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Preface

Organometallic chemistry can be described as the interface of two rather different scientific fields:
the reactivity and structure of the metallic and semi-metallic elements, which is the classical domain
of inorganic chemistry and metallurgy, and the chemistry of carbon compounds. The result is an in-
structive and surprising insight into the diversity of the chemical bond, some of which continues to
challenge conventional views, and a powerful toolbox for the selective making and breaking of car-
bon-carbon and carbon-element bonds. Organometallic compounds of the s- and p-block elements
contain polarized metal-carbon bonds of superb reactivity, while the availability of d-orbitals in the
transition metals offer low energy pathways for catalytic transformations. The overwhelming major-
ity of all products of the world’s chemical industry pass through a catalytic step at some stage of their
manufacture, and many of these steps involve a metal-carbon bond. Catalysis is the basis of large-scale
industrial processes, as well as of laboratory-scale syntheses of fine chemicals and pharmaceuticals.
This book aims to provide an introductory overview of the main types of compound classes and reac-
tions in organometallic chemistry, and to provide a basis for understanding synthetic possibilities and
catalytic reaction mechanisms.

This text is based on two slim volumes that appeared in 1994 as part of the Oxford Chemistry
Primers series, which provided an introduction to the chemistry of transition metal complexes with
o-bonds (‘Organometallics 1°) and with n-bonds (‘Organometallics 2°). The concept of these booklets
was to give a lecture-note style introduction, with copious illustrations and examples, which would
make it easy for the student to get the flavour of the scientific concepts without being overwhelmed
with detail. The approach proved popular, but important aspects were lacking—in particular there was
no coverage of s- and p-block elements, no space for more than a cursory mention of some catalytic
reactions, and of course many areas have moved on significantly since then.

A fresh start was needed. The result is the present text, which gives more comprehensive coverage
arranged into three parts: (1) organometallic chemistry of the Main Group elements, (2) complexes
of the transition elements, and (3) catalytic mechanisms, applications, and processes. The underlying
philosophy of the Oxford Chemistry Primers has remained the same however: to enable moderately
experienced students to come to grips with the concepts and way of thinking in organometallic chem-
istry and to appreciate the applicability of the material they have learned. The scope, it is hoped, will
be adequate to provide the basis for university lecture courses at undergraduate and Masters level, and
wide enough to allow flexibility in coverage. It is assumed that students will have completed intro-
ductory courses of general and inorganic chemistry, in which the structure of the Periodic Table and
concepts such as electronegativity, Lewis acidity, and simple molecular orbital (MO) theory have been
introduced. Postgraduate students at the beginning of their PhD degrees may also find aspects of this
book a useful refresher.

There are a number of more comprehensive (and necessarily more heavy-weight) textbooks on
organometallic chemistry and homogeneous catalysis which offer more detailed treatment; some of
these are listed in the section on Further Reading. Here we tried to sieve out those aspects that seem
to us fundamental or that best illustrate the main points; the main challenge therefore was not what to
include but rather what to leave out. It is hoped that the resulting text fits into a student’s pocket, is light
enough to have around, and is sufficiently well structured to be an easy reference.

The structure of the Main Group part follows the Periodic Table, starting with a discussion of or-
ganometallic compounds of the s- and p-elements. Here, in the interest of brevity, it was decided to ex-
clude coverage to the heavier members of Groups 15 and 16 which, although metallic, are electron rich
and have more in common with their non-metallic congeners. Within the range of elements covered,
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emphasis is given to those with the greatest synthetic, catalytic, or industrial utility. The section on
transition metals is preceded by a discussion of the main ligand types and the reaction steps relevant to
the understanding of catalytic cycles. The chapters are ordered according to ligand classes, with those
having particularly widespread roles, such as CO, being discussed first.

At various intervals, shaded boxes are inserted as excursions which provide additional information
that can be left out on first reading. They also illustrate snippets of interest of a more specialized nature.
Margin notes are added as ‘bookmarks’ and also add further detail. The main take-home message of
each chapter is briefly summarized in a box headed Key points, followed by some Exercise questions
that aim to encourage readers to review the chapter content in their minds and to help students to
assimilate the material and build up confidence. Appendices provide general information, such as
common abbreviations and properties of solvents. Finally, a Further Reading section lists comprehen-
sive texts, review articles, and specific literature references of material included in the text. For a text
of this level and brevity it was felt it would not be helpful to include comprehensive primary literature

citations.
M. Bochmann

Norwich, 2014



viii GENERAL INFORMATION

General Information

Given below are abbreviations that are commonly used in this book as well as in the scientific literature

on organometallic compounds and catalysts.
The isolation and handling of organometallic reagents and compounds relies on the appropriate use
of solvents. For readers less familiar with the field, Appendix 1 gives a list of common solvents and

their properties, which may prove useful.

Commonly used abbreviations in organometallic chemistry:

Common
Formula Name Systematic name abbreviation
CHg methyl methyl Me
CH5CH, ethyl ethyl Et
Me,CH isopropyl 1-methylethyt pr
CH5CH,CH, n-propyl n-propyl pr
Me,CHCH, isobutyl 2-methylpropyl By
MeCH,CH(Me) sec-butyl 2-butyl Bu®
Me;CH tert-butyl 1,1-dimethylethyl But
H,C=CH~-CH, allyl 2-propenyl
H,C=C(Me)—CH, methallyl 2-methyl-2-propenyl
CsHy cyclopentadienyl 1-cyclopenta-2,4-dienyl Cp
CsMes pentamethyl-Cp pentamethylcyclopentadienyl Cp*
indenyl 1-indenyl Ind
CeHs phenyl phenyl Ph
CgHsCH, benzyl benzyl Bn, PhCH,
2-MeCgH, ortho-tolyl 2-methylphenyl o-tol
2,4,6-Me3CgH, mesityl 2,4,6-trimethylphenyl mes
2,6-PriyCeHs isityl 2,6-di(isopropyl) phenyl Dipp
2,4,6-PrisCHy 2,4,6-tri(isopropyl)phenyl Tripp
CgHpq cyclohexyl cyclohexyl Cy
H,C=CH- vinyl 1-ethenyl
CH5C00~ acetate ethanoate OAc
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CF;,CO0™ trifluoroacetate trifluoroethanoate OAC, tfa
CF3S03” triflate trifluoromethane sulfonate o7f
AN acetylacetonate 2,4-pentanedionato acac
o
o 0
N N-aryl-beta- 2,4-pentanediiminato nacnac
roen diketiminato
: . Ar=aryl
Al’/ N N \Ar
(\O/\ 18-crown-6 1,4,7,10,13, 18-c-6
16-hexaoxacyclo-
[0 Oj octadecane
0 0
o
O cyclooctadiene cis-1,5-cyclooctadiene coD
O cyclooctatetraene 1,3,5,7-cyclooctatetraene cot
/ \ /'=\ N-heterocyclic NHC
carbene
R/N\ /N\R R’N\ /N\R
% <
/.__:__\ Me 1,3- dimesityl imidazolylidene IMes
R= Me
R™ NGO N R D
9 Me
pr bis(di-isopropylphenyl) IPr
/""\ imidazolylidene
R= __-<\ >
R-NS_N=r )
- Pr'
/ \ 1,2-bis(dimethylphosphino)ethane dmpe
Me,P PMe,
/ \ 1,2-bis(diphenylphosphino)ethane dppe
Ph,P PPh,
> 1,3-bis(diphenylphosphino)- dppp
propane
Ph,P PPh,
PPh 1,1’-bis(diphenylphosphino)- Dppf
, 2 ferrocene
Fe




Ligand Nomenclature

Ligand types and the bonding mode of ligands in complexes are described by a number of symbols and
conventions. These are used throughout this text.

o-ligand,
o-bond

Bond directed along the axis
connecting two atoms, made by overlap
of orbital lobes pointing at one another:
the 2-electron-2-centre bond

n-bond

Bond made by interaction of the
metal with the ni-electron system of an
unsaturated compound, such as an
alkene

,nn
hapticity

Greek ‘eta’, indicates n-bonding ligand,
with superscript n denoting the number
of C atoms in a n-system bonded to a
metal. The n-number gives the number
of C atoms that bind to the metal = the
hapticity. 0%, 2, n*-ligands are called
dihapto, trihapto, tetrahapto, etc.

<
\/ /
M M
n3-allylic bonding

n*-diene (n3-cycloheptatrienyl)

Hm

Greek ‘mu’: indicates ligand bridging
m metal atoms. The subscript indicates
the number of atoms that are bridged.

9 RN
A AT
M

PN
M M M——M
i15,m3-allyl

us-chloride M,-carbonyl

Greek ‘kappa’: indicates coordination
of classical coordination ligand, usually
N or O donor

N=
Me:N_ «3-N,N,0 complex

~

0

General symbol for anionic ligand:
halide, alkoxide

General symbol for neutral donor
ligand: such as pyridine, phosphines

General symbol for hydrocarbyl ligand:
methyl, phenyl, or for substituentin an
organic molecule
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Organometallic
Compounds of Main
Group Elements

Organometallic chemistry describes the structures and reactivity of compounds with M~C
bonds, where M is a metallic or semi-metallic element. Organometallic compounds are fre-,
quently involved in the making and breaking of C-C and C-X bonds (X = non-carbon ele-
ment) and have become an indispensable part of synthetic methodology. The vast majority
of all products produced by the chemical industry involves at least one catalytic transfor-
mation, and most catalytic cycles involve metal-carbon bonds. Organometallic compounds
also demonstrate a surprisingly versatile range of structures and provide intriguing insight
into the nature of chemical bonds.

In Part 1 we will concentrate on M-C compounds of the elements in Groups 1, 2, and
12-14 of the Periodic Table (shaded; radioactive elements are excluded).

1 2 13 14 15 16 17 18
Li Be B C N o F Ne
1.0 1.6 2.0 2.6 3.0 3.4 4.0

Na Mg Al Si P S cl Ar
0.9 1.3 12 1.6 1.9 2.2 2.6 3.2

K Ca Zn Ga Ge As Se Br Kr
0.9 1.0 d-block elements, 1.7 1.8 2.0 2.2 26 | 3.0

Rb |sr |lanthanides ¢d | |sn |sb |Te [I |Xe
0.8 1.0 1.7 1.8 2.0 2.1 2.1 2.7

Cs Ba Hg Tt Pb Bi

0.8 }‘0.9 20 |20 |23 |20

i

¥
ionicM-Cbond <{—————"—"""> covalent M-C bond

The numbers underneath the element symbols are the Pauling electronegativities, which
provide an indication of the M~C bond polarities.
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1.1 General and Bonding Considerations

Most of the Main Group organometallic compounds under discussion here contain metal-
carbon 6-bonds generated by orbital overlap along the M~C axis. There is also the possibility
of interaction of the metal with the 1t-electron systems of unsaturated organic compounds,
in particular if the unsaturated moiety carries a negative charge. These 7t-bonds are, for the
most part, weak in Main Group chemistry (although very prominent in transition metal
complexes), but can be reinforced by dipole interactions between a positively charged metal
centre and the n-electron density.

One important aspect that governs the reactivity of organometallic species is the polarity of
the M®*—C%~ bond, which is a reflection of the differences in electronegativity between car-
bon and metals. The bond polarity decreases from left to right across the Periodic Table. The
bond polarity also increases on going down the group, i.e. on going from lighter to heavier
elements, while at the same time the M~C bond strength decreases.

An M-Cbond can be described by two resonance forms:

® o
M CR; <> M—CR,

The bonds between alkyl anions and alkali metal cations of Group 1, as the most elec-
tropositive elements, are the most ionic, although they retain more covalent character than
alkali halides. The polarity readily expresses itself in the reactivity of metal alkyl compounds:
while the alkyls of Group 1 and 2 metals are extremely sensitive to hydrolysis and oxidation,
those of Group 13 are less so and Group 14 compounds are comparatively unreactive.

Electronegativity (EN) is a measure of the ability of an atom to pull the electron density
of a bond towards itself. While this is a straightforward concept for simple M~H and M~Cl
bonds, the electronegativity of an element such as carbon is not constant, but depends on
the amount of s-orbital character that is involved in its bonding, since the s-orbital is more
strongly affected by the effective nuclear charge than p-orbitals. Values of EN = 2.5-2.6 are
typical of sp>-hydridized C, whereas sp>-hydridized carbon has a higher electronegativity
(ca. 2.7), and an sp-carbon atom (as in ~C=CR) has an EN comparable to chlorine. This is
reflected, on the one hand, in the increase in C-H acidity of hydrocarbons (C,H, < C,H, <<
HC=CH) and on the other in the increasing bond strength towards a given metal: sp*>-C <
sp*-C < sp-C.

Similarly, the nature of other atoms bonded to the C atom in question is important, a
concept referred to as ‘group electronegativity’. Thus, a CH; substituent is significantly less
electronegative than CF;, with its three strongly electron-withdrawing fluorine substituents,
so that the EN(CF;) is comparable to that of oxygen. Similarly, pentafluorophenyl (~C4Fs)
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is significantly more electronegative (electron withdrawing) than phenyl (—CgHs), as dis-
cussed further in the section on boron compounds (Section 1.4.1).

The reactivity of Main Group metal alkyls, i.e. the ability to transfer the alkyl group to
unsaturated organic substrates or to metal halides, decreases with decreasing ionic character
of the M~C bond, and with decreasing Lewis acidity of the metal centre:

Li-R > RMgX(X = halide) > MgR, > AIR, > ZnMe, ~ SnMe,.

The M~-C bonds of some alkyls are too strong (as in BMe;), or the compounds are insuf-
ficiently Lewis acidic (e.g. SiMe,) to be effective alkyl transfer agents.

In terms of thermodynamic stability, the organometallic compounds of most of the lighter
elements are comparable, for example, to alkylamines (e.g. NMe;: heat of formation AH;=
-24 kJ mol™'; mean N~C bond dissociation enthalpy D = 314 kJ mol™). Alkyls of heavier
elements can be endothermic. Table 1.1 lists representative thermodynamic data.

Mean bond dissociation energiesare onlyarough guide to reactivity, since the reaction with
the first alkyl ligand is very much more facile than with subsequent ones. For example, in
reactions of AIMe; with transition metal halides, usually only one of the three methyl groups
can be transferred.

Structural Types. Main Group metal atkyls form a number of structural types, such as A-H:

Reactivity

M—C bond strengths

I I
No Me —M~—Me B M-ape
bridges: a \
MO8ES M=12n,cd, Hg Me Me Me e
M=C, Si, Ge, Sn, Pb
A B C
With Li Me
e s -~ e Me Me
bridging Mei—Ln ,—'Me\ _Me__ /Me\ o Me S
alkyls: M M Mo Al Al
l-./Me —Li “Me Me \Me/ - Me Me Me
i Me
M = Be, Mg
D E F
Me @
With "\Y‘ez Me, l [
n-ligands: ~ _~N Me Me Zn M
C —~Li Li >l al
N \N Me™™ \M S 7
. Me, Me, €
¥
M= Li-, TI, Mg, Al*
G H

The structures are determined by the number of valence orbitals available on the metal,
and by the Lewis acidity of the metal centre. The dialkyls of Zn, Cd, and Hg (A) are only
weakly Lewis acidic, and although zinc, for example, is in principle capable of accepting
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Table 1.1 Thermodynamic data of some Main Group element methyl compounds in the gas phase
(kj mol™%)°

Group 12 13 14
MMe, MMe; MMe,

M AH; D M AHg D M AHg D
-123 365 C -167 358
Al -81 274 Si =245 311
Zn +50 177 Ga -42 247 Ge ~71 249
cd +106 139 In 173 160 Sn -19 217
Hg +94 121 Tl - - Pb +136 152

2 M. E. O’Neill, K. Wade, Comprehensive Organometallic Chemistry, 1982, 1, 5.

two donor ligands to give tetrahedral structures, the electron donor properties of the me-
thyl ligands render it insufficiently Lewis acidic to form aggregates with bridging methyl
ligands; the compounds are therefore monomeric and linear. Trimethylborane (B) has a
vacant p-orbital and is in principle capable of binding an electron pair, i.e. it is a Lewis
acid, but this acidity is weak due to the +I effect of the methyl groups. Boron is very small;
in consequence, steric repulsion prevents dimerization and the compound is a mono-
meric gas. The tetramethyl compounds of Group 14 elements (C) are electron-precise
compounds, in which the central element is surrounded by an electron octet. These com-
pounds are not Lewis acidic (even though Si and higher congeners can in principle bind
anions, X7, and assume coordination numbers of 5 or 6), and they are relatively unreac-
tive, volatile monomers.

On the other hand, where the number of vacant valence shell orbitals exceeds the num-
ber of valence electrons, and where steric factors are unimportant, the electron pair of a
CH;™ anion is shared between two or more metal centres. This leads to electron-deficient
structures such as in [LiMe], (D), in which three Li ions compete for one methyl anion and
form 2-electron-4-centre (2e4c) bonds. Similarly, Be and Mg are more polar and more Lewis
acidic than Zn and form dimethyl compounds in which they attain tetrahedral geometries
by forming 2-electron-3-centre (2e3¢) bonds with bridging methyl ligands (E). As a result,
these compounds are non-volatile polymers. The same bonding type is seen in trimethyl-
aluminium. Aluminium is larger than boron, more electropositive, and a stronger Lewis
acid. These factors combine to favour a dimeric structure (F): the Al compound, unlike its
boron analogue, is a dimer in the solid state and in hydrocarbon solution, while in the gas
phase it is in equilibrium with monomeric, trigonal-planar AlMe;.

If anions with sp*-hydridized C atoms are present, as in metal vinyls or aryls, these un-
saturated hydrocarbyl moieties adopt bridging positions, as in G. In the lithium example,
further coordination sites are occupied by tetramethylethylenediamine ligands, to give the
Li* ion a tetrahedral coordination geometry (sp® hybrid). In mixed-ligand aluminium aryl
alkyls, it is always the aryl that adopts the bridging position. The aryl bridges are further
examples of 2e3¢ bonds, although participation of the m-electron density of the aryl in the
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ionic resonance form for [R,Al(it-CgHs)], contributes to an octet configuration. The bond-
ing interactions are shown in the following diagram:

H H
N
\ A ©K
Bocs wel0" Qe
® QL:® Al Al \Al
Li v 7
@ @
2-electron-4-centre bonding C@\
: ST N
interactions in LiMe H/ TH
Bonding in bridging aryls. in the ionic
2-electron-3-centre resonance form the metal achieves an octet
bonds in Al,Mey electron configuration.

