2) NaBFs PhoP”  PPh,

(m-Allyl)palladium(11) complexes react with a variety of nucleophiles and two types
of process have been identified [136]. The first involves the external attack of a nucle-
ophile on the r-allyl ligand from the opposite side of the palladium center (eq (104)).
Thus the reaction gives rise to the inversion of stereochemistry at the allylic carbon.
This type of process is observed with stabilized carbon nucleophiles as well as nitrogen
and oxygen nucleophiles {136a,c]. On the other hand, when nonstabilized carbon
nucleophiles (e.g., main group organometallics) and metal hydrides are employed, the
n-allyl complex undergoes transmetallation with the nucleophile to form a
diorganopalladium intermediate (16), which reductively eliminates the allylation prod-
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uct (eq (105)) [136b,138]. In this case, since the nucleophile is introduced to the n-alls!
ligand from the palladium center, retention of stereochemistry at the allylic carbon 1s

observed.
R\/\/ R
_ Nu
+Nu Inversion + (104
R\/T\/ R _x- [PA(O)L]
Pd(X)L,

L/ \NU Retention +

6 [PA(O)L]

The (n-allyl)palladium(1I) complexes formed by oxidative addition have been exten-
sively applied to catalytic organic synthesis. Representative examples are shown in eq
(106)—(111) [139-142]. A variety of allylic substrates have been employed as the source
of the allyl ligand. including allvlic acetates. chlorides. epoxides, and carbonates.

MeO,C CO.Me MeO,C CO,Me
AcO 0 AcO = ~0O~Na+
COsMe COsMe
MeO,C CO.Me
H
Pd(dba),
o | (106)
CO,Me
65%

Allyl carbonates are particularly useful allylic substrates. Thus, in addition to their
high reactivity in oxidative addition., allyl carbonates have the advantage that the ally-
lation reaction can be conducted under neutral conditions without an added base. The
(m-allyl)palladium intermediate (17) derived from an allylic carbonate has a carbonate
anion that serves as a masked base to generate carbon nucleophiles (eq (112)) [143].
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OAc
OAc
HoN
AcO Pd(PPhs)
3/4
+ N — LN (107)
N 7o
H A\
N
H
OgCMe
Pd(PPh3),
+ MeCOsH . (108)
0 72—76%
OH

Cl

Pd(PPhs) 110)
+  MegAl \)\/ > (

83%

Pd(OAC),
Ni\/\COQEt + HOOH PBus, EtsN /\Kl\/ﬁcozEt (111)
OH

91%
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O

)J\/\/\/\OCOQEt

Pdy(dba)s O
o~ dppe
EtO.C CO,Et

CO,Et
92%
+ [Pd(O)L2] ‘ I = [PA(0)L2]

R R

l + CHQ(COgEt)Q | k\
Pd’ — Pd"

L/ N "OCOqEt — COy, EtOH L/ N ~CH(COELt),
i 17 -

In the absence of a nucleophile, n-allylpalladium complexes bearing alkyl sub-
stituent(s) at the allylic carbon(s) undergo B-hvdrogen elimination to give dienes
(eq(113))[144].

Et TM/ O Pd(OAc)z, PPh, Et \r\/Y O
- (113)
P >
. Et \]m O
e
\J
PdL,,

(n-Allyl)palladium species undergo intramolecular insertion of olefins to give cyclic
compounds (eq (114)) [145]. This reaction has been termed a “metalo-ene” reaction.
although the exact mechanism differs from that of the classical organic ene reaction.

The oxidative addition of an allylic acetate having an allylsilane structure (18) to a
Pd(0) complex provides a (trimethylenemethane)palladium species (19), which under-
goes [3+2] cycloaddition to a variety of electron-deficient olefins (eqs(115)yand (116
[146].
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12.4.3.2  Synthesis via Palladation Reactions

Palladium(II) salts such as PdCl, and Pd(O,CCF,), cause the activation of allvhe
C—H bond of olefins, leading to w-allylpalladium complexes (eq (117) and (1151
[147]. The more electron-rich olefins tend to show the higher reactivity. When the olefin
has more than two allylic positions, the regioselectivity obeys the Markovnikov rule.

& PdCI/; ]
CuCl,, NaOAc (117

+ PdC|2

HOAc, Ac,0, NaCl

WO + Pd(OgCCFg)g
1) MeCOMe, r.t. /J\/\/{\/\/L
2) BusNCl AN AN o (118

|
PdCl/,

Conjugated dienes coordinated to palladium(Il) undergo nucleophilic addition of
oxygen and nitrogen nucleophiles from the opposite side of the palladium center to
give m-allylpalladium complexes. Subsequent reaction of the n-allyl complexes with
another molecule of nucleophile results in the 1.4-addition of two kinds of nucle-
ophiles to dienes. The direction of the second nucleophilic attack is dependent on the
nature of the nucleophiles as well as the reaction conditions. Representative examples

OMe OMe

+ AgOAc [ — AgCl

LiQAc
NagPdCl, OMe LiCl AcQ OMe (120
o~ Y —— Y
| O=C>=O
PaCl/»

20

MesNH, PPhg
MegN OMe
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are shown in eq (119)—(121) [148]. The reaction of m-allyl complex 20 with silver
acetate forms the trans-1,4-adduct (eq (119)). In this case, anionic displacement of the
chloride in 20 with acetate gives a w-allylpalladium acetate, which reductively elimi-
nates the trans adduct. On the other hand. treatment of 20 with lithium acetate in the
presence of lithium chloride affords c¢is-1.4-adduct, because the presence of chloride
ion in the system prevents the prior coordination of acetate to palladium, leading to
external attack of acetate on the m-allyl ligand (eq (120)). Nitrogen nucleophiles also
react with the n-allyl ligand from the anti side of palladium to give cis-1,4-adducts (eq

(121)).

12.5 Synthesis of Palladium Compounds
12.5.1 Starting Palladium Complexes

(1) Bis(2,4-pentanedionato)palladium(II), Pd(acac), [149]

Na,PdCl, + 2CH,(COMe), + 2NaOH

Pd(acac), + 4NaCl + 2H,O (122)

To an aqueous solution of Na.PdCl, (0.5 M. 10 mL), which is prepared in situ from
PdCl, and NaCl (2.5 equiv.) in water. are added 2 4-pentanedione (2.5 mL) and an
aqueous solution of NaOH (5 M, 4 mL). The mixture is magnetically stirred for sever-
al hours at room temperature to give a vellow solid, which is filtered off with suction,
washed successively with water, methanol. and then with Et,O. The solid product thus
obtained is dissolved in chloroform and filtered. and the filtrate is evaporated to dry-
ness (1.37 g, 90%). Further purification may be performed by recrystallization from
hot benzene, yielding orange needles of the title compound.

(2) Dichlorobis(acetonitrile)palladium(II), PdCl,(MeCN),

PACL, + 2MeCN

PdCL,(MeCN), (123)

Anhydrous palladium(11) dichloride (2 g) is suspended in acetonitrile (50 mL) and the
mixture is stirred until the brown palladium dichloride disappears. Since palladium
dichloride sometimes coagulates. it should be broken up with a spatula. Filtration fol-
lowed by drying on the filter gives a quantitative yield of the title compound, which is
pure enough to use as a catalyst and a starting material for organometallic synthesis. A
related complex PACl,(PhCN), is prepared by the treatment of palladium dichloride
with benzonitrile [125d].

The compounds PACl,(MeCN), and PACL.(PhCN), are convenient starting materi-
als for the synthesis of dichlorobis(tertiary phosphine)palladium(II) complexes. In a
typical procedure, PACl,(MeCN), is suspended in benzene (for arylphosphines) or
ether (for alkylphosphines) under nitrogen. Two equivalents of tertiary phosphine is
added and the mixture is stirred at room temperature for several hours. A yellow or
orange precipitate of the desired compound is formed. If necessary, hexane or ether is
added to complete the precipitation. The product is collected by filtration, washed
with ether, and dried under vacuum. PAC1,(PR;), type complexes are also prepared by
treatment of [PdCI1,)* with phosphine [150)].
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12.5.2 Palladium(0) Complexes

(3) Tetrakis(triphenylphosphine)palladium(0), Pd(PPh,), [65]

2PdCl, + 8PPh, + 5N,H, H,0 2Pd(PPh.), + 4N,H, HCl + N, + SH,O (124

Paltadium(II) dichloride (4.43 g, 25 mmol) and triphenylphosphine (32.8 g, 125 mmol)
are placed in a Schlenk tube containing a magnetic stirring bar and the system is filled
with nitrogen. Dimethylsulfoxide (DMSQ) (300 mL) which has been degassed by
bubbling a dry nitrogen gas at least 30 min. is added, and the mixture is heated by
means of an oil bath at 140 °C with stirring until complete solution occurs. The bath 1
then taken away, and the solution is rapidly stirred. Hydrazine hydrate (5 g, 100 mmol)
is then rapidly added to the vigorously stirred solution over approximately 1 min by
means of a pipette. A vigorous reaction takes place with evolution of nitrogen. The
dark solution is then allowed to cool without stirring, resulting in gradual precipita-
tion of yellow plates of the title compound. After the mixture has reached room tem-
perature, the yellow crystals are collected by filtration. washed successively with EtOH
and then with Et,0, and dried under vacuum {90-94%).

Properties: mp 116 °C (under N, with decomposition).

Since the complex is gradually decomposed in the air. it should be stored under an
inert atmosphere at low temperature.

(4) Bis(tricyclohexylphosphine)palladium((), Pd(PCy.), [71]
(M*-CHs)(n*-C;H5)Pd + 2PCy, — Pd(PCy;), + C;H,, (125)

In a 50 mL Schlenk tube containing a magnetic stirring bar are placed (n’-allyl)(n’-
cyclopentadienyl)palladium (0.34 g. 1.60 mmol) and a toluene solution of tricyclo-
hexylphosphine (0.99 g, 3.54 mmol). The dark red mixture is stirred with heating
at 75-80 °C for 3 h. The brown solution is concentrated to dryness under reduced
pressure. The brown crystalline solid is washed with two 10 mL portions of MeOH to
remove a slight excess of the phosphine. The solid is dissolved in hot toluene (5 mL).
and then MeOH (5 mL) is added to give crystals. After standing the mixture in a freez-
er (=35 °C) overnight, the crystals are isolated by removing the mother liquid with a
syringe, washed with MeOH (two 5 mL portions). and dried under vacuum (0.84 g.
79%). The product is pure enough to prepare organometallic complexes. Further
purification can be performed by recrystallization from a toluene (5 mL)-MeOH (5
mL) mixture.

Properties: mp 185-189 °C (under N. in a sealed capillary tube).

Several bis(tertiary phosphine)palladium(0) complexes can be synthesized by
similar procedures [71].
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(5) (n’-Methyl methacrylate)bis(methyldiphenylphosphine)palladium(0),
Pd{CH,=CH(Me)COOMe}(PMePh,), 73]

trans-PdEt,(PMePh.), + CH.=CH(Me)COOMe
Pd{CH,=CH(Me)COOMe}(PMePh,), + C,H, +C,H, (126)

The complex trans-PdEt.(PMePh,). (0.21 g. 0.37 mmol) is placed in a Schlenk tube and
the system is filled with nitrogen. Toluene (5 mL) and methyl methacrylate (80 mL,
0.76 mmol) are added at —20 °C. and the heterogeneous mixture is stirred at room tem-
perature for 5 h to give a pale brown solution. The solution is concentrated to ca. 1 mL
and cooled to —78 °C. Hexane (5 mL) is added to the stirred solution to precipitate a
pale brown solid, which is collected by filtration, washed with a small amount of hexa-
ne, and dried under vacuum. The crude product is dissolved in a minimum amount of
hot acetone containing methyl methacrylate (1-2 equiv.). Cooling the solution to
-20 °C results in the formation of fine crystals of the title compound (0.18 g, 76%).

Properties: mp 115-119 °C.

Bis(tertiary phosphine)palladium(0) complexes having styrene, methyl acrylate,
methacrylonitrile ligands are prepared by similar procedures [73]. The palladium(0)-
olefin complexes are stable under an inert atmosphere in the solid as well as in a
solution containing an excess amount of olefin. while they rapidly decompose in solu-
tion in the absence of free olefin even under a nitrogen or argon atmosphere. Ethylene
complexes bearing PPh;, PCy.. P(OC,H.Me-0).. and PBu, ligands are synthesized by
the reduction of palladium(I1) salts in the presence of ethylene [72]. Palladium(0) com-
plexes bearing highly electron-deficient olefins such as maleic anhydride and dimethyl
maleate can be prepared by the ligand displacement of Pd(PPh;), or Pd,(dba), with the
olefins [74].

(6) Tris(dibenzylideneacetone)dipalladium(0). Pd,(dba),CHCI, [78]

2PdCl, + 3PhCH=CHCOCH=CHPh + MeCO-Na Pd,(dba), (127)

Palladium(II) dichloride (1.05 g. 5.92 mmol) is added to a hot (¢a. 50 °C) methanol
solution containing dibenzylideneacetone (dba) (4.60 g, 19.6 mmol) and sodium
acetate (3.90 g, 47.5 mmol). The mixture s stirred for 4 h at 40 °C to give a reddish pur-
ple precipitate and allowed to cool to room temperature to complete the precipitation.
The precipitate is collected by filtration. washed successively with water and acetone,
and dried under vacuum (3.39 g). This product having the composition of Pd(dba), is
dissolved in hot chloroform and filtered to give a deep violet solution. Diethyl ether is
slowly added to the solution and the mixture is allowed to stand at room temperature
to give deep red needles of the title compound (80%4).

Properties: mp 122-124 °C.

The compound is stable in the air.
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12.5.3 Monoorganopalladium(II) Complexes

(7) trans-Bromo(methyl)bis(triethylphosphine)palladium(1I),
trans-PdMe(Br)(PEt,), [83a]

PdBr,(PEL,), + MeMgBr ——  trans-PdMe(Br)(PEL;), + MgBr,  (128)

Dibromobis(triethylphosphine)palladium (10.0 g, 20 mmol) is suspended in Et,O at
—-65 °C, and an Et,0O solution of MeMgBr (40 mL, 45 mmol) is added dropwise over a
period of 30 min. The mixture is stirred at —65 °C for 15 min and then at room temper-
ature for 20 min. The mixture is hydrolyzed with water (100 mL) at 0 °C, and the Et,O
phase is separated, dried over MgSO,, and concentrated to dryness. The crude product
is recrystallized from hexane to give crystals of the title compound (6.7 g, 78%).

Properties: mp 73-74 °C.

(8) trans-Bromo(phenyl)bis(triphenylphosphine)palladium(II),
trans-PdPh(Br)(PPh,), [80c]

Pd(PPh,), + PhBr —— rrans-PdPh(Br)PEL,), + 2PPh, (129)

A mixture of tetrakis(triphenylphosphine)paliadium(0) (I g) and bromobenzene (1 g)
in degassed benzene (15 mL) is heated overnight at 80 °C under nitrogen. After cooling
to room temperature, the benzene is removed in vacuo. and the resulting solid is tritu-
rated with ether and the ether discarded. The product is further purified by recrystal-
lization from methylene chloride —hexane. The yield of colorless air-stable crystals (mp
216-220°C) 1s 95% of theory.

(9) Di(u-chloro)bis[2-(dimethylaminomethyl)pheny}l-C', V|dipalladium(II) [151]

LioPdCly + CgHsCHoNMes + NEt;— 1/2 C[\/NMez + NEtzHCI + LiCl (130)
Pd

Lithium tetrachloropalladate(1l) can be prepared by the treatment of PdCl, and two
equivalents of LiCl in boiling water. After dissolution of PdCl,, the water is removed
under vacuum to afford Li.PdCl, as a brown solid. The Li,PdCl, thus obtained
(13.12g, 50 mmol) is dissolved in methanol (300 mL) at room temperature and
N, N-dimethylaminomethylbenzene (7.42 g, 55 mmol) is added to the well-stirred solu-
tion. After ca. 5 min, a cream precipitate begins to form. Then Et;N (0.05 g, 50 mmol)
dissolved in methanol (50 mL) is added dropwise over the period of 1 h. The mixture is
stirred for 5 h, after which time a bright yellow precipitate is obtained, along with a
pale yellow supernatant solution. The precipitate is collected by filtration, washed with
methanol (3 x 50 mL) and Et.O (2 x 50 mL), and dried under vacuum. 12.95 g (94%
yield) of the title compound is thus obtained, which is sufficiently pure for most
purposes.

2
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Properties: IR (KBr) 745 and 736 cm™": '"H NMR (CDCl,) 6 3.92 (CH,), 2.86 and 2.84
(N(CHj;),).

The compound is air stable and is slightly soluble in CHCl;, acetone, or THF.

12.5.4 Dialkylpalladium(IT) Complexes

(10) trans-Diethylbis(diphenylmethylphosphine)palladium(II),
trans-PdEt,(PMePh,), |76a,b]

Pd(acac), + 2PMePh, + ALEt.(OEt). trans-PdEt,(PMePh,), (131)

The ethylaluminum compound Al-Et(OEU). is prepared by slow addition of absolute
ethanol (1.5 equiv.) to well stirred triethylaluminum (neat) at —20 to —10 °C. Care must
be taken in this preparation because a vigorous reaction takes place with evolution of
cthane.

Bis(2,4-pentanedionato)palladium (1.5 g. 5 mmol) is suspended in Et,O (30 mL) at
~70 °C. PMePh, (2.1 mL. 11 mmol) is added. and then ALEt;(OEt); (6.0 mL) added
dropwise by means of a syringe. The reaction mixture is allowed to warm to 0 °C with
stirring. As the reaction proceeds. orange crystals of Pd(acac), dissolve at about —20 °C
to give a red homogeneous solution. then a white solid of the title compound precipi-
tates from the solution. After the temperature has reached 0 °C, the mixture is stirred for
an additional 4 h at 0 °C, and the resulting precipitate is collected by filtration, washed
successively with Et,O, and dried under vacuum {(40-50%). The product is relatively sta-
ble in the solid, but it rapidlv decomposes in solution via 3-hydrogen elimination [76c].

(11) cis-Dimethylbis(triethylphosphine)palladium(II), cis-PdMe,(PEt,), [83a]

PdBry(PELy). + 2MeLi — ¢is-PdMe,(PEt,), + 2LiBr (132)

Dibromobis(triethylphosphine)palladium (10.0 g, 20 mmol) is suspended in an Et,O
solution (200 mL) containing a small amount of free PEt; (ca. 0.1 equiv.) and the mix-
ture is cooled to -60 °C. An Et-O solution of MeLi (38 mL, 45 mmol), which has been
prepared from MeBr and Li in Et.O. is added dropwise over the pertod of 15 min. The
resulting mixture is stirred at room temperature for 1 h, and then hydrolyzed with
water (50 mL) at O °C. The Et-O phase is separated and the aqueous phase is extracted
with Et,O. The combined Et-O solution is dried over MgSO, and concentrated to
dryness. The crude product is recrystallized from hexane to give colorless crystals of
the title compound (7.4 g, 90%).

Properties: mp 47-49 °C.
12.5.5 m-Allylpalladium(1l) Complexes
(12) Di(u-chloro)bis(n*-allyl)dipalladium(II), [PdCI(n*-C,H,)], [132]

2Na,PdCl, + 2CH,=CHCH,C] + 2CO + 2H.0
(M’-C,H,),Pd,Cl, + 4NaCl + 2CO, + 4HCl (133)




290

GROUP 10(NI, PD, PT) METAL COMPOUNDs

The preparation should be performed in a well ventilated hood. A 200 mL.
two-necked, round-bottom flask equipped with a magnetic stirring bar, a gas inle:
tube, and a condenser topped with a bubbler is charged with an aqueous solution of
palladium(II) dichloride (4.44 g, 25 mmol) and sodium chloride (2.95 g, 50 mmol) ir.
10 mL of H,0, followed by methanol (60 mL) and allyl chloride (6.0 g, 67 mmol
Carbon monoxide is passed slowly (2-2.5 L/h) with stirring through the reddish-brown
solution by way of a gas-inlet tube for 1 h. The bright yellow suspension thus obtained
is poured into water (300 mL) and extracted with chloroform (2 x 100 mL). The extract
is washed with water (2 x 150 mL portions) and dried over calcium chloride.
Evaporation under reduced pressure (20 mmHg) gives yellow crystals (4.3 g, 93°. ).
which is pure enough to use as a catalyst and a starting material of organometallic
synthesis. The analytically pure sample can be obtained by recrystallization from a
mixture of dichloromethane/hexane.

Properties: mp 155-156 °C (with decomposition).

A variety of n- allylpalladium complexes may be prepared in similar procedures [132).

(13) (n*-Allyl)(n*-cyclopentadienyl)palladium(II), [Pd(n*-C H)(n*-CHJ)] [70]

(W’-C;H;),Pd,Cl, + 2NaC.H, 2Pd(n-C H)(*-CsHy) + 2NaCl (134

A THF solution of sodium cyclopentadienide is prepared by addition of freshly
distilled cyclopentadiene [152] to a sodium suspension in THF. The concentration of
the resulting pale pink solution can be determined by titration with acid.

In a 300 mL, three-necked flask equipped with a three-way stopcock, a pressure-
equalizing dropping funnel, and a Teflon-coated magnetic stirring bar, is placed
bis(n*-allyl)di-(y-chloro)dipalladium (9.9 g. 27 mmol). The flask is evacuated and filled
with nitrogen three times. THF (100 mL) and benzene (100 mL) are added through the
three-way stopcock under nitrogen by means of syringe. to give clear yellow solution.
The flask is then cooled with an ice-sodium chloride mixture to —20 °C. A THF solu-
tion of sodium cyclopentadienide (54 mmol in 28 mL of THF) is transferred by
syringe to a nitrogen-flushed dropping funnel and is then added dropwise to the cooled
solution with stirring at —20 °C. The solution changes stowly from yellow to dark red.
After 1 h, the ice bath is removed and the temperature of the reaction mixture
is allowed to reach room temperature with stirring. The stirring is continued for an
additional 30 min. The solvents are removed by distillation in vacuo (30-60 mmHg) to
give a dark red solid. If the pressure is lower than 30 mmHg, a considerable amount of
the palladium complex sublimes at 25 °C. The solid residue is extracted with hexane
(80 mL) and the extract is filtered through a dried filter paper under a nitrogen atmos-
phere. The red filtrate is evaporated in vacuo (30-60 mmHg), affording red needles
of the title compound (9.2 g. 80"4). This compound can be further purified by sublima-
tion at 40 °C under 30 mmHg.

12.6 Platinum Complexes

Organoplatinum complexes have a strong resemblance to the palladium analogs in
their synthetic methodology and reaction patterns, but because of their high stability.
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platinum compounds have been much less widely used in catalytic organic synthesis.
The relative inertness, however, often allows the chemistry of palladium catalysis to be
modeled using platinum complexes. In this section the methods of preparation of
organoplatinum complexes are briefly described. Further details of the chemistry have
been appeared in review articles [133].

12.6.1 Platinum(0) Complexes

Tables 12.3 and 12.4 list the examples of platinum(0) complexes together with their
syntheses. The complexes are generally prepared by the reduction of K,PtCl, with
alcoholic potassium hydroxide. sodium amalgam, or hydrazine in the presence of
appropriate ligands.

Table 12.3 Preparation of [Pt{0)L.] Complexes

L n synthetic method ref
PPh, 4 K.PtCl, + L + KOH + EtOH — 154

4 PtCl.L.+ L+ N,H, 155

3 PtL,(A)y— 154
PEt, 4 K.PiCl,+ L + KOH + EtOH — 156

3 PtL.(A)— 157
P{i-Pr); 3 K-PiCl, + L + Na(Hg)— 157
PCy;, 2 K.PtCl, + L + Na(Hg) — 71
P(1-Bu), 2 K.PtCl, + L + Na(Hg) — 71
P(OPh), 4 PtuPPh;), +L — 158
P(OEt), 4 K-PtCl, + L + KOH — 8
cod 2 PiCl.tcod) + Li.cot — 159
dba 2 K.PtCl, + L + + EtOH + MeCO,Na — 160
CH,=CH, 3 Pticod).+ L — 161

cod = 1,5-cyclooctadiene, dba = dibenzy hideneacetone.

Table 12.4 Preparation of Platinum(0) Alkene and Alkyne Complexes [Pt(0)(un)L,]

un L synthetic method ref
CH,=CH, PEt; PtCl.L. + un + Na(naphthalene) — 162
PPh, PtCl.L. + un + Na(naphthalene) — 162
PPh, Pt(O.)L. + un + NaBH, — 163
1/2dppe PtCl-L- + un + Na(naphthalene) — 162
PhC=CPh PPh, PiCl.L. +un+ N.H, — 164
PhCH=CHPh PPh; PtCl.L. +un+ N,H, — 165
dba PPh, Pi(dba). + L — 160

dppe = 1.2-bis(diphenylphosphinojethane. dba = dibenzylideneacetone.

12.6.2 Platinum(II) Olefin Complexes

While Zeise’s salt, K'[PtCl,(C,H,)] . the oldest compound in organometallic chem-
istry, was originally prepared by the reaction of ethanol with a mixture of PtCl, and
PtCl, in the presence of KCI [166], nowadays a more convenient synthetic route
starting from K,PtCl, and ethylene (eq (135)) is commonly used [167]. The reaction is
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catalyzed by SnCl,. Zeise’s salt is converted to the dimeric complex [PtCl(C,H,)]:
according to the process shown in eq (136) {168]. This complex induces C—C bond
cleavage of cyclopropanes to give platinacyclobutanes (eq (137) and (138)) [169,170].

SnCl, /Cl )
KoPtCly + CoHg cl—P{—|| | k* (135)
/
Cl

/Cl B + pyridine /Cl + HY Cl \ /CI\ /\

CI—/Pt——” K+ py—/Pt—H — P (136)
\ \
Cl cl \/ clc

R

idine  PY~_ | Py
(PCIo(CaHa) +A +pyr| ine ~ é \ i} (137)

Cl
+ pyridine PY~_ I 138
PICLCHI + <[> ——— Pt (139
py” |
Cl

The complex PtCl,(cod), a useful starting material for the synthesis of organoplat-
inum complexes, can be synthesized by heating [PtC1,]" with 1,5-cyclooctadiene (eq
(139)) [125a,171]. The platinum(II)-cvclooctadiene complex undergoes addition of
various nucleophiles, including alkoxides. amines. and carboxylates, to give the corre-
sponding c-alkylplatinum(II) complexes (eq (139)) [124b].

Nu
[PLCI, 2 + — J\F’t/CI + M ipt&
‘ // L7 al 74 A

12.6.3 Platinum(IT) Alkyl Complexes

A number of diorganoplatinum(I1) complexes of the type PtR,L, have been synthe-
sized by transmetallation of dihaloplatinum(Il) complexes with organometallic
reagents (Table 12.5). The cod ligand in cis-PtR ,(cod) [172] and the SMe, ligand in
cis-PtMe,(SMe,), [173] are readily replaced by a variety of phosphine ligands, leading
to dialkylbis(tertiary phosphine)-platinum(II) complexes.
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Table 12.5 Examples of Diorganoplatinum(II) Complexes [PtR,L,]

R L geometry ref
Me 1/2 ¢cod cls 172
Me SMe, cis 173
Me PMe; cis 174
Me PMe-Ph cis 175
Me PMePh- cis 176
Me PPh, cis 177
Et PPh, cis 178
Et 1/2 dppe cis 178
Bu PPh, cis 179
Et, Pr PPh, cls 180
1/2 (CH,), PPh. cis 179
Ph PEt. cis 174
Ph PEt. trans 174
C=CH PEt. Cis 181
C=CH PEL trans 181

cod = 1,5-cyclooctadiene, dppe = 1.2-bistdipheny Iphosphinojethane.

Dialkylplatinum(I1) complexes bearing B-hydrogens undergo exclusive B-hydrogen
elimination on thermolysis {179.180.182]. On the other hand, the di-neopentyl
complex, which has no p—hvdrogens. undergoes y-C—H bond activation to provide a
platinacyclobutane (eq (140)) [183].

EtgP Et,P
AN AN
i —_— P ¢ —& )
EtyP EtP

Alkyl(hydrido)platinum(II} complexes decompose via reductive elimination of
alkane [184,185]. When the complex has a bidentate phosphine ligand bearing bulky
cyclohexyl groups, the platinum(0) species generated by reductive elimination causes
C—H bond activation of a variety of hydrocarbons (eq (141)) [184].

Monoorganoplatinum(I1) complexes can be synthesized either by oxidative addition
of organic halides to platinum(0) complexes [153], by protonolysis of diorganoplat-
inum(II) complexes (eq (142)) [174], or by monoalkylation of dihalobis(tertiary phos-
phine)platinum(Il) complexes with 1 equivalent of Grignard reagents (eq (143))
[174,175]. When monodentate phosphines are employed as supporting ligands, the
products generally have a trans configuration, whereas the treatment of cis-PtR,L,
with hydrogen chloride often provides cis complexes. Hydridoplatinum(II) complexes
are prepared by the reaction of dichloroplatinum phosphine complexes with hydrazine
or NaBH, [186,187].
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12.7 Synthesis of Platinum Compounds
(1) Dichloro(1,5-cyclooctadiene)platinum(IT), PtCl,(cod) [125a]

H.PtCl-(H,O), + CiH,, — PtCL(CgH,>») (144)

Hydrated chloroplatinic acid (5.0 g, 8.41 mmol) is dissolved in 15 mL of glacial acetic
acid, and the solution is heated to 75 °C. Then 1,5-cyclooctadiene (6 mL, 5.32 g,
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49.3 mmol) is added to the warm solution and the mixture swirled gently, cooled to
room temperature, and diluted with 50 mL of water, The black suspension is allowed
to stand at room temperature for | h, and the crude product is collected on a Blichner
funnel by suction, washed with 50 mL of water, and then with 100 mL of Et,O. The
crude product is suspended in dichloromethane (400 mL). and the mixture is heated to
the boiling point and kept at this temperature for 5 min. The solution is cooled, mixed
with 5 g of chromatographic-grade silica gel, and allowed to settle. The supernatant
should be colorless; if not, additional silica gel (ca. | g) is added until the solution is
clear. The mixture is filtered and the residue is washed with dichloromethane (2 x 50
mL). The combined CH,Cl, solution {(ca. 500 mL) is concentrated to ca. 75 mL. and
the hot solution is poured into 200 mL of petroleum ether (bp 60-70 °C), giving a
finely divided white solid (2.55g, 80%). Further purification may be carried out by
recrystallization from hot dichloromethane.

Properties: mp 220-278 °C (with decomposition); '"H NMR (CDCl,) 8 5.62 (=CH, Jp,
=65 Hz)and 2.71 (CH,); IR 1334, 1179. 1009, 871, 834 and 782 cm "

The title compound can be prepared from K,PtCl, and cod in n-propanol (Note:
cannot use MeOH or EtOH [171].) The related complexes PtBr,(cod) and Pt I(cod)
can be prepared by similar procedures.

(2) Bis(1,5-cyclooctadiene)platinum(0), Pt(cod), [159]

2Li+ C.H. Li.C.H, (145)
Li,CiH, + PtCI(C{H,+) + 3C-H,, — PUC-H ;) + 2LiCl + C;Hy + C;H,,  (146)
Pt(C;H,p); + 2CH,; Pi(CH,,), + 3CH,, (147)

Lithium foil (1.0 g, 144 mmol) is suspended under nitrogen in dry Et,O (200 mL) with
magnetic stirring at 0 °C. A 5.0 g sample (48 mmol) of 1.3,5,7-cyclooctatetraene is
added and mixture is stirred for 16 h. The small quantity of white precipitate 1s allowed
to settle, and an aliquot of the orange solution is removed with a syringe, and the
molarity is checked by hydrolysis and titration against standard acid. A saturated solu-
tion of (1,3,5,7-cyclooctatetraene)dilithium is approximatly 0.24 mol L™

A 100 mL three-necked round-bottomed flask, fitted with a pressure-equalized
dropping funnel, a nitrogen inlet, and a magnetic stirring bar, is placed in a cold bath at
-30 °C. Finely powdered PtCly(cod) (13.1 g. 35 mmol) and 2-norbornene (25 g, 266
mmol) are added through the third neck. These are slurried with diethyl ether (40 mL)
at =30 °C. Freshly prepared solution of (1.3.5.7-cyclooctatetraene)dilithium (140 mL
of a 0.24 mol dm™ solution) is transferred with a syringe to the dropping funnel, and
then added over a 1 h period to the stirred sturry while the temperature is maintained at
approximately 30 °C. The tan reaction mixture is then allowed to warm to room tem-
perature and the volatile material removed in vacuo. The tan residue is dried at 0.05
mmHg for 1 h to remove any traces of cyclooctatetracne. The flask is filled with nitro-
gen and the solid scraped from the walls before extraction with hexane (200 mL and
then 2 x 50 mL). A few crystals of 2-norbornene are added to each extraction. The
combined extracts is filtered through an alumina pad (5 mL. Brockman activity II)
under a nitrogen atmosphere. A positive pressure may be applied to assist the filtration.
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The colorless or pale yellow filtrate obtained is evaporated in vacuo. A mass of fine nee-
dles precipitate as the volatiles are carefully removed. The product, which should be
almost colorless, is dried at room temperature under vacuum (0.05 mmHg) for 10 min
(11.0-12.5g, 65-74%). The compound may be recrystallized as long fine colorless nee-
dles by slowly cooling a filtered saturated solution in hexane to -20 °C.

Tris(2-norbornene)platinum (1.2 g, 2.5 mmol) is dissolved in petroleum ether (bp
100-120 °C) (25 mL) in a Schlenk tube connected to a N, line and 1,5-cyclooctadiene
(3 mL) is added. If necessary this solution should be filtered though a fine glass frit
using standard Schlenk techniques into another tube. A small magnetic stirring bar is
added to the tube, which is then connected to a vacuum line and placed in a water bath
at 30 °C on a magnetic stirring hotplate. The volatile compounds are evaporated slow-
ly (1 h) at reduced pressure until approximately 2 mL of solution remain. During the
evaporation, off-white crystals of Pt(cod).are deposited. The mixture is cooled to
20 °C, nitrogen is readmitted to the tube, and the supernatant liquid is decanted with a
syringe. The crystals are washed with hexane (2 x 1 mL) from a syringe and dried under
vacuum (0.05 mmHg, 15 min) (0.8g, 78%).

Properties: 'H NMR (C,D,) 84.20 (m., 8H. CH. Jyy; = 55 Hz) and 2.19 (m, 16H, CH.):
BC{'H} NMR (C(D,) § 73.3 (C=C, Jp = 143 Hz) and 33.2 (CH,, Jo = 15 Hz).

(3) Dimethyl(1,5-cyclooctadiene)platinum(Il), PtMe,(cod) [172]

PtI,(CH,,) + 2MeLi PtMe(C.H,,) + 2Lil (148)

The complex Ptl,(cod) (11.8 g, 21.2 mmol) is dissolved in Et-O (100 mL) and the solu-
tion is cooled to 0 °C. An Et,O solution of MeLi (30 mL. 1.95 M, 58.5 mmol) is added
and the mixture is stirred for 2 h. The mixture is hvdrolyzed with an aqueous solution
of ammonium chloride (saturated) at 0 °C. The Et.O phase is separated, dried over
MgSO, containing a small amount of charcoal and concentrated to dryness, vielding
white crystals of the title compound (6.05 g. 87").