In other dimeric compounds containing heteroatoms, the heteroatom occupies the bridg-
ing positions. Since these atoms contain at least one electron pair, bonding here is not the
consequence of electron-deficient multi-centre bonding, but due to n-donor interactions, so
that the metal centres achieve octet electron configurations and are electron-precise struc-
tures, for example:

Me\

In———=0OMe

Me P P

Me Me Me0 7
\ “‘\Cll"l / — \ “\\C \ / Me Me\ \\\N///f, / me : 4'— n Me
/ \ / \ Me/ \ Cl/ \ / \ / \ Y S
Me T T Me
€ /Zn“’““““OMe

Mé'

With unsaturated arene anions such as the cyclopentadienyl anion (CsHs™, abbreviated
Cp"), sandwich complexes of type H are formed which include n-bonding. A sandwich
complex is a compound in which the metal centre is bonded to two ring ligands with de-
localized m-electrons. The Cp anion can deliver up to six Tt-electrons; it is a 67 Hiickel aro-
matic system and is isoelectronic with benzene. This achieves high electronic saturation,
such that in ZnCp, only one Cp ring is t-bonded (r°), while the second ring interacts with
the metal via only one carbon (n').

By contrast, the low tendency towards n-coordination in mercury dialkyls means that in
HgCp, both rings form only 6-bonds (n'); however, these bonds are fluxional, and the metal
migrates rapidly over the -face, so that on average all carbons become metal-bonded. Some
examples of Main Group compounds with n-bonded ligands are:

RV~ e e 2

Ti(n®-toluene),
cation

Na(1-phenyt-n>-allyl) Znm'n>-CMey), Hg(n®-CsH),
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Tonic organometallics. In cases where the organic anion is particularly stable, because it con-
tains electron-withdrawing substituents, or because the negative charge is extensively delocalized,
the interaction of the metal cation with the carbanion may be much weaker than with solvent
molecules, such that there may or may not be significant direct bonding interactions between
the ions in solution. For example, the acetylide anion in NaC,H is akin to a halide, NaCp con-
tains the cyclopentadienide anion, a 67t-aromatic compound, while in KCPh; the CPh;™ anion
is stabilized by extensive delocalization of the negative charge over all three phenyl substituents.

I ©) K &

The high reduction potential of alkali metals can be used for electron transfer to arenes or
polyenes, to generate salts of (usually intensely coloured) radical anions or anionic aromatic
systems. Such compounds are readily generated in non-protic polar solvents (such as tetra-
hydrofuran, THF) and are often employed as convenient reducing agents. The alkali metal
cation is solvated, without direct bonds to the anion, although in some cases crystalline salts
have been obtained. Heteroaromatics such as pyridine also react with alkali metals to give
the purple pyridine radical anion (whereas no such electron transfer takes place with ben-
zene or toluene). Alkali metals reduce cyclooctatetraene (a non-planar, non-aromatic olefin
with eight n-electrons) to the CgHg”~ dianion, which is a planar 10-aromatic system (and
obeys Hiickel's (4n + 2)7 rule). The reduction of benzophenone to the deep purple radical
anion makes it an excellent, self-indicating drying agent for the purification and deoxygena-
tion of polar non-protic solvents such as diethyl ether and THF:

MeN_ _NMe,
Lig

Li ®
——— Li(THP),
THF

naphthalene naphthalide radical anion Me,N NMe,

deep blue \___/

naphthalide dianion salt

Li ®
[ ——— (Li(THF)4 )2
THF
(4n)m, anti-aromatic, (4n+2)m aromatic COT*
non-planar COT dianion, planar

Ph,(=0 ——— Na A P .
THF - -
©0 ©0 00
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Box 1.1 Lithiumion intercalation

Lithium ions are important as charge carriers in graphitic electrodes. A model for Li*
intercalation in such structures is the corannulene tetraanion, which intercalates five Li* ions
to give a sandwich structure. The sandwich is very stable and persists in THF solution; the
intercalated Li* ions are retained even on addition of crown ethers.

THE \Q/THF

LITHE),*

&

[corannulenel*” anion

~
Key points

Organometallic compounds of main group elements are mainly used as reagents to generate
C-C, C~element, and C—metal bonds. The polarity of Main Group M-C bonds can range from ionic
(alkali metals) to essentialty covalent (B, Sn). This determines their reactivity, alkylation power, and
stability to air. Polar M—C bonds react rapidly with water, and compounds may be pyrophoric.

\ J

N

1. Order the following according to increasing polarity of the M—C bonds:
ZnMe,, LiMe, MgMe,, BMes, SiMe,.

2. Draw the structures of the compounds in question 1 and determine the electron counts of the
metal centres. Which of them achieves an electron octet?

3. Why are C;Hs™ (Cp7) and benzene said to be isoelectronic?
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Li
6.941
Lithium is the

hardest of the alkali
metals and reacts
only slowly with air.
It can be hammered
into flat sheets and
cut with scissors
into small pieces
for LiR synthesis.
Since it reacts with
N,, reactions should
be conducted under
argon.
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1.2 Alkali Metal Organometallics: Lithium

1.2.1 Synthesis

Lithium alkyls are made by reacting alkyl halides with lithium metal. The reaction is facili-
tated by a solvent that can stabilize the lithium ion, such as diethyl ether.

Et,0 .
R-Br+2Li -———>» LiR+LiBr
20°C

The reaction amounts to an oxidative addition of the R-Br bond to lithium atoms on the
edges of lithium metal crystals. This works well for simple alkyls, e.g. R = Me, but in some
cases the yield may be diminished by the formation of coupling products R-R via radical
intermediates R". Lithium alkyls are usually obtained commercially, notably LiMe (in Et,0),
LiBu®, and LiBu' (solutions in hexane).

Since lithium alkyls are easily hydrolysed, LiR + H,O > RH + LiOH, the concentration of
LiR needs to be checked. This is conveniently done by double titration: one aliquot of LiR

is hydrolysed in distilled water and titrated against a suitable indicator (e.g. bromothymol
blue), and another aliquot is treated under nitrogen with an excess of 1,2-dibromoethane
before water is added; LiR + BrC,H,Br - LiBr + RBr + C,H,. Any LiOH present in this
second sample is due to hydrolysis before dibromoethane was added, so the difference in the
titration values of the two samples equals the concentration of LiR.

Lithium alkyls can be seen as the salts of deprotonated alkanes. Since alkanes are ex-
tremely weak acids, the alkyl anions in LiR are among the strongest bases available:

LiMe < LiBu® < LiBu'
A wide variety of lithium reagents can therefore be conveniently generated by reactions
with hydrocarbons containing C-H bonds that are more acidic (more polarized) than either
CH,, n-butane, or HCMe;,.

he;(ane
LiR+R'-H —» LiR"+RH

This C-H acidity is exploited for the preparation of new lithium reagents under salt-free
conditions; for example, Bu"Li reacts with toluene to give PhCH,Li and butane. Methyl-
substituted heteroaromatics are even more readily deprotonated; e.g. 2-lutidine (2-methyl-
pyridine) affords deep orange LiCH,py.

Lithium alkyls are also prepared by metal-halogen exchange. lIodoarenes react readily,
while bromoarenes are usually slow and chloroarenes are unreactive. Choice of the solvent
is also important. These are equilibrium reactions, and for a successful synthesis it is helpful
to shift the equilibrium by removing one of the products. In the case of the phenyllithium
synthesis, this is achieved by using benzene as a solvent in which PhLi is insoluble and
precipitates:
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C-H pK, values of organic compounds in non-aqueous solution (relevant H in bold)

Compound pK;, Compound pK,
Me;C-H 47
Me—-CH; 42 O‘ 18.5
CH, 40 B HoH
CeHs—H 39 H 15

- O
CgHs—CH; 37 CH3;COOH 4.7
H,C=CH—-CH, 36.5 0 4.5
Ph;C-H 32 H
HC=C-H 24 "

0
LiIR+R'-X _— LiR"+ R-X

benzene
LiR + f——— Lil +R-
RT

Metal-halogen exchange can be a good route to the selective synthesis of aryl lithium rea-
gents with functional groups and can provide lithium aryls and vinyls in near-quantitative
yields, provided the temperature is well controlled:

Br Br
THF
LiBu" + QNMQZ — NMe, + BuBr
-100 °C
Br Li

Br THF Li
LiBu" + >=< e o + BuBr + BuH

cooy ~100°C COOLi

The synthesis of lithium alkyls by transmetallation occurs by metal exchange with less
electropositive metals (e.g. Hg, Sn, Zn). It is a less common route but can provide lithium
compounds under salt-free conditions:

' R-M + Li — R-Li + M

R-M + Buli — R-Li + BuM

R} RY R2

RZ
>= +Buli > = + BuSnMe
Me;Sn R? hexane ; R3 ’
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1.2.2 Structure of Lithium Alkyls

Lithium alkyls form aggregates, held together by multi-centre bonding. In spite of
the high polarity of the Li%...C% interactions, these aggregates show low polarity
overall, and are therefore soluble in non-polar solvents. LiMe, for example, is tetra-
meric in Et,0 or THE with a distorted cubic structure. LiBu" and LiCy are hexameric in
hexane solution (Cy = cyclohexyl). The cubic structure of LiMe may also be described as
a Li, tetrahedron capped by four methyl groups; however, there are no bonds between the

Liions.

/ (LiMe),

The degree of aggregation is dependent on the solvent, and complex association equi-
libria may be established. More strongly coordinating solvents such as THF can break
up the clusters into smaller units. The addition of chelating non-protic amines, such as
Me,NC,H,NMe, (TMEDA) or Me,NC,H;N(Me)C,H,;NMe, (PMDETA), gives dimeric or
monomeric compounds, which often display higher reactivity than the aggregates. This ex-
plains why, for metallations with lithium reagents, the choice of solvent or solvent mixture is
often critical. For example, the addition of TMEDA to (LiBu"); gives a dimer:

Me, Me,
N//, \\\N
(LiBu", + 6 MeN -~
6 NMe €, / \ /
TMEDA Mez Me2

Sterically very highly hindered Li alkyls have been found to exist as ion pairs containing
dialkyllithiate anions, as in [Li(THF);]"[R-Li-R]” {R = C(SiMes)s}.

Degrees of aggregation of commonly used lithium alkyls

Compound Solvent or adduct Degree of
association

LiMe Et,0, THF, crystal 4

LiPh(PMDETA) N,N,N-chelate adduct 1

Li(n>-allyl) (PMDETA) N,N,N-chelate adduct 1
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Compound

Solvent or adduct

Degree of
association

Li(n3-ally)(TMEDA)

N,N-chelate adduct

oo, polymeric chain

LiPh(Et,0) Base adduct 4
LiPh Et,0 + THF 2
LiBu" Hexane, crystal 6
LiBu"® THF 2,4
LiBut hexane, crystal 4
LiBut Et,0, THF 1,2

’r\\JAeZ crystat 1
Ol >Li~But

“"I//N

RR Me

1.2.3 Reactivity of Lithium Alkyls

As strong bases, lithium alkyls are used extensively for the deprotonation of C-H bonds.
The addition of chelating donor ligands such as TMEDA has proved beneficial and greatly
increases the reactivity. For example, although benzene is five orders of magnitude more
acidic than n-butane, its metallation with LiBu” in THF proceeds at a useful rate only after
TMEDA addition. LiBu’/TMEDA is even more effective. Mixtures of LiBu® and KOBu'  LiR/KOBu

(‘Lochmann-Schlosser base’) generate the more powerful KBu" in situ and metallate benzene

superbase

even in the absence of TMEDA; the by-product LiOBu' is easily removed.
The methyl group in toluene is lithiated with LiBu"/TMEDA, while o- and m-xylenes give

dimetallated products. No ring metallation is observed.

@—H + LiBu®
C>—-CH3 + LiBu"

CH,
@ + 2 LiBu"
CH,

CH, UCHB

CH,

- C4HlO

TMEDA

e
- C4H10

TMEDA Q
THF

TMEDA @CHZU

CH,Li

- CaHlo

L|Bu"/ KOBut

hexane \Q/

CH,Li

KCHZ\Q/CHZK

CH,K

11
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See Section 2.4.5
and Box 2.8.1.

Chiral alkytation
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By contrast, ferrocene (FeCp,) is readily dimetallated by LiBu"/TMEDA as a route to

ferrocenophosphines:
:. LiBu", TMEDA :‘ H :l PPh;
Fe — Fe Fe
:,: cyclohexane .ll L I l PP,
Lithium alkyls are frequently used to deprotonate H-X bonds, where X = N, O, B, etc,,

under salt-free conditions. This route to phosphides is preferable over the synthesis from
R,PCl + Na.

Ph,PCl
e e

LiBu" + HNPY, ——>  LiNPr,
- butane

LiBU" + HPPh, ——>  LiPPh;
- butane

Functional groups capable of coordinating to LiR are frequently used to control the site
selectivity of metallation to give ortho-lithiated products, which is known as the ortho-
directing effect. If two different substituents are present, one increasing the acidity of the
C-Hbond in ortho position to the substituent, while the other has the stronger coordination
ability, the selectivity is guided by the aggregation state and the Lewis acidity of the lithium
alkyls. In both cases ring metallation is observed:

LiBu" / TMEDA (LiBu"),
MeO - Me0 e —— MeO—Q’—\
¥ NMe,  Et,0/hexane NMe, Et;0/hexane  NMe,
55% guided by guided by 80% -
C-H acidity coordination

Solvents are readily attacked by lithium alkyls; for example, the half-life of LiBu” in THF
is only about 10 minutes. The addition of THF to hexane solutions of LiR is usually quite
exothermic. THF is initially lithiated in the o-position, followed by cleavage to give alithium
enolate:

{ 5 (LlBu“)s — > H,C=CH, + ._\
hexane OLi

0

The dimethylamino substituents of amines such as TMEDA can also be metallated
under suitable conditions. These reactions are usually controlled by lowering the reaction

temperature.
The tendency of Li to coordinate chelating nitrogen bases can be used to provide stereo-

differentiating lithium reagents, e.g. by using the chiral amine sparteine:
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\
N N Y
N, .7 N N
T N 7

[s] Li\ E 0
/\/u\ R R/ e’ /:\/U\
et N
Ph NR H, 0 ™ Ph NR,

E = electrophile,
up to 94% e.e.

2 THF/ MeOBU! s pH
~78°C A/\
Ph NR

coordination complex intermediate

Lithium alkyls undergo additions to multiple bonds. Nitriles are converted to ketones
(after hydrolysis of the intermediate imines) and carboxylic amides to aldehydes:

R H,0 R H,0 R
R—C=N +RLi —> >=Nu — NH ——> 0
R R
/lo]\ : o/Ll H;0" 9
B NMe, + RU > R — R)J\H +Li* +H,NMe,*

H NMe,

The addition to conjugated dienes leads to lithium n’-allyls, which are the reactive inter-
mediates in anionic polymerization, e.g. of isoprene to synthetic rubber. This polymer-
ization can also be effected with other organometallic species. Various stereoisomers of
poly(isoprene) are possible (1,4-cis, 1,4-trans, 1,2, and mixtures of these), and their relative
abundance is sensitive to the nature of the initiator and the solvent. The 1,4-cis polymer best
mimics the properties of natural rubber.

Similarly, lithium and sodium alkyls initiate the anionic polymerization of styrene. The
intermediate is a sec-alkyl lithium species in which the negative charge is delocalized over
the phenyl ring. The polymerization therefore proceeds by a series of 2,1-additions to the
C=C bond of styrene, each leading to a new sec-alkyl lithium propagating species. Since
chain growth is fast and uniform, the molecular weight of these polymers can be precisely
controlled by the monomer/RLi ratio.

O

n>-allyl intermediate . .
cis-1,4-polyisoprene

5 . synthetic rubber

Ph
Ph .
RL 1 2 :/
1-~——'_ 7 | > / ( R W} -------
R Li ) n

styrene
polystyrene

13

Polystyrenes of
precisely controlled
molecular weight
produced by anionic
polymerization are
used as standards
for gel permeation
chromatography.
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‘Ate’ complexes As strong bases, lithium alkyls add to Lewis acidic compounds to form ‘ate’ complexes, i.e.
compounds that contain metallate anions, for example:

LiMe + BMe; ————»  Li[BMe,] tetraalkylborate

Ph Ph Me
TMEDA «Ph 2
LiPh + MgPh, ———> N"' .o / N o e, / \ R
Mg Mg Li
\ RN
Me2 Ph h Me, magnesate
/I,,' \‘\Et,l
LiEt + AlEt; —— -
’ \ / e
™ aluminate
LiMe + CuMe ———» LiCu'Me, homocuprate
LiMe + CuX ————> LiCu'(X)Me heterocuprate
cl
/l\/a
4LiMe + CuX(SMe,) ———————3 LiCu'"'Me, Cu(i) alkyl cuprate
~-100°C d8, square-planar
X=Cl, Br,1 half-lifeat0°C: 7 h
Cuprate reagents The cuprates are based on linear anions [R-Cu-R]” which may form contact ion pairs or
solvent-separated ion pairs. The Cu~C bonds are largely covalent.
©
®
R—Cu—R ) R I°
o io ot O ., | iy
~ph H T \\“Li
s >~ R ARCTIE
o S
R——Cu—R

(S) = donor solvent

Examples of their structures in a crystal are shown in the following diagram; they dissolve
in ethers, where they display fast exchange and solution equilibria. Lithium organocuprates
are used for selective alkyl 1,4-addition to conjugated enones, additions to C~C multiple
bonds, and substitution reactions.

Et,0 OFt, N
\\ N\f. o

A (Y b : —~Li—N But Cu—NR

: | Li u - 2
E o—L"" Li—OEt Bu‘—cU—cEN/ “N=C—Cu—But THE é | P |
t, ,:I 2 \Li Ve Rll Clu |[_g l:,l

—Cu— N | t &w—m%;>~

Q Q £,0  OFt, N_,,Pi"“rHF Bu
L kN_/
aryl cuprate alkyt cyanocuprate NNN = PMTEDA diatkyl aryl amidocuprate

cuprate
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1.2.4 Organometallic Compounds of the Heavier Alkali Metals: Na—Cs

As the ionic radius of the alkali metals increases:

Li* Na* K* Rb* Cs*

0.69 0.97 1.33 1.47 1.67 A

so does the ionic character of the metal alkyl compounds. Adding a MeLi solution to MOBu'
(M = Na, K) gives NaMe and KMe, respectively. Solid KMe forms an ionic lattice in which
the CH;™ anions are surrounded by six K™ ions. Solid NaMe is intermediate between LiMe
and KMe. Potassium alkyls are rarely isolated and are generally used in synthesis as species
prepared in situ from LiR + KOBu'; they are capable of metallating activated C-H bonds, e.g.
those in allylic positions to C=C bonds:

LiBu" / KOBu* AN
/\/H 3
7 - butane K® allylpotassium
- LioBu!

The most important Na and K organometallic compounds, from a synthetic perspective,
are the cyclopentadienides. These are accessible either from the metal, the metal hydride, or
from Li alkyls. NaCp and KCp are more conveniently and quantitatively made by reacting
dicyclopentadiene with the metal directly, without prior cracking into CpH:

A Na of NaH
A — Na®
THF

Na orK
160 °C

» MCp, solvent free solid

As ionic compounds, these cyclopentadienides dissolve readily in non-protic donor sol-
vents such as THE. In the solid state they form stacks of Cp~ anions and M* cations, giving
linear or zigzag chains, depending on the ionic radius of the M* ions and the presence or
absence of donor molecules (ethers, pyridine). Alkali cations are spherical and exert no
influence over the relative orientation of the Cp ligands, and the crystal structures are deter-
mined by electrostatic and packing forces. With large, stable cations, such as PPh,", sand-
wich complexes such as [LiCp,] ™ have been isolated.

Alkali metal cyclopentadienides are the key to the synthesis of an important class of tran-
sition metal tomplexes, the ‘metallocenes’

Py

PR 3 o
..@.u{}ue—um ‘"@x%Kﬁ\K—“ ~x— K i-l

KCp*(pyridine),

15

11

22.990

19

39.098

132.905

MCp complexes, see
Section 2.8
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Since alkali metal ions contain no electrons for covalent bonding, readily dissolve in
water, and have a high affinity for polar ether solvents, it might be expected that their
tendency for coordination to typical hydrocarbon nt-ligands is low. This holds true only to
alimited extent, and large alkali metal cations frequently bind to aromatic nt-systems, par-
ticularly when these form part of a counter-anion, even in the presence of strong solvents
like THE. In the structure of the salt [K(toluene),(FeCp,),]" [Mg(NR;),]", for example,
coordination to toluene is preferred over formation of an amido bridge to the magnesate
anion.

The structures of potassium and rubidium benzyl compounds show n’- and n°-type
n-interactions of the alkali metal cation with planar benzyl anions. Strong differences in
cation-arene interactions are seen in the tetraphenylborate salts MBPh,: whereas the Na*
salt is highly soluble in water, the potassium analogue is so insoluble that it can be used for
the gravimetric determination of K* by precipitation. The compound has a chain structure,

as do the Rb* and Cs* BPh,~ salts.
Q A2 I fD.
ZANRVAN AN

IKCH,Ph(PMDETA)],, [KBPh,],

®

©
.Fe@ MgiN(SiMe,),}

Key points

Alkali metals form organometallic compounds M-R with highly polar M~C bonds. They become
more ionic in the series from Li to Cs.

Li alkyls LiR are extremely strong bases, with the basicity increasing for R=Me <Bu"< Bu®. They
metallate C-H bonds.

Lithium alkyls and aryls form aggregates with 2e3c or 2e4c bonds; they also add to other metal
alkyls to give mixed-metal compounds. Solvent coordination can break up the aggregates and plays
an important role in enhancing the reactivity of lithium alkyls.

Exercises

1. Show how lithium reagents can be made from lithium metal. Which solvent should be used? Give
the chemical equations.

2. Does Buli react with iodobenzene, and if so, how? Give the chemical equation and show the
mechanism in detail.

3. Butyllithium is a hexamer [RLil¢ in hexane but a dimer when tetramethylethylenediamine
{Me,N~C,H,~NMe,, TMEDA) is added. What is the structure of the product? Does the lithium ion
achieve an octet electron configuration?

4. Show how sodium hydride reacts with cyclopentadiene. Show structures and equations. Does
the product contain ionic or covalent metal-carbon bonds? Which solvent should be used, and

why? Give your reasons.
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Box 1.2.4 Mixed-metal complexes and superbases

Lithium alkyls have long been known to form adducts with other metal compounds
including alkyls and aryls. If such multimetallic mixtures also contain amide ligands, they
form aggregates that are described as ‘superbases’; these compounds are particularly
effective for the deprotonation of C-H bonds and work in cases where monometallic
metal alkyls or amides fail. The products of mixtures of Li, Na, or K alkyls with dialkyls
of magnesium or zinc and tetramethylpiperidine (TMP-H), or of KTMP, MgR,, and a
chelating amine, readily and regioselectively react with mono- and bi-metallate arenes,
heteroarenes, transition metal sandwich complexes, and even ethylene, for example:

™P
BuNa + TMEDA / 4 )t e
-

MgBu, + ﬁ N = - butane
TMP-H
0 TMP
N N
e @——( C >Na/ Zn—But
N\N \Zn--—But NMez N ’
NT e - 0
Bu!
Me,N
N
N.—-——Na‘ Na e |

BuNa + @—Me \ { /

3 —» ‘NaMgBu(TMP),! ————>» Mg Mg

MgBu, + N / \
H

N
RoN ——Na —NR,
/Mg Sy Mg H
< BuNa RN - @@e
{ MgBU2 \ /' I v 2 i H
M —_— N M MNa = H &
> M o s e Mt
N B TN A o @
Mg \\ ! ’Il Mg
M=Fe,Ru,0s R b N i H
R,N —Na—ng,
NS e
£ TN— _IMP =
H,C =CH
<\ \ / \Zn-—R —i——————z-)» __N_____\ / \Zn—R
—N—K:... Keeol
<’ / R - SiMe, { ]
N N, N
7N hexane, 50 °C /N

R = CH,SiMe;

17
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1.3 Organometallic Compounds of Alkaline Earth Metals

Alkaline earth metals have a [noble gas]s® electron configuration, and consequently can
form two o-bonds and give compounds MX,. The oxidation state is +1I (with very few ex-
ceptions). Alkaline earth elements are more electronegative than the alkali metals and their
M-C bonds are more covalent. Since the number of valence orbitals exceeds the number
of valence electrons, alkaline earth compounds are Lewis acids and can coordinate two or
more neutral ligands. This Lewis acidity is responsible for their high reactivity. The ionic
radii of six-coordinate M*" ions increase in the series:

Be2+ Mg2+ caz+ Sr2+ Ba2+

0.45 0.72 1.00 1.18 1.35A

Consequently the heavier elements show increasing ionic character and higher coordination
numbers (tetrahedral for Be, Mg; octahedral for Ca).

By far the most important organometallic compounds in this group are those of magne-
sium, the Grignard reagents.

4
Be 1.3.1 Beryllium
9.012 . .

Beryllium, as the alkaline earth element with the smallest radius (covalent radius 0.93 A),
has the highest ionization potential and consequently its compounds are the most colavent
in the group. Beryllium is extremely toxic and therefore not of synthetic relevance. It is
usually sp®-hydridized; the highest coordination number is 4. The tendency of beryllium to
form 2e3c bonds resembles that of boron. Some examples illustrating the bonding charac-
teristics are shown in the following diagram.

electron deficient: electron precise:
Me Me Me H CHy R 0—Be

SN aMe, TN / N o /N H | ko) \B/—l— i
Be Be Be Bé B Be_ Be BY Be < b e
N N i e ~H Be > |
Me Me ?Vle' \ VER/TY \H/ @ 0/ J)ZE’&LEJ)\
\R 7
BeBu', BeMe, [MeBeBH,J, MeBeCp Be(C,HgOR), [BeMe(OMe)],
12 .
Mg 1.3.2 Magnesium
24305

Direct Grignard

synthesis

1.3.2.1 Synthesis

From Mg metal. Magnesium alkyls and aryls are made by the direct reaction of alkyl halides
with magnesium metal. Since Mg organometallics are very sensitive to air and moisture, the
preparations must be carried out in rigorously dried solvents under an inert gas atmosphere.
An ether solvent is required to stabilize the product:

Et,0
R—X + Mg ——————  RMgX(Et,0),
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The discovery that RMgX reagents readily react with C=0 bonds in organic molecules
(Victor Grignard, 1900) has led to the widespread use of magnesium reagents for making
C~Cbonds.

Box 1.3.2 Grignard reagents

The formation of Grignard reagents is heterogeneous. Magnesium is usually introduced as
metal turnings, and the reaction proceeds on the metal surface. Electron transfer from the
metal and alkyl radicals may be involved:

R=X+e 5 RX" R ¥$X

the most prominent side reaction is therefore Wurtz coupling of alkyl radicals to give R-R.

The formation of Grignard reagents often requires ‘activation’ of the metal surface, either
by warming the Mg turnings with a crystal of iodine until the purple iodine vapour is seen,
or by reacting Mg in ether with 1,2-dibromoethane, which generates MgBr; + ethylene.

The presence of Lewis acidic species (MgBr, or Mgl,) catalyses the reaction of Mg with
R-X; without it, the formation of Grignard reagents may be retarded by long induction
periods. Similarly, the addition of LiCl to the reaction mixture can significantly facilitate the
formation of Grignard reagents:

Since Grignard reagents form complexes with donor molecules, their reactivity is strongly
solvent-dependent; for example, the addition of NEt, gives amine adducts which can react
several orders of magnitude faster than amine-free species.

An alternative to Mg turnings is the use of highly reactive Mg powder; e.g. obtained
by reducing anhydrous MgCl, with potassium in refluxing THF or diglyme (Rieke
magnesium), or the reduction of MgCl, with lithium metal in THF at room temperature
using naphthalene as electron transfer agent.

A large variety of alkyl, alkenyl, aryl, and heteroaryl Grignard reagents are accessible in
this way, typically made in Et,O or THF as solvents and used in situ. In some cases the for-
mation of the organomagnesium reagents may involve rearrangements, for example:

Mg _._ M
HC=C—CHBr —— ==
MgBr
4CH\/\/Br Mg e MgBr
¢C s - —g——
H,C
MgBr

Di-Grignard reagents are also accessible, although often produced in low yields.
Compounds of the type BrMg(CH,),MgBr are generally accessible if n > 3. CH,(MgBr),
can be prepared under carefully controlled conditions and used to make metal methyl-
ene complexes. Di-and tri-Grignards are also accessible using Mg(anthracene), a source of
activated magnesium:

19

Role of MgBr,, LiCl,
amine additives
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, Br CH
Me/H Cp,TiCl SUN N L PMe 2
CHyBr, VEME o MeBn, % CpaTi _ME TiCp, —— Cp,Ti
Pri,0 “BY - MgBr, PMe,
Br MgBr
Mg(anthracene)
Br MgBr
Br BrMg

By metal-halogen exchange. Magnesium reagents can also often be prepared by
transmetallation:

RMgX + R'X R'MgX + RX

Mg-sp*-C bonds are replaced by more stable alkenyl, aryl, or heteroaryl ligands. This can
be a convenient way of generating Grignard reagents at much lower temperatures than would
be necessary for the direct synthesis from Mg metal. Transmetallation therefore gives access to
Mg reagents that would be too unstable under typical Grignard conditions. The reaction is fur-
ther assisted by LiCl, e.g. using the mixed-metal adduct Pr'MgBr-LiCl in the presence of O- or
N-donors is thought to give rise to equilibrium concentrations of reactive [Pr’,MgCl]|™ and pro-
ceeds with much higher efficiency than with Pr'MgBr alone. At lower temperatures, numerous
functional groups are tolerated without requiring protection; the reaction is also useful for elec-
tron-rich arene substrates where the direct Grignard route is normally sluggish, for example:

Br
Br )
Pr'iMgBr
B
©o \ﬂ 0°C " ﬂ MgBr
o S Br -4 0 S
Et0,C | EtO,C MgBr
PriMgBr
e
N] N
§ U

NMe, NMe,
O><O PrimgCl 0 0
~30°C Z
07N e O)\)\P h
1 MgCl
PrimgCl, LiCl .
Y Br B T B Mg- LiCl
THF/dioxane 9:1 )
RT

Y = SiMes, NMe,
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By C-H metallation. Grignard reagents can metallate compounds R-H with sufficiently
acidic C-H bonds (pK, < 25). This is a route to alkynylmagnesium compounds and
cyclopentadienyl and indenyl derivatives, and related substrates. The reactions are usually
facilitated by strongly coordinating solvents. Magnesium cyclopentadienyl compounds
have n°-bonded Cp rings.

R'——==—H +RMgX ———— R'—===—MgX + RH
+PriMgCl  ———> @ +C5Hg
1) toluene l
H 2) THF MgCI(THF)

N F FeF

H H +2EtMgBr ——» BrMg MgBr +2C,Hg
THF
FF FOOF
Magnesium Dialkyls

Grignard reagents form solution equilibria, including the dialkyls MgR, (Schlenk
equilibrium):

R R (S)
oo(8) X
\M ; N~ \Mg/ === MgR, + MgX,(s),
N v

(s)

® R
N Xl S e
Mg Mg - g = Mg -
AT T e T
The rates of ligand exchange involved in the Schlenk equilibrium decrease in the se-
quence X = Cl > Br > I, and sterically hindered R groups exchange more slowly than
n-alkyls. The existence of such equilibria has been supported by 'H, *C, and Mg NMR
spectroscopic studies. The equilibrium constant K is strongly solvent-dependent and
shows that in Et,O the alkyl halide RMgX is always prevalent, whereas solutions in the
more strongly coordinating THF contain MgR, concentrations close to the statistical

value of 25% (K = 4):

[RMgX]*
~ [MgR,][MgX,]
RMgX Solvent (25 °C) K
MeMgBr Et,0 320
G ‘ THF ca.3.5-4
EtMgBr Et,0 480-484
THF 5.09

EtMgl Et,0 ¥630

21

Schlenk equilibrium
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Shifting the Schlenk equilibrium by removing the dihalides MgX, through complexation
(e.g. with 1,4-dioxane, which gives an insoluble coordination polymer) allows the synthesis
of magnesium dialkyls. MgBu,, which is commercially available, is a statistical mixture of
MgBu", and MgBu®,. Di-Grignard reagents give ring structures:

o 0
MgR, + MgX,(S), A »~ MgR, + [MgX,(dioxane),].. ¢

2 RMgX

1,4-dioxane
BrMg—(CH,),—MgBr ———> (CHy), Mg + [ngz(dioxane)2]m¢

n=4-6

The addition of strongly coordinating solvents [such as HMPA, O=P(NMe,) 3], aza-crown
ethers, or multidentate amines such as PMDETA leads to an equilibrium involving self-
ionization of MgR;:

2MgR, + nL === [R—Mg(L),]* MgR;~

Magnesium(0) reduces electron-accepting unsaturated substrates such as butadiene or
anthracene to give the corresponding Mg(II) reagents:

Mg, THF . “~
~ /\/\ .
~F { Mg(THR), |-
Phl catalyst

C,He2 source

Mg(THF)3

OO0 —— X

Mixtures of magnesium anthracene and transition metal halides (TiCl,, CrCls, or FeCl,)
catalyse the reaction of Mg metal with H, under pressure to give MgH,. This reaction is
reversible, and H, can be liberated on heating. MgH, has high hydrogen content (7.6 wt %)
and is of interest as a hydrogen storage material.

In the presence of transition metal catalysts (e.g. ZrCl, or Cp,TiCl,), MgH, reacts with

Hydromagnesation 1-alkenes to give magnesium dialkyls as products of C=C hydromagnesation. The reac-
tion probably involves the formation of a transition metal hydride, followed by alkene
insertion and transmetallation to Mg. The addition of Mg-C bonds to C=C leads to

Carbomagnesation carbomagnesation:
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catalyst
MgH, + 2 =>p ————>  Mg(CH,CH,R),

R

R Bu'MgBr
N & \/\/MgBr + butene

Cp,TiCl, catalyst

MeMgBr MgBr
R —=——=—SiMe, ==
Ni(acac), catalyst R SiMe,
Et
MgEt, EtM
I e N el ~ MgEt
Zr catalyst Et

The reaction of cyclopentadiene with MgBu,, or with Mg metal in the presence of
CpTiCl; as catalyst, gives MgCp, (magnesocene) under mild conditions. The compound
can also be obtained by vacuum sublimation from CpMgBr. MgCp, has a metallocene struc-
ture with parallel Cp rings. The interaction between Cp~ and Mg is largely ionic, as be-
comes apparent on addition of dimethy! sulfoxide (DMSQ), which leads to ionization into
[Mg(DMSO)4]**(Cp~),, with non-coordinated Cp anions. The addition of the less strongly
coordinating THF results in displacement of one of the Cp ligands from a pentahapto to a
monohapto structure:

THF

| \
M —_— Mg THF
\
-+ L THF

- 1.3.2.2 Structures of Magnesium Reagents

The structures of Grignard reagents depend on the steric requirements of the alkyl or aryl
ligand, the halide, and the presence of coordinating solvents. In sterically highly hindered
compounds, Mg may have coordination numbers 2 or 3, but in most cases the compounds
adept a distorted tetrahedral structure, although other geometries are also possible. Unlike
ionic LiCPh;(TMEDA), BrMgCPh;(OEt,), contains a covalent Mg-CPh; 0-bond. Allyl-Mg
reagents contain n'-bonded allyl ligands, whereas CpMg derivatives are usually n°-bonded.

\
i ' /THF THF
R \\OEtZ 0 THF Cl—'M ME
g — — e )M L] ia o | Br
N, Mg—o0 %, M M
Br OEt $
2 e | a >ct--.Mg/~THF g\Br/'g\Q
R =Et, Ph 0 e ‘ Me
¢ 7 THF /M\g R THF
Et

23
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\\ a MeZ/N/> MezN\ - < %
—
MezN/Mg\ ~ Mg—NMe, Mg Mg

Q/NMe \ é \

\ \ NMe,
(nt-ally)MgCI(TMEDA)

Dialkyl- and diarylmagnesium compounds exhibit electron-deficient multi-centre
bonding akin to the structures observed for lithium reagents. [MgMe,],, is polymeric, with
2e3c bonds. MgBu', is a dimer, while the extremely bulky C(SiMe;); ligand only permits a
monomeric, two-coordinate structure (Mg-C 2.116(2) A). Polymeric structures are broken
up by donor ligands or by reactions with bulky ligands; e.g. the reaction of [MgMe;,], with a
sterically demanding diketimine gives a monomeric three-coordinate MeMg(diketiminate).
Diphenylmagnesium is a coordination polymer with wn'n'-bonded C4H; ligands, while
ortho-substitution of aryl rings results in dimer formation.