Properties: mp 94-95 °C.
(4) Potassium Trichloro(ethylene)platinate(II), K[PtCl,(C,H,)] [159]

SnCl-
K,PtCl, + CoHy + H.O ——— K[PtCl3)(C,Hy)-H,0 + KCl - (149)

Aqueous hydrochloric acid (5 M. 45 mL) is placed in a 150 mL, three-necked flask
equipped with a gas inlet tube. and potassium tertrachloroplatinate(11) (4.5 g, 1.08
mmol) is added. The flask is sealed with rubber septums and the system is deoxygenat-
ed immediately by passage of nitrogen or ethylene for 30 min through the solution.
Hydrated tin(II) chloride (SnCl,:2H,0: 40 mg, 0.2 mmol) is placed in a Schlenk tube,
which is sealed with a rubber septum and deoxygenated by flushing nitrogen. With a
syringe, deoxygenated distilled water is added to the tin(IT) chloride, and the resulting
suspension is transferred into the flask containing the chloroplatinate solution. A
stream of ethylene is bubbled slowly through the resulting reaction mixture, which is
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trans-PtCL(C,H,)(C;H.N) + 2R SO.H

References

shaken periodically. During the course of reaction (2—4 h), the initially red-brown
suspension turns yellow, and most of the solid dissolved as reaction proceeds. The
reaction mixture is warmed to 4045 °C. filtered through a sintered glass filter (paper
should not be used), and cooled in an ice bath, yielding yellow needles of Zeise’s
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13 Groups 11 and 12 (Cu, Au, Zn) Metal
Compounds

F. Ozawa, Osaka City University

13.1 Organocopper Complexes

Organocopper complexes are among the most extensively used organometallic
reagents in organic synthesis [1]. These complexes are generally prepared in situ from
copper(I) salts and organometallic compounds of Li, Mg and Zn, and are used in
organic synthesis without prior isolation. Scheme 13.1 summarizes the synthetic routes
to organocopper complexes using organolithium compounds. It is seen that an
extremely wide variety of compliexes have been prepared. The reactivity may be inge-

RCu(PR3), (n =1 0r2) Organocopper-phosphine complex

+ RLi +PRs
— LiX RLi RLi
CuX — RCu —— R,Culi —— R.Culinq (n>2)
I Organocopper  Lower order cuprate Higher order cuprate
CuBr-SMe; (Gilman cuprate) (Cuprate aggregate)
or Cul [ +BF3
+ B'Li RCu-BF3  Organocopper—Lewis acid complex
+ RLi + AL
CuR' RR'Cul.i R-CuR'Li»
Lower order mixed cuprate Higher order mixed cuprate
(R'= -C=CR, 2-thienyl, -SPh)
+ RLi +RLi
CuCN RCu(CN)Li RoCu(CN)Lis
Lower order cyano cuprate Higher order cyano cuprate
Scheme 13.1

Synthesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
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niously tuned by variation of the CuX/RM ratio, the choice of starting copper salts
and organometallic reagents, and the additional components such as Lewis acids and
bases. Despite their extensive applications in organic synthesis, the exact structures of
most organocopper complexes are still not well understood; some of the complexes are
apparently not a single species, but an equilibrium mixture of several components.
Since detailed information on the preparation and usage of organocopper complexes
has appeared in a recent review article [1a]. this section briefly presents the synthetic
procedures for some isolable, well characterized complexes.

13.2  Synthesis of Cu Compounds

(1) Methyltris(triphenylphosphine)copper(l), CuMe(PPh;), THF [2a]

Cu(acac), + 3PPh, + 2AIEty(O'Pr) —— CuMe(PPh,), ()

Bis(2.4-pentanedionato)copper(Il) obtained from a commercial source should be
dried under vacuum before use. The methyl aluminum reagent AIMe,(O'Pr) can be pre-
pared by slow addition of i-PrOH to a hexane solution of AlMe; at—78 °C and purified
by vacuum distillation (bp 34-36 °C/0.05 mmHg).

Diethyl ether (20 mL) is added to a Schlenk tube containing Cu(acac), (0.500 g, 1.91
mmol) and PPh, (1.75 g, 6.68 mmol). This dissolves the PPh; and forms a light blue
suspension of Cu(acac),. The flask is cooled to - 78 °C. and AlMe,(O'Pr) (0.888 g, 7.64
mmol) is added. The system is allowed to warm slowly to -25 °C at which point the
color of the suspension begins to lighten to vield a yellow solid and a yellow solution.
The solution is cooled to —100 °C and filtered as cold as possible to yield a yellow solid.
The yellow solid is dissolved in a minimum amount of THF. carefully layered with an
equal volume of pentane, and held at —15 °C for several days, to yield yellow needles.
The solid can be handled briefly at 25 °C without significant decomposition.

Properties: '"H NMR (C,Dg) 8 7.42 (br s. 0-Ph). 7.01 (br s, m, p-Ph), 3.57 (m, THF),
1.39 (m, THF) and 0.44 (br s, Cu—Me): 'P NMR (C,D;) 8 4.3 (brs); IR 2770 cm'
(CuMe, v(C—H)). The compound has a tetrahedral structure as confirmed by X-ray
crystallography [2a].

(2) [Tetrakis(trimethylphosphine)copper(I)] Dimethylcuprate(l),
[Cu(PMe;),] [CuMe,] |3]

Cuy(OAC), + 4PMe, + Me-Me — = [Cu(PMe,),][CuMe;] + 2Mg(OAc),  (2)

To a suspension of anhydrous tetrakis(acetato)dicopper(il) (0.93 g, 2.56 mmol) in
diethyl ether (300 mL) at 0 °C are added a diethyl ether solution of dimethylmagne-
sium (0.45 M, 11.3 mL) and trimethylphosphine (2.10 mL, 21.3 mmol). The slurry
slowly turns colorless upon stirring for 4 h, After being warmed to room temperature,
the solvent is removed by pumping. The residue is washed with pentane (30 mL) and
extracted with toluene (30 mL). The filtered extract is cooled to —20 °C, resulting in the
formation of colorless prisms (0.64 g. 55%).
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Properties: mp 89 °C (decomposition). '"H NMR (C,D;) & 0.93 (br, PMe;), 0.15
(s,CuMe). The X-ray analysis showed that the cationic and anionic parts have tetrahe-
dral and linear geometries, respectively [3].

(3) (n°-Pentamethylcyclopentadienyl)(triphenylphosphine)copper(I),
Cp*Cu(PPh,), |4]

Cu,CL(PPh,), + 4Li(C.Me.) —= 4Cu(n’*-CsMe,)(PPh,) + 4LiCl 3)

The starting copper(I) complex Cu,Cl(PPh,), is prepared by mixing CuCl and 1.5
equivalents of triphenylphosphine in ethanol under reflux (70%) [5].

Lithium pentamethylcyclopentadienyl (0.86 g. 6.0 mmol) and Cu,CL(PPh,), (2.19 g,
1.5 mmol) are added to a 230 mL round-bottom flask with a side arm. The flask is
cooled to —10 °C and ca. 100 mL of THF is added. The reaction mixture is stirred
magnetically for 6 h while warming slowlyv to 25 °C. The volatile materials are removed
under vacuum and the resulting residue extracted with diethyl ether. The combined
extracts are filtered through decolorizing charcoal and Celite. The filtrate is concen-
trated under vacuum and then cooled overnight at -78 °C, yielding off-white crystals of
the title compound (1.21 g. 43" ).

Properties: mp 145 °C (decomposition): H NMR (C,D} 8 2.31 (s, CsMes), 6.88-7.20
(m, Ph).

(4) Mesitylcopper(T), Cu( Mesityl). [6]

5CuCl + SMesitvIMgBr —— Cuy(Mesityl); + SMgBrCl (4)

A THF solution (178 mL) of mesitvimagnesium bromide (0.895 M, 0.159 mol) is
added to a cooled (-20 °C) suspension of CuCl(15.8 g,0.159 mol) in 280 mL of THF.
The gray-brown reaction mixture is stirred for 20 h and warmed to room temperature.
p-Dioxane (95 mL. 1.08 mol) is added dropwise, and stirring is continued for 12 h. The
magnesium halides are filtered off. and the green filtrate is brought to dryness, the
residue being dried under high vacuum for 2 h. It is re-dissolved in warm (50 °C)
toluene (200 mL), the remaining magnesium halides are filtered off, and the solution is
carefully concentrated to 80 mL and allowed to stand in the refrigerator. Yellow crys-
tals of the title compound (15.32 g) can be isolated. From the mother liquor another
crop of 3.74 g of the compound separates after concentration. The crystals are washed
with a small volume of cooled toluene and dried under vacuum for a short time. Total
yield: 19.06 g (65%). This product has a pentameric structure in the solid state
(Cus(Mesityl);), while in solution it is in an equilibrium with the dimeric form
(Cus(Mesityl)s).

Properties: '"H NMR (teluene-dy) 8 6.54 (s, 2H, CH,), 2.88 (s, 6H, 0-Me), 1.88 (s. 3H,
p-Me) for [Cus(Mesityl)s]: & 6.62 (s, 2H, C,H,), 2.99 (s, 6H, 0-Me), 1.99 (s, 3H, p-Me)
for [Cu,(Mesityl),].
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+ MeMgl + Meli
AuCI(PPhg) (1) AuMe(PPhy) (2) Li{[AuMes]~ (3)
(ref. 8) (ref. 9) (ref. 10a})
+ PPhs, Mel
(ref. 10}
+ Meli
Li*{AuMe - = AuMes(PPhs) (4)
(5) (ref. 11} + PPhg, R (ref. 9a)
+1y | (ref. 10) \
Me Me
| + EtLi l
Me—Au—PPh; AuMey(1)(PPh3) (6) R—Au—PPh;
(ref. 9a)
Et Me
(7) (8) R =Et, Pr, Bu
Scheme 13.2

13.3 Organogold Complexes

Organogold complexes commonly exist in +1 and +3 oxidation states [7]. Gold(I)
usually forms linear two-coordinate species. although three- and four-coordinate
complexes having trigonal planar and tetrahedral structures, respectively, are also
known. On the other hand, organogold(I11) complexes having the d*-electron configu-
ration strongly prefer the coordination number four with square planar stereochem-
istry. Most organogold compounds so far reported are o—bonded complexes. The ©
complexes having alkene or alkyne ligands are generally very unstable and readily
decompose at room temperature.

Scheme 13.2 shows typical synthetic routes to alkylgold complexes. Treatment
of gold(l) chloride 1 with methylmagnesium iodide forms methylgold(l) complex 2.
A variety of monoorganogold(I) complexes of the type AuR(PPh;) (R = Et, Pr, Bu)
have been similarly prepared [9]. The methyvl complex 2 releases the PPh, ligand
on reaction with methyllithium to form dimethylaurate 3, which can be isolated
as a relatively stable solid after treatment with a tridentate nitrogen ligand,
Me,NCH,CH,N(Me)CH.CH.NMe, [104]. The anionic dimethyl species 3 undergoes
oxidative addition of alkyl iodides in the presence of PPh, to afford trialkylgold(III)
bearing PPh; (4 and 8). In this case. when alkyl iodides other than Mel are employed,
the rrans isomer 8 is formed selectively [9a]. The cis isomer 7, on the other hand, can be
obtained by the reaction of ¢is-AuMe.(I)(PPh,) (6) with alkyllithium.

The trialkylgold(I11) complexes (4. 7. and 8) were employed in the earliest mechanis-
tic study on reductive elimination of o-bonded organometallic complexes [12]. A
detailed kinetic investigation. together with a molecular orbital calculation, indicated
the following mechanism involving T- and Y-shaped three-coordinate species
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Me

|
Me — Au—PPh;
Et 7

+PPhy || —PPhg

Me—Et Me Me-Me

N /

‘//( Et \s\ Me

Me\ |
'T‘U_Et 9 Me——Au\
Me ‘ Et
h{le I\|/Ie
,?u—Et Me— Au—Et
+ PPhg
+ PPhg ,// Me ‘\\\ Mo e 10 \
11 ! Me
l\|/le Au—Et |
PhoP—Au~E! Me Memqu—Ht
| PPh;
Me \
Me-Et
Scheme 13.3

(Scheme 13.3). Dissociation of the PPh.ligand from 7 forms a T-shaped intermediate
9, which undergoes relatively rapid interconversion with other T-shaped intermediates
10 and 11 via transient Y-shaped species. The reductive elimination proceeds from the
Y-shaped species. This study provided a basis for subsequent studies on the thermoly-
sis of a variety of organotransition metal complexes.

13.4 Synthesis of Au Compounds

(1) Methyl(triphenylphosphine)gold(I), AuMe(PPh;) [9]

AuCI(PPh;,) + MeMgl — AuMe(PPh;) + MgICl (5)
A solution of MeMgl prepared from Mg (1.0 g, 43 mmol) and Mel (2.5 mL, 40 mmol)
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in Et,O (15 mL) is added dropwise to a suspension of AuCI(PPh,) (3.00 g, 6.06 mmol)
in Et,0 (25 mL) at -5 °C during 15 min. The mixture is stirred for 1 h under reflux and
then added to 150 mL of ice-cold 0.5% H-SO,. Et,O (20 mL) is added and the mixture
is filtered. The remaining white solid is washed with benzene (100 mL x 3). The ether
layer and the benzene washings are combined. washed with water, dried over Na,SO,.
and concentrated to about 80 mL. Pentane (200 mL) is then added and the mixture is
chilled at -20 °C, yielding colorless fine crystals (2.23 g, 78%).

Properties: mp 167-168 °C; '"H NMR (CDCl) 8 1.10 (d, J = 8.0 Hz).

(2) trans-Ethyldimethyl(triphenylphosphine)gold(Il1),
trans-AuEtMe,(PPh,) [9a]

AuMe(PPh;) + MeLi — Li[AuMe-] + PPh, (6)
Li|AuMe.] + Etl + PPh, — rrans-AuEtMe,(PPh,) + Lil (7)

A solution of dimethylaurate(I) prepared from AuMe(PPh;) (474 mg, 1.00 mmol) and
MeLi (1.00 mmol) in Et,O (1.86 mL) is treated with ethyl iodide (1.25 mmol) at room
temperature for 20 h. The solvent is removed under vacuum and the residue is extract-
ed with 100 mL of pentane. The pentane extract is concentrated to 20 mL and chilled
to —20 °C to provide colorless crystals of the title compound (56%).

Properties: 'H NMR (dioxane) § 0.29 (d. J = 7.0 Hz. Me), 0.9-2.4 (m, Et), 7.4-8.1
(m, Ph).

(3) Chloro(carbonyl)gold(1), Au(CO)Cl |6]

AuCl, + CO + SOCl. —= Au(CO)Cl (8)

A thionyl chloride suspension (155 mL) ot anhvdrous AuCl, (15.58 g, 51.3 mmol) is
placed under a dry CO atmosphere and stirred magnetically. After 1 h the gold(I1I)
chloride is dissolved and the red solution is filtered. CO uptake continues for 18 h while
very slow agitation is maintained and Au(CO)Cl crystallizes. Hexane (200 mL) is then
added dropwise (under CO atmosphere): Au(CO)Cl is collected and washed with four
portions of CO-saturated hexane and dried under a stream of CO. Yield: 11.03 g
(8.5%). Au(CO)Cl is best stored under CO atmosphere and should not be dried under
vacuum as CO loss is facile and promotes decomposition of material.

(4) Mesitylgold(I), Auy(Mesityl). [6]

SAWCO)YCT + SMesitvIMgBr — Au(Mesityl); + SMgBrCl + 5CO (9)

A THF solution (17.1 mL) of mesitylmagnesium bromide (1.15 M, 19.7 mmol) is
added dropwise under exclusion of light to a cold (-40 °C) THF suspension (110 mL)
of Au(CO)CI, which is prepared at —50 °C to avoid decomposition of Au(CO)CI. As
the reaction proceeds. CO evolves gently from the yellow-grayish suspension which is
allowed to slowly reach room temperature after all the mesitylmagnesium bromide
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have been added. p-Dioxane (15 mL, 170 mmol) is added, and stirring is continued
for 2 h. Decantation (3 h) and filtration give a yellow-orange solution. It is carefully
concentrated to 75 mL on the water bath (40—45 °C). When the solution is cooled in
the refrigerator, yellow crystals of the title compound begin to separate. The product
(2.01 g)isisolated, and the mother liquor yields another 0.51 g of product. Total yield:
2.52 g (40.5%). All the operations must be carried out under exclusion of light. The
compound can be recrystallized from toluene, THF, and benzene.

Properties: '"H NMR (toluene-d;) 8 6.57 (m, 2H, C{H>), 2.83 (s, 6H, 0-Me), 1.85 (s, 3H.
p-Me).

13.5 Organozinc Complexes

Organozine chemistry originated in the synthesis of diethylzinc by Frankland in 1849,
which was the first organometallic compound having a metal-carbon 6-bond [13].
Despite the early discovery, the synthetic utility of organozinc compounds has been
limited until very recently because of their air-sensitivity as pure liquids and their low
reactivity as compared with the other organometallic compounds such as Grignard
reagents; only the Reformatsky reagent has been routinely used by organic chemists for
a long time [14].

Recently, the utility of organozinc compounds has been significantly expanded by
combining them with transition metal reagents in transformations such as nickel- or
palladium-catalyzed cross-coupling reactions. copper-mediated substitution and addi-
tion reactions, and catalytic asymmetric addition to aldehydes [15]. Except for com-
mercially available diethyl- and dimethylzincs. organozine compounds are generally
employed in organic synthesis without isolation. The most remarkable aspect of
organozinc reagents is their high functional group tolerance, resulting from their low
nucleophilicity. An extremely wide variety of functional groups can be introduced to
the organic moiety of zinc reagents, including esters, nitriles, halides, ketones, phos-
phates, thioethers, sulfoxides, sulfones and amides.

Monoorganozinc halides (RZnX) can be synthesized by oxidative addition of
organic halides to zinc metal. The oxidative addition rate is strongly affected by the
reaction conditions (solvent, concentration) [16] and by activation of the zinc [15,17].
Zinc powder or zinc foil, which is activated by treatment with 1,2-dibromoethane and
then with trimethylsilyl chloride, will oxidatively add alkyl iodides [18]. The reaction of
alkyl bromides, on the other hand, requires more active zinc, which may be prepared
by the reduction of zinc chloride with either lithium naphthalenide [19] or lithium
metal under ultrasonic irradiation [20, 21].

Other convenient methods to prepare mono-oganozinc halides include zinc—
halogen exchange between Et.Zn [22] and alkvl bromides or iodides (eq (10)) [23], cat-
alyzed by PdCl.(dppf}. Ni(acac).. and MnBr-/CuCl. When organic halides bearing a
terminal vinyl group are employed. intramolecular carbozincation of the vinyl group
takes place (eq(11)}[23a.c].

PdCls(dppf)
(1.5 mol%)

THF, 25°C, 2h

NSNS+ EZn AN N, (10



312

GROUPS 11 AND 12 (CU, AU, ZN) METAL COMPOUNDS

| PdClx{(dppf)
(1.5 mol%)
+ Etezn THF, 25°C, 2h O\/ (b
S , ; ) Znl
Ph Ph

Dialkylzincs can be prepared by transmetallation of zinc salts with alkylating
reagents of the main group elements. Transmetallation of Me,Zn[23] with alkylborons
is a particularly useful route to dialkylzines (eq (12)) [24]. Since alkylborons are readily
accessible by well documented hydroboration reactions of alkenes, a wide variety of
dialkylzincs can be synthesized by this route. Dialkylzincs can be also obtained by the
reaction of Et,Zn [21] with olefins in the presence of a catalytic amount of Ni(acac).

(eq (13)) [25].

H1

R1 R?
/& + HBX, /|\/ BX + MezZn 7 (12
- n
R2 R2 2 _ZnX, MesB R2

2

Ni(acac)» + cod

A .7 (1-2 mol%) Zn (13)
2 R N * 24N neat, 50 °C l R 5

13.6 Synthesis of Zn Compounds

(1) lodo(butyl)zine(Il), Zn(Bu)I [17]

Zn + Bul — Zn(Bu)l (14)

A suspension of 1.7 g (26 mmol) of zinc (99.99% purity) in 2 mL of THF containing
190 mg (1.0 mmol) of 1,2-dibromoethane is heated to 65 °C for a minute, cooled to
25°C, and treated with 0.1 mL (0.8 mmol) of chlorotrimethylsilane. After 15 min at 25
°C, a solution of butyliodide (25 mmol) in 10 mL of THF is slowly added at 30 °C.
After the end of addition, the reaction mixture is stirred for 12 h at 35-40 °C. Usually.
less than 100 mg of zinc remains. indicating a vield of 90%.

(2) Bis{2-(1-methylcyclohexen-4-vl)propyl}zinc(1l) [24]
Me Me

+2MeBEt,  (15)

2 + MeoZn

BEt, Zn
Me Me ¥
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A 25 mL Schlenk flask equipped with a rubber septum is charged under argon with
borane (522 mg, 2.53 mmol) in hexane (5 mL) and cooled to 0 °C. Me,Zn (1.43 g, 1.48
mL, 15 mmol) is added at once via syringe and the solution is stirred at 0 °C for 10 min.
The solvent, the excess Me,Zn and the formed trialkylborane are pumped off carefully
at 0 °C. The resulting solid is left at room temperature under vacuum for 1 h to give the
title compound in over 94% yield.

The treatment of hexylboronic pinacol ester with Et,Zn (5 equiv) at 70 °C for 17 h
without solvent gives dihexylzinc, which is isolated as a pure compound after distilling
off the excess Et,Zn (0.1 mmHg. 50 °C).
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14 Group 1 (Li, Na, K) Metal Compounds

k. Maruoka, Hokkaido University

14.1 Introduction

Organometallics containing Group | metals are characterized by the presence of polar
metal-carbon bonds [1. 2]. The high polarity of the metal-carbon bonds of the
organoalkali metals is primarily responsible for both their high nucleophilicity, i.e., the
high reactivity toward carbonyvl and related polar functional groups, as well as their
high basicity.

Many organolithium compounds are soluble in hydrocarbons; exceptions are
methyllithium and phenvllithium which are associated in these solvents. Butyllithium
is mostly hexameric and reri-butvllithium is tetrameric in cyclohexane. A Lewis basic
solvent can interact with an organolithium oligomer, thereby decreasing the degree of
association. Thus, methyllithium. which is tetrameric in the solid phase, becomes a sol-
vated tetramer in ether. and BuLi. hexameric in hydrocarbons, becomes tetrameric in
ether. In the more basic THF. BuLi has a degree of association between dimeric and
tetrameric at —108 °C, and phenvllithium is between monomeric and dimeric [3].

14.2 Deprotonation with Organolithium Compounds

The o-protons that are less sterically hindered are most rapidly removed by a bulky
base. Thus, addition of an unsymmetrical ketone to an excess of lithium diisopropy-
lamide (LDA) gives the enolate anion on the less substituted side as the result of kinet-
ic control. 2-Methylcyclohexanone has been specifically benzylated in the B-position in
this manner [4].

A specific enolate, generated under aprotic conditions, could be annulated [5, 6]. The
silicon atom stabilizes the anion resulting initially from the conjugate addition, thus

o) OLi 0

20100 °C \/ 45%

LDA/DME \/\ PhCH,Br Ph (1)

Svathesis of Organometallic Compounds: A Practical Guide. Edited by S. Komiya
© 1997 John Wiley & Sons Ltd
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preventing it from competing with the remainder of the original enolate anion for the
o, B-unsaturated substrates. It is cleaved under the basic conditions of the subsequent
aldol cyclization.

1) MeLl

COMe
0 : 2 \[/
H

|
SiMes SiMes

(2)

67%

When o,B-unsaturated esters are treated with a 1:1 complex of LDA and HMPA,
a y-proton is removed giving the conjugated enolate anion. This anion is rapidly
alkylated exclusively at the a-position giving the unconjugated ester [7, 8].

O
0 oLi
LDA -Prd / OEt
/\)J\OEI HMPA/THF /\/J\OB 96% (3)
-78°C

Since nitrogen is less electronegative than oxygen. imines are less reactive toward
carbanions than ketones or aldehydes are. Therefore imine enolate anions can be pre-
pared without self- condensation, yet they will rapidly add to carbonyl compounds [9].
This amounts to a directed cross aldol condensation and can even be used to add alde-
hyde enolate equivalents to ketones.

LDA

AN /O ether /\ N /O
|
Li

(¢]
1) )‘J\/\T/ COzMe OH
Pr OHC\/{\/\(COQMG
2) ag. (COzH), 4)

7% -Pr

14.3 Addition of Organolithiums to C—C Multiple Bonds

The highly nucleophilic character of delocalized organometallics towards carbon-
carbon double bonds is the origin of the anionic polymerization of butadiene,
isoprene, and styrene [10-12]. This is the major industrial application of organolithi-
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um compounds. Organolithium compounds are generally recommended to initiate the
polymerization. Since each addition step to diene or styrene restores an allylic or
benzylic type structure, the polymer chain grows rapidly until the monomer has been

consumed.
H
\ BulLi i n PhCH=—CH; .
C=CH, ——— Li—CH—CH,—Bu Li—CH-CHy—CH—CH, 35 Bu
slow fast

(5)

The combination of organolithiums with chiral coordination ligands such as
sparteine allows the asymmetric polymerization to furnish optically active polymers
with very high enantioselectivity. especially when trityl methacrylate 1s utilized as a
monomer [13, 14].

| Me
£, Ao ~Lm
o=0 V| c=o0
? toluene o (6)
Ph—C—Ph e Ph—G—Ph
P h

Such nucleophilic additions of organolithiums to olefins are of limited use in labora-
tories. Nevertheless, there are certain categories of alkenes and alkynes that undergo
ready addition [15]. A secondary organolithium reagent is easily transformed to the
more stable primary reagent via the rapid equilibration {16].

Bu Bu
OH BuLi _ . HO /j\/ (7)
N v Li oLi OH
64 - 74%
Li =
| ' (8)
Me Me Me

Addition to coordinated arenes is a reliable method for achieving overall aromatic
nucleophilic substitution with formal displacement of hydride [17]. This method illus-
trates the use of nucleophilic addition to an arenetricarbonyl-chromium for the
synthesis of aromatic compounds with unusual substitution patterns.
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Me OMe
0O O |
+ T \/ —— ;b
l Li CN
Cr(CQO);
OMe OMe
Me Me

1) Hy0*
2 On (9

NC OCH(Me)OEt o
91%

14.4 Addition of Organolithiums to C—N Multiple Bonds

The addition of organolithium compounds to simple imines is less satisfactory as a
general synthetic method, particularly when a-hydrogens are present, as alreads
described in the a-deprotonation of imines with organotithium reagents.

R1 Rl R1
SR RAL ! o3 H* | 3
/C_NR R4_?°N(L|)R _— R4—C|3—NHR (10)
R2 R2 R2

The organolithium addition to pyridines or other nitrogen aromatic heterocycles is
a well-established general synthetic method. It is usually used to achieve overall
substitution on the ring, via lithium hydride elimination or oxidation of the dihydro-
intermediate [18].

= BuLl
N benzene N (11)

70% Bu

The addition of organolithiums to nitriles also causes various side reactions includ-
ing a-deprotonation. Thus. aromatic nitriles are susceptible toward straightforward
addition giving the N-lithioketimine predominantly, while acetonitrile and particular-
ly phenylacetonitrile undergo extensive deprotonation. Acidic workup of the resulting
N-lithioketimine gives a ketone [19].

| = CHACN | ~ NLi e | X o} (12)

=

\
\

CH,Li N N
80%
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14.5 Addition of Organolithiums to Carbonyl Groups

In general, the experimental procedures for nucleophilic addition of organolithiums to
aldehydes or ketones are straightforward [20]. Reduction via $-hydride transfer and via
ketyl formation is usually less troublesome in the case of organolithiums. On the other
hand, a-deprotonation i.e., enolization of carbonyl compounds resulting from the
high basicity of many organolithium compounds can be a real problem.

@ +  CsHyy-CHO / CsHi4 (13)
i S

S Li

63% OH

Recently, the conversion of an organolithium compound to an organotitanium or
an organocerium reagent in situ has been utilized to avoid deprotonation since such
reagents are less basic than organolithiums, yet retain sufficient nucleophilicity [21].

0]
MeLiTiCly (14)
T100%

Organolithium compounds normally add to o.B-unsaturated carbonyl compounds
in a 1,2-manner [22]. In certain circumstances. however, conjugate addition of organo-
lithiums takes precedence over 1.2-addition. This process has been demonstrated in the
addition of 2-lithio-2-phenyl-1.3-dithiane to 2-cyclohexenone [23]. When the addition
was carried out in THF at -78 °C and the mixture was warmed to 25 °C, the conjugate
addition product was formed in high yield. When a hexane-THF solvent mixture
is used and quenched at —78 °C. the allylic alcohol was 95% of the preduct.
2-Lithio-1,3-dithiane gives only 1.2-addition to cyclohexenone; thus without the stabi-
lization of the phenyl group. reversal of the initial attack is apparently energetically
unfavorable.

Phosphorus ylids are prepared by treatment of phosphonium salts with bases such
as phenyllithium, butyllithium. dimsyl anion, or potassium z-butoxide. They are not
isolated but used directly after preparation because they are sensitive to oxygen and
moisture. The requisite phosphonium salts are available in great variety from the
reaction of triphenylphosphine and primary or secondary alkyl halides, usually
bromides [24].

The addition of an «-silylorganolithium reagent to a carbonyl compound and
subsequent elimination of lithium trialkylsilyloxide gives an alkene [25]. Alternatively,
hydrolysis of the intermediate adduct, a B-hydroxysilyl compound, converts it into an
alkene [26]. The overall processes are called “Peterson Olefination’; they are highly
stereoselective and complementary to the Wittig reaction. The use of organolithium
compounds in the Horner-Wadsworth-Emmons synthesis may be regarded as analo-
gous.
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OH

CHp=CH-CHO + (PhS),CHLI CHy=CH—CH—CH(SPh),

S q i
PH Ph S
HO hexane/THF . >< > THF
S -78°C U s —781025°C Ph
S S
95% 93% v
benzene CH3S0OCHzNa
PhgP = . - -
3 + CH3Br 55 o0 PhsP+CH3Br DMSO
CH;
(=e
PhsP+-CHy’ , +  PhgPO (15)
80 to 78%
Li
_ BuLi /7 Ph,CO
PhoP(S)CH.SiMes THE PhoP(S)CH —  PhoP(8)CH=CPh,
SiMe; 80%
H\ /Pr Me3Si, Pr H\ H
BF,0Et
o=c e H——= OH 7% c=c
Pr H syn Pr H anti Pr Pr

14.6  Addition of Organolithiums to N,N-Disubstituted Amides

The addition of organolithiums to N.N-dimethylformamide (DMF) works well giving
aldehydes in synthetically useful yields [27]. N-Methylformanilide, Comins’ reagent,
and N-formylpiperidine are possible alternatives.

Cl Cl Cl

OCH,OMe OCH>OMe OCHzOMe

_— e
TMEDA

Li CHO
85%

o,-Unsaturated amides are more prone to undergo conjugate addition than are
o,B-unsaturated esters and ketones [28, 29].
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0 R4 OLi R* o)

RALI /k/L E+
FN/\)LNF#RS_’ R Y R1/H)LNR2R3 (17)

E

14.7 Addition of Organolithiums to Acids

The reaction of an organolithium compound with a carboxylic acid or a carboxylate
salt gives an insoluble dilithium salt which is stable in the absence of protic solvents
and resists any addition that might lead to tertiary alcohol [30, 31]. This salt must be
quenched by pouring it into aqueous acid with vigorous stirring to avoid local contact
of the rapidly formed ketone with any remaining lithium reagent, which would lead to
tertiary alcohol.

CO.H CO,Li (] 8)
LiH /\r 1) Meli

2) Hs0*

93%

Addition of organolithiums to carbon dioxide affording lithium carboxylates,
thence carboxylic acids. 1s a very familiar reaction [32].

T t
S Bu 'O, S Bu (19)
X 2) H3O‘ ><
S L S CO.H

76%

To achieve the better yields of a carboxvlic acid, it is necessary to avoid the simulta-
neous presence of the organolithium compound and the carboxylate salt particularly
at other than low temperatures.

14.8 Substitution at Carbon by Organolithium and Organosodium
Compounds

The substitution reactions of organolithiums with alkyl halides are susceptible to sev-
eral side-reactions involving elimination and metal-halogen exchange, and their mech-
anism and stereochemistry are often complicated. Satisfactory results are usually
obtained by combination of organolithium compounds containing a delocalyzed car-
banion with primary alkyl bromides and iodides. [33]. Iodides are more susceptible to
metal-halogen exchange, though methyl iodide usually works well.

The apparently higher electronegativity of sp-hybridized carbon gives relatively
greater acidity to 1-alkynes so that bases such as butyllithium may be used to generate
the carbanion, which can be used for smooth alkylation [34].
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~ CHS LDA \ CH2LI Pr-Br \ -
| — | — | (204
N N 77% N
THPO(CH,)sC =CH TB:;' [ THPO(CH,)sC=CLi }
0°C
CrHys-X
—— ——— THPO(CH)sC=C(GHy)sCHs
25 °C, 30 min 92%

(21

Allylithium reagents may be prepared directly from the hydrocarbon with the
strong base combination, butyllithium and TMEDA [35]. These complexed reagents
give high yields too, when used in two-fold excess with primary halides.

Me |
N

Me
N
BuL/TMEDA i \L;‘ CeHy5Br
- < i P ——
ether/hexane N -781025°C (22)
N
M

-78t025°C 96%

PO
L € Me

precipitate /L/\/\/\

The more resonance-stabilized cyclopentadienide anion is readily alkylated with
alkyl halides, tosylates, or epoxides. The sodium reagent often gives best results [36].
The initially formed 5-alkylcyclopentadiene rapidly isomerizes at room temperature
under the reaction conditions to the 1-allvl isomer in good yield and isomeric purity.

THF =

N /J\/\)\ -

Q a+ TsO = 0w25-C (23)
4h

85%

14.9 Nucleophilic Cleavage of Epoxides with Organolithiums

The nucleophilic reaction of organolithium compounds with ethylene oxide is a useful
and general method for two-carbon homologation [37].

Et | Et Li 0 Et CH,CH,OH
N/ Buli AN /\ N
C—C cC—cC c=cC (24)
/ \ / \ \

Bu H Bu H Bu H
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The corresponding reaction with substituted epoxides is more susceptible to
side-reactions, including deprotonation. Recently, activation of such epoxides by com-
plexation with BF;OEt,enabled the smooth ring opening of epoxides [38].

Bu
BuLi/BF3OEt;
97% e,
‘OH

14.10 Reaction of Organolithiums with Polyhaloalkanes

A halogen atom, especially bromine. gives sufficient stabilization to an attached car-
banion to allow preparation by metal halogen exchange from 1,1-dihalo compounds
[39, 40]. These o-halocarbanions decompose rapidly via a carbene intermediate, since
the halide is a good leaving group. The preparatively useful reactions involve in situ
reactions of the transient carbanions in the presence of aldehydes or ketones [41].

0 OLi
M BuLi/CH;CHBrs
THF
—781t0 25 °C Br
0]
95%

The o, o-dihalocarbanions can be prepared by removal of a proton from a dihalo
compound using lithium dialkylamide or butyllithium-TMEDA bases [42].

HO. CHCl,

i _— 27
+ CHCl, + LIN1—<:>)2 P (27)

89%

14.11 Oxidation of Organolithium Compounds

The reaction of organolithium compounds with oxygen can be controlled to give, at
low temperatures, a hydroperoxide or at higher temperatures an alcohol or phenol [43].
Esters, lactones, ketones, and nitriles with secondary a-carbons can all be a-hydrox-
ylated using the peroxide MoO./Pyridine/HMPA [44-46]. This method does not
involve hydroperoxide intermediates so that elimination to the ketone does not occur.
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OH
_ - o |
PhCH,CO,H [PRCHCO, ] 2Li* ———— Ph—CH—CO,H (28)
86%
Q0,, =70 °C
(?OH
Ph—CH—CO;H
82%
0
0
oH (29)
1) LDA
-78 °C
2) MoOsPy
HMPA THPO
THPO 259

Oxidation of alkenyllithiums with bis(trimethylsilyl)peroxide gives trimethylsilyl
enol ethers, which may be easily hydrolyzed to the corresponding ketones [47].

L 0OSiMe; @)
Me;Si00SiMe; H+*

52% 59%

14.12  Synthesis of Group 1 Metal Compounds

(1) Butyllithium, LiBu [48]
Br—Bu+ Li — Li—Bu (30)

In a 500 mL three-necked flask equipped with a stirrer, a low-temperature thermometer,
and a dropping funnel is placed 200 mL of anhydrous ether. After the apparatus has
been swept with dry, oxygen-free nitrogen. 8.6 g (1.25 gram atoms) of lithium wire (or
any other convenient form of lithium metal) is cut into small pieces which are allowed
to fall directly into the reaction flask in a stream of nitrogen. With the stirrer started,
about 30 drops of a solution of 68.5 g (0.50 mol) of n-butyl bromide in 100 ml of anhy-
drous ether is added from the dropping funnel. The reaction mixture is then cooled to
—10 °C by immersing the flask in a dry ice-acetone bath kept at about -30 to — 40 °C.
The solution becomes slightly cloudy and bright spots appear on the lithium when the
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reaction has started. The remainder of the n-butyl bromide solution is then added at
an even rate over a period of 30 min while the internal temperature is maintained at
—10 °C. After addition is complete, the reaction mixture is allowed to warm up to 0 to
10 °C with stirring during | to 2 h. The reaction mixture is then filtered under an
atmosphere of nitrogen by decantation through a narrow tube loosely plugged with
glass wool into a graduated dropping funnel previously flushed with nitrogen.