R R ; 0

\\R :
R\\-'>—-—Mg___.4' "““< [ o Mg‘Etj
R R

Mg(CR5),, R = SiMe; [Mg(Buh,], MgEt2(18-crown-6)

W pr' W Pr‘
arcN o HN <y, : ]

.. /CHB\ wCHy, L7
: M oM pARE
’/,Mg\ / g\ e g\s q
3

i Q
Y .-““ “"u
Mg Mg W AN M Q— M

1.3.2.3 Reactions of Magnesium Reagents

Grignard reagents are commonly used to transfer alkyl or aryl substituents to other elements
and to organic substrates; these are standard synthetic methods for a large number of Main
Group and transition metal organometallic compounds, for example:
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Ph CH,Ph
ZrCl, + 4 PhCH,MgCl ——— <~ ~OFt; I
) ’ o | M T e, CH,Ph
2 < Gl Mgt
2 PhCH,
SiCl, + 2Mg(CHY(THR),  ——m Dsf\jl
-2 Mg(l,
) FEF
toluene, 0~100 °C -
BF;(OEt,) + 3 C,FsMgBr > B \ /F
‘ - 3 MgBIF \
F F 3

The most common C-C forming application is the reaction with organic carbonyl com-
pounds. The Lewis acidity of the magnesium centre is responsible for the reactivity; coordi-
nation of the substrate increases the bond polarity and facilitates transfer of the hydrocarbyl
ligand R.

1
1 + n2 R 2
R _R? R\'?/R RQ'/R Rl
1 /

R R ,
(Solv) 0 (Sotv), 0 H.o R R
S Y >Mg»g. N
Br \(Solv) Br \(SQ[V) Br \(Solv) -Mg(OH)Br  oH
" R
R‘%_OH H >—0H
. pn ) >=O R'
R 1
R,R"C=0 R
R} R2 (0]
N/ RY === R2 R — MgX AN
- R
R/ N\ ~" " ou
R-D R2
: 1) R'=z=N \>=N-R3 R
R 2) H,0 R R? —}—NHR3

- :

. R’

1.3.3 Calcium, Strontium, and Barium

Organometallic derivatives of the heavier alkaline earth metals are more difficult to pre-
pare and handle, are less selective, and in practice are rarely used in synthetic applications.
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38 'The larger ionic radii mean that the compounds are less covalent than the Mg analogues, and
Sr tend to form octahedral rather than tetrahedral compounds, usually by coordinating more

solvent molecules.
The bulky dialkyl Ca(CR3), (R = SiMe;) is bent, unlike the Mg and Zn analogues, and

56 reacts with ethers. Calcium dibenzyls deprotonate triphenylmethane to give a product with
Ba an ion pair structure. Due to their strong basicity, calcium dibenzyls act as initiators for the
137.327 anionic polymerization of styrene.

R
" ca wR Ot
Cal, + 2KCRy ~——> o~ 1 —==2 m 2R3CH + 2C,H, +Ca(OEY),
R 0
-Kil 149.7 R
R = SiMe, R
HCPh,
Cal, + 2KCH,Ph  ——  Ca(CHPh),  —————  [Ca(THAG,"(CPhy),
K THF
=/ Ph M|e
(TR Caf e meehct” Y Y
N Ph Ph  Ph

Me, 2

A number of cyclopentadienyl compounds are known. The compounds with unsubsti-
tuted CsHj rings, MCp,, are insoluble coordination polymers. CsMes (Cp*), which is much
more strongly electron donating as well as more bulky, gives complexes with a sandwich struc-
ture. Unlike MgCp,, these are bent. The compounds can be made from the metals using NH;
to generate M(NH,), in situ as a reactive intermediate. BaCp*; is volatile and can be purified by
sublimation. Comproportionation of MCp*, with MI, leads to mono-Cp compounds.

\ toluene 110 °C \
M+2cp'H  _THF/NH; M(THP), ~———————— M

-H, é ~THF é
M =(Ca, Sr, Ba
\ ————
Ca(THF), + Cal, N e
; C

THF
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Box 1.3.3 Unusual Ca(l) compound

An unusual case of a Ca(I) compound was found in the reaction of bromotriphenylbenzene
with activated calcium, which gives {Ca(THF);},C¢H,Ph;. The pyrophoric complex is deeply
coloured due to the small HOMO-LUMO gap in the planar triphenylbenzene dianion,
which has a triplet ground state. The compound metallates toluene to give a Ca(II) benzyl
complex.

/
THE THE /N

\cﬁ/THF ) FFN

n

toluene —NafL TN
ey _liCa
"""" SN “,.—' # ,'
= C4HsPhy N
A—!.N:.._ 1

- Hz L &
\>N

~
Key points
Alkaline earth organometallic compounds have somewhat less polar M-C bonds than alkali
metals. Magnesium reagents are widely used alkylating agents, with sophisticated applications
in ¢-C bond formation. Lewis acidity and solvent coordination are the dominant factors governing
reactivity. Ligand exchange equilibria and electron-deficient bonding are characteristic aspects of
their chemistry.
J
~

Exercises

1. Show how PhCH,Cl reacts with Mg to give a Grignard reagent. Which solvent should be used, and
why?
2. What are the oxidation states of Mg before and after formation of the Grignard reagent? What
type of reaction is this?
. Draw the mechanistic steps involved in the Schlenk equilibrium.
. How can the Schlenk equilibrium be used for the preparation of magnesium dialkyls?

. What type of bonding is present in [MgPh,],,?

AN oW

. Which stgucture would you expect for CpMgBr and why?

27
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1.4 Zinc, Cadmium, and Mercury

Although the Group 12 elements appear at the end of the transition metal block in the
Periodic Table, their chemical behaviour strongly resembles that of Group 2 elements, and
it is therefore appropriate to include their discussion here. Their ionic radii are comparable
to the alkaline earth metals:

Coord. No. Mg Zn** cd? Hg?
2 0.69
0.57 0.60 0.78 0.96
0.72 0.74 0.95 1.02

However, the nuclear charge is better shielded by a filled d-shell, the elements are less elec-
tropositive, the metal centres are much less Lewis acidic, and the M-C bonds are more
covalent. As a result, the dialkyls MR, are two-coordinate linear monomeric molecules, not
coordination polymers like [MgMe,],. Most zinc dialkyls are pyrophoric and sensitive to

- hydrolysis. Nevertheless, zinc compounds are less powerful alkylating agents than their Mg

analogues and much more tolerant of functional groups, a factor that explains the surge in
interest in zinc organometallics and their applications in synthesis in recent years. The sta-
bility of Cd and Hg alkyls to air and moisture is an important factor in the high toxicity and
biological and environmental impact of these compounds.

1.4.1 Zinc Compounds

Zinc alkyls were among the first metal alkyls ever to be made (E. Frankland, 1848) and are
regarded as the true starting point of organometallic chemistry. Frankland found that me-
thyl and ethyl iodide react with zinc to give RZnI, which on heating decomposes into volatile
ZnR, and zinc iodide:

A
Zn+R-| ——> [R-Znl], —  ZnR, +Znl,

R = Me, Et

ZnR,. Zinc dialkyls are accessible by a number of routes, e.g. from zinc metal and alkyl hal-
ides, or from ZnCl,. One of the best routes to solvent-free ZnR, is the reaction of Zn(OAc),
with neat AIR; in the absence of solvents. The volatile zinc alkyls are easily separated by
distillation.

ZnX,+2R-Li ——=  ZnR,+2LiX (X=Cl,Br)

3Zn(0Ac), + 2 AlMe; ——> 2 ZnMe, + 2 Al(OAc);

The alkyls ZnR, (R = Me, Et, Pr', Bu!, etc.) are all colourless volatile liquids that spon-
taneously combust on contact with air. By contrast, the sterically highly hindered
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tris(trimethylsilyl)methyl complex Zn{C(SiMe,)s}, is stable in refluxing THF/water mix-
tures and can even be steam-distilled without decomposition—a powerful demonstration

of the effect of steric stabilization.
ZnMe, and other less hindered dialkyls form three- or four-coordinate adducts with di-

methyl ether or chelating amines. Similarly, zinc dialkyls react with lithium alkyls to give
tri- and tetraalkylzincate salts:

Me
Me LiMe Z’"
Zn—0Me, Me —Zn—Me — Li Me“‘] e
Me Me
R %ez R R LiMe ) RS
,""Zn/ j >———Zn—< i Me—Zn\
R R’ R’ CHR',

R' = SiMe,

Box 1.4.1 Zinc alkyl purification

Many amine adducts of ZnMe; and ZnEt, are labile and complex formation is reversible.
This fact is used for the purification of ZnR,: complexes of involatile diamines are formed,
recrystallized to the required degree of purity, and pure ZnMe, is then released on heating.
ZnMe; of extremely high purity is used for the gas-phase deposition of [1=VI semiconductor
films such as ZnSe, in the production of electronic devices.

Halide-free ZnPh, can be obtained by transmetallation from HgPh,; in the crystal it forms
a dimer with unsymmetric 2e3c-bridges. Another route to salt-free aryls is the exchange
with boron aryls. This is a high-yielding route to Zn(C¢Fs),, a strong enough Lewis acid to
form isolable adducts with arenes (even though this interaction is weak, ca. 25 k] mol™).

Et,0 06 2.364

o
HgPh,+Zn ———> Hg+InPh, 4@
2 weeks 2 4425 72 016

@

C6F5 \Z ““““ THF

+2BMe
’ CF/ \THF
65

3 ZnMe, +2 B(C6F5)3 — 3 F
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The trigonal-planar triarylzincate anion [Zn(C¢Fs);] is sufficiently stable towards elec-
tron transfer that it can tolerate carbocations and form crystalline CPh;" salts. Mixtures
of Zn(C4Fs), and activated alkyl chlorides RCI (e.g. t-BuCl or cumyl chloride PhCMe,Cl)
generate equilibrium concentrations of carbocations (R"), and are capable of initiating the
cationic polymerization of isobutene to butyl rubber. Cationic zinc alkyls are accessible
by the protolysis of ZnR, in Et,O in the presence of weakly coordinating anions (such as
B(C¢Fs), ), and have tetrahedral structures:

-z
* - —— ®
ZnR, + H(OEt,)* B(C4Fs), — 6,0 SoE,  BICHY,

2
R = Me, Et, Bu'! Et,0

Cyclopentadienyl compounds. Zinc bis(cyclopentadienyl), ZnCp,, is a coordination
polymer. MeZnCp is also polymeric in the solid state but a monomer in the gas phase, with
an n°>-bonded Cp ligand. The bulkier ZnCp*; is monomeric and fluxional; the hapticity of
the ligands interchanges rapidly on the NMR time scale, and the compound gives a singlet
in the 'H NMR spectrum.

" The reaction of ZnCp*, with ZnEt,, or better between KCp*, ZnCl,, and KH, provided
the first example of a zinc(I) compound with an unsupported Zn-Zn bond: Cp*Zn-ZnCp*.

. =X

! 1.93 .

l\llle
. Zn Zn 7
. 7 n
/ % D 209 23054
(D 7 : :
Z|n . Zn

ntnP-ZnCp*,

RZnX. Alkylzinc halides have more Lewis acidic metal centres, which adopt polymeric
structures with tetrahedral Zn. Frankland’s [EtZnl],, forms layers based on linked Zn;I;
6-rings in chair conformation, while in [EtZnCl]., these rings have a boat conformation. The
alkoxides [RZn(OR")], form a cube.
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In general, mixed-ligand zinc halides are conveniently prepared by transmetallation from
Grignard reagents. The structures of the resulting mixed-metal products are probably more
complex than indicated, since Li/Mg/Zn reagents often exhibit higher reactivity than the
mono- or bimetallic reagents alone.

Mg / LiCl / ZnCl,
Et0,C Br —————————  Et0,C Zncl

THF, 25°C

Mg/ Lic\l\ %n(a2
EtO,C —@-MgBr

Since zinc reagents tolerate many functional groups and are thermally more robust than
the Mg analogues, they are convenient reagents for C-C coupling reactions. For example, it
is possible to selectively metallate heterocycles carrying aldehyde functions without protec-
tion using zinc amido halide reagents; the resulting zinc aryl can then be used for palladium-
catalysed cross-coupling reactions.

CHO N-ZnClLLi CHO CHO

Ar-1 N\
@ e ®ch12u Ar
S THF, RT ) Pd / PR; catalyst S

The best-known functionalized zinc alkyl is the Reformatsky reagent, made from
a-halomethyl esters. It reacts with carbonyl compounds as well as activated alkenes:

Rl RZ R] OH [¢]

b
Zn/Cu RO Br
RO,CCH, —Br ———» \ﬂ/\z -
2 THF i
0

/O/" R2 OR
|

CO,R
THF 2
Ph—\ /L/NO
NO, Ph ?

a-Halomethylzinc reagents are employed as CH, transfer agents in cyclopropanations
(Simmons-Smith reaction); these species are therefore referred to as zinc carbenoids.
While originally these were produced by reacting CH,I, with Cu-activated zinc to give I-
ZnCH,], there are advantages in using (X)ZnCH,I (e.g. X = CF;CO,, TFA). With X = chiral
alkoxide R*O, the reaction may be enantioselective. The crystal structures of a number of
crown-ether and bipyridyl-stabilized iodomethyl reagents have been determined.
; .
1
CH,! s
(FAZnEt ———> (FAZCH,l P o <R
- Etl
R =H, Me, CH,O0H, Ph

Reformatsky

Simmons-Smith
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.0
7 N\
n
Eo I/n “07
6]

Carbene complexes. N-heterocyclic carbenes (NHCs) are strong o-donor ligands and
are widely used in catalysis in place of electron-rich phosphines. A number of zinc NHC
complexes are known; some of these have been studied as initiators for the ring-opening
polymerization of cyclic esters such as L-lactide. Due to the presence of a strong electron
donor, in ZnCp*,(NHC) the Cp* ligands are both n'-bonded.

Ar

R N R OR
TARA '\{ / \ ! / Ar \
R’N‘c’N\R \ At N/C\ O, [ N

S e S L Toea

NHC ligand '\{ Et AT od 0 }\lj /

R /

Ar

1.4.2 Cadmium Compounds

Like ZnR,, cadmium dialkyls CdR, are linear monomers which comproportionate with
CdX,, reversibly to give RCdX. The alkyls are comparable to their mercury analogues, but are
thermally and photochemically less stable and highly toxic. They are generally unimportant
for synthetic applications.

The reaction of CdMe, with sources of S, Se, or Te (H,S, H,Se, or Pr',Te) is used in the
electronics industry for the deposition of II-VI semiconductors, such as CdS, CdSe, and
CdTe. Crystalline solid state films are grown by metal-organic chemical vapour deposition
(MOCVD) from the gas phase at 300-400 °C. CdTe doped with mercury is used as an infra-
red detector in night vision equipment.

300-400 °C
CdMe, + H,Se —————» CdSe +2 CH,

Growth of l1-VI semiconductor materials by MOCVD?

11-VI compound Reactants Growth temperature (°C)
cds CdMe,, H,S 300-400
CdSe CdMe,, H,Se 300-400
CdTe CdMe,, Pri,Te 350~400
CdHgTe CdMe,, Pri;Te, Hg 350-400

2C. J. Carmalt, S. Basharat, Comprehensive Organometallic Chemistry Ill, vol. 12, p. 23.
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1.4.3 Mercury Compounds

The organometallic chemistry of mercury almost exclusively involves the oxidation state
+11. The electronegativities of mercury and carbon are very similar; Hg-C bonds are highly
covalent and therefore unreactive to air and moisture, even though they are not thermo-
dynamically strong. They also do not react with typical organic electrophiles such as alkyl
halides or carbonyl compounds. They tolerate a wide range of functional groups; for this
reason mercury reagents continue to be used in many synthetic procedures.

1.4.3.1 Synthesis

Mercury alkyls and aryls are accessible by alkylation with Li or Mg reagents, as well as by
transmetallation from boron or tin reagents. Another route is the thermal decarboxylation

of mercury carboxylate compounds:

LiR
RLi + HgCl —®  R-HgCl ——> HgR alkylation
2 i & han 8%
! R R
R —=== _HBR, N m == transmetallation
BR’, (E+Z7) HEOAc
HgX
Ar-SnMe, —2 Ar-HgX transmetallation
- XSnMe;
A
RCO,HgX —®  RHgX+ CO, decarboxylation

Alkenes can be mono- and polymercurated:

Ar>= HgX, Arj _

Ar - HX Ar' HgX ClHg HgCl

excess

@ _HgOHNPr @ @ _ Helh, CiHg HgCl
ClHg  Hgd

-H,0

A powerful method for the di-functionalization of alkenes is solvomercuration:

X - HgX

, HgX* Hg nucleophileY
' >=< —_—— : ,'@“‘ : e }_K

HY v

80

200.59
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Ar

Ar HgX,
L
Ar' HY % HgX Y = OH, OR, OAc, O,R, NR,, NO,,etc.

HgCl

O 1) Hg(NO5),, NaN3, DMF O/
2} NaCl, H,0 e,
@ 1) Hg(0AQ),, H,0 O/Hga

2) NaCl T

OH

Mercury salts are electrophiles and readily metallate aromatics by electrophilic substi-
tution. The classical example is the formation of PhHgOAc from Hg(OAc), and benzene.
The more electrophilic Hg(O,CF;), (often in CF;COOH as solvent) reacts orders of magni-
tude faster. The reaction proceeds by first forming a mercury(II) arene complex, followed by
deprotonation by the weakly basic anion.

Oy | O
e | O

l-'igXZ
arene m-complex Wheland c-bonded
intermediate

HgX

This reaction is usually site-specific and has been applied to the metallation of a large
number of 5- and 6-ring aromatics. The mercury can be replaced by other metals, and the
method can be used, for example, for the synthesis of Grignard reagents that are difficult to
make by other routes. The mercuration takes place preferentially close to a donor substituent
which can coordinate to the mercury ion and direct the site of electrophilic attack.

CO,Me
2 CO,Me HgCl
N\ 1) Hg(OAc),, HOAc, HCIO,, \
N 2) NaCl, H,0 N
99% \
SO,Ph S0,Ph
But Byt But
1) Hg(0,CF3); MgBr,
> (lHg HgCl ———>» BrMg MgBr
2) Nacl, H,0
But But But
_Q—O 1) Hg(0Ad), K[AuCl Q@
2) NaCl, H,0 : 3
Transmetallation attack in ortho-position transmetallation

Cl
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The synthetic potential of mercuration is exemplified by the complete metallation of
metallocene complexes such as ferrocene FeCp,:
FeCp, + 10 HgX,

:

ZnMe MgCl
MeZn @ZnMe @( CiMg MgCl
MeZn ZnMez MeMgCl CiMg |e MgCl
MeZn ZnMe toluene  XHg é HgX THF ClMg MgCl
MeZn ”>\‘;\ZnMe z;\ ClMgz;‘MgCl
ZnMe HgX MgCl

If the anion is insufficiently nucleophilic to bring about H*-abstraction, the mercury-
arene m-complexes can be isolated. Arene exchange is reversible, and the Hg(GaCl,), com-
plex catalyses the electrophilic deuterium exchange between naphthalene and CgDg.

&

Cl\"H'g~c1

Cl,Ga 5 o
CeDs D D

~GaCly

1.4.3.2 Structural Aspects

HgR, and RHgX form generally linear molecules. In the solid there may be secondary inter-
actions with donor ligands perpendicular to the R~Hg-X axis but with significantly longer
distances; this may result in a T-shaped geometry. Unlike zinc(Il), mercury(Il) adducts
hardly deviate from linearity even with strongly chelating ligands like 2,2"-bipyridyl. Cati-
onic complexes show a tendency to increase the coordination number through these sec-
ondary interactions and form asymmetric chelates. The reaction of (MeHg),O with strong
acids gives salts of the pyramidal [(MeHg),0]* cation (X = BF,, ClO,, NO;).

®: 7\ ? ®
N N= -
S 2.24 -
R.66", /2.68 @I N A HgT [ My,
2063 Tg 243 Me 7g
2.07 e}
2.06
7\164 Me  NO, Me g=0,s

The cyclopentadienyl ligands in HgCp, are both n)'-coordinated, unlike the zinc analogue.
The compound is fluxional due to haptotropic migration of Hg over all ring positions. This

Fluxionality:
haptotropic shifts
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interchange is fast on the NMR time-scale, so that at ambient temperature the complex gives
a single resonance in the 'H NMR spectrum.

2 3
Ol D = D3 = =
H 4 H ) 5
5 5

Different types of Hg(II) complexes are formed with neutral donor or acceptor ligands.
N-heterocyclic carbenes or CO both form linear dications [HgL,]**. The CO complex is
isolable only as a salt of the extremely weakly coordinating Sb,F;;” anion. There is no metal-
to-CO back-bonding, and consequently the CO stretching frequency is significantly higher
than that of free CO (2279.5 vs. 2143 cm ™).

Ph Ph

N N
N o206 2+ ’ :
[ 208! j o=c208 2 =

2¢l0,”

Box 1.4.3 Organomercury compounds in vivo

The Hg-C bond is covalent and is not attacked by water. This means that mercury alkyls can
survive under physiological conditions.

Microorganisms methylate Hg?* ions in water by methyl transfer from the vitamin-B,,
derivative methylcobalamine. The resulting MeHg" ion forms complexes with any available
O, N, and particularly S compounds and can be taken up into the food chain. In higher
animals and humans it binds to proteins, such as those in the brain, There is of course a
natural background level of mercury in the environment, which is tolerated. However, where
there is increased exposure to mercury (as well as other heavy metals, such as cadmium and
thallium), typically due to the release of industrial effluents which can enter the food chain,
the effect on health can include paralysis and even death. Marine organisms such as mussels
and fish are capable of concentrating MeHg" compounds in their bodies. In the 1950s in
Japan, their consumption gave rise to catastrophic health problems (‘Minamata disease’). For
this reason, the use of mercury in industrial processes (such as in chlor-alkali electrolysis)
has been drastically reduced. However, mercury is-also used in unregulated gold-winning
activities in less-developed parts of the world, where gold particles are extracted as mercury
alloy and recovered by evaporation of the mercury. Annually, thousands of tons of mercury
are still released into the environment in this way.

Dimethylmercury is lipophilic and can rapidly penetrate skin as well as latex gloves.
The use of simple laboratory gloves therefore offers no protection and may provide a false
sense of security. At least one death of a laboratory worker has been recorded as the result
of skin contact with just a few drops of HgMe,. Although most mercury organometallics are
involatile and less easily ingested, the handling of mercury compounds requires awareness,
careful handling, and safe disposal.
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Key points

Although organometallic compounds of Zn, Cd, and Hg show similarities to alkaline earth
compounds, they have much less polar M—C bonds, lower Lewis acidity, and a low tendency for
aggregation. Zn and Hg are important as synthetic reagents. Cadmium alkyls are mainly important
as precursors for 1I-Vl semiconductors. Mercury salts are particularly useful for the electrophilic
metallation of arene C~H bonds. The Hg—C bond is highly covalent and resistant to air, moisture,
and many functional groups, with many applications in organic synthesis.

Exercises

. Show synthetic routes to ZnMe, and [ZnMe,]*~ and give balanced chemical equations.
. Why is ZnEt, a monomer, but EtZnCl a polymer?

. Draw the mechanism and intermediates for the mercuration of benzene with mercury(ll) acetate.

BHWON e

. What is the structure of Zn(C;Mes),, and why does the *H NMR spectrum at room temperature
show only one signal?

W

. What is a ‘Reformatsky reagent’?
6. How can mercury compounds be useful for the preparation of di-Grignard reagents?

7. What is ‘solvomercuration’? Give the reaction scheme and intermediates.
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1.5 Organometallic Compounds of the Boron Group

The organometallic chemistry of the Group 13 elements B, Al, Ga, In, and Tlis dominated by
boron and aluminium, a reflection of their utility and applications. Boron is a non-metal and
has a small radius; it does not form simple ions, and consequently its bonds to carbon are
highly covalent. The higher members of the group are metals, with more polar M—C bonds.
The electronegativity decreases down the group, as does the stability of the +III oxidation
state. As a result, almost all organometallic compounds of B and Al are trivalent, while for In
and T1 the oxidation state +I becomes important.

The ionic radii (A) of Group 13 elements in the +111 state are smaller than those of alkaline
earth metals. There is a distinct jump ffom B to Al, which is reflected in differences in bond-
ing behaviour.

Coordination number B Al Ga In Tl

4 0.11 0.39 0.47 0.62 0.75
6 0.27 0.54 0.62 0.8 0.89
Covalent radius 0.84 1.21 1.22 1.42 1.45

The stability of the M~C bonds decreases down the group, as shown by the mean M-Me
bond dissociation energies D(M-CH,) (kJ mol™) of the trimethyls:*

B Al Ga In Tl

369.6 281.4 256.2 218.4 151.2

94. . Eisch, Comprehensive Organometallic Chemistry, 1982, 1, 618.

1.5.1 Boron Compounds

Boron forms organometallic compounds of the types RBX,, R)BX, and BR;, where R =
alkyl, alkenyl, or aryl, and X = H, OH, OR’, SR’, NR’,, or halide. Since trivalent boron is
Lewis acidic, it may bind anions to give a corresponding series of berates, such as RBX;~
and BR,™.

Boron-carbon o-bonds are comparable to or slightly stronger than C-C bonds, e.g.
362+11 kJ mol ™! in BMe; and about 400 k] mol™ in MeBF,, compared to 347-356 k] mol™
for C-C.
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1.5.1.1 Synthetic Methods

By transmetallation:

BF3(OEt)) + 3RMgX ———>  BR, + 3 MgFX + Et,0

B(OMe); + RMgX ~ ———>  RB(OMe), + MgX(OMe)
2B(OED; + ALRg ~ ———=  2BR, + 2 A{OEt),
BBr; + PhHgBr ———  PhBBr, + HgBr,

Convenient starting materials are the Et,O complex of BF;, the rather hydrolysis sensitive
BBr;, or the much less Lewis acidic alkylborates B(OR);. The reactivity of various alkylating
agents MR, decreases in the order Na, K > Li > Mg > Zn > Sn, Pb, Hg. Addition of lithium
reagents leads to the formation of tetraalkylborates:
BX, + 3LR ——= BR, —R> LiBR,]"
-3 LiX

The use of zing, tin, and mercury alkyls allows the selective synthesis of incompletely
alkylated boranes, RBX, and R,BX. These compounds are also accessible by ligand
redistribution:

BXs + 2BR; — > 3R,BX

The reduction of R,BCl gives boron(II) compounds with B-B bonds; those carrying N or
O substituents are particularly stable and are used as diborylation reagents.

Na Me,N .‘: /NMez ROH, HCL RO N /OR
(Me,N),BCt  ——> JBTB > /B_B\
Me,N NMe, RO OR

By Hydroboration:

‘Borane in diethyl ether or THF solution reacts with alkenes to give mono-, bis-, and tris-
insertion products BR,H;_,. The reaction requires a mildly coordinating solvent. The
* thioether complex BH;(SMe,) is also often used; SMe, is a labile ligand but helps to make
BH; easier to handle. Catecholborane has the advantage of greater stability to air and
moisture.

39
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—C \ R
Ne=¢ . N \,c — /C C\
/B H + / \ ; \ ‘ B i
H PN

anti-Markovnikov product

Ay = Asi Ay

stereoselective

addition
99.6% 0.4%
7
coR By \
AN 2 /B\/\/COZR functional group tolerance

[¢] 0 H.0 OH

/ / 2 /
+ H—B, :© ———> QB‘ ) — EN

0 0 OH

catecholborane alkytboronic acid

Bulky alkyl hydroboranes give much improved regioselectivity. Commonly used are
9-borabicyclononane (9-BBN) and reagents known as thexylborane and bis(siamyl)borane:

BH,
e R B
Et,0

9-BBN
Me Me BH; | I
= B> “thexylborane"
Me e THE ! l exylborane
Me  Me BH;
Yz===( — BH . .
Me y THF 2 'disiamylborane’, Sia,BH

Organoboranes BR; are fairly stable to water. Hydrolysis of catecholboranes gives the cor-
responding boronic acids, which are popular reagents in palladlum catalysed C-C coupling
reagents because of their stability to air and moisture and ease of handling.

Other methods for the preparation of organoboranes include haloboration and dibora-
tion. These are often accompanied by subsequent rearrangements and are of less general
utility.

BX,
RCH =—CHR' —> haloboration
X,B~BX, R ' o
RCH ==CHR' M diboration
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1.5.1.2 Reactivity of Boron Compounds

Hydroboration proceeds in an anti-Markovnikov sense; bulky boranes such as 9-BBN are
particularly selective. The method is a versatile route to 1-substituted organic products:

Hw, R~CH, —CH,OH
HCrO,~, H*
R~CH, —COOH «\“ R\
CH,~ CH, H,NOH _
——227 > R-CH, —CH,NH
R-CH, —CHj 7N

12, 01" R-CH, —CH,|

Sec-alkyl boranes are oxidized by pyridinium chlorochromate to ketones, n-alkyls to
aldehydes. Treatment of BR; with CO leads to transfer of all three alkyl groups to C, to give
tert-alcohols, for example:

BH
3 1) COo @
T O e (D

The oxidation of borates can also be utilized for C-C bond formation, e.g. for the forma-
tion of dialkynes, enynes, and dienes:

SiaB LiC =C—R' 6 C=C-R" 1, R-;_/_R

R ——— siazB e - —_—

The highly Lewis acidic perfluorophenyl borane B(C4Fs); has been found to be a very ef-
fective catalyst for a number of organic synthetic applications, for example:

' OH 0
. 0SiMe, B(C¢Fs)3 (2-10 mol %)
Ko * %\R“ R? R4
- R? g3
o OHC o

Bu B(CgFs)3 (1 mol %) + Bu
Eat Bu
99%

L . atkyl shift hydride shift
98:2

The electrophilic perfluorophenyl boranes (CgF;),BH and (C4Fs)BH, and their more
convenient SMe, adducts are potent hydroborating agents. They can be made by mixing
BH;(SMe,) with B(C4F5); in the required ratios. (C4Fs),BH borylates metallocenes:
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H
ol
B(C¢Fs), BC)
WH FeC
\W®/ H ﬂi”_z_ HB(C4Fs), -———————»pz Ffe

& R

1.5.1.3 Structure and Bonding

Neutral organoboranes are planar and monomeric, with an electron sextet. BMe; is a gas;
higher simple BR; alkyls are liquids which ignite on contact with air and burn with a char-
acteristic green flame. The introduction of aryl, halide, or alkoxide substituents reduces the
Lewis acidity by n-interaction between the empty p-orbital on boron and the lone pair of
B-E n-bonding the heteroelement. The nt-interaction in B-E bonds reflects the similarity in energy levels
of the boron p-orbital and the lone pair on the heteroelement E, and increases in the order
Cl < S <O < F < N. The B-N bond is isoelectronic with a C=C bond and has double bond

character, as indicated by a high barrier of rotation.

O R! R3 R! R4
N /
Lot mnTU N s Ny
R—B ~—~B—0OR , N , N
R R Rz R4 RZ R3

Boranes R,B-H form H-bridged dimers with 2e3c bonds. Alkyl halides R,BX are also di-
meric, but since the halide contributes a lone pair, the boron centres attain an electron octet,

i.e. these compounds are electron-precise: -

H : .l
2e3¢ bond electron precise, octet rule

The addition of a negatively charged nucleophile Y™ to boranes gives borates [BR;Y] ™. Addition
of NaH or KH to BH; or BR; gives salts of the hydroborate anions BH,~ and HBR;, respectively,
which are frequently used as reducing agents. Borates are tetrahedral, have an electron octet, and
are isoelectronic with alkanes. NaBPh, is water-soluble and can be used as an analytical reagent

for the determination of K* and higher alkali cations, all of which form insoluble BPh, salts.

250-270°
4NaH + BOMe);  22727°C  NaBH,] + 4 NaOMe

LiH + BEt, ——————> Li[HBEt
3 Et,0 [HBEL;]
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BRy + BH,”~ ————— [R;B-H-BH,]
NaBF, + 4 PhMgBr —E—O——> Na[BPh,] + 4 MgBrF
t

The addition of donor ligands to erganoboron halides gives boronium ions, again with an
electron octet and a tetrahedral structure. The cation BCp*,* also has an electron octet; its
structure is similar to that of BeCp*, and ZnCp*,.

R
\® L : l —/<!
R,BCL + 2L + Agt ——> Bl ® €]

n-complex and carborane cluster
views of n!,n>-Cp*,B*

Box 1.5.1.1 Theimportance of steric factors: stabilization of a transition
state

Boron has a very small radius and is therefore strongly influenced by the steric requirements
of its substituents: This can lead to unusual bonding situations. For example, the reaction

of B,CL,Bu', with LiPPr}, did not produce the expected butterfly-structure but gave a
crystalline, stable biradical with a planar B,P, ring. Calculations showed that the structure is
a transition state for the mversion of the bicyclic B,P, isomer.

o .

cl But <
A RN sl
But /@ Ly /8 X B K

& @

~

Since C and B~ are isoelectronic, there are many compounds where B and C can be
interchanged. For example, there is a series of boron-containing rings analogous to
benzene and cyclopentadienyl; incorporation of B leads to a correspondingly higher
charge.

A special class of compounds are the carboranes. In polyboranes, electron-deficient
bonding ledds to cluster formation, and some of the B~H moieties can be replaced by
C-R. Coverage of carboranes and their structural diversity is beyond the scope of this
text; however, the C,B4H;;?~ dianion should be mentioned since it has bonding char-
acteristics similar to the cyclopentadienyl anion and forms analogous transition metal

complexes.

borates BR,™

R,B* cations
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C] O 20 30 €]
O O] O
: g 5
0
R R
cyclopentadienyl borole dianion 1,3-dibora-Cp boratabenzene 7,8-isomer of

nido-C,BoH,, 2"

Box 1.5.1.2 Boron in uncommon bonding situations

The reduction of Bu'BE; leads to a B(I) cluster, B,Bu';, a highly electron-deficient structure
in which four B atoms are held together by only eight electrons. In the presence of very
strong donor ligands such as N-heterocyclic carbenes (NHCs), cluster formation is
prevented, and compounds with HB=BH bonds can be isolated. Yet stronger carbene donors
prevent even this dimerization and give adducts of borylene (HB:), which contains a Jone
pair of electrons and can be protonated, in a way rather similar to an amine:

+

B ;
; Na/K / {.{.7061\
.>_.sz e o B""“l"B
pentane ~ \B/
i i
. ‘ Pr
N KCq L H oy KCs L H
[ C—BBr ao \:B-—“é{ "o \Bwu/ Ar=
N 2 / 1.83 £ ’ A~ .
\ H H L H 1.56 . P
Ar
5KC L CE;SO5H L H ®
8 . 3243 N o L=iC,
L BBy __._[___._,. \B; toluene /B\ CF;S05 N
toluene L/ H L H Ar/

Box 1.5.1.3 Determination of Lewis acidity

Boron alkyls, aryls, and halides and analogous aluminium compounds are known as

the archetypical Lewis acids. However, whereas the pK,, of Bransted acids can easily

be determined with good accuracy, the determination of the Lewis acid strength of a
compound is less straightforward. Methods have been developed which measure the NMR
chemical shifts of adducts, on the assumption that the equilibrium constant is a linear
function of the Lewis acidity.

K
XB+lL == XB-L
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A widely used method that gives generally good agreements is the Child method, where
the 'H NMR resonance of the remote proton of crotonaldehyde is measured:

XsB **O-‘—'\___:g@ measured signal

Me

Using this method, a scale can be established which shows that triarylboranes with
strongly electron-withdrawing substituents, such as B(C¢Fs),, compare well with boron and
aluminium halides.

MX3 BB\"3 BCI3 Atctg B(C6F5)3 BF3 AlEtg
Relative 1.00 0.93 0.82 0.77 Q.77 0.44
acidity

Substituent effects in boranes: C.F; vs. C;H;

Replacing the CHs substituents in BPh; by C.F; not only increases the Lewis acidity but also
provides stability against chemical attack and particularly against hydrolysis. An even more
stable compound is the [B(C;F:),]” anion—it is soluble in low polarity solvents, is chemically
remarkably inert, and has a very high oxidation potential, so that its NBu," salt is used as
supporting electrolyte in electrochemistry. These properties have turned B(C4Fs); and
[B(C4F:)4] salts into important catalysts and catalyst activators. Their reactions with Group
4 metallocene dialkyls generate extremely active catalysts for the polymerization of olefins.
‘The C,F,-substituents make the anions actually larger than the metallocene complexes and
distribute the negative charge over a very large volume, so that the anions become extremely
wealkly coordinating—orders of magnitude less nucleophilic than conventional ‘non-
coordinating’ anions such as BF,” and SbF,". The parent C;Hs compounds are too unstable
and ineffective for these applications. Evenlarger C4F; borate anions reinforce this effect and
provide numerous. super-weakly’ coordinating anions, for example diborates containing a
bridging group Z, [(C4Fs)sB-Z-B(CyF5);1” (Z= OH, CN, NH;, imidazolyl).

o

R

= Me,Sh @ @ i
MeCPhy 2 ;Cén / = ;ézr\,//\ﬁ QB—@

CeFs
/’ Ly /’
iMe. CPASTIB(CFI,TT Polym ( ]
Me,Si \Zr Sitey T3 PleTY < RMezsi s @\_
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Box 1.5.1.4 The ‘frustrated Lewis pair’ (FLP) concept

‘Frustrated Lewis B(C4Fs)4 is trigonal-planar, with the C.F: arranged propeller-fashion. The compound is

pairs’ sterically quite hindered, and although Lewis acids prefer to form adducts with Lewis bases,
some bases are too hindered to do so-—an effect described as ‘frustrated Lewis pairs’ (FLP).
However, such acid/base combinations have been found to be very effective in the heterolytic
cleavage of H,. They also add to ethylene:

(CoFo)sB =—PBU',  Lewis pair

N
X k // a9 ok -
£ H Cé""s\ / \O ® /

&= 6% ¢
"0 H'—-‘P-zx\lBu
F E 2 CiFswB - -H__..H__-P.l.usut e CEe E
¥ i t
: F . 5 But CeFs By
o C6F5 i i
g F ion pair
E
EE
E Eo oM 1at B’
2y batm
: f RT CeFs ®

\@ poirent But
FoF Cst‘-’_‘B/\/ \

Bub  1,2:addition product

These FLP systems catalyse the metal-free hydrogenation of imines, anilines, and
heterocycles: in some cases the substrate itself may act as the base, for example:

-z H,, 25 °C
NT R ? N R

13 . .
Al 1.5.2 Aluminium
26.982

Aluminium alkyls are of major importance in industrial processes, such as the produc-
tion of surfactant alcohols (“Ziegler alcohols’) and as activators for olefin polymerization
catalysts. They are also used in synthetic applications, e.g. carboalumination reactions. The
Al-C bond is considerably more polar than the B-C bond. Aluminium alkyls, AIR;, are
Sesqui=oneanda stronger alkylating agents than BR; but less powerful than Li or Mg reagents. As with bo-
half, i.e. AICl; sEt, 5 ranes, there are various compound classes: AlR;, RyAlX, RAIX,, as well as ‘sesqui’ alkyl
halides, ALLR;X;. The oxidation state of Al is almost invariably +III. Only few Al(II) and
Al(T) species are known.