The vield is 80-90%, determined as follows. A 5 or 10 mL aliquot of the solution is
withdrawn by means of a pipet connected to a rubber suction bulb, and hydrolyzed by
adding to distilled water (10 mL). This is titrated with standard acid to determine the
total alkali, using phenolphthalein as indicator. A second 5 or 10 mL aliquot is with-
drawn and run into a solution of anhydrous ether (10 mL) containing benzyl chloride
(1 mL). The mixture is allowed to stand for 1 min after the addition and is then
hydrolyzed with water (10 mL) and titrated with standard acid. Care must be taken not
to overstep the end point since the aqueous layer becomes decolorized before the ether
layer. To overcome this the mixture should be shaken vigorously near the end point.
The second titration determines the alkali present in the form of compounds other
than n-butyllithium. The difference between the two titration values represents the
concentration of n-butyllithium.

) Vinyllithium, LICH=CH, [49]
CICH=CH. + Li —= LiCH=CH, (31)

Vinyl chloride from a cylinder is condensed into a calibrated trap. Six grams (0.1 mol)
of the chloride is entrained in a steam of argon and bubbled into a stirred flask con-
taining lithium-2% sodium dispersion (1.5 g) in THF (250 mL) under an argon atmos-
phere. A reaction begins after about one-fourth of the vinyl chloride has been added,
and the remainder of the addition is carried out at 0-10 °C. After addition the mixture
is stirred for 2 h at 0 °C and then allowed to warm to room temperature with stirring.
Filtration in an argon atmosphere gives a clear colorless solution of vinyllithium in
THE. The yield of vinyllithium is 6065 as estimated by titration with base and by
reaction with vanadium pentoxide followed by titration with standard permanganate
solution. A derivative from acetone vields approximately 20% of dimethylvinyl-
carbinol, bp 97-99 °C. n,," 1.4178.

Vinyllithium can be also prepared by the reaction of teravinyltin with phenyllithium
in ether.™

Sn(CH=CH.), + 4 PhLi —= 4 LiCH=CH, + 4 SnPh, (32)

(3) Trichloromethyllithium, LiCCl, [51]

HCCIl, + BuLi — LiCCl,

Chloroform (12.46 g, 104 mmol) is dissolved in THF (130 mL) and cooled to —105 °C.
Butyllithium in hexane (73 mL, 104 mmol), is then added very slowly over a 45 min
period. The reaction mixture darkens rapidly (after first few drops) and changes from
purple finally to a greenish slurry. After 1.25 h from start of the addition, the reaction
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is poured onto stirred dry ice (amber-green color is not discharged). After evaporation
of the dry ice and solvent on a steam bath, a semicrystalline brown residue remains.
Water (150 mL) is added and most of the residue dissolved. After extraction with ether.
the aqueous phase is acidified and extracted with ether. The ether phases are com-
bined, dried, and vacuum stripped to yield 6.7 g of a red oil, which is vacuum distilled.

The liquid gives a few drops of forerun on distillation and then yields a clear liquid
distillate (4 g) boiling at 6669 °C (0.6 mm), which partially crystallizes on standing.
About half is pure white crystals and the other half clear liquid (which crystallizes
slightly below room temperature). The infrared spectra of both are very similar to a
standard spectrum of trichloroacetic acid. The solid is deliquescent and is identified as
trichloroacetic acid. Anal. Caled. for C.HO.Cl;: Cl, 65.1. Found: Cl, 63.9. The liquid
fraction contains 55.3 % Cl, which is close to theoretical for dichloroacetic acid, but its
infrared spectrum shows it to be predominantly trichloroacetic acid, contaminated
with lesser amounts of dichloroacetic acid (yield ca. 25%).

The compound can be also prepared as follows [52]:

CCl, + BuLi — LiCCl, (33)

Carbon tetrachloride (5.6 g, 36.5 mmol} is dissolved in THF (100 mL) and cooled to
—105 °C. Butyllithium in hexane (26 mL, 37 mmol). is then added over a 30 min period.
There occurs a mild exotherm and a very gradual change from colorless to pale pink.
After about half the butyllithium is added. a white precipitate becomes visible. After
1 h from the start, the reaction is a white slurry (very clean looking). After 1.5 h, the
reaction is poured onto stirred powdered Dryv Ice and worked up as before. All of the
acid distilled at 69.5 °C (0.4 mm) and crystallized in the condenser. 4.5 g of
trichloroacetic acid is isolated (76% yield). The infrared spectum is identical with that
of an authentic sample.

(4) Methallyllithium, LiCH,C(Me)CH, [35]

e\
/& PUL/TVEDA L: s /L/\/\/\
ether/hexane -7810 25 C (34)
~78 10 25 °C

96%

precrpitate

By adding isobutylene (100 mL) to a stirred solution of the BuLi/yTMEDA reagent
(from BuLi (33 mol) in hexane and TMEDA (33 mol) in ether (20 mL)) at =78 °C, then
stirring overnight under nitrogen atmosphere at room temperature, there results a
white crystalline precipitate as methallyllithium/TMEDA complex, and a pale yellow
supernatant. Subsequent addition of 1-bromohexane (16.5 mol) dissolved in ether (ca.
0.8 M) at —78 °C, warming the resultant mixture to room temperature for 3 h prior to
adding saturated ammonium chloride solution, leads after washing the pentane extract
with diluted HCl solution and drying over Na,SO, to acceptable yields of methallated
coupling product.
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(5) 2-Lithio-1,3-dithiane, LICH(SCH,CH,CH,S) |32]

S H S H
C >< + Buli TR C >< (35)
S H S L

A round-bottomed flask with ST neck and side arm is equipped with a magnetic spin
bar, a three-way stopcock. and a serum cap. Solid dithianes are weighed into the flask
prior to subsequent flushing with nitrogen or argon. The reaction vessel is kept under
positive inert gas pressure until workup. Solvents. liquid reagents. and solutions of
reagents are introduced. and samples are withdrawn through the serum cap by hypo-
dermic syringes. To avoid loss of pressure. pierced caps are sealed with parafilm tape.

The amount of freshly distilled THF necessary to obtain a 0.1-0.5 M solution of
dithiane is added. A 5% excess of Buliin hexane (1.5-2.5 M) is added at a rate of 3-5
mL/min to the solution stirred at ~40 °C. After [.5-2.5 h at -25 to -15 °C, most dithi-
anes are metalated quantitatively as determined by deuteration of an aliquot of the
solution containing 50-100 mg of dithiane. This is done by injecting the withdrawn
solution into 1-3 mL of D.O in a small separatory funnel and extracting with ether,
methylene chloride, or pentane: the orange layer is dried for a few minutes with K,CO,
and concentrated evaporatively. Integration of the dithiane C2-proton NMR signal vs.
any other well-defined and separated peak of the particular dithiane thus provides the
extent of deuteration with an accuracy of 5% within 15 min.

The anion solutions of dithiane are clear and colorless, and can be stored for a few
hours at room temperature without decomposition. After two weeks at -25 °C, the
anion solution showed no decomposition.

Instead of butyllithium. terz-butyllithium can be used to metalate dithiane at lower
temperatures or within shorter periods of time.

(6) Lithium Diisopropylamide, LiN(i-Pr), [52]
Lithium 6-methylcyclohexenolate, LiO(C=CHCH,CH,CH,CH(Me))[52]

: e LiN(- (36)
HN(FPr), + Meli OVE LiN(~Pr)»
o OLi 0
CHg CHa CH CH,Ph
LIN(+Pr); PhCH,Br ° (37)
DME DME
58-61%

A 1 L three-necked flask is equipped with a nitrogen-inlet tube fitted with a stopcock, a
glass joint fitted with a rubber septum. a 125 mL pressure-equalizing dropping funnel,
a thermometer, and a glass-covered magnetic stirring bar. After the apparatus has been
dried in an oven, 2.2"-bipyridine (45 mg) is added to the flask and the apparatus is thor-
oughly flushed with anhvdrous. oxygen-free nitrogen. A static nitrogen atmosphere is
maintained in the reaction vessel throughout subsequent operations involving
organometallic reagents. An ethereal solution containing methyllithium (0.2 mol) is
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added to the reaction flask with a hypodermic syringe. After the ether is removed
under reduced pressure, the reaction vessel is refilled with nitrogen and DME (400 mL )
1s added to the vessel with a hypodermic syringe or a stainless steel cannula. The result-
ing purple solution of methyllithium and the methyllithium-bipyridyl charge-transfer
complex is cooled to —50 °C with a dry ice-methanol bath before diisopropylamine
(29.2 mL, 0.208 mol) is added with a hypodermic syringe, dropwise and with stirring.
During this addition, which requires 2-3 min. the temperature of the reaction solution
should not be allowed to rise above —20 °C. The resulting reddish-purple solution of
lithium diisopropylamide is stirred at —20 °C for 2-3 min before 2-methylcyclohexa-
none (21.3 g, 0.19 mol) in DME (50 mL) is added dropwise and with stirring. During
this addition the temperature of the reaction solution should not be allowed to rise
above 0 °C. After the addition of the ketone, the solution of the lithium enclate must
still retain a pale reddish-purple color indicating the presence of a slight excess of lithi-
um diisopropylamide. The enolate solution is stirred and warmed to 30 °C with a water
bath before benzyl bromide (68.4 g, 0.4 mol) is added. rapidly and with vigorous stir-
ring, from a hypodermic syringe. The temperature of the reaction mixture rises to
about 50 °C within 2 min and then begins to fall. After a total reaction period of 6 min.
the reaction mixture is poured into saturated sodium hydrogen carbonate (500 mL)
and extracted with three 150 ml portions of pentane. The combined organic extracts
are washed successtvely with two 100 mL portions of SN HCl and 100 mL of saturated
sodium hydrogen carbonate, dried over anhydrous magnesium sulfate, and concentrat-
ed with a rotary evaporator. The residual yellow liquid is fractionally distilled under
reduced pressure, separating 31-32 g of forerun fractions, bp 67-92 °C (20 mm) and
40-91 °C (0.3 mm), and 21.3-23.3 g of crude 2-benzyl-6-methylcyclohexanone as a
colorless liquid, bp 91-97 ° (0.3 mm.). n(25 °C) 1.5282-1.5360. The crude products
contain 2- benzyl-6-methylcyclohexanone (86-90":) and crude 2-benzyl-2-methylcy-
clohexanone (10-14%) accompanied by in some cases by small amounts of trans-
stilbene.

BuLi+ HN(i-Pr). —— LiN(/-Pr), (38)

THE

Lithium diisopropylamide can be conveniently prepared by the reaction of diiso-
propylamine with BuLi in THF solvent at 0 °C for 15 min.

(7) Lithium Bis(trimethylsilylamide), LiN(SiMe,), [533)

BuLi+ HN(SiMe.), —= LiN(SiMe,), (39)

A dry 500 mL three-necked flask. fitted with a pressure-equalizing dropping funnel
and a stopcock in each side-neck. is equipped for magnetic stirring and maintained
under a static nitrogen pressure by attaching a nitrogen source to one stopcock and a
mercury bubbler to the other. In the flask is placed BuLi (0.25 mol) in hexane (153
mL), and stirring is started. The flask is immensed in an ice-water bath, and hexam-
ethyldisilazane (42.2 g, 0.263 mol) is added dropwise over a period of 10 min. The ice
bath was removed and the solution is stirred for 15 min longer. The hexane is removed
under reduced pressure by replacing the mercury bubbler with heavy rubber tubing
connected to a dry-ice condenser and an oil pump. During this step, the flask is
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immensed in a water bath at 40-50 °C, and stirring is continued as long as possible.
After complete evaporation of the hexane, white crystals of lithium bis(trimethylsi-
lyl)amide appear. The flask is again subjected to a static pressure of nitrogen, and THF
(225 mL) is added to dissolve the crystals.

(8) Cyclopentadienyl Sodium, Na(C:H;) [36]
S D 0
THF - 41
@—Na + TsO/J\/\/L T D/t\/\)\ (41)
4 h

85%

Sodium spheres (2.88 g, 0.125 mol) are refluxed in dry xylene (35 mL) under nitrogen
until sodium sand has formed. After cooling to room temperature the xylene is decant-
ed, and the sand is washed with dry THF (2 x 25 mL) and suspended in THF (75 mL).
Freshly distilled cyclopentadiene (10 mol) is added to the stirred mixture in four por-
tions, resulting in a deep red-purple solution in which all the sodium has been con-
sumed (3 h). The solution is cooled in an ice bath, and the tosylate (31.3 g, 0.11 mol) in
dry THF (100 mL) is added dropwise over 0.5 h. After the addition is complete, the
reaction mixture is allowed to warm to room temperature and stirring continues for a
further 4 h. The light-brown mixture is transferred to a separatory funnel, diluted with
brine (100 mL), and extracted with ether (4 x 700 mL), the combined extracts are
washed with brine and dried. and the solvent is removed to afford an oil which is
purified by column chromatography on silica gel (10:1) elution with hexane to give the
hydrocarbon (16.5 g, 85%) as a clear oil.

Properties: IR 1660, 1601 cm-1: '"H NMR 5.8-6.5 (3H, m. cyclopentadiene), 5.02 (1H,
brt.J=6Hz, CH=CMe,). 2.80 (2H,d of m,J = 5, 1.3, 1 Hz, C—=CCH’C=C), 1.09
(3H. d. J = 7 Hz, CH,CH), 1.55, 1.63 (6H. s, Me,C=C), 1.09 (3H, d, J = 7 Hz,
CH,CH) ppm: mass spectrum M* 176.

(9) Triphenylmethylpotassium, KCPh3 [54]

Ph,CH + K —= KCPh, (42)

A 500 mL three-necked round-bottomed reaction flask having ground-glass joints is
equipped with a mercury-sealed stirrer, a dry-ice condenser (having a soda-lime tube},
and an inlet tube of wide diameter (12 mm) leading from a second 500 mL round-bot-
tomed flask containing commercial anhydrous ammonia (about 300 mL). The ammo-
nia (150 mL) is distilled from sodium into the reaction flask and the inlet tube replaced
by a ground glass stopper. To the stirred ammonia is added in small pieces (7.8 g, 0.2 g-
atom) of clean potassium which is converted to potassium amide by means of a piece
of rusty iron gauze. The ground-glass stopper is replaced by a dropping funnel con-
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References

taining triphenylmethane (48.8 g, 0.2 mol) dissolved in ether (250 mL). This solution 1s
added to the stirred 0.2 mol of potassium amide as rapidly as the ammonia is efficient-
ly condensed. The mixture acquires an orange color. After 1 h. the dry-ice in the con-
denser is replaced by crushed ice. The reaction mixture is allowed to come to room
temperature and finally refluxed on a steam-bath for 2 h to expel the ammonia, suffi-
cient ether being added gradually so that the volume of the mixture remains approxi-
mately 300 mL. The potassium triphenylmethide reagent is obtained as a blood-red
suspension in ¢ther,

The conversion of the potassium to potassium triphenylmethide is assumed to be
quantitative, producing 0.2 mol of the reagent. Carbonation of the reagent givesa 91"
yield (based on either triphenylmethane or potassium) of triphenylacetic acid, mp
263-265°.
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Group 2 (Mg) Metal Compounds

N\. Miyaura, Hokkaido University

15.1

Introduction

Organomagnesium compounds are one of the most readily available, easily prepared,
and easily handled of the metal reagents, which were discovered by Barbier and
Grignard in 1900. The most commonly prepared organomagnesium reagents are the
solvated Mg(R)X, which are usually prepared by the classical technique of direct reac-
tion of organic halides and magnesium metal. The reagents are directly used as inter-
mediates for the syntheses of organic and organometallic compounds.

There are a number of pertinent reviews and books [1] for the preparation of
organomagnesium compounds and their reactions. Thus, this chapter summarizes the
representative methods for the preparations of organomagnesium (Grignard)
reagents.

15.2 Synthesis of Organomagnesium Compounds

15.2.1 Preparation from Organic Halides and Magnesium Metal

Many simple alkyl, aryl, and 1-alkenylmagnesium compounds are readily prepared by
the slow addition of organic halides to a stirred suspension of a slight excess of magne-
sium turnings in an ether solvent (eq. (1)).

R-X + Mg R-Mg-X (1)

The formation of the Grignard reagent is generally slow to start; however, when it is
established in ethereal solvents, it is exothermic. Thus, care must be taken during the
preliminary stage to avoid the addition of too much halide before it has been observed
that the reaction is well started. The halide is then added at such a rate as to maintain a
gentle reflux of the ether. The induction period at the beginning is due to the presence
of moisture and a thin oxide film coated on the surface of magnesium metal. Moisture
can be removed by heating the flask containing magnesium turnings with an electric
heat gun, while maintaining a slow stream of dry nitrogen through the flask.
Activation of the magnesium surface can be carried out by the addition of a small
amount of iodine or 1,2-dibromoethane. The activated magnesium slurries, prepared

Synthesis of Organometallic Compounds: A Practical Guide, Edited by S. Komiya
© 1997 John Wiley & Sons Ltd
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by reduction of magnesium halides with potassium metal [2] or sodium naphthalene
radical anion [3] (Rieke’s magnesium). are useful for alkyl and aryl halides that do not
react with magnesium turnings or for the synthesis of unstable Grignard reagents at
low temperature [4]. Diethyl ether and THF are the most popular solvents. The use of
THEF is essential to achieve high yields for vinyl halides and other inert organic halides
such as chlorobenzene and bromomesitylene; however, the more polar nature of THF
may accelerate the formation of the Wurtz coupling products for alkyl halides. Other
ether solvents such as di-n-propyl ether, di-n-butyl ether, diisopropyl ether, and DME
are also suitable for the reactions at higher temperatures.

The formation of Grignard reagent is initiated by a rate-determining electron trans-
fer from the magnesium metal to the 6* anti-bonding orbital of the carbon-halogen
bond [5]. Most of the organic radicals thus formed remain adsorbed on the magnesium
surface to form the Grignard reagent. The surface radical can also undergo dimeriza-
tion and disproportionation and some can escape the surface and react in the solution.

R-X + Mg(0) R-X-. + Mg(l) R* + Mg()X
(2)
disproportionation
dimer, RH, and MgX; etc. R-Mg(l1)-X

The order of reactivity of organic halides is | > Br > Cl > F. Although organic
iodides are the most reactive, they produce more Wurtz coupling products through the
radical oxidative addition process. Thus, it is usually advisable to use the chlorides or
bromides, except in the case of aromatic iodides and methyl iodide. 1-Alkenyl
Grignard compounds are obtained by the direct reaction of magnesium and vinylic
halides in THF [6], but the reaction is not completely stereospecific and the retention
of the stereochemistry of haloalkenes varies from 60-90% [7]. The difficulty associated

Table 15.1 Synthesis of Grignard Reagents from Organic Halides and Magnesium Metal

Halide Solvent Grignard Reagent Yield/%o*

(CH,),CHX ether (CH,)-CHMgX" X=Cl(94), X=Br(82),
X=I(57)

(CH,),CCl ether (CH,),CMgCI

C.H,Cl THF C HMgClH 95

CHBr ether C.H:MgBr¢ —

2,4,6-(CH,,C,H-Br THF 2.4.6-(CH,),C,H,MgBr' 84

(CH,»,C=—CHBr THF (CH,),.C=CHMgBr* 90

CH,CH=CHCH,Br ether CH,CH=CHCH,MgBr" 90
CH,=CHCH,CH,Cl  ether CH,—CHCH,CH,MgCl'  >70

“Yields are estimated by titration or by reactions with carbonyl compounds. "Houben, L.; Boedler, J.; Fischer,
W. Chem. Ber., 1936, 69, 1766. ‘Puntambeken, S.V.; Zoellner, E.A. Org. Synrh. 1941, 1, 524, ‘Gilman. H ;
Zolner, E.A ; Dickey, 1.B, J Am. Chem. Soc. 1929, 51, 1576. °Allen, F.H.; Converse, S. Org. Synth. 1941, 1,
226, 550. 'Bowen, D.M. Org. Svath 1955, I11, 533, *H. Normant, J. Ficini, Bull. Soc. Chim. Fr., 1956, 1441..
"Benkeser, R. A. Synihesis. 1971, 347. R 1. Trust. R. E. Ireland. Org. Synth.. 1988, VI, 606.
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with the Wurtz reaction in the syntheses of allyl- [8] and benzylmagnesium chlorides or
bromide [9] can be limited by the very slow addition of the halides to a large excess of
magnesium in an ether solvent at a low temperature. The use of fluorides is generally
not recommended: however, Rieke's magnesium is active enough to convert alkyl and
aryl fluorides to the corresponding magnesium fluorides in high yields {2].

Representative organomagnesium reagents and the reaction conditions for their
preparation are summarized in Table 15.1.

15.2.2 Metallation of Acidic C—H Bonds

The replacement of hydrogen in an organic compound by magnesium is convenient for
the preparation of Grignard reagents from sufficiently acidic hydrocarbons. The
simplest metallations are those of relatively strong hydrocarbon acids ( pKa < 25) such
as l-alkynes (pKa = 25) [10]. cyclopentadiene ( pKa = 16) [11], and indene (pKa = 20)
[12], which may be regarded as straightforward acid base reactions. The reaction is
accelerated by increasing the nucleophilicity of the organic group on the magnesium
atom. Thus, the reaction is slow in hvdrocarbon solvents, but is faster in ethereal sol-
vents and faster still in the presence of up to two moles of HMPA. Cyclopentadiene.
indene, fluorene, and 9.10-dihvdroanthracene are readily metallated with isopropyl-
magnesium chloride in HMPA below 40 °C [13].

RC=CH + Et-Mg-Br > RC=C-Mg-Br + EtH (3)
Me Me Me
ﬂ kN ﬂ — ﬂ\ )
Me N Me N Me N MgBr
| | I
H MgBr H
CHX3 + 'Pr-Mg-Cl ~ CXsMg-Cl + PrH (5)

X = Cl (78 °C), X = Br (=95 °C)

Heterocyclic aromatic compounds such as pyrrole are readily metallated with
Grignard reagents. The resulting compounds have N-—Mg bonds and are, therefore.
not organometallic compounds. but on reaction with electrophiles give 2-substituted
pyrroles [14] (eq (4)). The reaction of chloroform or bromoform with PrMgCl at
~78 °C in THF-HMPA (4:1) is mild and convenient method for the generation of an
unstable carbenoid in the solution [15} (eq (5)).

15.2.3 Transmetallation

When the preparation of a halide-free diorganomagnesium compound is desired, the
method of choice is the reaction between magnesium and an diorganomercury com-
pound [16] (eq (6)). The reaction of dimethylmercury or divinylmercury with magne-
sium metal proceeds at ca 60 °C, but diphenylmercury requires heating at 150 °C for
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40 h without a solvent. Extraction of the reaction mixture with ether or THF produces
a pure solution of diorganomagnesium. The reaction is most suited for critical physical
studies, but the reaction has limited use because of the need to handle extremely poiso-
nous organomercury compounds.

RgHg + Mg

R-Mg-R (6)

LiR + MgXs R-Mg-X (7)

Alternatively, the reaction of an organolithium compound with one equivalent of
magnesium halide, is a useful route to Grignard reagents that are difficult to prepare
directly (eq (7)). The reaction occurs with retention of configuration for optically
active organolithiums [17]. The preparation of diorganomagnesium in benzene or
hydrocarbon solvents is carried out by the addition of two equivalents of organolithi-
um to a solution of activated MgCl,[18)].

15.2.4 Carbometallation and Hydrometallation

The transition metal-catalyzed reactions of Grignard reagents provide a valuable tech-
nique for the addition of Grignard reagents (R=Me. Ph) and magnesium hydrides to
alkenes and alkynes. Nickel(Il) chloride catalyzes the addition of MeMgBr or
PhMgBr to alkenes [19]. A combination of Ni(acac), and Me,;Al is effective for the
cis-addition of methylmagnesium bromide to alkynes [20] (eq (8)). On the other hand.
the intramolecular addition of the carbon-magnesium bond to alkenes and alkynes
proceeds without catalyst. The formation of cyclic compounds is favoured for five- and
seven-membered rings, but not for three- and four-membered rings [21]. The reaction
may occur through the radical cyclization process during the preparation of the
Grignard reagents.

) R SiMe,
Ni(acac), / MezAl
R-C=C-SiMe; + Me-Mg-Br — (8)

Me MgBr

———Ph Ph
O - <:>=< ©)
MgBr

The titanium-catalyzed addition of magnesium hydrides to alkanes was first report-
ed by Ashby [22], but this reaction can be more conveniently carried out using alkyi-
magnesium halides (‘Bu, "Pr). because B-hydride elimination from organotransition
metal complexes to produce transition metal hydrides is generally very rapid
(RCH,CH,MgX + M—X — RCH,CH,-M — H—M + RCH=CH,). Thus, dimeriza-
tion and subsequent cyclization of butadiene is achieved with "PrMgBr in the presence
of NiCly(PPh;), [23] (eq (10)). The catalytic hydrometallation of alkynes [24] and 1,3-
alkadienes [25] with "PrMgBr proceeds with Cp,TiCl, catalyst {eq (11) and (12)). The

reaction may also involve a Ti—H intermediate resulting from B-hydride elimination,
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H
MgBr
P "PrMgBr = o
2 /\/ NiCly(PPhs) MgBr (10)
1Lz 3)2
X
H

. R SiM93
R-C=C-SiMes + Bu-Mg-Cl — 212 _ (11)

H MgBr

Cp,TiCl
/l\/ + "Pr-Mg-8r _ Bng\)\/ (12

The addition of a magnesium hydride to propargylic alcohols proceeds with a
Cp,TiCl, catalyst, in which the oxomagnesium species may provide anchimeric assis-
tance for the addition [26] (see Section 15.3(10)).

15.2.5 Other Methods for Preparation

A simple fractional crystallization of magnesium halide allows the separation of the
diorganomagnesium compounds because the Schlenk equilibrium produces a quantity
of MgR, in the Grignard solution [27] (eq (13)). The magnesium halide forms an insol-
uble MgX,'(1,4-dioxane), complex. Thus. the preparation of a diorganomagnesium
solution is simply achieved by the addition of 5-10% excess of a 1:1 molar ratio of
1,4-dioxane to an ethereal Grignard solution [28, 29].

JRMgX + 2 Q O MgX, (o o) + R-Mg-R (13)
N/ N/ 72

The reaction of diethylmagnesium with sodium triethylhydroborate in ether at
78 °C gives a solution of Mg(H)Et, which disproportionates to MgEt, and MgH,
above —20 °C [29] (eq (14)). The reaction of MgR, (R = Et, Ph) with lithium aluminum
hydride produces insoluble MgH, accompanied by Li[AIH, ,R,] (n=1-4) [30] (eq (15)).

—78°C >-20°C
MgEt, + Na[BHEts] H-Mg-Et MgH, + MgEt:  (14)
. THF
2 MgR, + LiAIH i
gho 4 R = Mo, Ph 2 MgH, + Li[AIR4] (15)

15.3 Synthesis of Organomagnesium Compounds

15.3.1 General Remarks

For the preparation of Grignard reagents, all reagents, solvents, and apparatus must be
dry and moisture and oxygen should be excluded. If a clear stock solution of Grignard
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reagent, the reaction mixture should be filtered through a dry Celite pad on a
sintered-glass filter. Alternatively, the reaction mixture can be allowed to stand
overnight so that the unreacted magnesium residues settle, and the supernatant solu-
tion is then transferred to a bottle charged with nitrogen by means of a cannula and
nitrogen pressure.

The Grignard solution is standardized by the following procedure [31]. 2 mL of
Grignard solution is added to 5 mL of water that contains four drops of aqueous
methyl orange solution as an indicator. The ether is removed by evaporation and an
excess of 1 N hydrochloric acid is added until the color of the solution changes from
yellow to red (X mL). The excess acid is titrated with a 0.5 N sodium hydroxide until
the solution turns to yellow (¥ mL). The molar concentration of Grignard reagent =
(X-0.5Y)/2.

(1) Butylmagnesium bromide, Mg(C,H,)Br |32]:

General procedure from organic halides and magnesium metal is given below:

R-X + Mg etherorTHF g pg-x (16)

RX = C4HgBr, 3-chlorobromobenzene, CH,—CHCH,CI, CH,—CHB},
HC=CCH,Br, 1-chloronorbornane

A flask is assembled with a magnetic stirring bar or a mechanical stirrer, a dropping
funnel, and a reflux condenser to which an oil bubbler and a nitrogen inlet are connect-
ed. The flask is charged with magnesium turnings. and then the flask is heated with an
electric heat gun or a Bunsen burner while maintaining a slow stream of nitrogen
through the flask to remove traces of moisture. Use the above general procedure for all
preparations of Grignard reagents from magnesium metal and organic halides. Three
times repetition of evacuation and filling nitrogen procedure is also used for this
purpose.

The flask is charged with magnesium turnings (36.5 g, 1.5 mol) and ether (500 mL).
The dropping funnel is charged with a solution of butyl bromide (206 g, 1.5 mol) in
ether (250 mL). Add 10-15 mL of the bromide solution to the flask. The reaction
generally begins within a few minutes ( if necessary, add a crystal of iodine or small
amount of 1,2-dibromoethane). As soon as refluxing is vigorous, immerse the flask in
an ice-water bath. Add dropwise the butyl bromide solution at a rate necessary to
maintain a gentle reflux (30-40 min). After all solution has been added, stir the mixture
at room temperature until almost all of unreacted magnesium residue disappears.

(2) 3-Chlorophenylmagnesium bromide, Mg(3-CIC H,)Br |33]:

The flask is charged with magnesium turnings (29.1 g, 1.2 mol), a crystal of iodine, and
ether (50 mL). A solution of 3-chlorobromobenzene (229 g, 1.2 mol) in ether (850 mL.)
1s added dropwise with stirring at a rate which maintains rapid refluxing. The reaction
begins after 20-50 mL of the ether solution is added. If the reaction does not start
spontaneously, heat the mixture to reflux before more than 50 mL of the ether solution
is added. After all of the ether solution has been added, stir and heat to reflux with an
electric heating mantle for 1 h.
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(3) Allylmagnesium bromide, Mg(CH,CH=—CH,)Br {8|:

Magnesium turnings (153 g, 6.28 mol), ether (360 mL). and a few crystals of iodine are
placed in the flask. A solution of allyl bromide (351 g, 2.9 molin 2.6 L of ether) is
added in small portions until the reaction begins, and then at such a rate as to maintain
a gentle reflux of the ether (ca 3 h). After the addition has been completed, the mixture
is refluxed for 1 h to give an allylmagnesium bromide solution.

(4) Vinylmagnesium bromide, Mg(CH=CH,)Br [34]:

A dry-ice—acetone reflux condenser is used. The flask is charged with magnesium turn-
ings (29.2 g, 1.2 mol) and enough THF to cover magnesium turnings. About 5 mL of
vinyl bromide (redistil prior to use and collect it in a receiver cooled with a dry ice-
acetone bath) is added. After the reaction has started, THF (350 mL) is added to the
flask. In cases where the reaction does not begin within a few minutes, methyl iodide
(0.5 mL) can be added to initiate attack on the magnesium. The rest of the vinyl bro-
mide (140 g, 1.3 mol) is dissolved in THF (120 mL), and then added at such a rate that
a moderate reflux is maintained. After the addition has been completed, the solution is
refluxed for 30 min to give a vinvlmagnesium bromide solution.

(5) Allenylmagnesium bromide, Mg(CH—C=CH,)Br [35]:

The flask is charged with mercury(1l) chloride (0.5 g, 0.002 mol), magnesium (crush
the magnesium turning with a mortar and pestle. 29.2 g, 1.2 mol), and ether (160 mL).
Propargyl bromide (7.6 g. 5.0 mL. 0.064 mol) is added to the flask. The ether will begin
to reflux within 1 min. If the reaction does not begin, the flask is heated by an electric
heat gun. After the reaction has been initiated. the flask is cooled to 5 °C in an ice-salt
bath. A solution of propargyl bromide (135 g, 1.13 mol) in ether (560 mL) is added
under vigorous stirring. The addition rate is adjusted so as to maintain the internal
temperature between 5 10 °C. The cooling bath is removed and then the dark green
mixture is stirred for 45 min at room temperature to give a solution of allenylmagne-
sium bromide. Some unreacted magnesium turnings will remain in the flask, however,
do not heat the mixture to achieve further conversion, since the allenylmagnesium bro-
mide will isomerize to 1-propynylmagnesium bromide.

(6) 1-Norbornanemagnesium chloride [2] using Rieke’s activated magnesium
(reduction of MgX, with K)

The flask is charged with potassium' (1.5 g, 0.038 mol), anhydrous magnesium chlo-
ride® (2.01 g. 0.0211 mol). and anhydrous potassium iodide*(3.55 g, 0.0214 mol), and
THF (50 mL) under argon. The mixture is heated to reflux for 3 h under vigorous
stirring to give active magnesium as a black powder.* 1-Chloronorbornane

''Use freshly cut potassium which is free from oxide coating. Cut it into two or three pieces under hexane and
place the wet metal in a tared flask that has been purged with argon. Evacuate to remove the solvent, fill
again with argon. and to determine the exact amount of potassium. Potassium metal free from solvent
ignites in air!

*It may be stored in a desiccator over calcium sulfate. If required. dry it overnight in an oven at 120 °C.

31t was finely ground with a motor and pestle. dried over night in an oven at 120 °C. and stored in a desiccator.
“For an alternative and, presumably, more convenicnt laboratory procedure for the preparation of active
magnesium, see Section 15.3(8).
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(1.25 g,0.009 58 mol) is added to the flask at room temperature. The mixture is refluxed
for 6 h to give a solution of 1-norbornanemagnesium chloride solution.

(7) Ethynylmagnesium chloride, Mg(C=CH)Cl [10]

THF

H-C=C-H + "C4HgMgClI H-C=C-MgCl + C4Hia (17)
The flask is charged with magnesium turnings (39.6 g, 1.65 mol) and THF (150 mL).
and then the mixture is heated to reflux temperature. The dropping funnel is filled with
1-chlorobutane (152.5 g, 1.65 mol), and then a portion (ca 15 mL) is added to the boil-
ing THF mixture. The source of heat 1s removed. After the reaction has commenced, a
further volume of THF {400 mL}) is added to the reaction mixture. The remainder of
the chlorobutane is added dropwise at a rate sufficient to maintain the reaction under
reflux. Finally, the mixture is heated and stirred until all magnesium has been con-
sumed. The hot solution (ca 60 °C) of butylmagnesium chloride is transferred into a
1-L dropping funnel using a cannula.

A 2L flask is assembled with a mechanical stirrer. a thermometer, a dropping funnel,
and two swan neck adapters to which a gas inlet and an outlet are connected. The flask
is filled with THF (500 mL), and then it is saturated with acetylene' by bubbling the gas
for 0.5-1 h. The flask is cooled to -5 °C in a dry ice-acetone bath. The dropping funnel
is charged with the above Grignard solution using a cannula and 1s then added to the
stirred mixture at a rate sufficient to maintain the internal temperature below 20 °C
{ca 1 h). The rapid flow of acetylene is kept during the addition, and further 0.5 h after
the addition has been completed. The solution of ethynylmagnesium chloride thus
obtained is homogeneous at 30 °C.

(8) Mg(CHPhCH=CHCHPh) from Rieke’s active magnesium (Reduction of MgX,
with Li/naphthalene) [3]

" ThF - (18
PhCH=CHCH=CHPh + “Mg Ph—,, ph (18)

All glassware is dried in a 120 °C electric oven before use, and a hot two- necked 50 mL
flask 1s assembled with a magnetic stirring bar (coated with glass), a septum inlet, and a
T-piece to which an argon inlet and an oil bubbler are connected. The apparatusis
cooled while maintaining a flow of dry argon through the flask. Naphthalene (2.82 g,
22 mmol) and lithium® (0.14 g, 20 mmol) are added to the flask from the neck capped
with the septum, while maintaining a slow stream of argon through the flask. THF

! Acetylene is introduced at the rate of about 20 L/h, and is purified by passing the gas through two cold
traps (78 °C) and a tower of 10 mesh alumina to remove acetone.