1.5.2.1 Synthesis

Aluminium trimethyl is made directly from methyl halide and aluminium. The compound
is a liquid at room temperature and dimeric; it dissociates in the gas phase into monomeric

AlMes,.
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Na
4AlL + 6 MeX —— 2 Al,MesX; ~—T\I-X——> Al,Meg
- Na

Aluminium alkyls with longer alkyl chains are made by the Ziegler process, which in-
volves the hydroalumination of alkenes. The reaction is based on the observation that
in the presence of Al alkyls, metallic Al reacts with hydrogen, and the Al-H species thus
formed insert olefins. The reactivity of Alis increased if it is alloyed with a small amount
of titanium.

100-200 bar

2AL + 3Hy+ 4AlE; ——————>  6ELAIH
80-160 °C

1-10 bar
6 EtL,AlH+ 6 CH, — 6 Et5Al
80-110°C

2A+3H+6CH, ————>  2ELAl

Similarly, Al, H,, and isobutene give, depending on the reaction conditions, either di-
isobutyl aluminium hydride Bu',AIH (‘DIBAH’) or tri-isobutyl aluminium AlBu'; (‘TIBA’).
Both are in equilibrium, i.e. AIBu'; contains small amounts of Bul,AIH; TIBA is used in the

“activation of certain 1-alkene polymerization catalysts.
’ 200 bar

2AL+ 3H, + 6% ———— 2ABuUY
] 100 °C

Bul,AlH + %

The reversibility of the hydroalumination can be used to interconvert Al alkyls:

=/ pr———
AlPr",
— “ﬁ

AlBu';

AlBu'; AlEty

Aluminium alkyls may also be prepared from the alkylation of the halides with Grignard
or lithium reagents; in these cases ether adducts are formed. An excess of LiR gives an ‘ate’
complex:

AlCl; + 3RMEX ———>  AIRy(E,0) + 3 MgKCl
ty
l LiR'
Li* [AIRsR']"

! ' tetraalkylaluminate

The comproportionation of AIR; with aluminium halides gives alkyl halides; these may
be further alkylated to give mixed-ligand aluminium alkyls. In such cases heating must be
avoided to suppress alkyl ligand redistribution.

47
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AX; + 2 ARy ————» 3 RAK R 3RAR
t;

A convenient, salt-free route to aluminium aryls is the ligand exchange with boranes.
The reaction proceeds by stepwise substitution; however, since BMej is a gas which is easily
removed from the reaction mixture, the equilibrium can be shifted to give the Al product
quantitatively. Non-polar solvents like toluene allow the preparation of strongly Lewis acidic
Al compounds such as Al(C4Fs); (as a labile nl—toluene adduct), which would form strong
adducts with ether solvents if the Grignard route was used.

AlMe; + BAr; === AlAr3 + BMeJ

1.5.2.2 Structures and Properties

Trimethylaluminium is a dimer in solution and the solid state, unlike BMes, since Al is large
enough to allow interaction with a fourth methyl ligand. This is a classical example of a
2-electron-3-centre bonding pattern, as discussed in Section 1.1. The trialkyls AIR; (R = Me,
Et, Pr®, Bu") are dimeric in hydrocarbon solution, while AlBu';, AlBu';, AI(CH,Ph), are

monomeric.

H
H\é,» H Ry R
215521 ' HyCo. / \\\\\
HyC oo, TR 197y % AI\X el 03 A1169
""" AL)105.3 AL G R
H C/ ~ I | :
3 CH3 R Al A[\ R
P2 Ny gas-phase electron diffraction
H : H R R structure of [Me,AlH],
H
lid-state struct X = H, OMe, NHMe; R = Me, Et, Bu'
solid-state structure el Re i
of AlMe, X=Cl; R=Et,Bu

Compounds containing heteroatoms are electron-precise oligomers [R,AlX],, where n
depends on the steric requirements of R and X; for example, for R = Et, n.=3 for X = OMe,
NH,, and NHMe but # = 2 for X = OBu' or NMe,. Me,AlF is a tetramer.

AlBu'; is monomeric, as are the bulky aryloxides BuAl(OC¢H;Bu';) and
MeAI(OC4H;Bu',),; the latter has been used as an impurity scavenger in olefin polymeri-
zation catalysis. AlPhs; is a dimer with bridging phenyl ligands and 2e3c bonds, whereas
more bulky aryls are planar monomers. Al(mesityl); forms only a labile adduct with
THF (mesityl = 2,4,6-Me;CgH,). By contrast, AIl(CgFs); is a much stronger Lewis acid; it
forms adducts with THF (and even weak n*-adducts with cyclohexene) and reacts with
F~ to give the extremely weakly coordinating ﬂuonde br1dged anion [(C6F5)3A1(p F)

Al(CeF5)5].
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F F
F /

F F 3
F F
Al@— . AI‘QF e C6F57AI—F——AI\~-"--C6F5
b/ F FF F CeFs CeFs
F
planar Al F
propeller structure

The degree of association of oligomeric aluminium alkyls changes with solvent and tempera-
ture. Al,Meg is a dimer in the solid state and in solution, and a mixture of dimeric and mono-
meric structures in the gas phase. Me,AlH is a trimer in solution but dimeric in the gas phase.
All these processes indicate that ligand exchange in aluminium complexes is facile. The flux-
ional behaviour of Al alkyls explains why the "H NMR spectrum of Al,Meg at room tempera-
ture shows only one single resonance for the six methyl ligands. The exchange between terminal
and bridging methyls is rapid on the NMR time-scale, unless the solution is cooled to =70 °C:

Me Me Me Me
Mew, /7 N\ aMe Mes.. (Ql wMe Me'm.u.N/ Q\l ....... Me Me"""‘Al/ \Al \\\\\\ Me
Al AL -~ g Al = T —==— : ”
Me™ TN Ve me” | me Me | he Me™ TN T e
e %
Me Me

Cyclopentadienyl complexes of aluminium show a variety of bonding modes, from n’
to n°, depending on the electron-deficient character of the metal centre. Me,AlCp forms
a zigzag chain with n'-type interactions with neighbouring aluminium atoms, while
MeAl(n*-Cp), is monomeric, as is the isocyanide adduct (n'-Cp);Al(C=NBu'). The reac-
tion of MeAl(n?-Cp), with B(C4F;); gives the aluminocenium cation, which is an initia-
tor for the cationic polymerization of isobutene. The Cp* analogue has been structurally

characterized.
" Me  Me ﬁ
: B(C4F.), j | <

\g <

N Al N | @ o @

ﬂ Ae—Me ————s AL MeB(CF; A

A ‘ s /E?\
/= %

Me Me

Box 1.5.2.1 *ALNMR spectroscopy

Although the Al nucleus has a quadruple moment (I = 5/2) which leads usually to rather
broad signals, ” AL NMR spectroscopy can provide diagnostic information, particularly if
the nucleus is in a highly symmetric environment: For example, on converting MeAlCp; into
AlCp,", the broad signal at §(*’Al) 72.7 (half-width 250 Hz) is replaced by a much sharper
one at § —126.4 (half-width 30 Hz) [reference standard: Al(acac);].

Fluxionality
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Cationic aluminium alkyls. The [AlMe,]" cation is isoelectronic with ZnMe, but much
more Lewis acidic, with a strong preference for forming tetrahedral adducts.

Since cationic Al alkyls can be expected to be strong electrophiles and good catalyst acti-
vators, several routes to their synthesis have been explored. Ligand-free [AIMe,]* has been
postulated as a transient species and attacks even extremely non-nucleophilic anions such
as [B(C4Fs)4]™. Stabilization by O- and N-donors has allowed the isolation of a number of
cationic alkyls; these complexes are usually tetrahedral but higher coordination numbers
are also possible. In the ion pair [Et,Al"-CB;;H¢Brs] the Al cation is coordinated to two
bromine atoms of the carborane anion to give a strongly distorted tetrahedral geometry;
this compound is sufficiently electrophilic to initiate the carbocationic alkylation of ben-
zene. The more stable complex [Me,Al(OEt,),]" can be made by protolysis of AlMe; with
the strong Brensted acid [H(OEt,),][B(C4Fs)4] and activates zirconium alkyls to give olefin
polymerization catalysts.

[CPh][B(CFs),] .
AlMe; — 2T qAIMe, B —=_ AlCFs); + BMe, )

- Ph3CMe
R M ®
AN <\ N ///> .-Br_© wOEt, o
AL /Al AL CByyHeBr, AL I BC4Fs),
o ) 4 " e
R = Me, Bu',
L = H,NBut, Me,NPh,
L, = TMEDA
_Me  [Me,Al(OEL),I*[B(C4Fs),l ©_Me CoH,
CpZZr\ szzl’\ — polyethylene
Me CoHy
- AlMes B(CeFs)s

Box 1.5.2.2 Low-coordinate organoaluminium cations

Low-coordinate organoaluminium cations are accessible provided sterically highly
hindered ligands are employed—a general strategy for the synthesis of compounds with
low coordination numbers and often unusual bonding patterns. The [Al(aryl),]’ cation
shown in the following schematic is almost linear; it initiates the oligomerization of
1-octene. The synthesis and stability of such jons depends on the use of non-coordinating
petfluorophenylborates.

es
(Al' A[H mes
=N o 5 mes
AR fes l?i
61504 SR R
t R-CPh, 3 hes Mes
R = Me, Bu! mes =2,4,6-Me;C,H, B(CeFs)y

Ar=2,6-PrC.H,y
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1.5.2.3 Reactivity

Aluminium alkyls react rapidly with water and other protic reagents. Since there is a large
energy difference between Al-O and Al-C bonds (ca. 350 vs. 255 kJ mol ), these reactions
can be highly exothermic and violent, and need to be conducted under inert gas with suitable
precautions. The same is true of the reactions with air and oxygen; most aluminium alkyls
and alkyl hydrides are highly pyrophoric. As expected, sterically highly hindered alkyls are
less reactive, as are compounds where one alkyl ligand is replaced by a heteroatom, as in
R,AIX (X = OR, O,CR, NRy, CJ, etc.). The reaction pattern is as expected for polar M**-C®
bonds; the first Al-alkyl bond reacts much faster than the second and third.

R,AIOR’ AR3(HNR'))  —————> R Al—NR,
O e ~RHQ
R R
AIRZ R ROH HNR', g
0
AN 2
/ (¢}
m ‘*
H CZR , @ "y >
zAlH R' =0
R AlRZ R’
 ® -+
ButCN AR,
R
R Al~CH,~CH,R' Bu'
/ \
e /N=<
Ph Ale But \Al Me
Me,

(D 1,2-insertion; (2) adduct formation; (3) protolysis; (® 1,4-insertion; (5) oxidation; (§) hydrogenolysis

Of these reactions, two are remarkable and have led to industrial applications: the inser-
tion of olefins into Al-C bonds (‘Aufbau reaction’, K. Ziegler), and the reaction with oxy-
gen. Under pressure, ethylene inserts repeatedly into the Al-C bonds to give oligomers.
Treatment with ethylene in the presence of a nickel catalyst releases oligomeric 1-alkenes,
a valuable industrial starting material. Alternatively, the aluminium alkyl can be exposed
to dry oxygen, which inserts into the Al-C bonds and converts the alkyls into aluminium
alkoxides. Subsequent hydrolysis generates primary alcohols with 4-30 C atoms, i.e. within
the range required for surfactants and washing powders, so-called Ziegler alcohols. It is
important that the alcohols are primary and branch-free, since only linear alcohols are read-
ily biodegradable.
]
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Aufbau reaction

For a time (1950~
60s) surfactant
alcohols made by the
hydration of terminal
alkenes were used;
however since these
were secondary
(Markovnikov)
products, their

slow decay led

to accumulation

in waste water

and persistent
environmental
problems.
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(C,H),Et
CH, / — CH
AlEt, ——— A—(CGH) Bt —— > === " 2
pressure, N Ni catalyst linear ethylene
(C,H,)Et !
oligomers
o, l
O(C,H,),Et
/ ’ H,0
Al O(C,H) Bt ———2 > HO(C,H,),Et
~ Al(OH), )
O(C,H,),Et primary alcohols

Another reaction that is exploited in large scale industrial processes is the alkylation
of transition metal chlorides by AlEt; or AlEt,Cl. Treatment of TiCl, with AlEt; is the
basis of highly effective catalysts for the polymerization of ethylene and propene (Ziegler-
Natta polymerization, see Section 3.5.1). The key reaction is the replacement of a surface
chloride ligand by ethyl, generating the Ti-alkyl groups necessary for the polymerization
process: '

~
Cle, N 7S Bt
~_ Tl AlE Csp g CHy=CH, ~ / 2 CHy=cH, ~_ /7
e — a7 TS T CHCHy 2 > "1l , -——>,.  polymer
i CI‘ ~ EL,AICL Ti/[ cl | -1/ ”
edge of [TiCL} . | § alkyl transfer to growth of polymer
crystallite 3 formation of Ti-alkyl corc:r:iinated chain
ethylene

A large proportion of the world’s polyolefin production (of the order of 150 million tons
annually, 2010 estimate) is based on Ziegler-Natta processes and requires the synthesis of
AlFt; on a very substantial scale.

The hydrolysis of aluminium alkyls leads to so-called aluminoxanes. The simplest are
oxo-bridged compounds R,Al-O-AIR,. As the hydrolysis proceeds further, compounds
with one alkyl group per Al and more complex structures are obtained. The hydrolysis pro-
duct of AlMe;, methylaluminoxane (MAO), is widely used in industry as a catalyst activa-
tor for certain types of olefin polymerization catalysts. It is an amorphous glassy substance
of unknown structure and contains some associated AlMes. The reaction is usually given by

the equation:
f\llle
n AlMe; + nH,0 ——> ‘{‘AI—O ‘]—‘ +2n CH,
n

However, the product is methyl-rich, with a typical composition [Al(CH3)(;.4-1.5O0.7-
08l where n = 6-30. The main constituent is now thought to have the approximate compo-
sition Al;pMe,,0,; = (MeAlQ),(AlMe;);.

The Lewis acidity of aluminium alkyls and alkyl halides is the basis for another polymeri-
zation mechanism: the cationic polymerization of isoalkenes and vinyl ethers. Mixtures of
AIR; or R,AIX (R = Me, Et; X = C, Br, I) with Bu'X or benzylic halides such as PhCMe,Cl
generate equilibrium concentrations of fert-carbocations which initiate the industrially
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Box1.5.2.3 The structure and function of MAO

As part of the catalyst formulation, MAO has several functions: (a) as an alkylating agent,
for the conversion of the catalyst precursor, a metal chloride, into a metal methyl complex;
(b) as a Lewis acid for the activation of the catalyst precursor, by abstracting a halide or
alkyl ligand and thus creating a vacant coordination site; (c) as an impurity scavenger, to
reduce catalyst poisoning. Since MAO must be used in large excess over the transition metal
componert in order to achieve adequate catalyst productivities, it may constitute over 50%
of total catalyst costs. Numerous attempts have been made to elucidate its structure in order
to improve its efficiency.

It is now thought that MAO forms a mixture of chains, rings, and cage structures.
Methylaluminoxane itself has so far resisted all attempts to isolate and crystallize
components; however, alkyl aluminium amides and the hydrolysis of higher Al alkyls, which
give better defined products, serve as models for the structures that can be expected. The
clusters are based on 4-, and 6-membered rings. The examples shown below are compounds
where the solid state structures are known; in MAQO there may be many larger structures
and aggregates. The structural principles however are those found also in many silicate and
aluminosilicate minerals.

R//‘\ /R*/R suggestgd

(9] R R tetrameric

structure
O\./o of [Et,Al-O—AlEt,];
R
AN, Al Bu's Al,0sBut,

Calculations have shown that the clusters (MeAlO)3(AlMe,); represent an
energetically favourable model for some of the MAOQ structures involved in the activation
of a metallocene catalyst, though in reality the MAQO aggregates are hkely to be more
complex.

Me—lr oo, e
CpyZrMe, j
M % 0,;/\? j Cp,ZrMe* Me 0"/\
= AlMe;

[(MeAl0)(0AIMe)s]

(MeAlO)g(AlMe;),
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Isobutene-isoprene
copolymers (‘liR
butyl rubber’) are
impermeable to
gases and mainly
used as inner tubes
of car tyres.
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important polymerization of isobutene. The reaction proceeds best at very low temperatures
to suppress chain termination:

al ﬁl\ = o
T eS| X
+ Me,AlCl 1 @ -20t0-90°C A R

CLAlMe, _
polyisobutene

formation of t-butyl
cation ion pairs

1.5.2.4 Aluminium Compounds in Low Oxidation States

As a highly electropositive element, aluminium does not easily form compounds in low oxi-
dation states. Halides of Al(, IT) are high temperature species that disproportionate under
ambient conditions into AI(IIT) + Al(0), although toluene/NEt; or Et,O solutions can be
sufficiently stabilized to explore chemical reactions. Disproportionation is also prevented by
sterically highly hindered ligands, i.e. the compounds are kinetically stabilized, even if oxi-
dation to Al(I11) is thermodynamically favoured. Al(I) compounds Al-R possess an electron
pair and can act as 2-electron donors.