* At the higher temperature, ethynylmagnesium halides can rapidly disproportionate to acetylene and
l})iS(chloromagnesium) acetylene precipitating white solids.

" Use a freshly cut lithium under hexane which is free from oxide coating.
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(30 mL) is added to the flask using a syringe by puncturing the septum. The mixture is
stirred at room temperature for 2 h to give a dark green solution of lithium naph-
thalide.

The same apparatus as above is assembled, except that a 200mL flask is used. The
flask is charged with anhydrous magnesium chloride’ (0.91 g, 9.6 mmol), and then
flush throughly with argon. THF (20 mL) is added to the flask using a syringe. The
above lithium naphthalide solution is transferred to the flask by means of a cannula
and nitrogen pressure. At the beginning the green color of naphthalide disappears
quickly at the beginning, and a dark gray to black suspension is finally obtained. The
mixture is stirred for 30 min, and then let it stand for more than 3 h so that fine magne-
sium powder settles out. Tetrahydrofuran is removed with a syringe to give a gray to
black powder of active magnesium’.

THF (40 mL) and then a solution of (£, F)-1.3-diphenylbutadiene (1.65 g, 8.0
mmol) in THF (20 mL) are added to the above flask by syringe. The mixture is stirred
for 2 h at room temperature. The solution turns purple at the beginning, and finally
red. The Grignard solution thus obtained is used for the next reaction.

The title compound is also prepared using Mg turnings activated with iodine [3c.d].
Charge the flask with magnesium turnings (6.1 g. 250 mmol), a crystal of iodine, and
THF (100 mL). A solution of (E.E)-1.3-diphenylbutadiene (5 g, 25 mmol) in THF
(20 mL) is added to the flask and then the mixture is stirred for 5 days at 15 °C using
a magnetic stirring bar to give a deep red solution of the title compound. The crystal-
lization from THF gives Mg(CHPhCH=CHCHPh).3THF as a crystalline solid in
80 % yield. The coordination geometry of the magnesium atom is trigonal bipyramidal
[3d]).

(9) Di-t-butylmagnesium, Mg('C,H,), [29]

ether

21C4HMgCl + 2 O 0 ((C4Hg)sMg + MgCly (o 0)2 (19)

A solution of #-butylmagnesium chloride in ether is prepared, in the usual way (Section
3.2). A dry centrifuge tube assembled with a rubber septum and a magnetic stirring
bar, and flush with nitrogen. The tube is charged with the 7-butylmagnesium chloride
solution (1 M, 30 mL) by syringe through the septum. Dioxane (3.7 g, 0.042 mol) is
added to the vigorously stirred solution. White solid will precipitate immediately.
Three similar centrifuge tubes are also prepared. and all four tubes are spinned at
3000 rpm for 30 min. The supernatant solution is transferred to a nitrogen-filled flask
using a cannula. Analysis of the solution shows it to be 0.36 M in t-butyl, 0.177 M in
magnesium. and 0.007 M in chloride. The presence of a little dioxane is also detected
by its NMR spectrum.

|Commercially available anhydrous magnesium chloride is directly used. If required, dry it in an oven at
120 °C overnight.

>This operation can be ignored when the presence of naphthalene does not cause any troubles for the next
reaction.
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(10) Mg(CH{C(C:;H,)=CHCH,0}MgCl1|26] by Catalvtic Hydrometallation

CiMg
Cp,TiCly (20)

C5H11CECCH20H + 2IC4H9MQC| i

References

ether CsHyy  CHoOMgC

A 500 mL three-necked flask is assembled with a magnetic stirring bar, a septum inlet.
a glass stopper, a T-piece connected one end to a supply of argon and the other to an
oil bubbler. The flask is charged with a solution of isobutylmagnesium chloride in
ether (320 mL, 0.75 M, 0.24 mol)' via cannula through the septum inlet. The flask is
cooled to 0 °C in an ice—water bath. Titanocene dichloride (1.3 g, 5.2 mmol) is added at
once from the neck stoppered with a glass cap, while maintaining a slow stream of
argon through the flask. Then, the mixture is stirred 10 min at 0 °C to give a purple
solution’. The dropping funnel is charged with 2-octyn-1-0l (13.2 g, 0.105 mol) and
ether (30 mL), and the octynol is add dropwise to the flask over 20 min at 0 °C. The
mixture stirred for 4 h at room temperature to complete the reaction’.
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16 Group 13 (B, Al) Metal Compounds

\. Miyaura and K. Maruoka, Hokkaido University

16.1 Boron Compounds

16.1.1 Introduction

Organoboron compounds. although known for a hundred years, attracted little atten-
tion until the pioneering work of two Nobel laurcate chemists; the discovery of
hydroboration by Herbert C. Brown in 1956 at Purdue University, and the impressive
predictions about structure and bonding in the boron hydride compounds by W. N.
Lipscomb. The ready formation of the carbon-boron bonds by addition of borane
reagents to alkenes and alkynes has given new and important organic preparative pro-
cedures through the agency of simple boron hydride reactants. The theory of structure
and bonding in B—H compounds is fundamental to any discussion of boranes, carbo-
ranes, and related metal hydrides.

Now, organoboron compounds have a very rich organic chemistry and are among
the most readily available and easily handled of metal reagents. Their real synthetic
utility lies in the very wide range of organic transformations specific to boron com-
pounds, and in the specificity and functional group tolerance of most of these trans-
formations.

Although several important classes of boron compounds will not be discussed here
because of space limitation, this chapter attempts to discuss the representative trans-
formations which are likely 1o be useful for researchers with little experience in
organoboron chemistry. No attempt is made to cover in detail physical properties:
however, information on boron—carbon bond lengths, nuclear magnetic resonance (''B
and '"H). vibrational spectroscopy, electronic transitions, mass spectrometry, and ther-
modynamic properties of organoboron compounds has been summarized in earlier
texts [1].

16.2 Synthesis of Organoborane Compounds

16.2.1 Transmetallation

Transmetallation refers to the transfer of an organic group from a metal to boron by
the reaction of an organometallic reagent with an appropriate boron compound. The

Synthesis of Organometallic Conpounds. A Practical Guide. Edited by S. Komiya
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common procedure is to mix both reagents, usually well diluted in hydrocarbon or
ether solvents under nitrogen, with cooling in a Grignard-type apparatus. The work-up
procedure is either by direct distillation of the filtrate solution or hydrolysis to the
air-stable boronic acids. On the laboratory scale, Grignard reagents or lithium reagents
are most useful from the standpoint of availability or easy preparation. Other
organometallic derivatives of Al. Zn, Sn, Hg have been also used, depending on avail-
ability. The boron substrate may be chosen from a wide range of compounds which
contain at least one halogen atom or alkoxy group, e.g., BF;;O(CH,CH,;),, BCl;, and
B(OR); (R=Me, 'Pr, "Bu). However, care must be taken to avoid the use of ether s0l-
vents with compounds containing the B—X (X=Cl, Br, 1) bonds, since haloboranes
often react rapidly with ethers.

The combination of an organometallic reagent and the boron substrate to be adopt-
ed depends very much upon the final compound required. A very general procedure for
the monoalkylation or the monoarylation of boron substrates is by interaction of a
stoichiometric amount of Grignard or lithium reagent and a boronic ester [2] (eq
(1)=(5)). Alkyl-, aryl- [3], vinyl- [4], and ethynylboronic acids [5] and their esters can be
synthesized by the Grignard method. The first stereocontrolled synthesis of I-alkenyl-
boronates involve the reaction of a (Z)- or (E)-2-buten-2-ylmagnesium bromides with
trimethyl borate [6] (eq (4)). Metallation of ( E)- or (Z)-2-butene with BuLi/BuOK fol-
lowed by trapping of the intermediate with haloboranes or trialkyl borates is an effi-
cient and stereoselective method for the synthesis of (E)- or (Z£)-crotylboronate in
larger quantities [7] (eq (5)). Alkylation of B—Br with allyl- or propargyl-stannanes.
followed by evaporation of the tributyltin bromide in vacuo is a convenient in situ
preparation of allyl- and propargylboronates [8] (eq (6)).

HoO

ArMgBr + B(OMe), ArB(OH), ()
HCI
CH,=CHMgBr + B(OBu); CH,=CHB(OBuU)s (2)
HC=CMgBr + B(OBu), HC=C-B(OBu), (3)
CH; Br Mg 1. BOMe)s CHz  B(OH),
= = g
H  CHs 2. HD H  CHg

— PBuLi CIB(NMey), — (5)
Me Me guok Me L7\\ Me/—LB(NMez)z
i

Ph Ph Ph Ph

/_( HC=CCH,SnBuj, /—(

Afozs’N‘B/N\SOQAr ArOZS’N\BxN*SOZAr (6)
|

|
Br CH,C=CH
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The transmetallation of (R’0);B with R—M (M=Li, MgX)} at low temperature
(usually at —78 °C) proceeds by initial formation of a relatively unstable teracoordinat-
ed complex [RB(OR’);]M, which is in equilibrium with RB(OR’), and R’'OM. If the
monoalkyl(trialkoxy)borate can be cleanly formed. and if equilibrium favors this com-
plex, the boronic ester will be formed selectively. Otherwise. successive steps will give
rise to the di-, tri-, or tetraalkylborates (eq (7)). Triisopropy! borate is shown to be the
best of the available alkyl borates to prevent such side reactions thus allowing the syn-
theses of a number of alkyl, aryl. I-alkenvl [9]. and 1-alkynylboronates [10] in high
yields, often over 90% (eq (8)).

B(OR)3 + R-M ——— [R-B(OR)3M ——— R-B(OR'), + MOMe

RM__ [R,B(OR)Li —~ R,BOR' + MOMe

——— ~ RgB RM . [RBIM %)

RLi + B(OPr), [R-BOPn,)Li — €~ R-BOPr), (8)

R = alkyl, aryl, allyl, 1-alkenyl, 1-alkynyl

The best methods for attracting two organic groups to boron are the reaction of
boron trihalides with the relatively poorly nucleophilic organometallic reagents, as
expected, of Al, Hg, and Sn. and the reaction between magnesium or lithium reagents
and trialkyl borates [2]. It is possible to obtain intermediate mono- and diorganoboron
products and is anticipated these products are favored over the triorganoboron prod-
uct when low ratios of organometallic reagent to boron substrate are used [11] (eq (9)).

Ho
1 B(OB HOCH,CH,NH N

2 PhMgBrorLi —— 22 _ ph,BOH e L Phg j 9)
2. HyO- Ph" "o

The synthesis of triorganoboron compounds by means of zinc alkyls was first
achieved by Frankland. A similar procedure using Grignard reagents and boron triflu-
oride etherate has been used for a number of trialkyl- [12] and arylboron compounds
[13](eq (10) and (11)).

3RMgX + BF; ——— RsB + 3MgXF (10)

MesAl + B(OMe); MesB + [Al{OMe)s], (11)

Although there is no report of a systematic examination of operational conditions,
the use of exactly stoichiometric amount of Grignard reagent to boron trifluoride
diethyl etherate at low temperature is essential to achieve high yields. However. the syn-
thesis often results in low vields due to the formation of gummy nonvolatile residues
(R,B™ anions). The triorganoboron product is highly electrophilic, thus such ate-
complex formation occurs easily in both aryl and alkyl series when organolithium or
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magnesium reagents are used. In such cases, the use of the less nucleophilic
organometallic reagents of Hg, Sn, Al may have advantages. For example, triallylbo-
ranes are prepared in high yields by the reaction of allylaluminum sesquibromide and
boron trifluoride etherate or trialkyl borates [14] (eq (12)).

3 CH2=CHCHQBT + Al (C3H5)3AigBr3 (CH2=CHCH2)3B (12

16.2.2 Hydroboration

Under mild experimental conditions, compounds containing B—H bonds add to
alkenes or alkynes to form organoboron compounds. For the preparation of trialkylb-
oranes and boronic acids the hydroboration procedure is the method of choice when
the starting alkenes or alkynes are readily available [15]. As a way of preparing simple
organoboron compounds, the hydroboration reaction is not as generally useful as the
above transmetallation method. However. the reaction is important because of its rele-
vance to organic synthesis, though the boron intermediates are usually not isolated for
this purpose. A variety of borane reagents are now available for selective hydrobora-
tion (Scheme 16.1).

For the synthesis of trialkylboranes, hydroboration is carried out with a borane
solution in THF or with the borane-methyl sulfide complex (BMS) in THF, diethyl
ether, or dichloromethane. Diborane reacts rapidly and quantitatively with alkenes to
produce a solution of trialkylborane [16] (eq (13)). The addition of dialkylboranes.
such as 9-borabicyclo[3.3.1]nonane (9-BBN. 3). disiamylborane (1), or dicyclohexylb-
orane (2), to alkenes or alkynes gives mixed alkylboron compounds. The high regio-.
stereo-, or chemoselectivity in the additions of these borane reagents unsaturated
C—C bonds have been extensively used in organic syntheses.

The addition of the B-—H bond across a carbon—carbon multiple bond proceeds in
an anfi-Markovnikov manner. Many functional groups tolerate hydroboration, so it is

3 RCH=CH, + H3B-THF or H;B-SMe, (RCH2CH3)3B (13)
Me Me Me Me
| |
-C— = HB H- C C BH
Lo O D) e Eon
Me H Me Me
1: HB(Sia)» 2: HB(Chx), 3. 9-BBN 4: TexBH,
/O
HBX,*SMe, 5 o) 2
H.BX*SMe, (X=Cl, Br) 6 7. catecholborane 8: HB(lpc)o

Scheme 16.1 Borane Reagents for Selective Hydroboration
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possible to synthesize reactive intermediates containing those functional groups and to
directly utilize those intermediates for organic synthesis. The details of the scope, stoi-
chiometry, regioselectivity and stereoselectivity in the hydroboration of alkenes and
alkynes have been extensively reviewed [15. 16].

Hydroboration is especially valuable for the synthesis of stereodefined 1- alkenyl-
boronic acids. A general method is the hydroboration of terminal alkynes with cate-
cholborane 7 [16, 17] (eq (14)). The reaction is generally carried out at 70 °C without
solvent, but it is very slow in THF solvent. More recent results demonstrate that the
hydroboration of alkenes or alkynes with catecholborane is strongly accelerated in the
presence of palladium [18]. rhodium [19]. or nickel catalysts [20]. thus allowing the
reaction to proceed below room temperature.

RC=CH + HBX,(1,2,3,5,0r7) ———— P~ pgy (14)

CH4;CH
RC=CH 3CHO

R g R BioEY,

Ipc)z
R' = CH,CI (73%): CO,Et (70%): CH(OSiMe3)CH (74%)

(15)

The hydroboration of alkynes with dihaloboranes 5 followed by hydrolysis with
water gives boronic acids in high vields [21]. Diisopinocampheylborane has been used
as a reagent for asymmetric hvdroboration. and additionally it has attractive features
as a hydroboration reagent for alkynes. e.g.. high regioselectivity resulting from its
bulkiness, and ease of dealkylation to boronic esters with acetaldehyde under neutral
conditions [22] (eq (15)). These methods have been complementarily used for the vari-
ous l-alkenylboronic acid svnthesis depending on the availability of borane reagents
and their limitation to functionalized alkynes.

Terminal and internal (Z)-1-alkenvlboronates are prepared from (Z)-(1-halo-
1-alkenyl)boronates [23]. which can be readily obtained by hydroboration of 1-
halo-1-alkynes (Scheme 16.2). The internal S\ 2-like displacement of the halogen with
hydrides [24] or organolithiums [235] takes place with complete inversion of configura-
tion at the sp” carbon. On the other hand. the palladium-catalyzed alkylation of the
C—X bond with organozinc reagents provides ( £)-1-alkenylboronates [26] which are
not available by conventional hvdroboration of internal alkynes.

16.2.3 Haloboration

Terminal 2-bromo-1-alkenylboronates are readily obtained by bromoboration of
terminal alkynes with tribromoborane. The subsequent displacement of the bromine
atom with organozinc reagents proceeds with strict retention of configuration in the
presence of a palladium catalyst [27] (eq (16)).

Haloboranes add to terminal alkynes in a cis anti-Markovnikov manner; however,
the bromoboration of acetylene itself exceptionally provides a trans adduct [28] (eq
(17)). A sequence of haloboration with boron tribromide and then cross-coupling with
organozincs is useful for a formal carboboration of alkynes with various organic
groups. Addition of boron triboromide to allene is convenient for the synthesis of
(2-bromo-2-propenyl)borate [29] (eq (18)).
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B(OPr)
R

= H

H
KHB(OPrs
X B(OPr),

. R _ R'Li
RCEC-X 1. HBBI’Q SMEQ \%\B(Opr’)z R%LR,
2. -PrOH H

X=Cl, Br
R'ZnX / PdCly(PPha),

Rb

R~
B(OPr’),

H

Scheme 16.2  (£)- and (Z)-1-Alkenylborates

1.BB R . R'ZnX R ,
RC=CH — > — \(\B(oprf)2 " j/\a(oprq2 (16)
2. Pr,0 By PdClz(PPhg)s R

1. BBF3 Br\/\ RZnX R =
HC=CH —— oo e ~ N .
2. Pr;0 B(OPr): PdCIy(PPhy), B(OPr)z  (17)
PhOM Br
e
H,C=C=CH, + BBr; H2C=C-CH,B(OPh), (18)

Iodo- or bromoboration of terminal alkynes has been also carried out with 9-
X-9-BBN (X=], Br) to provide (Z)-(2-halo-1-alkenyl)boron derivatives, but adducts
are too susceptible to dehaloboration for their isolation. Thus, the adducts obtained in
situ have been directly used for the next reaction in most cases [27].

16.2.4 From o-Haloboronic Esters

The o~haloboronic esters are readily available by addition of hydrogen halides to
ethenylboronates, a radical halogenation of alkylboronates, or hydroboration of
1-halo-1-alkenes [30]. By far the easiest laboratory preparation of chloromethyl- [31]
or dichloromethylboronates [32] is alkylation of triisopropyl borate with the corre-
sponding lithium reagents generated in situ at low temperature (eq (19) and (20)). For
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those preparations, the use of relatively hindered triisopropyl borate is essential to

achieve high yields.
CICH,l — B, cicHaLi oo, Y cichus0Pn,
R
SR a—cﬁ;é('ofpr)g RCH,B(OPr); (19)
CHoCly + BOPr); —— _ CLCHB(OPr); —t- ~ R—CH—B(OPr),
2. HCl | (20)

Cl
R = atkyl, aryl, 1-alkenyl, 1-alkynyl, R3Sn, RO, RsN, RS

The a-haloalkylboronates are of considerable interest as reagents for preparing
various o-substituted alkyboronates. Addition of organolithium, Grignard reagent,
oxygen or nitrogen nucleophiles at low temperature forms the borate complex and a
migrating group then displaces the halide by S{2 substitution with complete inversion
of configuration at the a-carbon. The procedure is quite general and proceeds under
very mild conditions, thus allowing the svntheses of a variety of allyl, propargyl, ben-
zylboronates having alkyl. amino. trimethylstanyl. alkoxy, and alkylthio groups at the
o-carbon [30] (eq (19) and (20)).

| HO(CHa)sOH 0O
CHo=CHCH,C! + LDA + B(OPr)3 CHp=CH-CHB, (21)
| O

C

In situ generation of CH-—=CHCH(L1)Cl and its trapping with triisopropyl borate
provides new access to 1-chloroallylboronate [33] which is a valuable intermediate for
the synthesis of variously substituted allvlboronates via the reaction with organolithi-
ums (eq (21)).

Alternatively, a similar borate intermediate can be obtained by the reaction of
organoborate with chloromethyvl- or (dichloromethyblithiums (eq (22) and (23)).
When a chiral diol ester reacts with (dichloromethylithium, an optically active o—
chloroalkylboronate is produced with an excellent enantiomeric excess [34] (eq (23)).
The C—Cl bond is then displaced readily with alkyl. aryl, or 1-alkenyl nucleophiles with
inversion of configuration. The procedure has been extensively used for the prepara-
tion of chiral boronates, which have been used in organic syntheses [30].

R
RLi -
RB(OR)s + CICHl ————= CICH,—~B(OR),

RCH»B(OR')>  (22)

O.. . Cl 0. R'MaX R Q..
R—B/ LiCHCI> >—B/\ 9 \—B/ (23)

N

Ou“ R O RI: O
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The (dialkoxyboryl)ymethylzinc reagent [35], the most stable boron stabilized
carboanion, was prepared by Knochel from the pinacol ester of iodomethylboronic
acid and activated zinc metal. The reagent couples with 1-alkenyl or aryl halides in the
presence of a palladium catalyst to afford benzylic [36] and allylic boronates {37] in
high yields (eq (24)). The reagent is readily converted to the corresponding copper
complex, which is an excellent reagent for Michael addition to o,B-unsaturated
carbonyl compounds [35] (eq (25)) or for coupling with allyl and propargyl halides [3§].

_./ /O\
B -CHyl —— B -CHoZn-| BCH,Ph
—\O Pd catalyst — I~ O/

RCH=CHX o
Pd catal —
S~ T UB-CH.CH=CHR (24
~0
1. CuCN / LiClI
0, 2. CH,=CHCO.Me O,
B-CHQZH-I B'CHZCHQCH2COZM9 (25)
O/ 3. HQO O/

16.2.5 Miscellaneous Methods

For the preparation of 1l-alkenylboronates from ketones or aldehydes, the
boron—Wittig reaction is the method of choice when the the starting carbonyl com-
pounds are readily available. An efficient route to (£)-1-alkenylboronates [39] from car-
bonyl compounds is achieved by the reaction with lithio(boryl)methanes. The (E)/(Z)
isomeric ratio is reported to be 20/1 (eq (26)). Lithio(triboryl)methane with aldehydes
or ketones yields diborylalkenes [40] (eq (27}).

9] . @)

BulL ’
HC{B’] _Bubi LiHC{»B j RCHO R\/\B/O 2
\O 3 \O 2 \ (26)

BuL| . /O
ucj(B\ j

O

(o
j 3 < >( iB/o Q7N
T 2

Lithium I-alkynylboronates are attacked by many electrophiles at the position 3 to
the boron atom. The subsequent rearrangement gives a variety of functionalized
1-alkenylboronanes (eq (28)). The stereochemistry can be either £ or Z, or a mixture of
the two [15]. The reaction with chloro(diethyl)borane or chloro(trimethyl)silane and
-stanane stereoselectively produces cis-bimetallic compounds [41].
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R R R
R-B-C=CR + EX =
2 RE E (28)

EX= CIBEt,, CISnMe;, NCCHsl, EtO,CCH.Br, oxirane etc

Allylboranes add to alkynes and electron-rich atkenes to give ¢is addition products
through a six-center transition state and allylic rearrangement [42]. Allylboration of
alkynes can be followed by cyclization though intramolecular allylboration of the ter-
minal double bond. The cyclization proceeds slowly at room temperature and rapidly
at 40-100 °C (eq (29)).

R R
RC=CH + (CgHs)sB — = m (29)

P i
N\
CSHS C3H5 (L’SHS

9-(1-Alkenyl)- or 9-(1-alkynyl)-9-BBN are exceptionally reactive dienophiles with
high regio- and endoselectivity for the Diels-Alder reaction [43]. 4b intio calculation
predicts a unique [4 atom + 3 atom] transition state. Although the reaction of vinyl-
boronic esters is rather slower than that of dialkyl or dichloro derivatives, the proce-
dure is quite useful for the svnthesis of cyclic allvl- [44] or cycloalkenylboronates [45]
(eq (30)and (31)).

The addition of diboron compounds to alkyvnes is an excellent method for the prepa-
ration of cis-bisboryl alkenes. Tetrachlorodiboron adds to alkenes and alkynes with-
out catalyst, although the addition of teraalkoxydiboron to alkynes is efficiently
catalyzed by platinum(0) complexes [46] (eq (32)).

B(OR), O (RO).B O
=
O S —
Je +i§ ﬁrio
O 0
(RO);

/{ . socc
(RO)-B

Pt-catalyst
DMF, 80 °C

N-Ph  (31)

R-C=C-R + (RO),B-B(OR)>
(RO),B B(OR)» (32)
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16.3 Synthesis of Boron Compounds

16.3.1 General Remarks

All procedures should be carried out in a well-ventilated hood using a safety shield.
The borane reagents are extremely sensitive to moisture and air. Thus, dry all glassware
in a 120 °C electric oven before use, assemble quickly the hot apparatus, and cool the
apparatus while maintaining a flow of dry nitrogen or argon through the flask. The hot
syringes and needles should be cooled to room temperature in a desicator.

Except for allylic and propargylic derivatives, organoboronic acids and their esters
are thermally stable and relatively inert to water and oxygen. They are isolated, stored
without special precautions, and not particularly toxic. However, trialkylboranes,
particularly the low molecular weight compounds, are highly reactive with oxygen and
spontaneously ignite in air. The hazards associated with ignition can be limited by
using the reagents diluted with solvents.

(1) p-Tolylboronic Acid, CH,C,H,B(OH), [47]

1. Mg (33)
CHsOBr XTI CH3@B(OH)2

3. Hy0

The Grignard reagent is prepared in a 500 ml round-bottomed flask fitted with a
pressure-equalizing addition funnel, a mechanical stirrer, and a reflux condenser to
which a nitrogen inlet tube and an oil bubbler are attached. Magnesium turnings (11 g,
0.45 mol) are added to the flask, and then the apparatus is dried by heating with an
electronic heat gun under the stream of dry nitrogen. 200 ml of ether and 1 mL of
4-boromotoluene are added to the flask at room temperature. If there is no immediate
change, the flask is heated with an electronic heat gun or a small amount of 1.2-dibro-
moethane (ca 0.1-0.2 ml) is added to initiate the reaction. When this is done properly,
the liquid will become slightly cloudy and ebullition occurs at the surface of the turn-
ings. A solution of 4-bromotoluene (75.2 g. 0.44 mol) in ether (100 ml) is added in such
a rate necessary to maintain a gentle reflux. After the addition has been completed, the
mixture is refluxed for an additional 1 h.

The above Grignard solution is cooled to lower than 70 °C with a dry ice-acetone
bath keeping the flask under a slightly positive nitrogen pressure and vigorous stirring.
A white solid of the Grignard reagent will precipitate. Under vigorous stirring and
cooling, a solution of trimethyl borate (51.8 ml. 0.44 mol) in ether (100 ml) is slowly
added over 1 h. Allow the temperature to rise to ambient temperature without remov-
ing the cooling bath, and then the mixture is stirred for 2 h at room temperature. The
flask is cooled to 0 °C with an ice bath. and then the mixture is quenched with an aque-
ous sulfuric acitd (12 ml of H,SO, in 240 mi of water) by carefully controlling the
exothermic reaction. The mixture is poured into a separatory funnel with an aid of
small amount of ether. The lower aqueous phase is removed, and the aqueous phase is
extracted with 100 ml of ether. The combined extracts are wash with saturated brine,
and is finally concentrated under reduced pressure using a rotary evaporator to give a
white solid of the boronic acid.
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The boronic acid in 1200 ml of water in a 2 L. beaker is heated and stirred for 15-20
min to azeotropically remove a trace of bitolyl and other organic materials. The hot
solution is filtered with suction to remove any insoluble matter, and then the beaker
and filter cake is rinsed with two 30 mL portions of hot water. The filtrate is slowly
cooled to room temperature and then to 0 °C for a few hours. The precipitated white
crystals are collected in a Buchner funnel with suction. and are then allowed to stand
overnight in air or in a desiccator to obtain p-tolylboronic acid. ~50 g, 80-90% yield,
mp 240 °C'.

A variety of alkyl- and arylboronic acids can be obtained in large quantity by the
above general procedure. The reaction of organolithiums with triisopropyl borates at
—78 °C is an alternative and convenient method to achieve high yields of boronic acids
or their esters [9, 10] (eq (8)).

p-Tolylboronic acid is a useful precursor for the syntheses of a variety of functional-
ized arylboronic acids. Oxidation of methyl group with potassium permanganate pro-
vides p-carboxyphenylboronic acid [48]. Bromination with bromine under irradiation
of sun light gives p-bromomethylphenylboronic acid [49]. 3-Amino-4-methylphenyl-
boronic acid is prepared by nitration with fuming nitric acid, followed by reduction of
the nitro group with hydrogen in the presence of platinum oxide [50].

(2) (R,R)-Diisopropyl Tartrate Crotylborate,
CH,CH=CHCH,B{OCH(CO,’Pr)CH(CO,Pr)O} [7]

CH%\:\ 1. BuLi-KOBu CH3_ 0_CO.Pr
cn. 2BOP), BT % (34)
3 3. tartarate O™"CO,/Pr

A 1L three-necked flask fitted with a magnetic stirring bar is assembled with a septum
inlet, a—100 °C thermometer. and an outlet to which a nitrogen inlet and an o1l bubbler
are connected. Charge the flask with KO'Bu (48.0 g, 425 mmol) and THF (350 mL).
The flask is cooled with a dry ice-acetone bath. By means of a cannula and nitrogen
pressure, frans-2-butene (42 mL. 430 mmol). which is collected in a rubber stoppered
25 mL graduated cylinder immersed in a dry ice-acetone bath, is added. A solution of
n-BuLiin hexane (2.5 M. 170 mL. 425 mmoL) is added dropwise at a rate such that the
internal temperature does not rise above —05 °C (ca. 2 h). The reaction mixture is
warmed until the temperature reaches —50 °C and is stirred for exactly 15 min at
—50 °C, and 1s then recooled to 78 °C.,

Triisopropyl borate (98.2 mL. 425 mmol) is slowly added to the flask via cannula, by
controlling the internal temperature lower than —65 °C (ca 2 h). After stirring for 10
min at —78 °C, the reaction mixture is rapidly poured into a 2 L separatory funnel con-
taining 1N HCI (800 mL) saturated with NaCl. The aqueous layer is adjusted to pH 1
by addition of additional 1N HCI. A solution of (R,R)- diisopropyl tartrate (100 g,
425 mmol} in ether (150 mL) is added. The aqueous layer is removed, and the aqueous

'Since the boronic acids are readily dehydrated to the boroxine (RBO);,, they are generally a mixture of
boronic acid and boroxine, depending on the conditions used for the drying. Thus, NMR spectra exhibits
two signals corresponding to the both species. Different melting points have been reported depending on the
ratio of the two species.
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phase is extracted four times with ether (200 mL x 4). The combined extracts are dried
with MgSQ, for at least 2 h. After filtration with suction, the filtrate is concentrated by
a rotary evaporator to a colorless thick liquid, and is finally pumped to a constant
weight (125 g) at 0.50-1.0 mmHg. The product is contaminated with tartrate butylbo-
rate (12%); however the isomeric purity of (£)-crotylborate is 99% by GC analysis (a
fused silica capillary column, SE-54, 50 m x 0.25 mm). Although the compound can be
purified by a shot-path distillation (95 °C/0.01 mmHg), the isomeric purity decreases
to 96%.

Properties: '"H NMR (300 MHz, CDCl,) 6, 5.53-5.63 (m, 1 H), 5.37-5.48 (m, 1 H),
4.83-5.00 (m, 1 H), 4.89(s,2H), 1.86 (broad d, 2 H, J=6.4 Hz),0.90 (d, 12 H, J=6.3 Hz).

By a similar method, the (Z)-crotylborate is synthesized from cis-2-butene in
70-75% yield with a 98% isomeric purity. The tartrate esters of allylboronic acids are
an excellent reagent for asymmetric allylboration of carbonyl compounds.
Allyl(diisopinocampheyl)borane [51] and the allylic boron derivatives of ester and
amide, such as camphordiol [52], pinanediol {53]. 1.2-diphenyl-1,2-ethylenediamine
[54]. have also been successfully used for asymmetric allylboration of carbonyls.

(3) Allenylboronic Acid, CH,—C—CHB(OH), [55]

HC=CCH Br M CH,=C=CHB(OH), (35)
2. B(OCHa)3
3. H,0

A four-necked 300 mL flask fitted with a mechanical stirrer is assembled with two
dropping funnels, a thermometer, a side arm connected to an oil bubbler and a nitro-
gen inlet. Add ether (225 mL) to the flask. Then, one dropping funnel is charged with a
sofution of trimethyl borate (17.03 mL, 150 mmol) in ether (30 mL), and the other fun-
nel with a solution of allenylmagnesium bromide in ether (see Chapter 135, section
15.3(5), 160 mL, ca. 150 mmol) via cannula. The flask is cooled in a dry ice—acetone
bath. Under vigorous stirring, both reactants are added to the flask alternately in small
portions, first iz of methyl borate and then i of Grignard reagent. The rate of addition
should be as rapid as is possible but the internal temperature should not be above —70
°C (¢a. 30 min). The mixture is stirred for 30 min, and then the flask is immersed in an
ice-water bath. Water (10.5 mL) is added during 1 min, and then the mixture is neu-
tralized by addition of dilute sulfuric acid (75 mL, prepared from concentrated sulfuric
acid 5.56 mL + water 100 mL) during 10 min. The reaction mixture is transferred to a
separatory funnel. The ether layer is separated and the aqueous layer is extracted with
ether (2 x 20 mL). The combined extracts are dried over MgSO, and the filtrate is con-
centrated on a rotary evaporator. The evaporator i1s charged with argon after approxi-
mately one-tenth of ether has been removed. A small amount of ether is added if some
crystals of boronic acid have appeared. Hexane (70 mL) is added to the flask to precip-
itate the boronic acid under an argon atmosphere. The solvent is removed by a syringe
or a cannula. The boronic acid is dissolved in ether (60 mL) and then the solution 1s
transferred to another dry flask via cannula using argon pressure. The solution is
concentrated until some crystals of allenylboronic acid precipitate. A minimum
amount of ether is added to dissolve the solid, and then hexane (70 mL) is added to
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precipitate the boronic acid again. The solvent is removed by a cannula. The same
operation is repeated once again to provide pure allenylboronic acid.

Properties: 40-60%, mp 150 °C (dec). 'H NMR (CDCl;—Me,S0-d*) 8, 4.48 (d, 1 H,
J=58Hz).4.51(d, 1 H,J=72Hz).4.83(dd. | H.J=58and 7.2 Hz), 6.52 (brs, 2 H).

The compound, when suspended in hexane (10 mL). can be stored at —20 °C for sev-
eral weeks without isomerization to propargylboronic acid. Allenylborates add to car-
bonyl compounds to provide homo-propargylic alcohols with high enantioselectivity.

(4) Triallylborane, B(CH,CH=CH,), [13]

3 CHy=CHCH.Br —-2 . (CH,=CHCH,)sB (36)
2. F3B-OFt,

A dry three-necked 300 mL flask fitted with a mechanical stirrer is assembled with a
vacuum seal, a dropping funnel. and a reflux condenser to which a nitrogen inlet and
an oil bubbler are attached. The flask is charged with aluminum granules (30-60 mesh,
15 g, 0.556 mol) and mercuric chloride (0.1 g). and then the apparatus is thoroughly
flushed with dry nitrogen. Ether (75 mL) and allyl bromide (freshly distilled, 10 g,
0.0827 mol) are added succesivelv under stirring. The start of reaction should be con-
firmed by the obsevation of ebullition at the surface of the metal and the formation of
a slightly cloudy solution. If there is no noticeable change. the addition of small piece
of iodine may help to initiate the reaction. The rest of allyl bromide (81 g, 0.67 mol) is
slowly added at a rate sufficient to maintain a gentle reflux. The mixture is stirred for
3 h under reflux to dissolve the aluminum almost completely. Boron trifluoride ether-
ate (purified by distillation from calcium hydride, 28.4 g, 0.2 mol) is added dropwise at
such a rate that the temperature remains at 55-60 °C. The mixture is heated to reflux
for 3 h and then cooled to room temperature. While keeping a stream of nitrogen in
both pieces of apparatus. the condenser is quickly displaced with a Claisen head distil-
lation apparatus to which nitrogen inlet and a vacuum line are attached. The ether is
evaporated in vacuo (~20 mmHg) at room temperature and then the flask is heated with
an oil bath to distill triallylborane over the range of 45-74°C/20-25 mmHg.
Redistillation gives pure triallylborane (21 g, 78%). bp 59-61 °C /21 mmHg.

Tricrotylborane, in 75% yield, and tri(2-methylallyl)borane have been synthesized by
the above procedure. Tributyl borate can be also used for these preparations in place of
boron trifluoride etherate.

The 'H NMR spectrum of triallylborane at low temperature (at —65 °C) is similar to
the spectrum of organic allylic compounds. It exhibits a doublet at 2.05 ppm (CH,)

! Catecholborane (1.3.2-benzodioxaborole) purchased from Aldrich is purified by distillation under nitro-
gen. bp 38 °C/32 mmHg. [t is a liquid at room temperature and a solid in a cold room. The neat material is
9.0 M in catecholborane. It is recommended to store the purified material in refrigerator as a solid, in a bot-
tle purged with nitrogen and capped with a rubber septum. Wash the used syringe with acetone without
delay because the plunger becomes very sticky on standing.

> Hydroboration of terminal alkynes is complete within 1 b, but internal alkynes require approximately 4
h at 70 °C. Although the reaction is generally carried out without solvent, a similar result can be obtained in
benzene, but it is very slow in THF solution.

i The catechol ester of 1-octenylboronic acid can be isolated by distillation. bp 112-120 °C/0.2 mmHg.
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and signals of terminal CH, protons in a region of 4.70 ppm, and a multiplet of
methine proton at 5.65 ppm. However, the spectrum broadens at higher temperature
due to an allylic rearrangement. At 135 °C, two CH, groups become equivalent which
exhibits a AH, type spectrum containing a quintet at 5.00 ppm and a doublet at
3.2 ppm.

(5) (E)-1-Octenylboronic Acid, C;H,;CH=CHB(OH), [17]

CH3(CH2)5CECH 1. catecholborane CHS(CH\Q); (37)

20 B(OH);

A two-necked 200 mL flask is assembled with a magnetic stirring bar, a septum inlet.
and a reflux condenser to which a nitrogen inlet and an oil bubbler are attached. The
flask is immersed in the water bath (ca 20 °C). 1-Octyne (5.9 mL, 40 mmol) is added to
the flask by puncturing the septum with a syringe. Catecholborane (4.9 mL, 44 mmol)’
is added to the flask by syringe, over a | min period with stirring. The mixture is stirred
for 30 min at room temperature, and then the flask temperature is raised slowly to
70 °C with an oil bath. Temperature should not be raised quickly because hydrobora-
tion is often very exothermic. The temperature is kept at 70 °C for 2 h to complete the
reaction’. The flask is cooled with an ice-water bath. 1-2 mL of water is added very
carefully to hydrolyze the excess borane. After the evolution of hydrogen gas has
ceased, the nitrogen source is disconnected. An additional 40 mL of water is added and
then the milky suspension is heated at 70-80 °C for 1 h under vigorous stirring. The
flask is cooled slowly to room temperature and then left to stand at 0 °C for 2 h. The
precipitate is collected by filtration through a filter paper with suction and washed
three times with 12 mL of ice-cooled water to remove catechol. The suction is con-
tinued for additional 1 h. The solid in a 50 mL-beaker is dried by standing in air
over night or in a desiccator. The 1-octenylboronic acid thus obtained is light gray due
to the contamination by a trace of catechol. 5.63 g (90%). The product is pure enough
to use for most of the reaction. but recrystallization from hot water gives pure white
crystals.

The 1-alkenylboronic acids are also obtained by hydroboration of alkynes with
diboroborane-methyl sulfide complex followed by hydrolysis [21] Dihydroboration of
terminal alkyne with two equivalent of 9-BBN followed by dehydroboration with ben-
zaldehyde stereoselectively provides 9-[(E)-1-alkenyl]-9- BBN in high yields [56].

(6) 2-[(R)-1-Phenylethyl]-1,3,2-benzodioxaborole,
CsHs(Me)(H)CB(OC,H,0) [57]

O Rh(COD)(BINAP)* CHs o
PhCH=CH, +HB D ~ Ph-CH-B ]@ (38)
0] * O

A one-necked 20 mL flask is assembled with a magnetic stirring bar, a septum inlet.
and an outlet connected to an oil bubbler and a nitrogen inlet. The flask is charged
with [Rh(cyclooctadiene){(R)-2.2"-bis(diphenylphosphino)-1,1-binaphthyl}]BF,
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(0.1 mmol) and is flushed with nitrogen. Styrene (5 mmol) and dimethoxyethane
(2 mL) are added by syringes. The flask is cooled with a dry ice-acetone bath.
Catecholborane (5.5 mmol) is added by syringe, and then the mixture is stirred for 2 h
at -78 °C. The disappearance of styrene is analyzed by GC. The cooling bath is
removed and the temperature is allowed to raise to room temperature. The flask is
attached to the Kugelrohr distillation apparatus, and then the product is distilled
under reduced pressure to give a colorless and moderately air stable liquid. 98%, bp
120°C/0.15 mmHg, [o]y=-55.59° (¢=1.7. benzene). The optical purity of
I-phenylethanol, obtained by alkaline hydrogen peroxide oxidation, is 94% ee.

The procedure represents one of the most convenient methods for the synthesis of
optically active alkylboronates. However. the procedure can be of limited use for the
hydroboration of styrene derivatives. The optically active organoborates are also
obtained by hydroboration of internal alkenes with diisopinocampheylborane,
followed by dealkylation of two diisopinocampheyl groups with acetaldehyde [58].

(7) Diisopropyl (Z)-1-Hexenylboronate, (Z)-C ;H,CH=CHB(O'Pr), |23, 24]

) C4Hg Br C4H9 B(OiPr)g
C4HoC=CBr - BBraSMez e/ KIPBH y—=( (39)
2. 'PrOH H B(OPr) H H

A two-necked 50 mL flask is assembled with a magnetic stirring bar, a septum inlet and
a reflux condenser to which a nitrogen inlet and oil bubbler are connected. The flask is
charged with borane-methyl sulfide (7.2 mL. 72 mmol) and methyl sulfide (10.6 mL,
144 mmol) by means of syringes. The flask is cooled with a -20-30 °C bath. Boron tri-
bromide (freshly purified by distillation. 13.6 mL. 144 mmol) is added dropwise using
syringe. A very dry syringe should be used and the plunger should not be pull back:
this tends to cause the plunger to stick. Care must be also taken during the addition
because the reaction of boron tribromide with methyl sulfide forming a white solid
adduct is highly exothermic. The mixture is stirred at 40 °C for 12 h to provide a light
brown liquid. The borane thus obtained is sufficiently pure to use for hydroboration,
but distillation under reduced pressure gives a pure colorless liquid. 93%, bp 98 °C/0.1
mmHg and mp 30-35 °C. Make a 2 M solution in dichloromethane'.

The same apparatus as above is assembled, except that a 100 mL flask is used. The
flask is charged with 1-bromo-1-hexyne (4.03 g. 25 mmol) and dichloromethane {10
mL). The flask is immersed in a water bath (ca. 25 °C). The above dibromoborane solu-
tion (25 mmol) is slowly added from a syringe, and then the mixture is stirred for 8 h.
The flask is cooled with an ice-water bath. Under vigorous stirring, pentane (25 mL) is
added and then 2-propanol (7.7 mL, 100 mmol). The stirring is stopped after 15 min to
separate the mixture into two phases. The upper layer is transferred to the distillation
flask by means of a cannula and nitrogen pressure. The lower layer is washed with 10
mL of pentane. and again the pentane layer is transferred to the distillation flask. This
operation is repeated one more time to extract the product. The combined extracts are
distilled under reduced pressure to give diisopropyl (1-bromo-1-hexenyl)boronate.
87%, bp 64-65 °C/0.2 mmHg.

The same apparatus is assembled as above. The flask is charged with diisopropyl

'The reagent is also available from Aldrich.
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{1-bromo-1-hexenyl)boronate (8.35 g, 25 mmol) and ether (25 mL). Cool the flask with
an ice-water bath. A solution of potassium triisopropoxyborohydride in ether (1 M, 25
mmol) is slowly added’, and the mixture is stirred for 15 min at 0 °C, and then the flask
is allowed to come to room temperature over 30 min. Potassium bromide will precipi-
tate during the addition. By using a cannula, the mixture 1s filtered through Celite pad
on a sintered-glass filter, and the flask and the filter cake is rinsed with small amount of
ether. The filtrate is distilled under reduced pressure to give diisopropyl (Z)-1-hexenyl-
boronate. 90%, bp 70-71 °C/6 mmHg.

An alternative procedure for the synthesis of (1-halo-1-alkenyl)boronates (X=Br, I)
is hydroboration of haloalkynes with diisopinocanphylborane (eq (14)).

(8) Diisopropy! [(E)-2-Methyl-1-hexenyl|borate, C,Hy(CH,)C—CHB(OPr), [59]

1. BBrs CsHy  H cHezncl  CaHg

H
= (40)
PACL(PPRal ol gioipr),

C4HgC=CH —— |
2. Pr0 Br  B(OPr),

A two-necked 200 mL flask is assembled with a magnetic stirring bar, a septum inlet.
and a reflux condenser to which a nitrogen inlet and an oil bubbler are connected. The
flask is charged with boron tribromide (freshly distilled, 2.84 mL, 30 mmol) and
dichloromethane (50 mL) by syringes. The flask is immersed in a dry ice—acetone bath.
1-Hexyne (3.5 mL, 30 mmol) is slowly added and the mixture is stirred for 30 min at
~78 °C. The flask temperature is raised slowly without removing the cooling bath, and
the mixture is stirred for 2 h at room temperature. The reaction flask is recooled to
~78 °C, and then diisopropyl ether (9.9 mL, 70 mmol)' ( exothermic) is very slowly
added. After being stirred for 30 min at —78 °C, the mixture is allowed to warm to room
temperature, and stirred overnight, The septum is displaced with a glass stopper and
the reflux condenser with a Claisen head semi-micro short-path distillation apparatus.
Distillation under reduced pressure gives diisopropy! (Z)-2-bromo-1-hexenylboronate
(73%, bp 68 °C/0.07 mmHg) as a colorless oil {The bath temperature should be con-
trolled lower than 150 °C to minimize thermal decomposition.)

The same apparatus is assembled with the above synthesis. The flask is charged with
powdered zinc chloride (dried at 100 °C in vacuo. 0.3 g, 22 mmol). Add 40 ml of THF
and stir for 1 h. The flask is cooled to 0 °C and then a solution of MeMgl in ether
(0.44 M. 21.4 mmol) is added. After being stirred for 30 min, PdCIL,(PPh;), (0.22 g.
(.28 mmol) and diisopropyl (Z)-2-bromo-1-hexenylborate (3.11 g, 10.7 mmol) is added
to the flask. Heat the mixture to reflux for 2 h. By means of a cannula and nitrogen
pressure, the mixture is filtered through a Celite pad on a sintered-glass filter to remove
any inorganic precipitates, and the flask and the filter cake is rinsed with three 30 mL of
ether. the filtrate is concentrated and the residu is distilled in vacuo to give diisopropyl
(£)-2-methyl-1-hexenylboronate as a colorless liquid. 65%. bp 60 °C/0.07 mmHg
(Keep the bath temperature at lower than 150 °C).

Properties: '"H NMR (CDCl,) 8, 0.90 (t, 3 H, J=6.0 Hz), 1.16 (d, 12 H, J=6.2 Hz), 1.40
(m.4H),1.85(s,3H),2.07(t,3H,J=6.3Hz).4.41 (q,2H.J=6.2 Hz),and 5.18 (s. l H).

' The B-Br bond can be conveniently converted to the corresponding isopropyl esters with diisopropy!
ether. However, the reaction with the corresponding methyl sulfide complex is very slow.
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(9) 2-lodomethyl-4,4,5,5-tetramethyl-1,3,2-dioxaboronane,
ICH,B(OCMe,CMe,0) |31, 38]

' i O O
1. 'Pr)3, BuL , P~ N—
CICH, —LBOPD B ey B Nal ICH,-B (41)
2. AcOH ‘O acetone \O —
3. pinacol

The 500 mL two necked flask is assembled with a magnetic stirring bar. a septum inlet
and a outlet connected to an oil bubbler and a nitrogen inlet. Chloroiodomethane
(31.7 g, 0.18 mol), triisopropyl borate (40.4 mL, 0.175 mol), and THF (200 mL) are
added to the flask by puncturing the septum with a syringe. The flask is immersed in
the dry ice-acetone bath. Butyllithium (1.55 M solution in hexane, 0.165 mol) is slowly
added. The mixture is stirred for 30 min at -78 °C, and then allowed to warm to room
temperature over a 1-2 h period without displacing the cooling bath. The mixture is
stirred for additional 3 h at room temperature. The flask is cooled to —78 °C. Acetic
acid (10 mL, 0.175 mol) and a solution of pinacol (20.7 g, 0.175 mol) in THF (20 mL)
are succesively added. The mixture stirred for 30 min at —78 °C and for 3 h at room tem-
perature by displacing the cooling bath. The reaction mixture is washed with brine and
dried over MgSO, overnight. The solution is filtered to remove the drying agent, con-
centrated on a rotary evaporator. and finally distilled under reduced pressure using a
semi-micro short-path distillation apparatus to give a mixture of chioromethyl- and
iodomethylboronic acid pinacol esters (29.6 g). bp 73-85 °C/10 mmHg.

The above boronic ester (29.6 g) is added to the mixture of Nal (dried in vacuo, 38 g)
and acetone (a middle fraction is collected by distillation, 280 mL) under nitrogen. The
mixture is refluxed for 4 h. After cooling to room temperature, the solvent removed in
vacuo using a rotary evaporator. The product is extracted with ether (100 mL X 2),
washed the extract with brine. and dried over MgSQO,. The concentrated residue is dis-
tilled in vacuo to give an air-stable slightly vellow oil in a 82% total yield (38.5 g). bp
93.95 °C/10 mmHg (a colorless oil can be obtained by distillation from small amount
of copper powder).

Properties: '"H NMR (60 MHz. CDC1,) 8, 1.30 (s, 12 H), 2.17 (s. 2 H); "C NMR &.
24.35.84.02.

(10)  3,3,4,4-Tetramethyl-2-(2-formylphenylmethyl)-1,3,2-dioxa- boronane,
2-OHCCH, B(OCMe,CMe,0) [36]

CHO

0 Zn O 2:iCeHCHO ol
ICH,-B, — 1ZnCH-B, - CHoB, (42)
O

A two-necked 100 mL flask is assembled with a magnetic stirring bar, a septum inlet,
and a reflux condenser. The flask is charged with zinc powder (50 mesh. 5.67 g,
86.7 mmol) and then the apparatus and zinc are dried by heating the flask with an
electric heat gun while maintaining a stream of nitrogen. THF (15 mL) and 1.2-dibro-
moethane (0.3 mL) are added to the flask. and the mixture is stirred for 30 min to acti-
vate the zinc surface. The flask is cooled in an ice-water bath. A solution of
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2-iodomethyl-4.4,5,5-teramethyl-1,3.2-dioxaboronane (7.5 g, 28 mmol) in THF (20
mL) are added dropwise via cannula or syringe. The bath temperature is allowed to
warm slowly to room temperature, and the mixture is stirred for an additional 2 h. By
means of a cannula and nitrogen pressure, the reaction mixture is filtered through a
Celite pad on a fritted glass funnel, and the flask and filter cake is rinsed with a small
amount of THF to give a solution of the zinc compound. The zinc ion concentration is
titrated by a EDTA standard solution. 0.5-0.6 M, the yield generally exceed 90%'.

The same flask is assembled as above. The flask is charged with PdCl, (PPh;)-
(180 mg, 0.23 mmol) and flushed with nitrogen. THF (30 mL), 2- iodobenzaldehyde
(1.35 g, 5.8 mmol), and finally the above zinc reagent (0.6 M, 8.2 mmol) are added to
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is dilstilled by Kugelrohr to give a colorless thick liquid which slowly crystallizes at
room temperature. 65%, 90-100 °C/0.3 mmHg (The compound is thermally unstable.
thus distillation at temperature lower than 100 °C ts recommended)-.

Properties: '"H NMR (90 MHz, CDCl,) 8, 1.20 (s, 12 H), 2.55 (s, 2 H), 7.05-7.35 (m, 3
H), 7.55-7.70 (broad d. 1 H), 10.12 (s, | H).
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16.4 Aluminum Complexes

16.4.1 Introduction

Organoaluminum compounds. little known until the 1950s, have become widely
accepted and increasingly important in the field of industry and in the laboratory, par-
ticularly after be brilliant work of K. Ziegler and colleagues, who discovered the direct
synthesis of trialkylaluminums and their application to olefin polymerization [1,2]. A
comprehensive review of organoaluminum chemistry appeared in 1972, covering a
variety of literature up to late 1971 [3]. Other important review articles have been pub-
lished since then [4-13]. The chemistry of organoaluminum compounds can be under-
stood in terms of the dynamic nature of the C—-Al bond and the high Lewis acidity of
the monomeric species. This is directly related to the pronounced tendency of the alu-
minum atom to build up an octet of electrons. The C—Al bonds exhibit a unique set of
properties: (1) their ability to alkylate certain metals and to reduce transition metal
salts, (ii) their tendency to form bridged complexes containing other metals and
organometallics, and (ii1) their facile reactions with olefins under certain conditions.
Organoaluminum compounds also possess a strong affinity for various heteroatoms in
organic molecules, particularly oxygen. They generate 1:1 coordination complexes
even with neutral bases such as ethers. Utilization of this property (heterogenophilicity
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including oxygenophilicity) in organic synthesis allows facile reactions with hetero
atoms particularly oxygen- and carbonyl-containing compounds. However, in sharp
contrast to classical Lewis acids such as BF*OEt,, AlICl;, SnCl,, and TiCl,, they are
endowed with a latent nucleophilic character which can emerge prominently on coor-
dination with a heteroatom-containing functional group. The aluminum atom serves
primarily as the coordination site for the substrate, while the nucleophilic center
attached to the aluminum atom can be activated by the formation of the coordination
complex, facilitating nucleophilic attack on the substrate.

This process is illustrated by the successive Beckmann rearrangement-alkylation
sequence using trialkylaluminums [14]. Occasionally the nucleophilic center may
behave as a proton scavenger. These characteristic features are of great interest to syn-
thetic organic chemists.

Although organoaluminums have found numerous applications in organic synthe-
sis, there have been virtually no synthetically useful reactions of organogalliums and
organoindiums. In contrast. organothalliums have emerged as uniquely useful
organometallics within the last decade. While thallium compounds share many fea-
tures with the lighter members of the Group 13 elements, their chemistry is dominated
by certain features unique to the heavy elements.

H H
PraAl -
E PrsAl-OTs
=
\ N
H N H
~OTs
H
DIBAH
(43)
N
HH H
Pumiliotoxin C 60% overall yield

16.4.2 Reactions with Hydrocarbons

There is a far-reaching analogy between the addition of dialkylaluminum hydrides to
olefins (hydroalumination) and Brown’s hydroboration reaction, and in particular the
third stage of hydroboration. Hydroboration is more facile than hydroalumination,
and proceeds by ¢is addition to the double bond. Cis addition of R,Al—H to the dou-
ble bond may reasonably be presumed but is not definitely established, since there is no
test of c¢is addition for the terminal olefins which are most commonly subjected to
hydroalumination.

In view of the weak affinity of the ionic Al—H bond for olefins [15-21], the hydroa-
lumination of olefins has been studied extensively in the presence of transition metal
catalysts. Among these, only Ti and Zr catalysts have proved to be effective for obtain-
ing hydroalumination products and their subsequent functionalization with various
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N/ B
RAI—H + (C=C — —  +  R,AI—C-C-—H (44)
V2N |
N B
RoB—H + c=C_ RzB—C|3—(I3—H (45)

electrophiles has been studied [22, 23]. Recently, several other transition metals have
been utilized. UCI; or UCI, is an effective catalyst for the preparation of organoalumi-
nates from terminal olefins and LiAlH, [24]. The active species in this reaction is
thought to be U(AIH,),.

UCl3 . HO
(RCHoCHa) AlH,,Li

x RCH=CH, + LiAlH,4 RCHoCH;  (46)

[R:CannH(n:O—G), X:0—4]

Nickel(0)—olefin complexes such as tris(ethylene)nickel(0) and tris(bicyclohep-
tene)nickel(0) are highly active homogeneous catalysts for the transalkylation of tri-
alkylaluminum with terminal olefins [25]. After completion of the reaction, the
“naked” nickel(0) can be removed in the form of Ni(CO), by reaction with carbon
monoxide.

= Ni©)
P + [-BusAl 00 FBuAI{CH, )2 + 2 C4Hg (47)

Extensive studies have shown that only terminal olefins can be successfully utilized
and hydroalumination of internal olefins proceeds reluctantly even in the presence of
transition metal catalysts [16, 22]. In this context, the possibility of organoborane-
catalyzed hydroalumination has been explored. because hydroboration is far superior
to other hydrometalation reactions. This expectation has been realized by combining
organoboranes in catalytic quantities and CI,AIH as the hydrometalation agent [26].
CLAIH (or its synthetic equivalent) can be generated in situ from LiAIH, and AICI; in
ether or R,AIH (R=Et or i-Bu) and AICI, in 1.2-dichloroethane. The organoborane-
catalyzed hydroalumination using the catalytic PhB(OH),/CL,AIH or catalytic Et,B-
/CLLAIH systems in ether is applicable to the regio- and chemoselective
functionalization of monosubstituted olefins. Internal olefins as well as terminal
olefins are readily hydrometalated with catalytic Et;B/Cl,AlH in 1,2-dichloroethane.
Apparently, the coordination of an ethereal oxygen to a Lewis acidic aluminum center
in ether solvent significantly lowers the reactivity of the catalytic system.

@\/ cat R-B< O\A E+ @v\
CloAH 60-80%
= AlCl E (48)

ether

E=H,Br, |, OH
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cat EtzB Oz (49)
_AICI
EtAIH-AICk SAICL,  80% OH
CICH,CH,CI

A new carbon-carbon bond formation can be realized by the selective coupling
between the intermediary alkylaluminum dichloride, generated with an Et;B/CLLAIH
system, and certain organic electrophiles [26. 27].

CroHorCH=CHy 2508 G JHpsAlCl, <= GygHsCOCH; ()
i Cl 82%
MeOClHCOOMe
OMe

' O,
CyoHosCHCOOMe /1%

Quite recently, a novel inter-intra cascade carboalumination reaction of dienes and
trienes with dialkylaluminum chlorides (R-AlCl) has been developed in the presence of
a catalytic amount of Ti(OPr'), [28]. In the presence of pre-existing chiral centers in the
starting dienes, the formation of cyclopentane derivatives is highly rrans-selective with
respect to the aluminomethyl and R groups. while that of cyclohexane derivative is
highly cis-selective. The stereochemical outcome can be rationalized in terms of chair
cyclohexane-like transition states. Since the alumino group in the products can be
readily functionalized, the reaction provides a novel and synthetically useful route to
stereo-defined cyclopentane and cyclohexane derivatives.

—= R,AICI (51)
A\ cat, TI{OPri), AlL,

~ RLAICI
S cat. Ti{OPri, AlLym  (52)

The zirconocene-catalyzed carboalumination reaction of alkynes provides a new
route to stereo- and regio-defined trisubstituted olefins [29]. Phenylacetylene and sever-
al other alkvnes on treatment with Cp-ZrCl,/Me,Al undergo cis-addition to yield the
corresponding alkenylaluminums almost exclusively. Such alkenylaluminums have
already proven 1o be versatile intermediates for the preparation of a wide variety of
trisubstituted olefins. Although the Cp.ZrCl,—catalyzed reaction of alkynes with tri-
akylaluminum possessing B-hydrogens is complicated by competitive hydrometalation
[29] and diminished regioselectivity (70-80%). the hydrometalation can be avoided by
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using dialkylaluminum chloride in place of trialkylaluminum. Based on the mechanis-
tic studies, the Zr-catalyzed carboalumination reaction probably involves direct Al—C
bond addition assisted by Zr.

1) n-Bui CpoZrClp Ph D
PhC=CH PhC=CD —
) D,0 MegAl Mo <AMe, (53
Cp2ZrClz | MesAl H,O
Ph.__ _H D20 Ph.__ _H Ph.__ D
Mo~ “AlMe, Me~ <D Me”  <H
(96% E ) 98% (>98% Z)

The bimetallic species, Bu,Mg/2Et;Al was found to be effective for the carboalumi-
nation of silylacetylene [30]. The compound, Bu.Mg/2Et,Al, has the bridged structure
A which is essential for enhancing the reactivity of the C-Al bond. A similar bimetallic
bridged species B is also involved in the Cp,ZrCl, catalyzed carboalumination of ter-
minal acetylenes with Me;Al [31]. The new reaction proceeds in a regiospecific but
nonstereoselective manner. However, substrates carrying unsaturated groups in conju-
gation with the triple bond exhibit high or exclusive trans selectivity.

Et\AI/Bu\Mg/Et\AI/BU Me\AI/Cl\Zr/Me\AI/Me
Et” “EtT  CBuT Rt Me” “Me  CpyoClT “Me
A B
o 1) Bup,Mg-2Et5Al CioHz21~ _ .SiMes  CygHaz1._ __ .SiMes
CioH>1C=CSiMe
10H21 3 3 Hor Et>—<H + BUHH (54)
80% (5:1)
Et
. 1) HexoMg-Et:Al H
——SiMe AN
CsH13/\/— 5o, 06H13/\/J\f (55)
3) BugNF I
85%

16.4.3 Aldehydes and Ketones

Oxophilic organoaluminum compounds are capable of reacting with various aldehy-
des and ketones as alkylating and reducing agents. A good summary of this area is
given by Mole and Jeffery [3].

Pronounced solvent as well as temperature effects were observed in the course of tri-
alkylaluminum-induced cyclization of unsaturated aldehydes [32]. Thus, unimolecular
decomposition of the 1:1 complex of citronellal/Me,Al at -78 °C to room temperature
yielded the acyclic compound 1 in hexane, whereas isopregol (2) was produced exclu-
sively in 1,2-dichloroethane. Furthermore, the cyclization—-methylation product 3 was
formed with high selectivity using excess Me;Al in CH,Cl, at low temperature. The 1:1
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OH
-~ —_ (56)
Hexane CHO ---AlMeg CICH,CH,CI
80% ' 88% OH
1 MesAl
o+

OH OH OH

3 2
3 48% 34%

complex of other trialkylaluminum citronellal decomposed upon warming to room
temperature to furnish a reduction product. citronellol, as a major product.

The studies of MeAlCl-.-induced cyclization of unsaturated ketones indicate the
advantage of alkylaluminum chloride over AICI, in Lewis acid catalyzed reactions,
since these reagents are capable of acting as proton scavengers as well as Lewis acids
[33]. The reaction is interpreted as a MeAICl.-promoted cyclization of the v,5-
unsaturated ketone followed by the sequential hvdride and methyl shift as illustrated

below.
_AIMeCl,
Me ) 0]
0 ; VO.S/,—A”V\GCIQ __._‘\Me
MeAICl, .\
CH,Cl (57)
85%
9 : 1

The aldol condensation of aldehydes and silyl enol ethers has been realized in the
presence of various organoaluminum catalysts [34]. Me,AICI (0.05-0.5 equiv) is most
effective and other organoaluminum reagents such as Me;Al, EtAICl,, and MeAICl,
gave lower yields of aldol products.

OSiMe; O OH
|
+ PhCHO cat MezAIC Ph (58)
CH.Cly,
-78°C

88% ( erythro/threo = 37 : 63 )
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The aluminum enolate can be generated regiospecifically by treatment of o-halo car-
bonyl compounds with reagents of the type Bu,SnAlEt,, Bu,PbAlEt,, or Ph;PbAIEL,.
Reaction of the resulting adduct with aldehydes or ketones gave B-hydroxy carbonyl
compounds under mild conditions [35]. This aldol reaction is accelerated by adding a
catalytic amount of Pd(PPh,),.

OAIEt
Me 2 Q MeOH
Me
Br EtAISnBug PhCHO Ph
THF 559 (59)
0 °C, 30 min

The standard Wittig reagents can function as strong bases and remove the acidic
o-protons of carbonyl compounds. With easily enolizable ketones, proton abstraction
becomes the dominant reaction. However, Tebbe’s reagent, Cp,TiCH, AlMe,Cl,which
cleanly converts esters and lactones into their corresponding enol ethers [36], was
found to be highly effective for the methylenation of enolizable ketones [37]. The titani-
um methylidene fragment, Cp,Ti=CH, is an active species which reacts chemoselec-
tively with ketones over esters.

CH,
Cp,Ti “SAlMe,

© <CI/ Che
T = — (T

84%

Organoaluminum compounds are endowed with high oxophilic character, and
hence are capable of forming long-lived monomeric 1:1 complexes with carbonyl sub-
strates. For example, the reaction of benzophenone with Me,Al in a 1:1 molar ratio
gives a yellow, long-lived monomeric 1:1 species which decomposed unimolecularly to
dimethylaluminum 1,1-diphenylethoxide during some minutes at 80 °C or many hours
at 25 °C[38]. This unique property may be utilized for stercoselective activation of the
carbonyl group. Among various organoaluminum derivatives examined, exceptionally
bulky, oxophilic organoaluminum reagents such as methylaluminum bis(2,6-di-rert-
butyl-4-alkylphenoxide) (MAD and MAT), have shown excellent diastereofacial selec-
tivity in carbonyl alkylation [39,40]. Thus, treatment of 4-teri-butylcyclohexanone
with MAD or MAT in toluene produced a 1:1 complex which on subsequent treatment
with methyllithium or Grignard reagents in ether at —78°C afforded the equatorial
alcohol almost exclusively. Methyllithium or Grignard reagents undergo preferential
equatorial attack yielding axial alcohols as the major product. MAD and MAT have
played a crucial role in the stereoselective synthesis of hitherto inaccessible equatorial
alcohols from cyclohexanones.

This approach has been quite useful in the stereoselective alkylation of steroidal
ketones. Reaction of 3-cholestanone with MeLi gave predominantly 3B-methyl-

Me

MesAl |
& Pho,C—OAIMe,  (61)

25°C

Ph,C=0 [ PhyC=0--AlMes |

yellow complex
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R OH
° b (62)

1) MAI

equatorial alcohol axial alcohol

RM = Meli 84% ( 99:1)

o, .

R o_ 0O R EtMgBr 910/0 (10020)

Al BuMgBr 67% (100:0)

I\'Ae AllyIMgBr 90% ( 91:9)
MAD: R =Me
MAT: R =t+Bu

cholestan-3a-ol (axial alcohol),whereas amphiphilic alkylation of the ketone with
MAD/MeLi or MAT/MeLi afforded 3a- methylcholestan-3B-ol (equatorial
alcohol)exclusively. In addition, unprecedented ansi-Cram selectivity was achievable in
the MAD- or MAT-mediated alkylation of o-chiral aldehydes.

Based on the concept of the diastereoselective activation of carbonyl groups with
MAD or MAT, the bulky, chiral organoaluminum reagent. (R)-BINAL or (S)-BINAL
has been devised for enantioselective activation of carbonyl groups.

(63)
Me p g
OH H
Meli : 97% (ax/eq=73:27)
0 :
H
Me H
MAD/MeLi : 98% (axeqg=2:98)
MAT/MelLi : 99% (axeqg=1:99)
Me Me
M
/'\e RM or R + /l\/R
MAT/RM Ph Ph ”
Ph CHO :
OH OH (64)
Cram anti-Cram
MeMgl 64% (72:28)
MAT/MeMg| 96% ( 7:93)
EtMgBr 78% (84:16)
MAT/EtMgBr 90% (13:87)
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SiArg SiAr;
AI— Me AI— Me

SiArs; SiArs

R)-BINAL (S)-BINAL

The modified organoaluminum reagent, BINAL, can be used as a chiral Lewis acid
catalyst in the asymmetric hetero-Diels—Alder reaction [41]. Reaction of various alde-
hydes with activated dienes under the influence of catalytic BINAL (5—10 mol%) at
-20°C gave, after exposure of the resulting hetero-Diels—Alder adducts to tri-
fluroacetic acid, predominantly cis-dihydropyrone in high yield with excellent enan-
tioselectivity.

OMe
1) (A)-BINAL
Me = {5-10 mol%) Me (65)
) g + PhCHO e eoon 2) CF;,COOH
Me3SiO Ph O Ph
Me
Ar=Ph 77% (95% ee) 7%
Ar =3,5-Xylyl 90% (97% ee ) 3%

Reactive aldehydes such as formaldehyde and a-chioroaldehydes can be successfully
generated by treatment of readily available trioxane and a-chlorcaldehyde trimers,
respectively, with methylaluminum bis(2,6-diphenylphenoxide) (MAPH), and stabi-
lized as their 1:1 coordination complexes with MAPH. The resulting CH,—O MAPH
complex reacts with a variety of olefins to furnish ene-reaction products with excellent
regio- and stereoselectivities [42]. In addition, this complex as well as o-chloroalde-
hyde-MAPH complexes can be utilized as a stable source of gaseous formaldehyde and
reactive a-chloroaldehydes, respectively, for the nucleophilic addition of various car-
banions (organometallics, enolates, etc.) [43]. Formation of reactive aldehyde-MAPH
complexes is firmly confirmed by '"H NMR spectroscopy. A space-filling model of

(o e :o AI Q é/\OH (66)
e i

trioxane OCuBuLi
&L
0

MAPH 63 %

OH
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Cl
CICHz._ _O_ _CHyCI
\[/ Y 1) MAPH PhW ~169°C / \ (67
o) 0 2) CH,=C(OLi)Ph ! o mesitylene Phlo) )

95% yield
CH,CI 90% yield yie

aldehyde-MAPH complexes implies that formaldehyde and a-chloroaldehydes coor-
dinated with MAPH may be electronically stabilized by two parallel phenyl groups of
aluminum ligands.

This unusual stabilization effect of MAPH has been successfully utilized for dis-
crimination between two structurally different aldehyde carbonyls, thereby allowing
the chemoselective functionalization of sterically more hindered aldehydes [44].

CHO O\ MAPH 68
TN CHO 2 PhLi /\/Y Q/ ( )

CH
61% (

In contrast to MAPH. aluminum tris(2.6-diphenylphenoxide) (ATPH) has been
introduced for effective blocking of aldehvde carbonyls. thereby allowing the hitherto
difficult conjugate addition of reactive nucleophiles to o,-unsaturated aldehydes
[45]. In particular, Michael additions of lithium alkynides and thermally unstable lithi-
um carbenoids, which are very difficult to achieve in organocopper chemistry, are real-
ized with o,B-unsaturated aldehyde/ATPH complexes. A similar regiochemical
reversal was also observed in the addition of enolates and silyl ketene acetals to
o.3-unsaturated aldehydes in the presence of ATPH. Based on the X-ray structure of
the DMF-ATPH complex. a plausible cinnamaldehyde-~ATPH complex structure is
suggested which shows that ATPH blocks the cinnamaldehyde carbonyl effectively,
thereby serving as a tight aldehyde pocket for the selective 1,4-addition of carbon
nucleophiles to o,B-unsaturated aldehydes. This approach is also applicable to the con-
jugate addition to o,B-unsaturated ketones [46].

Regioselective olefin formation from ketones has been exploited. Conversion of
ketones to the corresponding enol diphenylphosphates and subsequent coupling of

S -CHO ATEH . CHO-Al-

CH.Cla Ph/\/i l ether h
-78°C 89%

Ph
Me,SIC=CLi / 500, WE'F
A0 s DME 91%

MesSIC=C )\/CHO
en )\/CHO Ph
ATPH Ph

Bu
CHO 69)
NN (69
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enol phosphates by stereospecific C—O bond fission with alkylaluminum in the pres-
ence of catalytic Pd(PPh,), yields alkenes [47]. In this coupling, alkenyl and alkynyi
groups are introduced selectively in preference to alkyl substituents. The reaction does
not affect a co-existing vinyl sulfide group. This feature enabled 1,2- and 1,3-carbonyl]
transposition, with or without alkylation, via phenylthio-substituted enol phosphates.