The chemical trends may be illustrated by the following examples. The reduction of
R,AICl with potassium metal gives an Al(IT) alkyl if R= CH(SiMe3),, while with R = Bu'an
icosahedral cluster is formed, in analogy to boranes. With suitably bulky aryl substituents,
stable AI(IT) aryl bromides [RAIBr], are also accessible.

R 20
R
R R K -
K R
W e Rl ———— KolAlR] R
R R R=CH(SiMes), R = Bu/ i
- -
K lDME R R
R © " x
Nl N [Al;,BU;,],” anion
A== AL
re N
R R
*Ar. {Me3Si),CH
< N2 e
Art-ABr,(OEt) ———>=  ATTAL
hexane, RT Br Ar (Me5Si),CH

The alkylation and reduction of AICI with LiBu' and Na/K gives the octahedral clus-
ter [AlBu's]”, whereas ligand exchange of AICI(Et,0) with MgCp*, leads to tetrahedral
Al,(7°-Cp*)s. The compound sublimes at 140 °C in vacuum and forms monomeric Cp*Al
in the gas phase. The reaction with conjugated dienes illustrates the tendency to form AI(III)
products. Monomeric Cp*Al can also be generated in situ and trapped as a metal complex,
e.g. with Fe(CO)y:
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" —
Al
2.77
MgCp*, 7 > ey ———  Cp*Al |
ACEGD)  ———= AT AT O

Al
Cp* AlCl,
[Al(>-Cp*),1*[(*-Cp¥)AICL; ]

K,Fe(CO),
ns5-CpMAICY, ——————> — Al:—>Fe(CO),

Depending on the reaction conditions and the bulky ligand, a series of nano-sized
clusters could be characterized, such as [ALR,]™, [Al;,Re]%, [AlgoR;g]%, and [Al;Ry]*"
[R = N(SiMej),]. Their structures may be regarded as fragments of the crystal lattice of
aluminium metal. Being aluminium and anionic, the clusters are highly sensitive and spon-

taneously combust on contact with air.
Bulky diketiminates (‘nacnac’ ligands) are also capable of stabilizing Al(I). The com-
pounds oxidatively add acetylenes and form donor-acceptor complexes:

0 0
N N /
/Al .
‘ Co, N R
/ R-
Ar

R 0
VLN R —=—=—R' CN\ | co N
- ——— ]
‘ _/Al. ——— N/Al : N,Al Pal
\ R :
Ar wcj% \ R
H
R = Me, But

OH
. N /
Ar = 2,6-Pr'y)C¢Hs ( ,\Al»B(Cer)a N >:=<
R' R

N

1.5.3 Gallium, Indium, and Thallium

Gallium alkyls are less polar and less reactive than the Al compounds. Unlike aluminium
alkyls, they have only limited applications in synthesis or industrial processes, except for
the use of GaMe; and InMe; in the vapour phase deposition of 11I-V semiconductor ma-
terials sucH as GaAs or InP in electronic devices (metal-organic chemical vapour depo-
sition, MOCVD). GaAs is used in red light-emitting diodes. Organoindium compounds
enjoy an increasing interest as part of organic synthesis protocols. Thallium trialkyls are
unstable towards reduction. The stability of the +I and +1I oxidation states increases down

the group.
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1.5.3.1 Compounds in the Oxidation State Il

The metal trimethyls can be made from the halides by alkylation with Li or Mg reagents.
TIMe; is also made from TI(I) using Mel as oxidant. Iodomethane oxidizes TIMe to give
Me,TIL. Mixed-ligand compounds such as RyGa(alkynyl) are also accessible either by the
salt method or from the hydrides R,GaH and terminal acetylenes.

hexane
MCly + 3LR ——> MMe; +3 Lict
T +2 LiMe + Mel ——————» TIMe; + 2 Lil

TIMe + Mel ————»  Me,Tli

TIX3 + 2 MeMgX ————  Me,TIX + 2 MgX,

R /// R
R,GaH + H—==—R' —> R,Ga\.\//Ga ~zr

Unlike Al,Me,, GaMe;, InMe;, and TIMe; do not form dimers with 2e3c bonds; they are
monomeric in solution and in the gas phase. In the crystal, too, they exist as trigonal-planar
molecules, but each is weakly associated to a methyl group of a neighbouring molecule. The
TI-C bond is comparatively weak; TIMe; is light sensitive and decomposes, sometimes ex-
plosively, on heating to 90 °C. All three Ga, In, Tl trimethyls are considerably more sensitive
to air and moisture than HgMe,.

Gallium and indium dialkyl halides and pseudohalides Me,MX form structures with
bridging X, although there is a tendency towards higher coordination numbers, e.g. Me,InCl
is trigonal-bipyramidal via In--Cl---In associations. By contrast, Me,TII forms an jonic lattice
with linear [Me-TI-Me]" cations—the same geometry as isoelectronic HgMe,.

Me,
Ph,

Me e < L PPh, P

PP~ a. PhoP ~—0

Me
M = Ga,In,Tl
L = NMes, NCR, SR,, PMe;
PPh, PPh;,
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The heavier elements form stronger adducts with soft donors such as phosphines and
thioethers than does aluminjum. The addition of LiR or other nucleophiles to TI(III) alkyls
gives the tetrahedral anions [TIR, X, ,]” (e.g. R = Me, Ph, C;F5; X = Cl, Br, I, NCS, etc.).
While the Ga compounds are tetrahedral, indium shows a tendency to increase the coordi-
nation number due to its larger size, and five-coordinate complexes are formed.

Whereas aluminium alkyls are pyrophoric and hydrolyse in a very exothermic reac-
tion, the hydrolysis of GaMe; is much more controlled, and the tetrahedral aquo cation
[Me,Ga(OH,),]", as well as the anion [Me,Ga(OH),]™ have been spectroscopically iden-
tified in solution. The thallium alkyl hydroxides R,TIOH act as strong bases in aqueous
solution.

Me @
. .OH,
H.0* Ga
’ " /" o,
H,0 / Et,0 L e -
Me;Ga ~—————> Me,GaOH )
r 1@
Me
OH~ \ .wOH
Ga
“NoH
L Me A

H,0 o

®
R,TIOH [ Me —Tl—Me] aqu O

The reaction of alkynes with an excess of alkylgallium hydrides leads not just to Ga-H
addition to'the C=C triple bond but formation of a ‘carba-gallane’ with adamantane-type
cage structure. This differs from analogous reactions of R,AlH which form clusters with
borane-like bonding.
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R
Et
\Ga%
Etm—Ga
Ga

_Et
Ga
8 Et,GaH Et
4 Et,GaH + 4 H—=—R —> 4| Et,Ga—==—R 2 Rm% + 6 Gakts
~4H,
R
Ga
13 A
R Et

Cyclopentadienyl compounds. GaCp; and InCp are made from the halides by salt me-
tathesis with LiCp or NaCp.

GaCly + 3 Li*Cp~ —> %/Gq; +3 Ll

They contain n'-bonded Cp ligands in a trigonal-planar molecule; there is a tendency to-
wards n-interactions in the solid state. In the crystal, CpGaMe; has a Cp-bridged polymeric
chain structure similar to CpAlMe,.

1.5.3.2 Ga, In, Tl Compounds in Low Oxidation States

Cyclopentadienyl compounds. The cyclopentadienyl complexes of Ga(I), In(I), and TI(I)
are synthetically more important than the M(III) Cp derivatives. TICp is readily accessible
from cyclopentadiene and a thallium(I) salt in the presence of a base, or from CpH and
TIOH, as a yellowish-beige solid. Although in the crystal it is a coordination polymer with
zigzag chain structure, it depolymerizes on heating in vacuum and can be purified by sub-
limation. Unlike most Cp™ salts, TICp is stable to air and water. This makes it a convenient
reagent for the transfer of Cp ligands to transition metal halides, particularly since the by-
products of these reactions, TI(I) halides, are insoluble in water and easily removed. TICp is
a useful laboratory reagent for halide substitution from late transition metals (noble metal
group), which themselves bind strongly to halide ligands.

InCp has the same polymeric structure, with Cp-In-Cp angles of 128°; there are long
In--In interactions (~4.0 A) between the parallel chains. Unlike TICp it is highly air-sensi-
tive. In the gas phase, InCp is a monomer with n°-bonded Cp. With increasing substitution
of Cp the degree of association is reduced; for example, In(CsH,Me) exists in solution as a
monomer—dimer equilibrium. The pentamethyl-Cp derivatives GaCp* and InCp*, on the
other hand, form a loose octahedral aggregate, [MCp*|s, with long M---M interactions of
around 4 A, whereas TICp* is again an infinite polymer. The addition of MgCp; to TICp
gives salts of the [TICp,]™ anion, a bent sandwich complex.
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Ga(I) and In(I) Cp complexes have a pair of electrons which can act as a 2-electron donor
towards Lewis acids and transition metals. Complexes with GaCp* ligands are known for
a wide range of metals across the Periodic Table, including alkaline earth and lanthanide
compounds. Some examples follow:

R
lﬁ Cp*Ga —> MéR
L )

R

a
2. 22:&: Ni(COD) M =B, Al Ga, In

Ga/ ! 2 = t

“G ﬁ PAs R =C¢Fs, Bu

| ©00)Mo
co
.G.a \ oc l Gacp*
norbornadiene \M 2

0‘\Gan*

co

Careful protolysis of Cp*M gives bimetallic cations with an inverse sandwich structure:

ﬁci | |
N _ e
TR CE BR,
M

- HC Me5 i
R=CgFs50r

M =Ga, In 3,5-(CF3),CgHs

Arene complexes. Salts like Ga'[Ga"'X,] are quite soluble in aromatic solvents, and a
number of complexes of Gal, In', and TI' could be isolated where one or several arenes are
n°-coordinated to the M(I) ion. The arene bonding does not rely on donor-acceptor interac-
tions, but is largely electrostatic. Calculations show that the metal ions impose no electronic
geometric preferences and the sandwich structure can be distorted within wide limits. The
number of coordinated arenes depends on their steric requirements as well as on the coor-
dination power of the counter-anion (which competes for coordination sites). The stability
of the complexes increases with increasing methyl substitution of the arene, in the order
CeHg < CgHsMe < CgH3Mes < CgMeg; i.e. electron-rich arenes coordinate more strongly and
replace less electron donating ones. The stability of arene complexes decreases in the order
Ga'>In'> TIL
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The structure can
also be regarded as
a closo cluster with
nvertices and n+1
bonding electrons.
Each M has a lone
pair.
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Box1.5.3.1 Low-valent metalalkyls and aryls

The oxidation state 11 in Group 13 elements is thermodynamically unstable with regard
to disproportionation into M(I) + M(I1I), and classical halides of the composition MX,
are mixed-valence, M/[M™X,]. However, the availability of relatively stable M(II) starting
materials such as Ga,Br (dioxane), and In,Br,(tmeda),, has provided a route to a number
of alkyls and aryls M,R, where R is a very bulky ligand; these compounds are kinetically
stabilized. These are the simplest examples of a large family of low-valent Ga, In, and Tl
alkyls, many of which display unusual bonding patterns including varying degrees of
n-bonding and fractional bond orders. For example, 1-electron reduction of MR, to the
anion [M,R,]” shortens the M—M bond and increases the bond order to 1.5.

The reaction of TICI with bulky LiR or NaR leads to disproportionation into TI’ + TI',R,.
It is one of many cases where the steric demand of the ligand seems o dictate the metal
oxidation state. Low oxidation state Ga, In, and Tl complexes with very bulky R groups show
a remarkable diversity of structures.

BN &
4 MBr + 4 MR e M=M= +2M
—AMX g e
M=in, Tl R R' = SiBu', Si(SiMes);
R R
N

MXL, + 4LINAR ——>=  M—M
=4 LiX / N . . ;
R R: " R=CH(SiMey),, 2,4,6-Pr'sC6H,

M=Ga,In
X =Cl, Br,l .
MeCO,H ! ,
)‘\ R\ ~R
o o - 235
| I R R Na . GI .
R—Ga—Ga—R ol Nt | s M, (R PR
L] L] Sas8 6 e
: | ]
R = CH(SiMe3), bond order 1.5 bond order 1.33

Indium(I) and thallium(I) compounds bearing the sterically extremely hindered
2,6-(Tripp),C¢H; ligand (Tripp = 2,4,6-tri-isopropylphenyl) are even monomeric in the solid
state, an exceptional case of a metal with the coordination number 1. They act as 2-electron
donors and form adducts with Lewis acids and transition metal complexes.



1.5 ORGANOMETALLICCOMPOUNDS OF THE BORON GROUP

Tripp Cp

- ne—» Mn\co

L to

Tripp

.

M=In,Tl

The reduction of Ga alkyls, aryls, and silyl derivatives is a route to a variety of mixed-
valence clusters; from tetrahedral Ga,;R, to Ga,,(SiBu'); and [Ga,.{Si(SiMe;)s}:]% to the
giant [Gag,{N(SiMe;),}50]% . They can be understood as sections of the bulk metal lattice
wrapped up and shielded by an envelope of hydrocarbon anions.

Low-valent gallium compounds with bulky ligands display bonding behaviour that
challenges theoretical concepts. For example, the reaction of GaCl; with the ‘super silyl’
NaSiBu', gives the crystalline blue-black radical Ga,Ry", with a partial Ga-Ga n-bond.
Further reduction with sodium metal leads to the deep red [Ga;Rs]" radical anion, which
undergoes 1-electron oxidation to the deep blue radical GasR,’, a ring with five delocalized
electrons.

R R i oR
NaSiBu! 242/ Na ©° 238 / | BrsiBu, Ga
GaCl3~—_———3—>R/\Ey—::Ga e Na* /Ga o] CF: 1 » 25
’ \R 0; R \ 18-crown-6 gt
170 ; R Ga——Ga __
R=SiBul R R

Reduction of the bulky aryl compound RGaCl; with sodium metal gives the dianion
[RGa-GaR]*", with a very short Ga-Ga bond of only 2.32 A [R = 2,6-(Tripp),CsH;]. The
interpretation of the bonding in this compound has been controversial; it is probably best
described by resonance structures with a strorig Ga=Ga contribution:

R [©] R R
N, %9 L
‘Ga-——Ga PRy Ga=——Ga PR @ga-——Ga

© \R R \R
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Box 1.5.3.2 Metal alkyls as semiconductor precursors

Volatile Group 13 alkyls are used in the deposition of crystalline ITI-V semiconductor
films from the gas phase, in a process called metal-organic chemical vapour deposition
= MOCVD. In these processes, vapours of the precursor, usually the methyls MMes, are
carried into a heated reactor in an inert gas stream and mixed with gaseous Group 15
compounds such as PH;, AsHs, or SbMe;.

GaMe, +AsH; ——————» GaAs + 3CH,
400-800 °C

GaR; + SbMe; —————— GaSbh + hydrocarbons
500-600 °C
R = Me, Et

Metal ethyls decompose by B-H elimination:

N
/Ga '“‘CH\Z - /Ga —H + CH,=CH;
CH,
’
H

The reactants are passed over the surface of a substrate heated to a sufficiently high
temperature to initiate decomposition of the reagents, and the IlI-V. product is deposited on
the surface of the support material. The decomposition reaction involves homolysis of the
M-C bonds and methyl and hydrogen radicals.

The support substrate may be the exposed surface of a single-crystal film of another
semiconductor, and since silicon, III-V; and II- VI materials all crystallize as cubic phases
with fairly similar lattice parameters, it is possible to continue the orientation of the
supporting single crystal lattice into the newly deposited material, a process known as
epitaxial growth. Different materials may thus be assembled, layer by layer, with varying
thicknesses. In this way complex multi-sandwich structures of different semiconductors
can be assembled, which are shaped into electronic devices. III-V materials convert electric
energy into light (light-emitting diodes, LEDs): GaN for blue, GaP and GaAs (red), InGaN
(green), or InGaP/AlGalnP {red laser pointers).

The same process using Group 12 alkyls, notably ZnMe, and CdMe,, and chalcogenide
precursors like H,S, H,Se, or Pr,Te gives II-VI semiconductors (see Chapter 1.4).

The performance of semiconductors is strongly affected by impurities at sub-ppm levels;
the incorporation of C, O, and N from the starting materials needs to be minimized to
below-ppm levels, and ultra-high purity metal alkyls are required. Metal alkyls can be
purified by formation of crystalline adducts with involatile phosphines or N-bases, followed
by recrystallization to the required purity. Since adduct formation is reversible, the pure
metal alkyls are released on heating.

Amine adducts of metal trimethyls are sometimes employed to improve their stability,
even if these are less volatile. Internal chelates such as R,Ga(C;HNMe;) have been made
for the same purpose. Compounds that incorporate both the Group 13 and 15 components
in one molecule have the advantage of precisely controlled stoichiometry and greater
stability (at the expense of lower volatility) and have been much studied. Some examples of
M/E combinations that have been employed as single-source precursors for ME materials
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(E=N, P, As, Sb) are shown in the following diagram. The same precursors can also be used
for solution thermolysis in high boiling solvents for the preparation of nanoparticles and
nanowires.

Me H2 Me
%N Me3S| SlMe3 Hoop Bu\ P /
ME'A{/ 3\!{'-",;\46 \Pf’s Bu /In \m\Bu
. L\ »Em N=N=N, / r Me s Me, o NeyMe b f
2
Me . Me Me3S: SIME3 guf (¥ But gyt

Group 13 elements are characterized by the dramatic differences between the lightest member,
boron, a non-metal, and the heavier metallic elements. Boron compounds make strong, covalent
B~Cbonds and are important synthetic reagents. Trivalent Group 13 compounds are Lewis acids
and are widely used in synthesis and catalysis. Aluminium alkyls have important large-scale
applications in billion-dollar industrial processes. Al, Ga, and In alkyls are used in semiconductor
production. The stability of the lower oxidation states increases down the group; monovalent
organometallics MR have a lone electron pair and act as Lewis bases.

Exercises

1. Discuss the structures of (a) Al,Me4 and (b) Al,Cl,Me,, and show which orbitals interact to form
the bridges. What is the electron count per Al in each case?

. Show the mechanism and reaction product of the hydroboration of 1-hexene with 9-BBN.
. How does AlMe; react with B(C4Fs)3? Show the structures of the intermediates and the end product.
. Show ali reaction steps of the reaction of GaMe; with AsHs.

. What is meant by the ‘Aufbau’ reaction and how does it work? Show the steps.