O OPO(OPh), C=CPh
1) LDA cat Pd(PPha), (70)
2) CIPO(OPh), EtAIC=CPh
70%
Bu -Bu t-Bu
9] OPO(OPh),
1) LDA/PhSSPh (1)
X -SPh
ph)'k/ Me 2) NaH/CIPO(OPh), Ph/J\]’/
Me
64%
210, | cat Pa(PPhg)
MesAl
Me Me
Ph H,O/AcOH Ph
Me 95% Me

The tandem aldol condensation-radical cyclization sequence for the elaboration of
functionalized bicyclo[3.3.0]octane systems has been developed [48]. Conjugate addi-
tion of Me,AlSePh to dimethylcyclopentenone followed by trapping of the resultant
enolate with aldehyde afforded the trans.ervihro aldol predominantly which then
underwent radical cyclization with Bu,SnH and catalytic AIBN yielding the bicyclic
ketol stereospecifically. This approach represents a highly convergent method for the
annulation of carbocycles leading to the polyquinane sesquiterpenes.

0 0 OH 0y OH
1) Me,AlSePh : :
) MeoAlSe R cat AIBN (72)
2) CHo=CHC(Me},CHO BuaSnH

H Ve

63%

Ph

80%

Diisobutylaluminum hydride (DIBAH}) is undoubtedly one of the most common
reducing agents in organic synthesis and recent interest in the synthetic utility of
DIBAH has been directed toward diastereoselective reduction of carbonyl substrates.
High 1,3-syn diastereoselectivity has been achieved in the chelation-controlled reduc-
tion of B-hydroxy ketones with DIBAH in THF [49]. The choice of solvents strongly
affects the selectivity, Use of CH,Cl, or toluene in place of THF did not show any
diastereoselectivity.
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OH O DIBAH OH OH OH OH
— + (73)
PR THF, -78 °C Ph Ph
87% (93:7) syn anti

The reducing reactivity of DIBAH can be dramatically modified by adding a transi-
tion-metal compound as exemplified by the methylcopper(I)-catalyzed highly efficient
and selective conjugate reduction of o,pB-unsaturated carbonyl compounds with
DIBAH [50]. HMPA is an indispensable component for the present conjugate reduc-
tion, and it functions as a ligand rather than a cosolvent. The newly developed
MeCu/DIBAH/HMPA system exhibits high chemoselectivity and even in the presence
of saturated carbonyl groups, the selective conjugate reduction of a,B-unsaturated car-
bonyl compounds took place efficiently.

The asymmetric reduction of prochiral a- and B-hydroxy ketones has been realized
with a regent generated from SnCl.. a chiral diamine, and DIBAH [51]. Use of MEM
ethers as a substrate and (.5)-1-ethyl-2-(piperidinomethyl)pyrrolidine as a chiral ligand
is the most effective to achieve high enantioselection.

catMeCu
DIBAH

HMPA, THF
=50°C.2h

84%

Ph Ph
o S e
(N_)\/N OH
Et

74%, 93% ee

SnCl,/DIBAH

—-100 °C, 20 min

16.4.4 Acid Derivatives

Asymmetric Diels—Alder reactions are little affected by solvent changes. However,
Lewis acids exert a strong catalytic effect and induce higher optical yields. As a conse-
quence of faster rates, increased stereoselectivity, and enhanced regioselectivity, Lewis
acid-catalyzed [4+2] cycloadditions offer many attractive synthetic advantages.
Homogeneous alkylaluminum chlorides have now been accepted as most reliable
reagents. Chiral o.f-unsaturated N-acyl oxazolidones exhibit high diastereofacial
selection in Diels—Alder reactions. particularly those conducted in the presence of
Et,AICI [52]. Reaction of the chiral acrylate and crotonate imides with cyclopentadi-
ene furnished endo -adducts almost exclusively with diastereoselection of about 95%.
The exceptional reactivity of these dienophile—Lewis acid complexes allowed the use of
less reactive acyclic dienes with high diastereoselectivity (>95% de). The chiral auxil-
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Me

\ CHQClg .
u —-100°C Me PhCH

PhCHy 2

85%, 90% de
~CO2CH2Ph
PhCH,OLi
THF (77)
Me 93%

lary is cleaved by transesterification with lithium benzyloxide to the corresponding
benzyl ester in 85-95% yield.

(E, E)-Trienecarboximides derived from chiral oxazolidones undergo Me,AlCl-
catalyzed intramolecular Diels-Alder reactions vielding bicyclic compounds with high
endo- and diastercoselectivity (endolexo =~100 : 1) [53]. The stereochemistry is con-
trolled by the stereogenic at C, of the chiral auxiliary.

OV XC O XC
i H H
Me,AIC :
+ (78)
CHQC'Q :
.30 °C H H
X
X,= 07 N~ 73% (95:5)
™CH,Ph
X
0" N7 65% (3:97)
_/

“CeHq

The distinct advantage of homogeneous alkylaluminum chloride over AICl; was
clearly demonstrated by the organoaluminum-catalyzed asymmetric Diels—Alder reac-
tion of (-)-dimenthyl fumarate with various éyclic as well as acychic dienes with
remarkably high diastereofacial selectivity [54]. Here a single reaction species may be
responsible for the cycloaddition, since a straight line of the observed enantioselectivi-
ty, In (S,S)/(R, R) against the reciprocal of the temperature, 1/7 (In K) was obtained a
temperatures ranging from 25 to 40 °C.

EtAIlCl, catalyzed Diels—Alder reactions between alkyl-substituted 1,3-butadienes
and (n'-acrylol) (n’-cyclopentadienyl) diacarbonyliron(II) complexes have been found.
where the observed regio- and stereochemistry were consistent with that generally
observed in Diels—Alder reactions [55]. Conventional Lewis acids such as BF;-OEt,
and TiCl, were not effective in promoting the desired cycloaddition.
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[5\ .COO-(-)-Menthyl
)W \Q Al reagent @ (79)

COO-{-)-Menthyl

Bu,AICI 56%, 95% de
ACl, 60%, 66% de
o)

Fe(CgHs)(CO)2

A)J\ @ )\/ p—

benzene

CO 25 oC Me

(80)
“Me

CO 81%

An interesting metal effect was observed in the aldol condensations of the enolate
derived from the iron acetyl complex (n°-CH:)Fe(CO)PPh;)(COMe) with aldehydes
[56,57]. Although the lithium enolate did not show any selectivity, the corresponding
aluminum enolate by transmetalation with Et.AICI exhibited exceptionally high
diastereoselectivity (>99% de). The resultant B-hydroxy acyl complexes are trans-
formed to B-hydroxy acids on decomplexation with Br..

OC Phg oC ghz
1) BuLi ‘ EtCHO
< - Fe N
\H/ 2) Et,AICH v \% -100°C
@ @)

@W(\r @

>100:1 (1.2:1 with lithium enolate)

16.4.5 Alcohol Derivatives

Organoaluminum-promoted asymmetric pinacol-type rearrangements have been stud-
ied extensively: chiral B-mesyloxy tertiary alcohols. when treated with excess Et,AlCI
or Et,Al, undergo a stereospecific pinacol-type rearrangement to furnish optically
pure o—alkyl. a-alkenyl. or a-aryl ketones [58-62]. The reaction is particularly useful
for preparation of optically pure o—methyl-B,y-unsaturated ketones by migration of an
alkenyl group. which occurs with retention of the olefin geometry. The resultant
ketones can be reduced by lithium tri-sec-butylborohydride with high threo-selectivity.
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HO (CHo)sPh Rt 0O
M 3 EtgAl Rz
e\ﬁ%:<R — = (CHp),Ph (82
R R2 65-75%
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>99% ee
J Li(s-Bu)sBH

R' OH

R2 5

O~ = (CH.)2Ph
R3 Me

>99% ee

Reductive pinacol-type rearrangement of chiral o-mesyloxy ketones was executed by
in siti reduction with DIBAH followed by addition of Et,Al or Et.AlCI. The resulting
aldehyde is reduced as formed to an optically pure 2-aryl- or 2-alkenylpropanol [63].

0] H SiMe;
1) DIBAH
Me P Bu
Bu " 2)Etal = CH (83)
MsO SiMej 7% H Me
>95% ee

Cationic rearrangement of 3-(trimethylsilylymethylcyclohexyl mesylates was effect-
ed with excess Me,AlOTT [64]. In this reaction. the silyl group exhibited a remarkable
directing effect to induce successive rearrangement of a hydride and an alkyl group in
order to generate a stable -silyl cationic species which finally afforded the correspond-
ing olefins. As observed in the usual cationic 1,2-rearrangement process, successive
migrations of two anti-periplanar substituents on axial positions may be greatly
favored in these silicon-directing rearrangements.

OMs

Me,AlOTf Bu = —
(3 equiv)
Bu hexane + Bu *t (84)
Bu

. -78°C, 14 h
SiMe; 60% 33% 5%

A mild and efficient preparation of functionalized allylic stannanes is performed from
allylic acetates with Et,AlSnBu, in THF in the presence of catalytic PA(PPh;), [65].
This functional group interconversion represents a net conversion of the electronic
nature of the allyl acetate from electrophile to nucleophile. The stannyiating agent.
which is readily available by reaction of Bu,SnLi with E(,AlCl, exhibits a high degree
of regioselectivity for the less-substituted carbon of the allyl system. The reaction also
proceeds with a remarkably high chemoselectivity. Enone, ketone and ester functional-
ities remain totally intact even in the presence of excess stannyl-aluminum reagent.
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COOMe COOMe COOMe
cat Pd(PPhs)s
EtgAisnBua
OAc SnBu3 SnBu 85)
73% (

16.4.6 Ethers, Epoxides, and Acetals

Aliphatic Claisen rearrangements have been accomplished under very mild conditions
in the presence of organoaluminum reagents [66]. Treatment of simple ally vinyl ether
substrates with trialkylaluminums resulted in the [3.3] sigmatropic rearrangement and
subsequent alkylation on the aldehyde carbonyl group. The rearrangement-
reduction product was obtained exclusively with i -Bu;Al or DIBAH. The aluminum
thiolate, Et,AISPh or a combination of Et.AICI and PPh, was effective for the
rearrangement providing the normal Claisen products, y,8-unsaturated aldehydes,
however, without any stereoselectivity. Accordingly. a new approach for the stereocon-
trolled Claisen rearrangement of allyvl vinyl ethers has been developed based on a mol-
ecular recognition technique using the Lewis acid receptor, ATPH, giving Claisen
products with high E/Z ratio on treatment of 1-alkyl-2-propenyl vinyl ether with
ATPH in CH,CI, [67]. Use of sterically more hindered aluminum tris(2-o-naphthyl-6-
phenylphenoxide) (ATNP) exhibited better selectivity (E/Z ratio = 47:1). The present
chemistry is further extended to the asymmetric Claisen rearrangement of allyl vinyl
ethers with the designing of chiral ATPH analogues, aluminum tris((R)-1-o-naphthyl-
3-phenylnaphthoxide) ((R)-ATBN) or aluminum tris((R)-3-(p-fluorophenyl)-
1-0-naphthylnaphthoxide) ((R)-ATBN-F) with high enantioselectivity [67].

The regioselectivity of epoxide-opening reactions using alkynylaluminum reagents
has been studied for prostaglandin synthesis [68]. With two different cyclopentane
oxide derivatives, the simple substitution of an aluminum ate complex for the usual
trialkylaluminum can sometimes be useful in achieving desired regioselectivity.

A selective ring-opening of 2,3-epoxy alcohols has been attained with organoalu-
minum reagents [69,70]. More recently, a highly regio- and stereoselective addition of

_ C=CPh
Et,AIC=CPh
CICH,CH,CI m (86)

25 °C, 15 min
N 88%
7= ‘ Al reagent p l
J cHo cHo (87
Bu O Bu Bu
Et-AISPh 84% (E/Z=39:61)
Et,AICI + PPhs 81% (E/Z=43:57)
ATEH 87% (E/Z=94: 6)
ATNP 90% (E/Z=98: 2)
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= / (R)-ATBN-F (&
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O _78 oC O )3A|

R =Ph : 86% ee
R=tBu : 91%ee

R= SiMe3 1 92% ee

(R)-ATBN-F
OH OH OH
—_— +
O HO C=C—-R R-C=C OH (89)
M62A|CECCH(OBU0(CH2)4CH3 33 : 1
LiMeoAI(C=CCH(OBUY(CHp)4CHa)s 1:5

the azido group to 2,3-epoxy alcohols has been reported with Me,SiN;—Et,AlF sys-
tem. This method is superior to the conventional one using azide anion which strongh
reflects the steric effect of all of the epoxide substituents [71].

N H
o §3 0O
\(<l/\0H \’/\]/\OH + \H_V\OH (©0)
OH N3

Me3SiNa/EtpAlF 84% (98:2)
NaNg/NH,Cl 90% (53:47)

The reaction of chiral acetals with organoaluminum reagents has been thoroughly
investigated [72,73]. Noteworthy is the unprecedented regio- and stereochemical con-
trol observed in the addition of trialkylaluminums to chiral o,B-unsaturated acetals
derived from optically pure tartaric acid diamide [74-76]. The course of the reaction
appeared to be strongly influenced by the nature of substrates, solvents, and tempera-
ture. These findings provide easy access to optically active a-substituted aldehydes.
B-substituted aldehydes, o-substituted carboxylic acids, or allylic alcohols. Since both
(R,R)- and (S, S)-tartaric acid diamide are readily obtainable in optically pure form.
this method allows the synthesis of both enantiomers of substituted aldehydes, car-
boxylic acids, and allylic alcohols from o,B-unsaturated aldehydes in a predictable
manner.

This asymmetric reaction possesses vast potential in natural product synthesis. This
is illustrated by the short synthesis of the side-chain alcohol which is present in the bio-
logically important vitamins E and K [74].
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16.4.7 Halohydrocarbons

A highly convenient and versatile cyclopropanation method has been recently devel-
oped which involves treatment of olefins with various organoaluminum compounds
and alkylidene iodide under mild conditions [77]. Cyclopropane formation using
Et,Al-methylenc iodide in cyclohexene was previously found to proceed in quite disap-
pointing yields [78]. However. making a survey of a range of aluminum reagents as
well as manipulating experimental conditions, the intermediary dialkyl
(iodomethyl)aluminum species is revealed to be responsible for the cyclopropanation
of olefins and it easily undergoes decomposition in the absence of olefins or by excess
trialkylaluminum. Hence. the use of equimolar amounts of trialkylaluminum and
methylene iodide in the presence of olefins is essential for the achievement of repro-
ducible results in the cyclopropanation process. In addition, since dialkylaluminum
halide is also employable as a cyclopropanation agent, the use of a half equivalent of
trialkylaluminum is not detrimental.

The organoaluminum-mediated cyclopropanation exhibited unique selectivity
which is not observable in the Simmons—Smith reaction and its modifications [79].
Treatment of geraniol with i-Bu;Al/methylene iodide in CH,Cl, at room temperature

R
| CioHz1 ™ ™
RCHI R,Al —= CH-AIR' (92)
> + R'g R,CH AlR'5 C10H21/<]J

R=Hand Me: R =Me, Etand i-Bu 84 - 99%

EtAIX/CHl ]
CioHay ™ CHCla C1oHz1 ©3)
250°C, 10- 13 h 85 - 94%




382

GROUP 13 (B, Al) METAL COMPOUNDS

for 5 h gave rise to cyclopropanation products in 75% combined yields in a ratio ot
76:1:4. Consequently, the methylene transfer by the aluminum method takes place
almost exclusively at the C(6)—C(7) olefinic site far from the hydroxy group of geran-
1ol and the C(2)—C(3) olefinic bond was left intact. In sharp contrast the zinc method
showed opposite regioselectivity via hydroxyl-assisted cycopropanation.

’

= OH
I-BU3A|/CH2|2 (94)
Etzzn/CHglz 2 . 74 . 3

16.4.8 Industrial Applications

Alkylaluminum compounds are used widely in Ziegler—Natta polymerization of
olefins and dienes. It has been estimated that approximately half of the worldwide
production of high density polyethylene (HDPE) is made with Ziegler catalysts [80)].
Most of the worldwide production of low density polyethylene (LDPE) is currently
made by free radical high-pressure polymerization of ethylene, but significant inroads
into LDPE markets have been made in recent years by linear low density polyethylene
(LLDPE) which can also be produced with Ziegler—Natta catalysts. Polypropylene is
manufactured solely by Ziegler—Natta catalysts [81]. Excluding the captive use of
aluminum alkyls for a-olefin and a-alcohol manufacture, Ziegler—Natta polymeriza-
tion is by far the largest volume application of aluminum alkyls in the commercial
market.

In the broadest sense, Ziegler—Natta catalysts may be regarded as combinations of
Group IV-VIII transition metal compounds with Group I-1II organometallics which
can effect polymerization of olefins and dienes under relatively mild conditions of tem-
perature and pressure [82,83]. Titanium compounds and aluminum alkyls are used
most frequently in commercial polyolefin processes. Both titanium and vanadium
compounds are used in conjunction with aluminum alkyls in catalyst systems for syn-
thetic rubber/elastomers. i

Early Ziegler—Natta catalysts were produced by direct reaction of TiCl, with alu-
minum alkyls and were very inefficient. Later, titanium in a pre-reduced became com-
mercially available by reduction of TiCl, with aluminum, but catalyst activities
remained relatively low. For this reason, catalyst residues in the resultant polymer were
high and had to be removed by costly post-reactor treatment to prevent color forma-
tion in the polymer and corrosion in extruders of resin processors. Consequently,
research was quickly directed toward increasing catalyst activity such that residues
would be low enough to obviate removal. Unlike ethylene polymerization, polymeriza-
tion of propylene may proceed by pathways involving different regioselectivities and
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stereoselectivities [84]. Development of catalysts wherein control of stereoregularity is
achieved while maintaining or increasing activity became a primary objective of
polypropylene catalyst research. Polyolefin catalyst research focused primarily on the
transition metal portion of the Ziegler—Natta catalyst. rather than the metal alkyl, and
resulted in catalysts of much higher activity. Such catalysts are widely used in commer-
cial polyolefin processes today, and many involve use of a support for the catalyst.
Suitable supports include silica. alumina. and various magnesium compounds such as
Mg(OR),, HOMgCl, MgCl,, and Mg(OH). [81.84-86].

Another large volume application of aluminum alkyls involves their use in Ziegler
growth reactions to produce long chain aluminum alkyls which serve as precursors to
a-olefins [87] and a-alcohols [88). Because of the ready availability of ethylene, higher
quality of a-olefin products and lower energy requirements, the Ziegler process is sup-
planting other methods of olefin manufacture. such as wax-cracking and dehydro-
genation of paraffins [87]. For at-alcohol production. the long chain aluminum alkyls
are first oxidized and subsequently hydrolyzed with water or dilute acid. The resultant
linear alcohols are used in production of biodegradable detergents.

16.4.9 Synthesis of Al Compounds

Geate care should be taken in handling neat organaluminums because they are
pyrophoric: that is, they ignite spontaneously upon contact with air. Use safety glasses,
gloves, and an apron.

(1) Diisobutylaluminum Hydride, AIH(/-Bu), [89]
Al(i-Bu); — AlH(/-Bu), + CH.,—~CHMe; (95)

Diisobutylaluminum hydride was prepared by the thermal elimination of isobutylene
from the commercially available triisobutylaluminum (Ethyl Corp.) in accordance with
the general procedure of Ziegler and co-workers [90]. A convenient distillation appara-
tus proved to be a 500 mL. round-bottomed flask bearing one stoppered neck and one
neck fused to a Vigreux column. The distillation column, in turn, bore a thermometer
joint at its top and was itself fused to a one-piece condenser and fraction distributor.
Two-necked flasks, each bearing a three-way stopcock, were connected to the four-way
fraction collector to receive the distillate. The condenser was cooled with kerosene
which was circulated through copper coils immersed in a cold bath. Since aluminum
alkvls can ignite spontaneously in air and can also hydrolyze explosively, this method
of cooling is advised to prevent serious accident if the condencer breaks.

In a typical run, triisobutylaluminum (250 mL) was placed in the distillation flask,
and the liquid was stowly heated under 1 atom of nitrogen in an oil bath to 160-180 "C.
Magnetic stirring of the oil bath permitted a smooth evolution of gas. The isobutylene
evolution was monitored by means of a mineral bubbler inserted in the nitrogen line
and the olefin could be condensed by passing the evolving gas stream through a dry
ice—acetone trap. After 12 h the gas evolution became very slow and hence the slightly
turbid liquid was cooled. The system was placed under a reduced pressure of 0.03 mm
and gradually heated. From 46-96 °C about 50 mL of triisobutylaluminum was col-
lected, while between 96 -107 °C (0.1mm) the diisobutylaluminum hydride distilled
over (bath temperature of 125-130 °C). Redistillation gave bp 112-114" (0.3 mm). The
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main fraction of about 100 mL had a pycnometrically determined density, d,-0.793.
Although the deposition of aluminum and further gas evolution (increase in pressure
to 0.1-0.3 mm) signaled some decomposition, satisfactory distillation occurred if the
bath temperature was kept below 130 °C. Anal Calcd for C;H, Al: Al, 18.97. Found:
Al, 19.08.

(2) Diphenyl(phenylethynyl)aluminum, AlPh,(CCPh)[90]
AlPh; + HCCPh — AIPh,(CCPh) + Ph-H (96)

A 250 mL two-necked flask with magnetic stirring is charged with triphenylaluminum
(7.4 g, 29 mmol) in the dry box, and then dry benzene (100 mL; from sodium) is dis-
tilled into the flask. Then freshly distilled phenylacetylene (3.2 g, 31 mmol) is intro-
duced into the mixture with a syringe. The yellow solution is stirred for 8 h at 40-50 °C.
Under a nitrogen flow, the condenser is replaced with a glass frit connected to a
nitrogen-filled two-necked flask. The solution is filtered into the receiving flask, and
the filtrate freed of benzene in vacuo for 1 h. The receiver containing the alkynylalu-
minum is diluted with a 3 : 2 (v/v) mixture of dry benzene and cyclopentane. The prod-
uct in the flask is recrystallized twice to give pure diphenyl{phenylethynyl)aluminum.
mp 142144 °C (turning red at 141°C). The yield of the once crystallized product is
85%, and of the highly pure product, 5.2 g (63% yield).

The infrared spectrum shows a strong band at (mineral oil) 2110 cm™'. The NMR
spectrum shows absorptions at (9. benzene-d ;) 8.37 (4H. q, ortho H of Ph,Al), 7.53
(6H, t, meta and para H of Ph.Al). and 6.92-7.3 (5SH, m) ppm.

Unsymmetric alkynylaluminum derivatives can be prepared by (a) the reaction of
sodium acetylides with dialkyl- or diarvluminum halides [92-94]: () the reaction of
terminal acetylenes with aluminum hyvdrides in donor solvents [95,96] and (c) the reac-
tion of terminal acetylenes with triorganoaluminums, especially with trimethyl- or
triphenylaluminum [91,97]. Where applicable, the last method gives an unsolvated
product under mild, simple conditions.

(3) Diethylaluminum Cyanide, AIEt,(CN)|98]
This preparation should be carried out in a good hood.
AlEt, + HCN — AIEt,(CN) + Et-H (97)

To a magnetically stirred solution of triethylaluminum (15.7 g, 0.137 mol) in benzene
(40 mL) was added dropwise under ice-cooling to a solution of hydrogen cyanide (3.70
2,0.137 mol) in benzene (35 mL). Vigorous gas evolution occurred during the addition
and ceased when the addition was completed, yielding 3.22 L of ethane (calcd: 3.40 L).
Benzene was evaporated and the residue was distitled to give 14.1 g (93%) of diethyla-
luminum cyanide boiling at ¢« 150 *C/0.07 mmHg (bath temperature 200-220 °C ) as a
highly viscous oil.

(4) Diethylaluminum Dimethylamide, AIEt,(NMe,)[99]

AlEt,Cl + LiNMe, — AIEt,(NMe,) + LiCl (98)
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Diethylaluminium chloride (10.8 g, 0.09 mol) in petroleum ether (10 mL) was added
dropwisely to lithium dimethylamide (0.09 mol) previously prepared at -5 “C from
n-butyllithium and dimethylamine in petroleum ether. After removal of lithium chlo-
ride and solvent, diethylaluminium dimethylamide. bp 67-69°C (0.12 mm), 8.00 g
(68% yield), was obtained. (Found: Al, 20.50: active ethyl groups, 2.05; mol. wt.
cryoscop. in benzene, 257. C{H; AIN caled: Al 20.93%: active ethyl groups, 2.00 per
mole: mol. wt. dimer, 258.); IR 1055 (s), 665 (s). 560 (w), 520 (w) cm™.)

(5) Methylaluminum Bis(2,6-di-tert-butyl-4-methylphenoxide), AlMe
{0-C¢H,(CMe,),Me}[100]

AlMe, + 2 HO-C.Hy(CMe:)-Me —= AIMe{O-C;H,(CMe;);Me}e 2 Me-H (99)

To a solution of 2.6-di-zers-butyl-4-methylphenol (13.22 g, 60 mmol) in degassed hexa-
ne (40 mL) was added a 2 M hexane solution of Me,Al (15 mL, 30 mmol) at room tem-
perature. A white precipitate appeared immediately. After 1 h. this mixture was heated
until the precipitate redissolved in hexane. The resulting solution was allowed to stand
for 3 h. yielding colorless crystals which were filtered in an argon box. Since the crystals
contain some impurities such as 2.6-di-tert-butyl-4- methylphenol and inorganic alu-
minum salts, they were further recrystallized from hexane (45 mL) at -20°C to give
essentially pure methylaluminum bis(2.6-di-rert-butyl-4-methylphenoxide) (MAD)
(7.83 g, 54% yield).

Properties: 'H NMR (CDCl,) 8 7.04 (4H. s. CH.). 2.28 (6H. 5. CH), 1.53 (36H, s,
C(CH,),),~0.35 (3H. s. Al-CH.): "C NMR (CDCl,) § 152.02, 138.19, 127.71. 125.94,
34.94, 31.56, 21.40, -9.09 (Al—CH.).

(6) Diethylaluminum Ethanethiolate, AIEL(SE)[99]
AJIEt, + EtSH — AIEt,(SEt) + Et-H (100)

A solution of ethanethiol (6.2 g, 0.1 mol) in cyclohexane (20 mL) was carefully added
dropwise to a solution of triethylaluminum (11.4 g, 0.1 mol) in cyclohexane (20 mL) at
78 °C. The reaction temeprature was allowed to warm to 40 °C gradually with evolu-
tion of ethane gas. Distillation of the crude products under reduced pressure gave the
title compound (12.4 g) in 85% yield: bp 84-85 "C (0.05 mm).

Properties: IR 1255 (s). 980 (vs) em™: '"H NMR (C.H,) 8 2.30 (2H. q, SCH.). 0.97 (3H,
t. SCCH.). 0.25 (4H. q. AICH.). 0.10 (6H. AICCH,).
(7) Lithium Butyl(diisobutyl)aluminum Hydride, AIH(Bu)Li(i-Bu),[101]

AlH(/-Bu), + BuLi — AIH(Bu)Li(i-Bu), (101)

In a 250 mL flask with a magnetic stirring bar and a rubber septum under nitrogen was
placed a 2.8 M hexane solution of diisobutylaluminum hydride (15.0 mL, 42 mmol).
THF (42.8 mL) was added and the flask immersed in an ice bath. A 1.6 M hexane solu-
tion of n-butyllithium (26.2 mL. 42 mmol) was slowly added to the flask with stirring,
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and the resulting solution was stirred for an additional 30 min to give a solution of the
ate complex generated from DIBAH and »-butyllithium (0.50 M) in THF-hexane. A
suspension of the ate complex from DIBAH and n-butyllithtum in toluene-hexane
was prepared in the same manner by substituting toluene for THF. The hydride con-
centration of the reagent was determined by GLC analysis of reduction products in
the reduction of 4-rert-butyleyclohexanone. Thus, to a stirred solution of 4-rerr-butyl-
cyclohexanone (310 mg. 2.0 mmol) in THF (4 mL) was added the solution of the ate
complex from DIBAH and r-butyllithium (0.5 M, an expected value, 2.0 mL) in
THF-hexane or toluene-hexane at 0 “C under nitrogen. The reaction mixture was
stirred for 30 min at 0 °C and treated with saturated NaCl solution. The organic layer
was separated, dried over anhydrous MgSO,, and subjected to GLC. The hydride con-
centration determined by GLC analysis was corresponded to the expected value within
a 3% error range in all cases.

(8) Triethylgallium, GaEt;[102)
2 GaBr, + 3 Et,Zn — 2 GaEt; + 3ZnBr, (102)

Diethylzinc was prepared by treating one molar equivalent of anhydrous zinc chloride
with two molar equivalents of triethylaluminum. A turbid solution was formed with
little heat evolution. Fractional distillation of the mixture through a Vigreux column
gave a 77% yield of colorless diethylzine boiling at 24-25°C under 17 mm of pressure.

In a three-necked flask equipped with a nitrogen inlet, pressure-equalized dropping
funnel and a copper-coil reflex condenser and provided with magnetic stirring were
placed dry pentane (100 mL) and gallium(I11) bromide (29.3 g, 0.095 mol). Over a
90 min period, diethylzinc (18.2 g, 0.148 mol) was slowly introduced. The mixture
deposited a precipitate, presumably zinc bromide. with 2 marked heat evolution. After
a 2 h reflux period, the reaction suspension was centrifuged and the separated liquid
phase was freed of pentane. Distillation of the residue yielded 10 g (66%) of triethyl-
gallium. bp 43-44 °C (16 mm). A hydrolyzed sample of this product still showed the
presence of trace amounts of zinc.

2GaBr. +nEGAl — 2 GaEts(n=1or3) (103)

fa) Inal - I molar ratio. Admixture of gallium(IIT) bromide (13.5 g, 0.044 mol) in
dry hexane (50 mL) with triethylaluminum (5.7 g, 0.05 mol) resulted in the exothermic
formation of a turbid solution. After | h at reflux the hexane was drawn off under
reduced pressure and the residue subjected to vacuum distillation. Under 256 mm only
about 0.5 mL of distillate boiling from 57-63 °C was obtained. Lowering the pressure
to 84 mm. and raising the bath temperature to 190 °C gave no further distillate.

(b) Inal: 3 molar ratio. The residue from the distillation attempted above was dis-
solved in dry hexane (50 mL), and an additional triethylaluminum (11.4 g, 0.10 mol)
was introduced. Only a slight heat evolution was noted. After a 2 h reflux period the
hexane was removed and the residue was fractionally distilled at 280 mm. of pressure.
The colotless triethylgallium was collected at 106-108 “C. 5.6 g (82%).

GaCly + 3 Et,Al — GakEt, (104)
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17 Group 14 (Si, Sn, Ge) Metal
Compounds

T. Takeda, Tokvo University of Agriculture and Technology

17.1 Introduction

Organosilicon, organogermanium, and organotin compounds generally have stable
tetrahedral four-coordinate structures similar to those of carbon compounds.
Polysilanes, polygermanes. and polystannanes. which correspond to acyclic and cyclic
alkanes, are known. Unlike the corresponding carbon chemistry, however, compounds
containing M=M or M=C (M =Si. Ge. Sn) bonds are unstable and cannot be isolated
unless they are kinetically stabilized with bulky substituents. A variety of compounds
with M—X bonds (X=halogens. O. N. S and other chalcogens, pseudchalogens, ctc.)
are thermally stable and readily available in a pure form.

The relative reactivities of organometallics containing group 14 elements are closely
associated with the electronegativity and dissociation energy of the M—C bonds of
the elements. For example. some organotin compounds such as allylstannanes are eas-
ily decomposed to form radical species whereas homolysis of the carbon-silicon bond
of allylsilanes is rarely achieved. which reflects the dissociation energy of the respective
M—C bonds.

Since compounds containing these elements are thermally stable and generally not
susceptible to oxygen or moisture in the air, they can be synthesized by reactions simi-
lar to those employed for the preparation of ordinary organic compounds, and han-
dled by all the usual chromatographic and spectroscopic techniques, with some
exceptions. However, there is a clear tendency for the stability of the organic com-
pounds of group 14 elements to decrease with increasing atomic number of the ele-
ments: organotin compounds are much less stable than the corresponding silicon or
germanium compounds.

The preparative methods are common to most of these organometallics. The follow-
ing reactions for formation of M—C bonds are representative.

(1) The reaction of metal halides or alkoxides with carbanions including alkyllithi-
ums or Grignard reagents (eq (1))

(2) The reaction of anionic species of group 14 elements with carbon electrophiles
such as alkyl halides. acetates. and carbonyl compounds (eq (2))

Syuthesis of Orgunometallic Compoinds: 4 Practical Guide. Edited by S, Komiya
€ 1997 John Wilev & Sons Ltd
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R3MX + R'M ——— R3MR’ (D

M = Si, Ge, Sn M’ = Li, MgX’
X = halogen, R”O

RsMM’°  + RX ——= R;MR’ (2)
M = Si, Ge, Sn X = halogen,
M" = Li, Na, MgX, AcC, etc
Cu, etc

(3) Hydrometallation of carbon-carbon multiple bonds (eq (3))

initiator R'R2C— CR3R# (3
RTR2C=CR3R¢ + R5;MH m?‘
y H MRS,

(4) The reaction of organic halides with metallic group 14 elements (eq (4))
M + 2RX —— RoMXo5 (4)
M = Si, Ge, Sn

Since the stability of divalent compounds of group 14 elements increases with
increasing atomic number of the elements. certain divalent inorganic as well as organic
germanium and tin compounds are commercially available and the oxidative addition
of organic halides or dienes to such compounds is an alternative method for the syn-
thesis of tetravalent organometallics of germanium and tin, as shown later in this
chapter.

In addition, numerous reagents and methods have also been investigated for the
preparation of these compounds. The stereoselective preparations of metal enolates.
vinylmetals, and allylmetals of silicon and tin are of special interest because they are
employed as useful reagents in organic svnthesis.

17.2  Organosilicon Compounds

17.2.1 General Aspects [1]

Organosilicon compounds have become important materials with the increase of
range of industrial use together with the development as synthetic reagents since the
1970’s. Now more than a thousand organosilicon compounds, ranging from simple
haloorganosilanes to rather complex molecules, are commercially available and there
may be no difficulty in obtaining suitable starting materials for the synthesis of desired
organosilicon compounds.

Among the organometallic compounds of group 14 ¢lements, organosilicon com-
pounds have been the most widely used in organic synthesis, This is attributable to
their sufficient preservability as synthetic reagents as well as characteristic reactivities
summarized below.
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17.2.1.1  Enhanced Nucleophilic Substitution at Silicon

Silicon is more electropositive than most of the elements which constitute organosili-
con compounds such as hydrogen. carbon, oxygen, nitrogen, or halogens. The positive-
ly charged silicon atom is more susceptible to attack of nucleophiles than the
corresponding carbon. Silicon forms $- and 6-coordinated complexes. The formation
of such higher valent silicon intermediates or transition state in the nucleophilic substi-
tution at silicon contributes to decrease its activation energy (eq (5)) [2]. The hyperco-
ordinate organosilicon species also play an important role in certain synthetic
reactions. For instance, it is believed that the oxidative cleavage of silicon—carbon bond
of organosilicon compounds with more than one heteroatom substituent is also
enhanced by the formation of 5-coordinated intermediate (eq (6)) [3].

Nu- | X~ /

DSX ——= Nu—S—X| ——= Nu=S ()
0 R| R | .OR
F* I HO | o _HO St 2
Si-"R — |X—Si ——» |X—Si. — 5 X—Si_ ROH
7N\ LR R7 1 "O—OH SR
X R F Fol
“H (6)

17.2.1.2  Affinity of Silicon for Heteroatoms

Silicon forms strong bonds with oxygen (531 kJ / mol). chlorine (471 kJ / mol), and
fluorine (808 kJ / mol). In various synthetic reactions, such as the cleavage of silicon-
carbon bond by nucleophilic attack of fluoride ion (eq (7)) [4] and the rearrangement
of organosilyl group from carbon to oxygen (eq (8)) [5], the formation of stable
silicon-heteroatom bonds would serve as the main driving force to effect the reaction.

SiMeq F- \/C(DzMe COgMe
N'ﬂ\/‘e3 Cl- - Me;SiF m .

OH oL MesSIO  Li MesSiO
PrM _Buli Pr/v _° )\) _Mel /R/Pr ®)
SiMes SiMes Pr Pr

17.2.1.3  Stabilization of o-Carbanion and p-Carbocation by Silicon

Carbanions o to silicon are stabilized by the overlap of the filled 2p orbital on carbon
with the vacant antibonding orbital of carbon-silicon bond ((¢*—p)r conjugation}
(Scheme 1A). For example. the a-carbanions of allylsilanes or similar compounds are
easily generated by base removal of a proton (eq (%)) [6].



394 GROUP 14 (Si,Sn,Ge) METAL COMPOUNDS

OH
MeaSIa B, MeaSin_ o pToIcHo T |)\/\/SW‘93 )
= p-To

On the other hand, the organosilyl group is capable of stabilizing the carbocation 3
to silicon. This effect is believed to be attributable to the electron-donating property of
the o-bond between silicon and a-carbon atoms ((c-p)xn conjugation) (Scheme 1B).
The reactions of allylsilanes or vinylsilanes with electrophiles are facilitated with this
stabilization of intermedtiate carbocations (eq (10)).

SiRs E+ SiR3

Jr o= T e

* (10)

+

- + .
/\/S'RS E\/\/SIR;:, - E\/\

All these characteristics of organosilicon compounds are more or less common to
other organometallics of group 14 elements. and it is instructive to study their reac-
tions.

17.2.2  Use of Organosilicon Compounds in Organic Synthesis

Organosilicon compounds are employed as carbon nucleophiles, reagents for the
transformation of functional groups. reducing agents, and protective groups in organ-
ic synthesis. The followings summarize the principal synthetic applications of typical
organosilanes. For further details, there are numerous monographs and reviews on the
synthetic application of these compounds [7].

17.2.2.1  Allylsilanes

The reactions of trialkylallylsilanes with electrophiles proceed with allylic rearrange-
ment. For example, the treatment with protic acids, such as hydrochloric acid or boron
trifluoride /acetic acid, gives the corresponding olefins (eq (11)) [8].

1-A 1-B

Scheme 17.1
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/H/K/J\ CF;COOH W (11

SIMezph

In the presence of titanium(IV) chloride or aluminum chloride, carbonyl com-
pounds such as aldehydes. ketones, acetals. and acid halides are allylated with allylic
silanes (eq (12)) [9]. The conjugate addition to enones is also reported (eq (13)) [10].

)\/\ /
A (12)
. +W \(\[%/

0 . Ph O
TiCl
Me33i/\/ + - 13
™ (13)
Ph =

With fluoride ion allyltrifluorosilanes form 5-coordinated allylsilicates which are
highly nucleophilic to react with aldehydes. ketones. and imines with high regio- and
diastereoselectivity (eq (14)) [11].

0 OH
e . CsF /’\/\
Me/\/\SIFs + )J\ ’ Ph R (14)
Ph” H :
Me

17.2.2.2  Alkenyl, Alkynyl, and Arylisilanes

Similarly to allylic silanes, alkenylsilanes react with a variety of electrophiles. The anti
addition of halogens to alkenylsilanes followed by the anti elimination of halosilanes
vields alkenyl halides with inversion of configuration (eq (15)) [12].

H H \SiMes Br
Br
Me _~2 _ Br
Me;Si )\( Br)\,( — H/J\(Me
H

Although the aluminum chloride or tin(1V) chloride-promoted reactions of alkenyl-
silanes with acid halides or highly reactive alkyl halides such as chloromethyl alkyl
ethers or the corresponding sulfides afford the Friedel-Crafts type products, it is noted
that these reactions are not always stereospecific (eq (16)) [13]. The similar reactions of
alkynylsilanes with electrophiles have been studied (eq (17)) [14].

The acid-catalyzed isomerization of a-silylepoxides formed by the oxidation
of alkenylsilanes affords the corresponding carbonyl compounds, in which the
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S”\/'e3 Cl,CHO Me
- (16
0

O
. [ C
PhC=CSiMes + Noz—@—c_cl AlCl3 _Q_C —C=CPh (17}

trimethylsilyl group substituted carbon is selectively converted to carbonyl group due
to the enhanced cleavage of the oxygen—carbon bond [ to silicon (eq (18)) [15].

H30+

Hex,"‘ O \)k (8)

SiMeg

Although alkenylsilanes undergo palladium-catalyzed coupling reactions with aryl
10dides (eq (19)) [16], the similar reactions of 5-coordinated silicates proceeds under
milder conditions to give better yields (eq (20)) [17].

SiMe Pd(OAC)> AN
Messl/\/ 3 — (19)
ta SiMe;
Me38|
3.C4HsPdCI),
Me3Si (n*CaHs (20

Aryvlsilanes also react with various electrophiles to give the corresponding substitu-
tion products (eq (21)) [18]. These reactions are superior to conventional electrophilic
aromatic substitution in that the displacement occurs at the carbon attached to silicon
and 1s not aftected by directing groups on an aromatic ring.

@\- i ﬂ\ﬁph
N SMes ol N I 1)

| I Ph
Me C Me

17.2.2.3  Enol Silyl Ethers and Related Compounds

As the accompanying equations illustrate, the reactions of enol silyl ethers are regard-
ed as those of either electron-rich olefins or stable metal enolates. The treatments of
enol silyl ethers with halogens, NBS, sulfenyl halides, and nitronium ions afford the
corresponding o-halo. alkylthio, and nitro ketones, respectively (eq (22)) [19].
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O
OSiMe;
/KMM NBS Ph )J\(Me 22)
e
Ph =
Br

The titanium(I'V) chloride-promoted reactions of enol silyl ethers with aldehydes.
ketones, and acetals, known as Mukaivama reaction, are useful as aldol type reactions
which proceed under acidic conditions (eq (23)) [20]. Enol silyl ethers also undergo the
Michael type reactions with enones or B.y-unsaturated acetals (eq (24)) [21]. Under
similar reaction conditions, enol silyl ethers are alkylated with reactive alkyl halides
such as tertiary halides or chloromethyl sulfides (eq (25)) [22]. and acylated with acid
halides to give 1,3-diketones (eq (26)) [23].

OSiMe;

O OH
i TiCl, ;[/L /L : 3
OSiMes 0 o)
_TiCla (24)
X

+ Cl Tcl, Q/‘\
. - OSiMe;
/@\ AcCl (26)
TiCls-Ti(O-F Pro)4
OSiMest-Bu

The active intermediates of these reactions are believed to be titanium enolates
formed by the transmetallation with titanium(IV) chloride. Alkylation of enol silyl
ethers is also effected by use of benzyltrimethyl ammonium fluoride, in which quater-
nary ammonium enolates are produced as intermediates (eq (27)) {24].

(23)

OSiMeg

O
\© I \i}:(\Ph (27)
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Enol silyl ethers are also synthetically important as precursors of lithium enolates.
The treatment of enol silyl ethers with methyllithium affords the corresponding lithi-
um enolates regiospecifically {(eq (28)) [25].

OSiMes OLi

Me MeLi Me

_ Meli (28)

A variety of silyl enol ethers and silyl dienol ethers are employed in cycloadditions as
electron-rich olefins. Regioselective Diels—Alder reactions using these functionalized
dienes are used in the syntheses of various natural products (eq (29)) [26].

OSiMe3 Mesle
O Me 0

NS
Me AN Me

Me Me

(29)
Me

The oxidation of enol silyl ethers with various oxidizing agents constitutes a con-
venient methods for the preparation of o.p-unsaturated ketones (DDQ, Pd(OAc),.
trityl BF, ), a-hydroxy ketones (MCPBA, LTA. OsO,), and |,4-diketones {Ag,0)
(eq (30)) [27].

O
OSiMe3 .
MCPBA 0OSiMe;
)\H Me Ph (30)
Ph
Me

As can be presumed from electronegativity of silicon and hydrogen, silanes serve as
hydride donors. Triethylsilane hydrogenates multiple bonds of aldehydes, ketones, and
olefins in the presence of trifluoroacetic acid or other catalysts (eq (31)) [28].

_Me
PhMeZSiH/(\l
0o 0 o OH O

Me : (31)
Ph NEt,  (EtN)sS-MesSiFs-  Ph NEt,

Me Me
Homogeneous catalytic hydrosilation of polar multiple bonds such as C=0 and

C=N bonds is a useful synthetic tool as a better substitute for catalytic hydrogenation.
Chiral rhodium complexes are employed for the asymmetric reduction of ketones

(eq (32))[29].
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Ph,SiH,

O H  OSiHPh;
Me [Rh(COD)CI] s Me (32
2 /
\ N HN/!'—CC)?Et 97.6%ee
H
17.2.2.5 a-Silylcarbanions

Addition of a-silylcarbanions to ketones and subsequent elimination of a silanoate or
silanol afford the corresponding olefins (Peterson reaction) (eq (33)) [30]. The use of
a-silylcarbanions in olefination of carbonyl compounds offers some advantages over
the Wittig reaction that the method can be applied to highly enolizable ketones and
both cis and frans isomers are stereoselectively formed depending on the reaction con-
ditions employed for the climination step (eq (34)) [31].

Li 9] Ph
N o (33)
Joooe Y

Ph SiMes Ph Ph
Me;Si H KH Pr
Hj? ?TOH - —/
Pr Pr H.S0, Pr
(34)
HoSO4
H H
- - KH
Megsi : " .OH . Pr Pr
Pr Pr

17.2.2.6  Organosilicon Compounds Containing Heteroatom Substituents and
Related Compounds

By the silation of acidic hydrogens of conventional synthetic reagents affords various
organosilicon compounds, which are employed for interconversion of functional
groups. In certain reactions, diazomethane can be substituted for trimethylsilyldia-
zomethane which is thermally stable and can be handled safely (eq (35)) [32].

Me,SiCHN,
Cron =2 Oy

Trimethylsilyl cyanide reacts with ketones and aldehydes in the presence of a Lewis
acid catalyst to afford trimethylsilyl ethers of cyanohydrins (eq (36)) [33].
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Ore =2 O
(36)
Znly OSiMes

Trimethylsilyl sulfides are useful reagents for the synthesis of various organosulfur
compounds such as thioacetals (eq (37)) [34] and thiolesters (eq (38)) [35].

Me, Me,

MeSSiMes
ang

0]

O

PhSSiMes O

O
Ph \)J\ AICI Ph \/U\ (38)
OEt SPh

The C—O bonds of ethers, acetals, and esters are cleaved with iodotrimethylsilane
(eq (39)) [36]. Various halosilanes, silylamines, and N,O-bis(trimethylsilyl)acetamide
are used not only for the protection of alcohols. amines, and carboxylic acids but also
for the conversion of them to the volatilizable compounds for GC analysis (eq (40))
[37]. Silyltriflates act as silating agents as well as Lewis acids (eq (41)) [38].

OMe i
O< Me;Sil . E>:O (39)
OMe

Me Me (IDSWIes Me Me
Me — C =NSiMe;
Ph” “OH BLNF-~  Ph” “OSiMey (40)
“ 2Me;SIOT
OH DBU/26-Lutidine A = OSiMes “h
0]

OSiMeg

17.2.3 Preparation of Organosilicon Compounds

17.2.3.1 Haloorganosilanes

As the reaction of halosilanes with organometallic compounds generally proceeds
stepwise, haloalkylsilanes with desirable number of alkyl substituents can be synthe-
sized by the slow addition of suitable equivalents of Grignard reagents to polyhalosi-
lanes (inverse addition method) or addition of alkyl halides to a mixture of
polyhalosilanes and magnesium metal where the Grignard reagents react with poly-
halosilanes immediately as they are formed (in situ method) (eq (42)) [39].
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MeSiCl; + PhMgCl ——= MePhSiCl, (42)

An alternative method for the preparation of haloalkylsilanes is the treatment of
hydrosilanes, disilanes, allylsilanes, or arylsilanes. [odosilanes are also prepared by the
treatment of siloxanes with iodine and aluminum powder (eq (43)) [40].

MesSiOSiMe; + o Al 2 Me3Sil (43)

Fluorosilanes are obtained by the treatment of corresponding chlorosilanes with
metal fluoride such as zinc fluoride, copper(11) fluoride, or antimony(I1I) fluoride (eq
(44)} [11].

SbF3 (44)

Me\/\/SiCig Me\/\/SiF;;

17.2.3.2  Tetraorganosilicon Compounds

Symmetrical tetraorganosilanes are synthesized by the reaction of silicon(IV) chloride
with excess Grignard reagents or alkyllithiums (eq (45)) [41]. Similarly the combina-
tions of suitable haloorganosilanes and organometallic compounds afford various
unsymmetrical tetraorganosilanes (eq (46)) [42].

SiCly + 4PhLi —— Ph4Si (45)

MesSiCl + BuC=CLi — BuC=CSiMeg (46)

Since the preparation of anionic species or organosilicon compounds is largely
restricted by its reaction conditions. the synthetic utility of silyl anions for the synthe-
sis of organosilicon compounds is limited. However silyllithiums possessing one or
more phenyl groups on a silicon atom are readily prepared by the reductive metallation
of the corresponding halosilanes with lithium. Allylsilanes are synthesized by the reac-
tion of allyl acetates with the cuprate prepared from such a reagent (eq (47)) [43].

)vOC (PhMeSi),CUCNLI )\ﬂefh
A g AN (47)

[7.2.3.3  Enol Silvl Ethers and Related Compounds

Enol silyl ether is one of the most useful organosilicon reagents, and various methods
for the preparation from a variety of precursors have been investigated. The most
widely used method is silation of enols or enolates of ketones or aldehydes with
trialkylchlorosilanes. The reaction of ketones with triethylamine and chlorotrimethyl-
silane in DMF affords the thermodynamic equilibrium mixtures of enol silyl ethers (eq
(48)) [44]. The use of silyl triflates instead of chlorosilanes generally shortens the reac-
tion time and permits the preparation of some enol silyl ethers which are difficult with
halosilanes (eq (49)) [45]. Trialkylsilyl triflates are also employed for the syntheses of
enol silyl ethers of esters and S-alkyl thiol esters (eq (50)) [46].
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OSiMe; OSiMes

O
Me _ MesSCl Me Me
EtsN / DMF (48)
78 : 22
Me;SiOTf
O EtsN OSIME3 (49)
O OSiMe;
Me;SiOTf
50
W/U\SEt EtsN W%SEt (5

Enolates prepared by the treatment of ketones with strong bases such as lithium
diisopropylamide are trapped with trialkylchlorosilanes to give the kinetically con-
trolled enol silyl ethers (eq (51)) [44].

OSiMes OSiMes

O
Me 1) LDA Me N Me
2) MesSiCl s1)
99 : 1

Not only O-silation but also C-silation would take place in the similar reactions of
carboxylic esters. The proportion of O- and C-silations is dependent on the structures
of esters and alkyl substituents of trialkylhalosilanes (eq (52)) [47].

)’L 2) Me;SiCl }\ (52)
oph Ve OPh

Various other preparative methods, such as the trap of enolates formed by dissolv-
ing metal reduction of o.p-unsaturated ketones or a-halo ketones (eq (53)) [48], the
1,4-hydrosilation of o,B-unsaturated ketones (eq (54)) [49], and the addition of
organometallic compounds to a-silyl ketones followed by the Brook rearrangement
(eq (55)) [50], have been investigated.

1) Li/ NH3 — +BuOH

2) Me3SiCl/ EtzN ]
e} M338|O

(53)
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0 (PPh3)sRhClI Et,Si0

O OS|M€3

Ph SiMe, Ph

17.2.3.4  Organosilicon Compounds with Silicon-Heteroatom Bonds

Since trialkylsilanols are generally unstable and tend to form siloxanes by the intermol-
ecular dehydration (eq (56)) [51], their preparation was performed by the careful
hydrolysis of halosilanes in a neutral medium (eq (57)) [52].

2Me;SiCl MoaNPh 2Me3SiOH —— Me3SiOSiMes (56)
Et;SiCl  —29%%.  Et,SiOH (57)

Preparation of alkoxysilanes is carried out by the treatment of alcohols with tri-
alkylhalosilanes and tertiary amine (eq (38)) [53]. Trialkylsilyltriflates are also
employed for the silation, in which N,N-dimethylaminopyridine is frequently used as a
catalyst.

OH OSiMe;
Me;SiCl

(58)
Et;N

CO-Me COZMG

In a similar manner, trialkylsilyltriflates and acyloxysilanes are synthesized by the
reaction of trialkylchlorosilanes with trifluoromethane sulfonic acid and carboxylic
acids. respectively (eq (59)) [54]. Silyltriflates are also prepared by the dehydrogenation
of trialkylsilanes with trifluoromethanesulfonic acid or dealkylation of tetraalkylsi-
lanes with trifluoromethanesulfonic acid (eq (60)) {55].

+BuMe,SiCl + CF3SOsH — tBuMepSiOSO,CFs + HCI  (59)

M84Si + CF3803H — Me3S|OSOQCF3 + CH4 (60)

Trialkylsilylamines and hexaalkyldisilazanes are obtained by the treatment of the
corresponding amines or metal amides with trialkylchlorosilanes (eq (61)) {56]. The
reactions of trialkylchlorosilanes with magnesium or lead thiolates afford trialkylsilyl
sulfides (eq (62)) [57].



404 GROUP 14 (S8i,Sn,Ge) METAL COMPOUNDS

MegleI + EthH Me3SiNEt2 (61)

2MesSICl +  (EtS),Pb OEtSSiMe; + PbCl,  (62)

17.2.3.5  Some Other Synthetically Useful Organosilicon Compounds

Although trialkylsilanes are obtained by the lithium aluminum hydride-reduction of
trialkylhalosilanes, they are conveniently prepared by the alkylation of trichlorosilane
with Grignard reagents (eq (63)) [58].

ClsSiH + 3EtMgBr ——  Et3SiH (63)

Pseudohalogenoids of organosilicons such as trialkylsilyl cyanides, trialkylsilyl per-
chlorates, and azidotrialkylsilanes are synthesized by the treatments of tri-
alkylchlorosilanes with lithium cyanide (eq (64)) [59], silver perchlorate (eq (65)) [60].
and sodium azide (eq (66)) [61], respectively.

MegSiCl  +  LiCN =  MesSICN (64)
. . (65)

PhsSiCl  + AgClO, ——=  PhgSiCIO,
(66)

MesSICl  +  NaNj — MeaSiNg

o-Silylcarbanions are prepared by reduction of halomethylsilanes with lithium or
magnesium (eq (67)) [62], addition of organometallics to alkenylsilanes, or a-metalla-
tion of some organosilanes (eq (68)) [63].

Me3SiCH,Cl Mg Me3SiCH,MgCI (67)
MeSi),CH Bl MeaSi},CHLi (68)
(Me3Si)oCH, oA (Me3Si)z [

17.3 Synthesis of Organosilicon Compounds
(1) Triethylsilyl [odide [64]

EtzSiH + I

Et5Sil (69)

Triethylsilane (0.19 mol) is added dropwise to iodine (0.19 mol) in a three-neck flask
fitted with a dropping funnel. nitrogen inlet, and a reflux condenser with a CaCl, tube.
Gentle reflux is maintained by the heat of reaction during the addition (15 min), and
hydrogen iodide is evolved. After addition is completed, the reaction mixture is
refluxed for 15 min with nitrogen bubbling to remove hydrogen iodide. Further tri-
ethylsilane (ca. 1g) is added to remove the remaining iodine, and refluxing with passage
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of nitrogen is continued for 15 min. After addition of a little magnesium powder, the
mixture is fractionated under nitrogen with protection from light to give triethylsilyl
iodide (85%).

Properties: bp 190.5 °C/ 744 mmHg.

With the exception of fluorosilanes. haloorganosilanes are readily hydrolyzed by
action of moisture in the air similarly to other heteroatom substituted silanes. So it is
desirable to handle and store them under nitrogen or argon. If such compounds are
stored in glass vessels, attached glass joints should be greased so as not to become tight
by adherence of the siloxane formed by the hydrolysis of silanes. Siloxanes adhered to
the glass surface are easily removed by soaking them in a warm aqueous solution of
sodium hydroxide or a commercial alkaline cleaning solution.

(2) Tetraallylsilane [65]

SiCly + 4 CHp,=CHCH,;MgBr (CHo=CHCH>)4Si (70)
Tetrachlorosilane (0.176 mol) is added to an ethereal (600 ml) solution of allylmagne-
sium bromide (0.9 mol) at a rate sufficient to maintain gentle reflux. After the addition
is completed. the slurry is refluxed for 2 h. The mixture is then cooled to —20 °Canda
10% solution of NH,C1(200 ml) is slowly added dropwise with efficient stirring over a
period of 2 h. The organic layer is separated and the aqueous layer is extracted with
ether (3 x 100 ml). The combined organic layers are dried (MgSO0,) and fractionated to
give tetraallylsilane (88%0)

Properties: bp 86.5°C /10 mmHg. '"H NMR (CCl,): 6 = 1.58 (d. J = 8 Hz, 8H). 4.87
(m, 8H). 5.74 (m, 4H).

(3) (1-Methoxyvinyl)trimethylsilane [66]

OMe OMe OMe

)\ r BuLi Me,SiCl /[\ 70
Li SiMej

Methy! vinyl ether (1.24 mol) in THF (450 ml) cooled to —78 °C is transferred to a flask
using a double-ended needle. t-Butyllithium (1.0 mol, 2.0 M) is added dropwise over
ca. 90 min so that the reaction mixture is maintained at a temperature below —70 °C.
The mixture is warmed slowly to 0 °C over 3 h and subsequently recooled to -78 °C.
Chlorotrimethylsilane (0.78 mol) is added dropwise. and the mixture is warmed stowly
to room temperature. After being stirred for an additional 1 h. the mixture is quenched
with saturated NH,CI. The organic layer is separated, washed with water (12 x 250 ml),
dried (K,CO,), and distilled to give (1-methoxyvinyl)trimethylsilane (84%0).

Properties: bp 102-104 °C / 760 mmHg. "H NMR (CCl,): § = 0.09 (s, 9H), 3.50 (s, 3H),
4.28(d, 1H, J=2.0 Hz).4.50(d. 1H, J = 2.0 Hz). IR (neat) 1590 cm ™.
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(4) 1-Methyl-2-(trimethylsiloxy)cyclohex-1-ene [67]

0 OSiMes

Me M93SiC| Me (7.‘ '
EtsN

Chlorotrimethylsilane (150 mmol) is added dropwise with stirring to a solution of 2-
methylcyclohexanone (125 mmol) in triethylamine (300 mmol) and DMF (50 ml). The
mixture is heated at 130 °C for 90 h under nitrogen. After cooling, the mixture is dilut-
ed with ether (200 ml) and washed with saturated NaHCO, (200 ml). The aqueous
layer is extracted with ether (3 x 200 ml), and the combined extracts are washed rapidh
with 0.5 M HCl (250 ml), saturated NaHCO, (2 x 200 ml). and water (200 ml). The
organic layer is dried (MgS80O,), evaporated in vacuo, and distilled to give a mixture of
1-methyl-2-(trimethylsiloxy)cyclohex-1-ene and 6-methyl-1-trimethylsiloxycyclohex-
1-ene in ratio of 88 : 12 (83%).

Properties: bp 82-84 °C / 16 mmHg. 'H NMR (CDCl,): § = 0.17 (s. 9H), 1.45-1.70
(m, TH), 1.80-2.15 (m, 4H). IR (neat) 1685, 1250 cm .

The preparation can be performed at ambient temperature by use of trimethylsilyl
iodide prepared in situ from trimethylsilyl chloride and sodium iodide [68].

(5) Triethylsilane [S8]

HSiCl; + 3 EtMgBr

Et;SiH (73)

A cold ethereal (1200 ml) solution of trichlorosilane (3.0 mol) is added to ethylmagne-
sium bromide (12.6 mol) over 6 h with cooling and vigorous stirring. The mixture is
stirred for 8 h at room temperature and then refluxed for 5 h. Ether is removed from the
reaction mixture through an efficient fractionating column and the residue is heated on
a steam bath for 10 h. With cooling, the solid residue is hydrolyzed with water (180
mL), followed by concentrated HC1 (372 mL). The aqueous layer is separated and
extracted with ether (2 x 500 mL). The extracts and product are combined, washed
with water, and dried (K,CO,). Fractional distillation gives triethylsilane (77.5%).

Properties: bp 107 °C/ 733 mmHg.

(6) t-(Butyldimethylsiloxy)cyclohexane [69]

+-BuMe,SiOCIO.
I\

-~

N

To a MeCN (5 ml) solution of s-butyldimethylsilyl perchlorate (4.0 mmol) is added
pyridine (4.8 mmol} slowly. Then cyclohexanol (4.0 mmol) is added to the stirred solu-
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tion. After being stirred for 1.5 h, the reaction mixture is poured into a small separato-
ry funnel containing pentane (15 mL) and saturated NaHCO; (15 mL). The pentane
layer is extracted several times until the smell of pyridine can no longer be detected in
the aqueous phase. Evaporation of the pentane sclution affords (t-butyldimethyl-
siloxy)cyclohexane (>95% pure by GC, 99%).

Properties: bp 78 °C/5 mmHg [70]. '"H NMR (CCl,): § = 0.02 (s, 6H). 0.88 (s, 9H), 1.47
(m. 10H), 3.58 (brs, 1H).

t-Butyldimethylsilation is also performed by stirring a mixture of alcohol, ¢-butyl-
dimethyl silyl chloride, imidazole (1:1.2:2.5 molar ratio), and dimethylformamide (2
ml/g of the alcohol) [70] or treatment of an alcohol with N-z-butyldimethylsilylimida-
zole in the presence of tetrabutylammonium fluoride [71].

(7) Triisopropylsilyl Triflate [S4]

[(CH3),CH]3SiH + CF3SO3H [(CH3)oCHIsSIOSO,CF3  (79)

Trifluoromethanesulfonic acid (0.226 mol) is added dropwise to triisopropylsilane
(0.242 mol), stirred under an inert atmosphere and cooled to 0 °C in a flask fitted with
dropping funnel. gas inlet, exit tubes and thermometer. After the addition is complet-
ed. stirring is continued at 22 °C for 16 h. Triisopropylsilyl triflate (97%) is isolated by
the distillation through a 30 cm vacuum jacketed Vigreux column.

Properties: bp 83-87 °C /1.7 mmHg. '"H NMR (CDCl;): 8 =1.05-1.6 (m).

(8) Trimethyl(methylthio)silane [72]

MesSiCl + MeSMgl Me3SiSMe (76)

Methanethiol (1.04 mol) is added dropwise to methylmagnesium iodide prepared from
methyl iodide (1.0 mol) and magnesium (1.13 g. atom) in ether (900 ml) at °C. After
the addition is completed, the reaction mixture is warmed to room temperature and
chlorotrimethylsilane (0.5 mol) is added. A slightly exothermic reaction occurs and the
reaction mixture is refluxed gently for 4 h. All volatile material is then removed under
high vacuum and condensed at - 78 °C. Finally the reaction flask is slightly warmed to
complete the transfer. The distillation through an efficient fractionating column gives
trimethvlmethylthiosilane (78%).

Properties: bp 110-111 °C.

(9) Triethylsilyl Cvanide [73]

Buli Et5SiCl
—_—

Me,SICN LICN Et,SiCN (77)

Butyllithium (0.32 mol. 1.6 M) is transferred under nitrogen into a flask containing dry
toluene (300 ml). With cooling (0 °C) and stirring, trimethylsilyl cyanide (0.36 mol} is
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added dropwise over a period of 10 min. After the addition is completed., the reaction
mixture is stirred for an additional 15 min. Chlorotriethylsilane (0.30 mol) is added to
the LiCN slurry in one lot. The reaction mixture is heated to reflux overnight and then
filtered by a coarse fritted disk under nitrogen. The solid is washed with two small por-
tions of cyclohexane. The filtrate is condensed under reduced pressure and distilled to
give triethylsilyl cyanide (76%).

Properties: bp 180-183 °C.

Since trialkylsilyl cvanides are highly toxic, preparation of these compounds must be per-
Sformed in a well ventilated food. The preparation of anhydrous LiCN is also conve-
niently performed by the treatment of acetone cyanohydrin with lithium hydride [59].

17.4 Organogermanium Compounds

17.4.1 General Aspects [74]

The reactivities of organogermanium compounds are believed to be intermediate
between those of the corresponding organosilicon and tin compounds, and hence the
synthetic utility of organogermanium compounds has remained almost unexplored.
This is also because germanium and its derivatives are far more expensive than the cor-
responding silicon and tin compounds. Since commercially available organogermani-
um compounds are limited, organogermanium compounds are inevitably synthesized
from inorganic germanium compounds, such as metallic germanium, germanium(I'V)
oxide, germanium(IV) halides, germanium(I1) iodide. which can be purchased from
companies of laboratory chemicals as well as of materials for semiconductors; certain
tetraorganogermanes and haloorganogermanes are commercially available, but thex
are very high in price. Organogermanium compounds have several advantages over the
corresponding organotin compounds that they are more stable and less toxic, and
accordingly they are synthesized and handled without special care.

17.4.2  Use of Organogermanium Compounds for Organic Synthesis

Although germanium-carbon bonds of allyl. alkenyl. and arylgermanium compounds
are cleaved by action of electrophiles such as bromine or trifluoroacetic acid to afford
the corresponding halides (eq (78)) [75] or hydrocarbons (eq (79)) [76], like organosili-
con compounds, the synthetic utility of these reactions are largely limited by the
unavailability of starting materials.

PhsGe + Brp PhBr + PhyGeBr (78

MeOOCECGeEtg MeOR/", MeOOCECH (79)

Recently the chemistry of organogermanium compounds is becoming of consider-
able importance in organic synthesis. The following equations illustrate some examples
in which organogermanium compounds are employed as synthetic intermediates (eq
(80) [77],(81) [78], (82) [79], (83) [80], (84) [81]).
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0
I OH
BuLi Hex—C—H
s — . — )\A/Geph (80)
PhaGe” PhaGe” Hex = ’
TI(OTS)
Me3Ge/\/ + AcOH - ACO/\/ (81)
CN S
X hy A 82
Et3Ge/\/ + NCy - NCi— (82)
= =
0 O O
e
Ph OMe Ph X OMe .
GeMes;
MesGe
Q 1) LDA O
Me Ge\/u\ — Ph OCMe; /\)J\ (84)
’ OCMe, 2 PhCHO Ph OCMe;
OLi O

17.4.3 Preparation of Organogermanium Compounds
17.4.3.1 Haloorganogermanium Compounds

The reactions of germanium metal with alkyl halides afford dialkyidihalogermanes {(eq
(85)) [82]. Alkyltrihalogermanes are obtained by the similar oxidative addition of alkyl
halides to germanium(1¥) iodide (eq (86)) [83].

Ge + 2MeCl _ Cu Me,>GeCl, (85)

Gelo + Mel MeGely (86)

Most trialkylhalogermanes are conveniently prepared by the selective cleavage of
one alkyl group of tetraorganogermanes with halogens, hydrogen halides, or acetyl
chloride in the presence of aluminum chloride (eq (87)) [84].

Me,Ge + Bro ACl; MesGeBr + MeBr (87)

The preparation of trialkyliodogermanes is also performed by the treatment of
hexaalkylgermoxanes with hydrogen iodide (eq (88)) [85].

Et;GeOGeEt; + 2HI 2Et;Gel (88)

Since the partial alkylation of germanium(IV) halides dose not proceed stepwise,
this reaction cannot be used for the preparation of haloorganogermanes except for
those possessing bulky substituents. Although the disproportionation of germanium
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compounds occurs similarly to that of organotin compounds described later, this reac-
tion is unsuitable as a preparative method for haloorganogermanes because it general-
ly requires very high reaction temperature.

17.4.3.2  Tetraorganogermanium compounds

Symmetrical tetraalkylgermanes are synthesized by the treatment of germanium(IV)
chloride or bromide with excess Grignard reagents or alkyllithiums (Eq (89)) [86].

GeCly + 4CH2=CHMQBI’ (CH2=CH)4G8 (89)

The reactions of organometallic reagents with haloorganogermanes provide general
methods for the preparation of unsymmetrically substituted tetraorganogermanes (eq
(90)) [87]. Using various carbanions, such as enolates, this method is applied to the
preparation of organogermanium compounds with various functional groups (eq

(91)) [88].

2MeszGeCl + BrMgC=CMgBr Me;GeC=CGeMe; (90)

0]
)

| 1) LDA MesSi
Me;Si \/U\ OFt 2 MesGeCl OEt (91
MesGe

Trialkylgermyl anions are also employed for the synthesis of organogermanium
compounds (eq (92)) [89]. As is often observed in the reactions of silyl anions, unex-
pected substitution products are sometimes formed in the reaction of germyl anions
with alkyl halides by an electron-transfer process depending on the structure of alkyl
halides. The reaction of bis(triethylgermyl)cuprate with allylic acetates proceeds to
give allylgermanes with high regioselectivity (eq (93)) [90]. Acylgermanes are obtained
by the reaction of acid chlorides with germyl anions (eq (94)) [91].

PhsGeli + PhCH,CI PhsGeCH,Ph 92)

OAc .
& (EtgGe)oCuLi — (93)
— GeEt3

0 0
Ph3GeLl + (94)
/U\ o Ph3Ge/U\ Ph

Ph Cl

The reaction of germanium(II) iodide with conjugated dienes and the following
treatment with Grignard reagents constitutes the convenient method for the prepara-
tion of cyclic tetraorganogermanes (eq (95)) [92].
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X
Gel, + — IzGe<j 2Metg MegGe<j (95)
2

17.4.3.3  Triorganogermanium Compounds

Triorganogermanium compounds are prepared using triorganohalogermanes as start-
ing materials. The reduction of trialkylhalogermanes with lithium aluminum hydride
affords the corresponding trialkylgermanes (eq (96)) [93]. Various organogermanium
compounds with heteroatom substituents are also obtained by the reaction of trialkyl-
halogermanes with metal alkoxides (eq (97)) [94], amides (eq (98)) [84], thiolates (eq
(99)) [84], and so on.

LiAH
PhyGeBr — -~ PhyGeH (96)
Me,GeCl, + 2NaOMe — MeyGe(OMe)o (97)
MesGeBr + EtNLi ———  Me;GeNEt, (98)
MesGeBr + FEtSNa — MesGeSEt (99)

Preparation of trialkylgermylmetals is performed by the reduction of trialkyl-
halogermanes with alkali metals (eq (100)) [89] or the treatment of trialkylgermanes
with appropriate bases (eq (101)) [93].

PhsGeCl + 2Li — PhsGeli (100)
PhsGeH + Buli PhyGelLi (101)
17.5 Synthesis of Organogermanium Compounds
(1) Chlorotriethylgermane [96]
EtGe + AcCl ——2w EtyGeCl (102)

To a flask charged with finely powdered aluminum chloride (33 mmol) is added
tetracthylgermane (30 mmol) at 0 °C under argon. Acetyl chloride (33 mmol) is then
added dropwise to the resulting slurry with stirring. An exothermic reaction occurs
and the reaction mixture becomes homogeneous at the end of addition. After being
stirred overnight at room temperature, chlorotriethylgermane (93%) is isolated by dis-
tillation of the reaction mixture under reduced pressure.

Properties: bp 42 °C /4 mmHg (175.9 °C [85]). 'H NMR (CDCly): 8§ = 1.13-1.15 (m).
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(2) (E)-3,7-Dimethyl-1-triethylgermyl-2,6-octadiene [90]

+ (Et3Ge).Culi ——— )\/\)\/\
)\/\/K/\OAC X X GeEt,

(103)

To a THF (1 ml) solution of triethylgermane (1.0 mmol) and N,N,N’,N’-tetra-
methylethylenediamine (1.1 mmol) is added a pentane solution of s-butyllithium (1.1
mmol) at 0 °C. After being stirred for 30 min, the resultant solution of triethylgermyl-
lithium is added to a suspension of Cul (0.5 mmotl) in THF (2 mL) at 0 °C, and the
reaction mixture is stirred for 10 min. After cooling (-23 °C), geranyl acetate (0.5
mmol) in THF (1 ml) 1s added. The mixture is stirred for 30 min and then quenched by
addition of a phosphate buffer solution (pH 7). The organic material is extracted with
ether. The etherial layer is washed with 3.5% aqueous NH, and water successively and
dried (Na,SO,). After evaporation of solvent, (F)-3.7-dimethyl-1-triethylgermyl-2,6-
octadiene (80%) is isolated by TLC (silica gel, hexane).

Properties: bp 100 °C (air-bath temperature)/3 mmHg. '"H NMR (CDCl,): 8 = 0.72
(6H.q,J=7.7Hz), 1.01 (9H, t, J = 7.7Hz), 1.57 (3H., s)., 1.60 (3H, s), 1.52-1.63 (2H.
m), 1.67(3H,d, J = 1.0 Hz), 1.89-2.16 (4H, m), 5.01-5.14 (1H, m), 5.22 (1H, t, /= 8.6
Hz). "C NMR (CDCI,): § =4.24,8.97,13.17. 15.68. 17.67, 25.69, 26.97, 40.05, 121.53.
124.76, 131.03, 131.36.

17.6 Organotin Compounds

17.6.1 General Aspects [97]

Despite the long history of organotin chemistry started with the synthesis of diethyltin
ditodide by Frankland in 1849, their use in organic synthesis has scarcely investigated
before 1970. As with the development of organosilicon compounds as synthetic
reagents, application of organotin compounds has also become of interest in this field.

The principal reactivities of organotin compounds are similar to those of organosil-
icon compounds. In general, organotin compounds are more reactive than the
organosilicon analogues. Moreover. they show remarkable properties in certain reac-
tions such as tin-lithium transmetallation. Other characteristic reactions of organotin
compounds are those which involve the homolitic cleavage of tin—carbon, tin-hydro-
gen, or tin-heteroatom bonds. The representative examples are noted later.

Some organotin compounds are unstable compared with the corresponding
organosilicons. For example, o-hydroxystannanes and certain vinylstannanes are read-
ily hydrolyzed during chromatography and allylstannanes are apt to be oxidized by
exposure to air for a long period. However, in practice, organotin compounds can be
handled without any special experimental technique which are generally required in
the preparation of other organometallics.

Since organotin compounds are more toxic than organosilicon and germanium
compounds, experiments using these compounds should be performed in a well venti-
lated food with appropriate chemical resistant gloves. In general the toxicity decreases
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with increasing the number of heteroatom substituents on tin atom. The toxicity of
organotin compounds is also dependent of the structures of alkyl substituents. Since
methyl and ethyl derivatives are highly toxic, the use of less toxic butyl derivatives is
strongly recommended unless the experiment has a special purpose to use such low
boiling compounds.

Organotin compounds have been used not only in organic synthesis but also in
industries as stabilizers of poly(vinyl chloride), antifungal agents, agricultural chemi-
cals, and so on. Therefore various fundamental organotin compounds including
haloorganostannanes are commercially available.

17.6.2 Use of Organotin Compounds in Organic Synthesis

Synthetically valuable organotin compounds are classified into the following cate-
gories; carbon nucleophiles in carbon-carbon bond forming reactions, precursors of
organolithiums in transmetallation reactions, donors of alkyl groups in transition
metal-catalyzed carbon—carbon bond forming reactions, reagents for the generation of
tin-centered or carbon radicals, and reagents for functional group transformation.
Reactions of representative organotin compounds follow. For details of these reac-
tions, see recently published monographs [98].

17.6.2.1  Allyl, Alkenyl, Alkynyland Aryistannanes

The allylation of aldehydes with allylstannanes is effected with Lewis acids such as
boron trifluoride etherate or titanium(I1V) chloride (eq (104)) [99], in which diastereo-
selectivity is dependent on the catalyst employed. the most striking feature is that
svi-homoallyl alcohols are stereoselectively produced using boron trifluoride etherate.
Although this allylation occurs without a catalyst, high reaction temperature must be
used.

OH

Me. _~_SnBus + PhCHO BFe OBtz _ /YLPh (104)

Me

In contrast, allylstannanes act as electrophiles when they were treated with appro-
priate higher valent metal salts or oxidized by electrochemical process (eq (105)) [100].
In the presence of tin(IV) chloride, allylstannanes react with nucleophiles such as enol
silyl ethers or allylsilanes (eq (106)) [101] as well as electrophilic aldehydes.

X OMe
N Ngngu, + ©/ (OF000RT PN (105)
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The reactions of allyl, alkenyl, and arylstannanes with allyl, alkenyl, and aryl halides
or triflates proceed in the presence of palladium catalysts to give the cross-coupling
products (eq (107)) [102]. In the reaction of alkenylstannanes, their configuration is
generally retained. If these reactions are carried out in an atmosphere of carbon
monoxide, the corresponding ketones are obtained (eq (108)) [103].

oTf Pd(PhsP) (107)
+ > SnBu, _T_::l—“} AN
0]

Q/l + A gnBu; + CO  PACLPPhy), _ Z 1os)

Ketones are also synthesized by the aluminum chloride or palladium-catalyzed acy-
lation of organotin compounds (eq (109)) [104].

)

Pd(PPha) 109
Ph,Sn  + PhCOCI = Ph/U\Ph (109)

One of the most synthetically valuable reactions of tetraorganostannanes is the ally-
lation which includes homolytic cleavage of allyl-tin bonds. The radical chain reac-
tions of allylstannanes with alkyl halides and sulfides effected with radical initiators or
photoirradiation afford the corresponding substitution products (eq (110)) [103].

SnBu #\O
OBn FN ) 0]

hv

OBn  (110)

Organolithiums, such as allyl, vinyl, and o-alkoxyalkyllithiums, are easily synthe-
sized by the metal-metal exchange of organotin compounds with appropriate alkyl-
lithiums in high yields (eq (111)) [106].

H H
H i H
Bu33n)§/ Bub )\r (111)

OEt OEt
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17.6.2.2  Trialkyltin hydrides

Trialkyltin hydrides reduce carbon-halogen, carbon-sulfur, and carbon-selenium
bonds when they are heated with radical initiators (eq (112)) [107]. The carbon-oxygen
bond in thiocarbonates and carbon-nitrogen bonds in organonitro compounds are
also hydrogenolyzed chemoselectively. By this reduction. organic halides possessing
sp” carbon-halogen bonds, such as vinyl, aryl (eq (113)) [108], and also acid halides (eq
(114)) [109] are reduced to afford the corresponding hydrogenolyzed compounds.

BU3SHH
AIBN (112)
(113)

N BuaSnH
MeQO-C
2 %\COZMe

Br
0
BusSnH
J\ Pd(PPhs)s )L (114)

Ph Cl Ph H

Since these reductions of carbon-heteroatom bonds proceed via carbon radical
intermediates, the cyclized products are obtained by their intramolecular reaction with
carbon-carbon multiple bonds when an olefin or acetylene motety is present in their
structures (eq (115)) [110].

A

BuzSnH

e (115)

Cl AIBN

Me

Intermolecular trapping of intermediate radicals with acrylonitrile or acrylic acid
esters also occurs (eq (116))[111].

Ac
BusSnH / hv

AcO AcO H

AcO AcO (116)



416 GROUP 14 (S8i,Sn,Ge) METAL COMPOUNDS

17.6.2.3  The Organotin Compounds with Tin-Heteroatom Bonds

Organotin alkoxides are employed for the etherification and esterification of alcohols.
the latter of which is also applied to the macrolide synthesis (eq (117)) [112].

OH OSnBu
(BuzSm),0 ° PhCOCI OCOPh -
HO HO ° © e
HO HO HO

Aminations of alkyl halides and carboxylic esters are performed with organotin
amides, which are also employed for the preparation of enamines (eq (118))[113].

@) NBus

/U\ Bu,NSnBug (118)
Me Me Me

Organotin compounds with tin-sulfur bonds are useful for the transformations of
alkyl halides to sulfides (eq (119)) [114], esters to thiolesters (eq (120)) [115], and
acetals to monothioacetals (eq (121)) [116].

Cl

MeSn(SMe); M
\/K/\/ M AN
O @)
BusSnSPh
ph\)J\ =, ph\/[L (120)
Cl SPh

MeO OMe BuaSnSPh MeO SPh a21)

—_— -

Hex Me Hex Me

Without any catalyst, organotin enolates react with allylic halides to afford the
monoallylation products (eq (122)) [117]. Alkenyl halides, aryl halides, and allylic
acetates can be used for the alkylation of tin enolates when the reactions are catalyzed

OSnPh3 O
I = CO:Me N CO,Me

Pent

(122)

= Pent

+BuMe,Si0

+-BuMe,Si0 : ;
+-BuMe,SiO +BuMe,SiO
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with transition metal complexes (eq (123)) [118]. The tin(II) enolates prepared by the
treatment of ketones with tin(11) triflate are highly reactive and their reaction with
aldehydes afford syn-aldols (eq (124)) [119].

SnBU3 O

Me
)\/ PAPPhS). (123)
OFt

@) Sn(OTH) osSnOTH

/Lk/ : )\/ - /H\I/l\ -
Me Ph Ph
Ph PR X
€ N-Et Me

17.6.3 Preparation of Organotin Compounds

17.6.3.1 Haloorganotin Compounds

Direct reactions of tin metal with relatively reactive alkyl halides are widely used meth-
ods for the preparation of dialkyldihalostannanes (eq (125)) [120]. Using catalysts
such as other metals, metal halides. or Lewis bases, this method can be also applied to
unreactive atkyl halides (eq (126)) [121].

(125)

Sn + 2PhCH,CI ~  (PhCH3),SnCl,

Sn + 2CH,=CHCH.,Br  EtsN/HGCl  (CH,=CHCH,),SnBrp, (126)

Alkyltrihalostannanes are obtained by the Sb(III)-catalyzed reaction of tin(1l)
halides with alkyl halides at elevated temperatures (eq (127)) [122].

SnBro + n-C18H37Br _Elsﬂ,. n-C18H37SnBr3 (127)

The most general procedure for the preparation of haloorganostannanes is the
disproportionation of tetraalkylstannanes with tin(IV) halides. By a change in the
molar ratio of starting materials, trialkylhalostannanes, dialkyldihalostannanes, and
alkyltrihalostannanes are selectively formed (eq (128)) [123].

3PhsSn + SnCly 4 Ph3SnCl (128)

The alternative way to trialkylbromostannanes or trialkyliodostannanes is the
cleavage of tin-carbon bonds of tetraalkylstannanes with bromine or iodine (eq (129))
[124].
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MesSn + Bro Me3SnBr (129)

17.6.3.2  Tetraorganotin Compounds

Symmetrical tetraorganotin compounds are obtained by the treatment of tin(IV) chlo-
ride with Grignard reagents or alkyllithiums (eq (130)) [125].

SnCly, + 4 CH,=CHMgBr (CH,=CH),Sn (130

The treatment of organometallic compounds with appropriate haloorganostan-
nanes affords unsymmetrical tetraorganotin compounds (eq (131)) [126]. By the use of
Reformatsky reagents and metal enolates, a-trialkylstannyl esters and ketones are
obtained, respectively.

Alternatively these compounds are prepared by the treatment of enol acetates with
trialkylalkoxystannanes or addition of alkoxystannanes to ketenes (eq (132)) [127].
The ratio of O- and C-enolates is dependent on the substituents on enol acetates.

NNHTos Li SnMes

MesSnCli
BuLl e3 n (121)

BusSnOMe
/ — /
Me

OAc OSnBu3 d/u\

SnBuj

The treatment of terminal acetylenes with trialkylstannylamides afford the corre-
sponding alkynylstannanes (eq (133)) [128].

/V\ MeBSnNMeg /\/\ (133)

H MeSSn

Tetraorganotin compounds are also synthesized by the hydrostannation of car-
bon-carbon multiple bonds effected with radical initiators (eq (134)) [129]. Although
these reactions also proceed without initiator, such reactions sometimes give mixtures
of regioisomers depending on the substituents and functional groups attached to car-
bon—carbon multiple bonds (eq (135)) [130}.

BusSnH CN
XN ATBN SnBu3/\/ (134)

CN

BusSnH /&
— N (135)
C BusSn
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Since the various trialkylstannylmetals are available, their reactions with elec-
trophiles provide a convenient methods for the preparation of organotin compounds.
Substitutions of alkyl halides, tosylates, acetates, and sulfides with suitable stannyl-
metals afford a variety of tetraorganotin compounds (eq (136)) [131].

Et2A|SnBu3 SnBus; (136)
d(PPhg),

The additions of trialkylstannyl anions to aldehydes, ketones, enones, and alkynes
also occur to afford tetraorganostannanes with various functional groups.
o-Alkoxyalkylstannanes prepared by the reactions of trialkylstannyllithium with cat-
bonyl compounds followed by the protection of their hydroxyl groups are the useful
precursors of c-alkoxyalkyllithiums (eq (137)) [132].

1) BusSnLi 1) BuLi Hex IVIe

O Hex O
I 2 oomw T T (137
Hex H r\( BusSn Me <:>: )
Cl

17.6.3.3 Some Other Synthetically Useful Organotin Compounds

Trialkyltin hydrides are prepared by the reduction of trialkylhalostannanes with lithi-
um aluminum hydride or the reaction of poly(methylhydrosiloxane) with bis(tri-
alkyltin)oxides (eq (138)) [133]. Starting materials for the latter preparation are
obtained by the hydrolysis of trialkylchlorostannanes with sodium hydroxide followed
by the further treatment of the resulting trialkylhydroxystannanes with sodium metal.

I\|/Ie
BuzSnOSnBuz  + (—Si—oﬂf — = 2BugSnH (138)
n

H

Various organotin compounds with tin-heteroatom bonds are synthesized by the
reactions of halostannanes with the corresponding heteroatom nucleophiles. For
example. trialkyltin alkoxides and trialkyltin amides are prepared by the treatments of
halostannanes with sodium alkoxides (eq (139)) [134] and lithium amides (eq (140))
[135]. respectively. Tin alkoxides are also formed by the reaction of alcohols with tin

amides (eq (141)) [136].
(139)
Bu;SnCl + NaOMe — BuzSnOMe
, (140)
MesSnCl + MesNLi — MesgSnNMej
(141)

BusSnNMe; + MeOH —>  BusSnOMe
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Tin hydroxides and oxides are also employed for the syntheses of heteroatom-substi-
tuted organotin compounds; the treatment of trifluoromethanesulfonic anhydride
with bis(trialkyltin)oxides affords trialkyltin triflates (eq (142)) [137] and the reaction
of trialkylchlorostannanes with thiols proceeds via trialkylhydroxystannanes to give
trialkylstannyl sulfides (eq (143)) [138].

BusSnOSnBug  + (CF380,),0 ———= 2 BusSnO;SCFy  (142)

NaOH

Me;SnCl Me3SnOH MeSH  MesSnSMe (143)

17.7 Synthesis of Organotin Compounds

(1) Tetramethylstannane [139]

SnCl; + 4 CHsMgl —— (CH3)4Sn (144)

Tetrachlorostannane (0.19-0.29 mol) is added dropwise to a butyl ether solution of
methymagnesium iodide prepared from methyl iodide (1.59 mol) and magnesium
(2.06 g.atom) at room temperature. Only gentle refluxing should occur during this step
which requires 2-2.5 h to complete. The reaction mixture is heated under steady reflux
(85-95 °C) for 1h and then allows to stand for several hours. The crude product is
distilled from the reaction mixture, and a mixture of tetramethylstannane and butyl
ether, distilling at 85-95 °C, is obtained. Tetramethylstannane (85-91%) is isolated by
the fractional distillation of the mixture.

Properties: bp 76.6 °C / 748 mmHg.

(2) 1-Hexynyltrimethylstannane [140]

P H 1) Bui P SnMeg 5
\/\/ 2) MeaSnCl \/\/ (143)

To an ethereal (10 mL) solution of [-hexyne (10.5 mmol) is added dropwise butyllithi-
um (10.5 mmol, 1.74 M) at —78 °C. The reaction mixture is stirred for 30 min at —78 °C
followed by warming to 0 °C and stirring for 30 min. Chlorotrimethylstannane (10
mmol) in dry ether (25 mL) is added dropwise to the mixture at 78 °C, and the mixture
is slowly warmed to room temperature over a 12 h period. After removal of ether by
fractional distillation, all volatiles are transferred at 0.35 mmHg with an oil bath tem-
perature of 45-48 °C. The distillate is collected at -78 °C. 1-Hexynyltrimethylstannane
(92.5%) 1s isolated by distillation.

Properties: bp 26 °C /0.35 mmHg. 'H NMR (CDCl,): §=0.22 (9H, s), 0.87 (3H. t,J =
6.9Hz),1.34-1.47 (4H, m), 2.20 (2H, t, J = 6.9 Hz). *C NMR (CDCl,): § = -7.85,
13.53,19.78,21.93, 31.20, 81.78, 111.02. IR (neat) 2144 cm '
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1-Hexynyltrimethylstannane is also prepared by the heating a mixture of 1-hexyne
(10.9 mmol) and (diethylamino)trimethylstannane (10.9 mmol) at 50 °C for 12 h in
89.2% yield [140].

(3) Ethyl (E)-3-(tributylstannyl)-2-pentenoate [141]

CO,Et .
\/ BuzSnCu-MeS-LiBr S COgEt (146)
BU3SH

Butyllithium (26 mmol, 1.63 M) is added to a cold (-20 °C) stirred solution of hexa-
butyidistannane (26 mmol) in THF (200 mL) under argon. The solution is stirred at
20 °C for 20 min and then cooled to —78 °C. CuBr-SMe, complex (26 mmol) is added
and the mixture is stirred for 30 min. To the mixture is added a THF (10 mL) solution
of ethyl 2-pentynoate (20 mmol) and stirring is continued for 3 h. Ethanol (1 mL), sat-
urated NH,C1 (20 mL). and ether (200 mL) are added successively and the mixture is
warmed to room temperature. The lavers are separated and the aqueous layer is
extracted with ether. The combined extracts are washed (saturated NH,Cl) and dried
(MgSO,). Removal of the solvent affords an oil which is chromatographed on silica gel
(ether : petroleum ether = 1: 50). Ethyl (E)-3-(tributylstannyl)-2-pentenoate (83%) is
isolated by distillation (air-bath temperature 130 °C / 0.3 mmHg) of the material
obtained from the appropriate fractions.

Properties: '"H NMR (CDCl.): 8 = 0.7-1.8 (33H, diffuse m). 2.88 (2H.,d of q, /= 7.5,
1.2 Hz, with satellite peaks indicating Jg, ,, = 56 Hz). 4.16 (2H. q. /= 7 Hz), 5.92 (1H,
t. J = 1.2 Hz with satellite peaks indicating J, y = 65 Hz). IR (neat) 1710, 1585, 1180,
870 cm .

(4) (Benzyloxymethyltributylstannane [132]

ICH,Znl + BugSnCl BusSnCHyl NCMeONa - Bu.SnCH,OCH,Ph  (147)

A THF (100 mL) solution of iodomethylzinc iodide (0.15 mol) [142] is treated with
tributyltin chloride (0.1 mol) under nitrogen. After stirring for 18 h, the reaction
mixture is poured into petroleum ether (300 mL) and washed with water (2 x 200 mL).
After drying (Na-.SO,). the solvent is removed under reduced pressure to give
tributyl(iodomethyl)stannane (96%). Sodium hydride (50% dispersion, 0.10 mol) is
washed with pentane (three times) and suspended in THF (250 mL) under nitrogen.
Benzyl alcohol (0.085 mol) was added dropwise with stirring. After stirring at room
temperature for ca. 1 h. tributyl(iodomethyl)stannane (0.065 mol) was added. The
mixture is stirred for 48 h and then treated with a little methanol to destroy any excess
sodium hydride. The mixture is poured into petroleum ether (1 L), washed with water
(2 x 250 mL), and dried (Na,SQ,). After removal of solvent under reduced pressure,
the residue is distilled through a 20 inch Vigreux column to give (benzyloxymethyl)-
tributylstannane (81%).
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Properties: bp 140-144 °C/0.03 mmHg. '"H NMR (CCl,): 6 =4.40 (2H, s), 7.15(5H, s).
IR (neat) 1455, 1375, 1085, 1065 cm™'.

(5) Triphenyltin hydride [143]
PhsSnCl LA PhsSnH (148)

Lithium aluminum hydride (40.9 mmol) and triphenylchlorostannane (100 mmol) are
added to ether (150 mL) in a flask cooled with an ice—water bath. The mixture is stirréd
at the bath temperature for 15 min, and then at room temperature for 3 h. It is slowly
hydrolyzed with water (100 mL) with cooling by the ice-water bath. The ether layer is
washed with ice-water (2 x 100 mL) and dried (MgSO,). After removal of ether, triph-
enyltin hydride (77-85%) is obtained by rapid distillation using an oil-bath preheated
to 200 °C. Since the hydride is thermally unstable, low distillation pressures are desir-
able.

Properties: bp 162-168 °C /0.5 mmHg.

It should be noted that trialkyltin hydrides, especially when they are contaminated
with certain impurities, gradually decompose with evolution of hydrogen even if they
are stored at low temperatures.

(6) Tributylmethoxystannane [144]

0
BusSnOSnBus  + /U\ ——>  2BusSnOMe  (149)
MeO OMe

Bis(tributyltin) oxide (10 mmol) and dimethyl carbonate (15 mmol) are refluxed in a
bath at 130-135 °C. A slow stream of nitrogen 1s passed through the liquid and then
through Ca(OH).solution. The evolution of CO, begins after ca. 15 min and is com-
plete after 40 min. Distillation gives tributylmethoxystannane (33%).

Properties: bp 90 °C /0.1 mmHg. 'H NMR : = 3.6 (OCH,). IR (neat) 1075 ¢m ™.
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Diisobutylaluminum hydride (DIBAH) 374-5,
378, 383-4

(R,R)-Diisopropyl tartrate crotylborate 355-6

Diisopropyl(Z)-1-hexenylboronate 359-60

Diisopropyl[(£)-2-methyl-1-hexenylJborate 360

Dimerization of norbornadienes 193-5

cis-Dimethylbis(triethylphosphine)-
palladium(Il) 289

trans-Dimethylbis(trimethylphosphine)-
nickel(Il) 262

Dimethyl(1 ,5-cyclooctadiene)platinum(Il) 296

N,N-dimethylformamide (DMF) 320

(E)-3,7-Dimethyl-1-triethylgermyl-2,6-
octadiene 412

Dinitrogen complex 222

1,2-Diol synthesis 207-8

Diols, oxidation 185

Diorganopalladium (II) complexes 271-5

Dipheny!(phenylethynyl)aluminum 384

Disodium tetracarbonylferrate(-1I) 175

Dissociation 15-17

Dissociative ligand exchange 17

Distillation 48-9

Dodecacarbonyltetrairidium(0) 243

Dodecacarbonyltetrarhodium(0) 236

Dodecacarbonyliriruthenium(0) 196

Dodecarbonyltriosmium(0) 209

Effective Atomic Number rule 9

18 electron rule 8-9

Electrochemical oxidation/reduction 25

Electron counting &, 10

Electron transfer reactions 24-5

Electron-withdrawing group 21

Electronic effect 28-31

Enneacarbonyldiiron(Q) 174-5

Enol silyl ethers and related compounds 396—
8, 401-2

Enolate complexes 86-7

(n2-Ethylene)bis(tricyclohexylphosphine)-
nickel0) 261

irans-Ethyldimethyl(triphenylphosphine)-
gold(ll) 310

Ethylene complex 7

Ethyl(E)-3-(tributylstannyl)-2-pentenoate 421

Ethynylmagnesium chloride 340
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Ferrocenylphosphines 170-2
Filtration

by cannula 43

by celite 47

methods 46-7
Five-membered metallacycles 80-3
Fluxionality 13-14
Four-membered metallacycles 78-9

Gas reservoir 36
Germanium compounds 408-11
preparation 409-11
synthesis 411-12
tetraorganogermanium compounds 410
triorganogermanium compounds 411
use for organic synthesis 408
Glass pants 42
Glove bag 38
Glove boxes 45
Gold compounds 308
synthesis 309-11
Grignard coupling reaction 21
Grignard reagents 4, 21, 334, 336
Group 1 (Li, Na, K) metal compounds 315-31
synthesis 324-30
Group 2 (Mg) metal compounds 333-43
Group 3 (Sc, Y, lanthanide) metal compounds
57-74
synthesis 67-72
Group 4 (Ti, Zr, Hf) metal complexes,
synthesis §7-92
Group 4 (Ti, Zr, Hf) metal compounds 75-97
Group 5 (V, Nb, Ta) metal compounds 99-124
Group 6 (Cr, Mo, W) metal compounds 125-
41
synthesis 132-40
Group 7 (Mn, Tc, Re) metal compounds 143—
58
synthesis 150-6
Group 8 (Fe, Ru, Os) metal compounds 159-
218
Group 9 (Co, Rh, Ir) metal compounds 219-
47
Group 10 (Ni, Pd, Pt) metal compounds 249-
303
Group 11 and 12 (Cu, Au, Zn) metal
compounds 305-14
Group 13 (B, AD) metal compounds 345-90
Group 14 (51, Sn, Ge) metal compounds 391~
426

Hafnium complexes, synthesis 75-92
«-Haloboronic esters 350-2
Haloorganogermanium compounds 409-10
Haloorganosilanes 400-1

Hard and soft acid and base (HSAB) principle
27

Heating solution 49

Hexacarbonylniobate 118

Hexacarbonyltantalate(-I) 118

Hexahydridotris(trimethylphosphine)-
tungsten(VI) 138-9

Hexamethyltungsten(VI) 132

I-Hexynyltrimethylstannane 420-1

HOMO orbitals 7

Homoenolate complexes 86-7

Homoleptic alkyl complexes 125

Homoleptic aryl complexes 125

Hydride complexes 75-6

Hydride ligands 27

Hydrido(dinitrogen)tris(triphenylphosphine)-
cobalt(l) 226

Hydridoosmium(ll) complexes 205

Hydridotetrakis(triphenylphosphine)rhodium(l)
237

Hydrocarbonyl complexes 61

Hydroquinone synthesis 164

Hydroxyamination 208

Imidoosmium complex 206
Insertion 22-3
2-lodomethyl-4,4,5,5-tetramethyl-1,3,2-
dioxaboronane 361
IR sample 53, 54
Iridium carbonyls 239-40
Iridium compounds 23944
synthesis 2434
[ron carbonyl compounds 160-7
Iron compounds 159-73
synthesis 174-9
with cyclopentadieny! ligands 170
with phosphine ligands 172-3
Isopropy!l 3-(trichlorotitanio)propionate 91-2

Ketones 368-75

Lanthanoid organometallic compounds 57-74
Lanthanum organometallic compounds 57-74
Lewis acids 375
Ligand dissociation constants 33
Ligands 27-34

electronic effect 28-31

steric effect 31-4
Linear free energy relationship (LFER) 28
2-Lithio-1,3-dithiane 327
Lithium 1-alkynylboronates 352
Lithium bis(trimethylsilylamide) 328-9
Lithium butyl(diisobutyl)aluminum hydride

385-6

Lithium compounds

addition to acids 321
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addition to C—-C multiple bonds 316-17
addition to C-N multiple bonds 318
addition to carbonyl groups 319
addition to N,N-disubstituted amides 320
deprotonation with 315-16
nucleophilic cleavage of epoxides 322-3
oxidation 3234
reaction with polyhaloalkanes 323
substitution at carbon 321-2

Lithium diisopropylamide 327-8

Lithium 6-methylcyclohexenolate 327-8

Magnesium compounds 333-43
alkyl, aryl and 1-alkenyl 333-5
carbometallation 336-7
hydrometallation 336-7
metallation of acidic C-H bonds 335
preparation from organic halides and
magnesium metal 333-5
synthesis 337-42
transmetallation 335-6
Manganese compounds 143-7
Mercury manometer 36
Mesitylcopper(I) 307
Mesitylgold(I) 310-11
Metal-carbon bonds, properties 4-14
Metal-carbon multiple bonds 5
Metal-metal bonds 5
Methaliyllithium 326
(1-Methoxyvinyltrimethylsilane 405
Methylaluminum bis(2,6-di-zers-butyl-4-
methylphenoxide) 385
Methylaluminum bis(2,6-diphenylphenoxide)
{(MAPH) 372-3
Methylenecyclopropanes 169
(n*-Methyl methacrylate)bis(methyldiphenyl-
phosphine)}palladium(0) 287
(772-C3 N-2-Methylpropanamidato)(tricyclo-
hexylphosphine)nickel(Il) 264-5
1-Methyl-2-(trimethylsiloxy)cyclohex-1-ene
406
Methyltrioxorhenium(VIl) 154
Methyl{triphenylphosphine)gold(l) 309-10
Methyltris(triphenylphosphine)copper(l) 306
Mg(CHPhCH=CHCHPh) 340-1
Mg(CH{C(CsHj;)=CHCH,O0 }MgCl 342
Molecular orbitals 8
Mono(cyclopentadienyl) complexes 63
Monocyclopentadienyliron complexes 170
Monoorganopalladium(Il) complexes 288-9
Mono(pentamethylcyclopentadienyl)
dichlorides 64

Nickel compounds 249-59
synthesis 259—65
Nickel olefin complexes 249-52

Nickel phosphine complexes 249-52
Nickelacycle complexes 264-5, 357-9
Nil4 complexes 32, 33
Niobium compounds 110-17

synthesis 117-21
Nitrogen lines 35-8
NMR sample 51-3
Norbornadienes, dimerization of 193-5
1-Norbormanemagnesium chloride 339-40

Octacarbonyldicobalt(0) 225
(E)-1-Octenylboronic acid 358
Olefins

isomerization 162-3

metathesis 208
Organometallic compounds

fundamentals 3-26

hypervalency 5

reactions 15-25

synthesis 3—4

by reactions 4
from elemental metals 3

Orthopalladation reactions 275
Osmium carbene compounds 209
Osmium carbonyl compounds 203-4
Osmium compounds 203-9

synthesis 209-10
Osmium oxide compounds 207
Oxidation

of nitriles, amides and lactams 185

of organolithium compounds 3234
Oxidative addition

and reductive elimination 18-22

reactions 267-73, 278-82

Palladation reactions 284--5

Palladium alkyl, aryl and alkenyl compounds
267-78

Palladium compounds 265-85

synthesis 285-90

Palladium olefin complexes 265-7, 276-8

Palladium phosphine complexes 265

Pentacarbonylhydridomanganese(l) 150-2

Pentacarbonyliron(0) 174

Pentacarbonyl[(methoxy)methylmethylene]-
chromium(0) 1334

Pentacarbonylmethylmanganese(I) 151-2

Pentahydridobis(triisopropylphosphine)-
iridium(V) 244

(775 -Pentamethylcyclopentadienyi)trioxo-
rhenium(VII) 154-5

(n5 -Pentamethylcyclopentadienyl)(tri-
phenylphosphine)copper(l) 307

Peterson Olefination 319

2-{(R}-1-Phenylethyl]-1,3,2-benzodioxaborole
358-9
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Phosphine complexes 230-5, 240-1
Phosphine ligands
iron complexes with 172-3
tertiary 28-31, 33, 131-2
Phosphines 28
Phosphites 28
m-bonding 6-7
m-complexes 130-1
Pipette bulbs 50
Platinum alkyl compounds 292-3
Platinum compounds 290-3
synthesis 294-7
Platinum olefin compounds 291-2
Polyhydrides 241-2
Potassium trichloro{ethylene)platinate(II)
296-7
Preferential reductive elimination 25
Primary amine ligands 28
Primary phosphine ligands 28
PtR,L> 16

Reductions 182
Reductive elimination 17
Refluxing solution 49
Rth(C2H4)2 14
Rhenium compounds 147-50
Rhodium carbonyls 228-30
Rhodium compounds 228-39
synthesis 236
Rieke’s activated magnesium 339-40
Ring opening metathesis polymerization
(ROMP) 208
Ruthenium carbonyl compounds 180-2
Ruthenium compounds 180-95
synthesis 196-203
with arene/diene ligands 192-3
with chiral ligand 189-90
with cyclopentadienyl ligands 190-2

Scandium organometailic compounds 57-74

Schlenk flask 47, 49, 53

Schlenk techniques 35, 40-4

Schwanz hahn 43

Schwartz’s reagent 87-8

Secondary amine ligands 28

Secondary phosphine ligands 28

Shienk flasks 45

SICAPENT 38

Side-on coordination 19

Silicon compounds 392-404
affinity for heteroatoms 393
containing heteroatem substituents and

related compounds 399-400

enhanced nucleophilic substitution 393
in organic synthesis 394-400
preparation 4004

stabilization of a-carbanion and (-
carbocation 3934

synthesis 4048

with silicon-heteroatom bonds 403
a-Silylcarbanions 399, 404
Simmons—Smith reaction 381
Sy2 type transition state 19
Sodium compounds, substitution at carbon

321-2

Sodium hexachloroosmate 207
Sodium tetracarbonylcobaltate(-1} 225-6
Solvents 49
Stereoselective associative ligand exchange 16
Steric effect 31-4

Tantalum compounds | 10-17
synthesis 117-21
Technetium, organometallic chemistry 143
Tertiary amine ligands 28
Tertiary phosphine ligands 28-31, 33, 131-2
Tetraallylsilane 405
Tetra(ammine)platinum(il) 12
Tetracarbonyl(r -pentamethylcyclopenta-
dienyDtantalum(I) 120
Tetracarbonyl( 775 -pentamethylcyclopenta-
dienyl)vanadium(I) 106-7
'I'etrachlorobi5(176-hexamethylbenzene)~
diruthenium(II) 201
Tetrachloro( n5 -pentamethylcyclopentadienyl)-
niobium(V) 119-20
Tetrachloro(n5—pentamethylcyclopentadienyl)-
tantalum(V) 119-20
Tetrahydridobis[1,2-bis(diphenylphosphino)-
ethane]molybdenum(IV) 138
Tetrahydridotris(triphenylphosphine)-
osmium(IV) 210
{Tetrakis(trimethylphosphine)copper(I)]
dimethylcuprate(I) 3067
Tetrakis(triphenylphosphine)nickel(0) 261-2
Tetrakis{triphenylphosphine)palladium(0) 286
Tetramethylenebis(triphenylphosphine)-
nickei(Il} 264
3,3.4,4-Tetramethy12-(2-formylphenylmethyl)-
1,3,2-dioxa-boronane 3612
Tetramethylstannane 420
Tetraorganosilicon compounds 401
Thermolysis 24
3-center-2-electron bond 7-§
Three needles technique 40, 41
Tin compounds 412-20
allyl, alkenyl, alkynyl and arylstannanes
413-14
haloorganotin compounds 417-18
preparation 417-20
synthesis 420-2
synthetically useful 419-20
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tetraorganotin compounds 418-19
triatkyltin hydrides 415
use in organic synthesis 413-17
with tin—heteroatom bonds 416-17
Titanium compounds, synthesis 75-92
Toepler pump 50-1
p-Tolylboronic acid 354-3
Trans effect 12-13
Trans influence 1213
Transition metal-alkyl bonds 5
Transition metal hydrides 27
TRAP 172
Trap-to-trap (bulb-to-bulb) distillation 48
Trialkylsilanes 398
Triallylborane 357-8
Trlbutylmethoxystannane 422
Trlcarbonyl(n -1,3-cyclohexadiene)iron 176
Trlcarborayl(r) pentamethyloyclopenta-
dienybrhenium(I) 152-3
Trichlorides 57
Tnchloromethylhthlum 325-6
Trichloro(r -pentamethylcyclopentadienyl)-
ruthenium(IV) 199
Triethylgallium 386-7
Triethylsilane 406
Triethylsilyl cyanide 407-8
Triethylsilyl iodide 404-3
Triisopropoxymethyltitanium 88-9
Triisopropylsilyl triflate 407
Trimethylenemethane complexes 834
Trimethyl(methylthio)silane 407
Trimethylsilyl cyanide 399
Trimethylsilyl sulfides 400
Triphenylmethylpotassium 329-30

Trlphenyltm hydride 422
Trls(n -allyl)chromium(IIT) 137-8
Tris(cyclopentadienyl) complexes 59
Tris{cyclopentadienyl)indium 387
Tns(dlbenzyhdeneacetone)dlpalladlum(O) 287
Trls(hydrldo)bls(n -pentamethylcyclopenta-
dienyl)niobium(V) 121
Tris(trifluoromethanesulfonato)ianthanides(IIl)
70
Tris(2,4,6-trimethylphenyl)tetrahydrofuran-
vanadium(III) 109-10

UV/Vis cell 53

Vacuum lines 35-8

Vacuum technique 45

Vanadium compounds 99-104
synthesis 105-10

Vaska's Complex 18

Vinyllithium 325

Vinylmagnesium bromide 339

Wilkinson’s complex 230
X-ray diffraction 54-5
Yttrium organometallic compounds 57-74

Ziegler-Nata polymerization 382
Ziegler—Natta catalysts 382
Zinc compounds 311-12

synthesis 312-13
Zirconium compounds, synthesis 75-92
Z1(C1Hs)y 14

Index compiled by Geoffrey C. Jones
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