SN B W N

. Why does Ph(C)B-NMe, show two methyl signals in the 1H NMR spectrum at room temperature?
- J
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1.6 Organometallic Compounds of the Carbon Group

Group 14 elements have four valence electrons and generally make four covalent bonds
to give an octet electron configuration; they are therefore electron-precise. The electro-
negativities of the elements decrease slightly down the group but are fairly close to that of
carbon; the M%*-C% bond polarization is therefore much less pronounced than in Group
13. The stability of the M~C bond decreases down the group, as does their heat of formation,
and Pb(IV) alkyls are endothermic. At the same time the stability of the -+II oxidation state
increases.

The tetra-alkyls are non-Lewis acidic and stable to water and air; they are only weak
alkylating agents. Lewis acidity increases if halide ligands are present. The elements from Si
down the group are capable of increasing their coordination numbers to 5 and 6, and as the
radii increase down the group, so does the tendency to undergo ligand exchange by extend-
ing the coordination sphere.

Coordination number C Si Ge Sn Pb

4 0.15 0.26 0.39 0.55 0.65
6 0.16 0.4 0.53 0.69 0.78
Covalent radius 0.86 1.11 1.20 1.39 1.46

1.6.1 Silicon Compounds

1.6.1.1 Synthetic Methods
Silicon alkyls are produced industrially by the direct oxidation of copper-activated elemen-
tal silicon (the Rochow-Miiller process):

MeCl + Si/Cu Me,SiCl,_,

300 °C
The reaction proceeds by oxidative addition of Me-Cl to Si surface atoms. The resulting
mixture of methylsilicon chlorides is separated by distillation. Me,SiCl, is produced on a

million ton/year scale.
More specialized alkyl- and arylsilanes can be made by salt metathesis. Specific alkyl
silicon halides are also accessible by oxidative cleavage of Si-Si bonds with halogens:

R,_,SiCl, + nR'MgCl -~ R,_.SiR', + nMgCl,
Et,0

RySI —SiRs + X, > 2RySiX  X=Brl
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1.6.1.2 Reactivity

Alkylsilanes SiR, lack low-lying acceptor orbitals, which means they are unable to coordi-
nate water and are therefore resistant to hydrolysis and chemical attack (very unlike AlMe;,
for example). Since the Me;Si group is comparable in size to a t-butyl substituent, it is often
introduced to provide steric bulk in compounds, as well as additional stability, and is often
used as ligand substituent in organometallic complexes.

Alkyl silicon halides are susceptible to nucleophilic attack. Hydrolysis under basic condi-
tions gives silanols R;SiOH, which in the presence of H* will condense to give alkyl silox-
anes (silyl ethers). The hydrolysis of R,SiCl, gives silicon diols, which readily condense to
polymers [-R,Si-O~],, known as polysiloxanes or silicones.

R3SiCl + OH™ —————> R,SIiOH + CI”

' © M , :
2RySI0H  ——> | RySi—0, e R3Si —0—SiR,
H +H,0
0—SiR
H/‘) 3

BuMe,SiCl is frequently used as protecting group precursor in organic synthesis. Re-
moval of the silyl group by hydrolysis gives the silanol Bu'SiMe,OH, which can be recycled
and converted back to the chloride by reaction with thionyl chloride:

Bu'SiMe,OH + Cl,S=0 ——>  Bu'SiMe,Cl + HCl + SO,
Dialkylsilane diols R,Si(OH), condense very easily (unless the R groups are bulky, as in
the fairly stable Bu',Si(OH),). The hydrolysis of Ph,SiCl, gives Ph,Si(OH), as colourless

crystals, which on heating condense to ring structures and/or polymers. Silicon does not
form ketone-like Si=O bonds: \

{ \ ]
/ Sli——O polysilicone
. /OH -H,0 R "
R,Si ~
OH N
/Si=0 +H,0

, 0
* H,0 ] PhSi”T Siphy
Ph,SICl, —™> Ph,Si(OH), ————> ! l o

oL .O
white crystals - H0 tSi >
n o n

65

Note differences in
spelling: silicon the
element, silicone the
polymer



66

Silicones

1: ORGANOMETALLIC COMPOUNDS OF MAIN GROUP ELEMENTS

Box 1.6.1.2 Silicone polymers

Silicone polymers have a low barrier for conformational change and remain soft and
flexible even at high molecular weights. They are water repellent, resistant to weathering
and ultraviolet irradiation, and non-toxic. Combined with their chemically inert nature,
this makes silicones suitable for medical applications (plastic surgery, silicone implants).
Cross-linking silicone polymers can be achieved by heating with benzoyl peroxide or
hydrosilylation, to give elastomers (silicone rubbers). They find applications as electrical
insulators, gaskets, sleeves, tubing, and medical applications including heart valve implants.
Silicones are also used as oils; lubricants, and as foam retardants (fermentation processes,;
sewage treatment). Phenyl-containing silicone resins are made by co-hydrolysis of PhSiCl;
and PhSiMeCL,, for applications as insulators in electrical equipment and machinety.

The condensation of acetate-terminated silicone oligomers leads to silicone rubbers. The
compounds contain the hydrolytically labile triacetate RSi(OAc); to provide a cross-linked
polymer network which can no longer change shape when set (bathroom sealant).

The condensation of Me,Si(OH), leads to silicone polymers with chain and ring struc-
tures. In the presence of H' as catalyst, the formation of Si-O-Si linkages is reversible, so
that cyclic or oligomeric siloxanes can easily be converted into high molecular weight poly-
mers on treatment with catalytic amounts of strong acids. This method can be preferable to
the hydrolysis of chlorosilanes, since the evolution of HCl is avoided. The molecular weight
of silicone polymers can be controlled by adding chain terminating end groups, e.g. addition
of (Me;Si),0 leads to ~SiMe; terminated polymers, and the molecular weight decreases with
increasing SiMe; content of the polymerization mixture.

Silicones of lower molecular weight give silicone oils, widely used as heat transfer
fluids. Some grades have low viscosity even at very low temperatures. Due to the very high
thermodynamic stability of the Si-O bond, these compounds are thermally very stable
and have a high flash point; they are therefore resistant to catching fire on heating, unlike
paraffin oils.

The controlled hydrolysis of RSiCl; gives cage compounds, the so-called silsesquioxanes
RgSigOq,. Incompletely condensed compounds with remaining OH functionalities also
exist; they can be used to incorporate transition metal complexes and have been studied, for
example, as models for metal-O-Si interactions in silica-supported catalysts.

@ R-Si

The reaction of silyl chlorides with ammonia leads to silylamines (silazanes),
H,_,N(SiMes),,. Deprotonation of hexamethyldisilazane gives metal amides MN(SiMe;),
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(M = Li, Na, K) which are frequently used as sterically hindered, non-nucleophilic bases
in synthesis, and since the M-N bond is readily protolysed, they are convenient starting
materials for numerous metal complexes.

1) NaH
NH, R,SiCl , . DRSIC o izean.
RGSICL ———= RySiNH, ——= MesSi~ -SiMe; """‘35">N25w\e3
- NH,Cl H Me;Si”
l LiR or MH
MN(SiMe;), M=Li,Na, K
The aminolysis of R,SiCl, leads to cyclosilazanes.

Me,Si R SiM

3 Me,SiCl, + 9 HNR — ————= 2/ TSN Rl
Si
RN /Mez\NR

Si-0, Si-N bonding. Silicon bonded to O or N forms weak nt-interactions with the lone
pairs on the heteroatoms. This lowers the basicity of the heteroatoms and widens the Si-O-
Si or Si-N-S5i angles; for example, the angle in (Me;Si),0 is 148°, substantially wider than
the tetrahedral angle of 109°. Si-O-Si moieties have a very low barrier of inversion—a lin-
ear Si-O-Si arrangement (0. = 180°) is only slightly above the ground state. This flexibility is
reflected in the mechanical properties of silicone rubber.

For the same reason, HN(SiMe;), and N(SiMe;); are planar, unlike alkyl amines such
as HNBu', and NEt'; which are pyramidal. Bis(silyl) amines and amides are therefore poor
nucleophiles. Si-O n-interactions are also the reason why silanols are stronger acids that
alcohols—the R3Si0™ anion is better delocalized.

.......... R o) Ph;Si 0 —— SiPhy
Si=—==0 SiZ===N"
7 g 7 ~p Me;Si </\SiMe3
a=148° o =180°

Silanes. The reduction of chlorosilanes with LiAIH, gives the corresponding silicon hy-
drides (organosilanes).
2R,SiCl, +LiAH,  ————>  2R,SiH, +LAIC|,
(R = alkyl, Ph)

Triorganosilanes R;SiH are used for the hydrosilylation of alkenes, mediated by
platinum catalysts. The hydrosilylation of C=0 functions is thermodynamically favoured
because it replaces weak Si-H by strong Si~O bonds; the reaction is facilitated by Lewis
acids.

SiR,

g+ RySiH —_— R3S'\/\R' + /\R‘

Si-En-bonding
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RI LA 5+ S—LA R‘ H30+ R.
>‘=0 + RySiH —> o > >“'0\ - — OH
SiMe,

R" R"
LA = Lewis acid

Cyclopentadienyl compounds. The reaction of NaCp with Me;SiCl gives Me;SiCp. In all
these Si(IV) compounds Cp is n'-bonded. Multiple deprotonation-silylation sequences lead
to bis- and tris-silyl Cp derivatives. Formation of the 1,1-bis(silyl)Cp isomer is preferred.
However, migration of the silyl substituent over the nt-system is facile (1,2-metallotropic
shift), and 1,1-bis(silyl)Cp leads to 1,3-substitution products. SiMe; substituents exert a
strong +1 effect and, apart from increasing the effective size of a Cp ligand, also enhance its
electron donor character.

Whereas cyclopentadiene itself undergoes fast Diels-Alder dimerization, silyl-Cp com-
pounds are slow to dimerize.

Cyclopentadienes with 1-4 SiMe; substituents are often used as sterically hindered
Cp ligands in transition metal chemistry. The reaction with Lewis acidic transition metal
chlorides proceeds with elimination of volatile Me;SiCl and is a convenient salt-free
method of complex preparation, since the by-product can simply be pumped off under
vacuum.

. 1) NaH . 1) NaH .
sict SiMe;  2) Me,Sicl E><SIME3 2) Me,SicCl £><S|Mea
NaCp + Me,SiCl ————> E—— i
- Nacl H SiMe, Me,Si SiMe,

1,1-isomer
TiClal - Me,SiCl
BX; | - Me,SiX

i Me,Si SiMe
SiMe . 3 \©/ 3

_-SiMe, 3 SiMe /@\ ]
@ Q X,B BX, N

H E—— =
1,3 product

1.6.1.3 Compounds of Low-Valent Si

Silyl anions R;Si” contain silicon in the oxidation state +II. These reagents are accessible by

the reduction of alkyl silicon halides with sodium amalgam and can be used to make metal-

Si bonds. Li and Mg silyl complexes can be made by transmetallation from Hg(SiMe;),.
Silyl anions are pyramidal and have a high barrier of inversion.

2 Li o
———> 2LiSiMe, @
Na/Hg . THF Je
2 Me;SiCl ———— Me;Si—Hg—SiMe; Me™ 7 N
- Nacl -Hg| Mg Mg(SiM Me
—=—> Mg(SiMe;),(THF), Me

There has been much interest in the silicon analogues of many of the compounds and
intermediates familiar from the chemistry of carbon; notably alkenes, alkynes, carbocations,
radicals, and carbenes. Whereas Period 2 elements like C, N, and O form multiple bonds
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readily through strong mt-interactions of their p, orbitals, the much higher energy difference
between s- and p-orbitals and the larger size of the heavier elements makes n-bonds much
weaker. Si=Si and Si=C double bonds can therefore only be generated under exceptional
circumstances, and very bulky substituents have to be employed to provide the degree of
kinetic stabilization necessary for their isolation under ambient conditions. Sterically un-
protected species such as silylenes R,Si, silenes R,Si=CH,, silynes RSi=CH (R = H, Me), and
silabenzene C5SiH, can be generated only at very low temperatures using matrix isolation
techniques and characterized spectroscopically. They may also be inferred from their follow-
on products, such as dimers or oligomers, or trapped with suitable reagents; for example,
silylenes can form isolable transition metal silylene complexes L,M=SiR,.

e N/ N\._ /7 aY
/51- /S!————C\ /Sl-————-SI\ G == —S$i TS — Si—
silylene silene di-silene silyne di-silyne silabenzene

[R,Si],.. The reduction of chlorosilanes Cl(SiMe,),Cl with sodium~potassium alloy gives
oligosilanes. Cyclosilanes can be chlorinated and converted to Si~Cl and Si-H derivatives.
The dehydrocoupling of silanes in the presence of Ti or Zr catalysts leads to polymeric

silanes.
Reduction of dialkylcyclosilanes gives coloured radical anions, e.g. deep blue [(SiMe,)s]*”

or yellow [(SiMe,)s] ™

Na/K
Me3SiCH,Cl + CI(SiMe,)4Cl —_— Me(SiMe,),Me  n =10, 16, 22
toluene
CpCp*ZrH2
PhSiH; S|
n=ca.100-150
. N
ot \ Si_ s N NS
Si_ - RIS \ s N\ s
DS | T3S~ MO ST A, ST
| —q; si AL —dSisimtl——=_ 1 Si—si-H
/S\ /Sl 77NN 3 /S'\Si A /S'\Si AN
/S\ TN 77N VAN

The photolysis of sterically hindered trisilanes SisR gives disilenes plus silylene; the latter
dimerizes to give more disilene. The reaction is fairly general and works for alkyl and aryl
compounds.

R R
Nsi” R R R
hv N\ ke AN M
/\ —>  si==si +  si e
R \/SiL—Si\’R "R R R R= CMe3,’©—Me
R R Me

The first example of a silene was prepared by the photochemical rearrangement of an
acylsilane. Again steric hindrance is the key to stability. The Si=C bond is short compared to
Si-C (1.76 vs. 1.9 A).
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ME3Si Vi M : s
VY I W
Me3S|—-S|-—-< —_— /SI
./ R Me;Si R R = adamantyl
Me;Si

The reduction of (n'-Cp*),SiCl, with potassium naphthalide gives the silicocene
Si(n®>-Cp*),. As a monomeric Si(Il) species the compound is highly air-sensitive, with a
strong thermodynamic driving force towards oxidation to Si(IV). It acts as a 2-electron
donor to metal complexes and is so oxophilic that it abstracts O from CO,.

Ga
sicl, %‘ Cp*GaBr2
THF
o - Cp* 2518!’2
2¢0, }?
(*-CsMes\ o /
N,
=0 (CO)A”CI Si—=AuCl
1 ‘ -
(n*-CsMe)” "0 © (n1-CsMeg)”

A number of different types of silylenes have now been isolated and structurally charac-
terized; all undergo oxidative addition to form Si(IV) compounds. Silylenes act as 2-electron
donors in transition metal complexes and may give either terminal (L,M=SiR,) or bridged
complexes of the type L,M(p-SiR;);ML,,.

¢ R H
Bu i SiMe But A
[ MesSi i ROH SN

N N N
E si: Sit Ph—< Ph—< Si—si >— Lm=si =~ /Si: R
s ’ \ P e
i 4 \ R ) p N
t . i
BU™  MesSi” sime, But ot But /5' |

R

OR

Z——Uﬂ
=)

[RSi],,. The reduction of alkyl silicon halides RSiX; with strong reducing agents (e.g. Na/
naphthalene or Na/K alloy) leads to Si-Si bonded clusters Si,R,, (n = 4-8). Larger substitu-
ents R favour smaller clusters. SigR, is analogous to the hydrocarbon, tetrahedrane C,H,.

Silyl radicals and silyl cations. Photolysis of R;Si-H or Hg(SiR;), gives silyl radicals
R;Si". These are pyramidal, unlike carbon radicals R;C" which are trigonal-planar. '

Silyl cations R;Si* have attracted much interest as analogues of carbocations. However, they
are much more difficult to generate and are extremely strong Lewis acids. The preferred method
is the reaction of mono-silanes with CPh," salts of non-coordinating anions in arene solvents:

3 Ar,(Me)Si-H+2 CPh; — 2 Ph,CH+Me,SiH+2 Ar,Si*

Silyl cations give adducts with solvents including toluene, interact with even extremely
weakly coordinating anions, and tend to be pyramidal (unlike carbocations); a trigonal-
planar geometry is only obtained with sterically highly hindered aryl substituents, as in [Si
(CeH,Me;-2,4,6)5]". Halide- and hydride-bridged cations are also known. The reagent ‘[Et;
Si]*[B(C4Fs)4]™, often used as a very strong electrophile, contains the [Et;Si-H-SiEt;]* ion.
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Box 1.6.1.3 ?7Si NMR spectroscopy

The *°Si nucleus has a spin of %. It covers a wide chemical shift range of nearly 1000 ppm
and provides information about the electronic environment of the ’Si nucleus. The two
extremes are represented by Si(II) compounds with different degrees of donor interactions;
see the following table. The chemical shifts of silylium cations SiR;" are a diagnostic
indicator of their planarity; in most compounds formulated as [SiR;]"X" the Si cations are
four-coordinate and show less positive shifts.

e

Compound 898 Solvent Compound 5%Si . Solvent
Me3SioTf 43.7 CD,Ll Et3SH{CB;HgBrgl™ 111.8  solid state
Mes;Si+[CB i HeBr ] 226;7 solid state . MeR*,Si=Si+Buf2 303.(')“‘” » MCDZCGz '
[B(C6F5)4)
” Me,Si. SiMes +567.4  C6D6 # —423 solid state
Si: Si

MesSi~ “siMe, ,éj\

R*=SiMeBU’;

Me
¢ R & 1°
Si 1 S X ;—
R/‘ . R Sjm X —Sj-~=R H
R R R @ -
R J o /S'
12 X =H, halide Me” IV Me
= Me
R = Me, Et

1.6.2 Germanium

Organometallic compounds of Ge(IV) show a chemistry very similar to that of silicon. The
main difference is the stability of the lower oxidation state: Ge''Cl, is a stable starting mate-
rial, whereas SiCl, is a high temperature species, so that Ge(II) compounds such as dialkyls
R,Ge are accessible. Ge{CH(SiMe;),}, is stable and monomeric in solution, though it dimer-
izes to R,Ge=GeR, in the crystal. The germanocenes Ge(°-CsRs), (R = H, Me) can be made
from GeCly; they have a tilted sandwich structure and are much less easily oxidized than

Si(n°-Cp*),.

'1.6.3 Tin Compounds

Organometallic compounds of tin resemble in principle the types of reagents and structures
described for silicon. Key differences are however: (1) the much larger radius of tin, (2)

32

72.61

50

118.71
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Box 1.6.3 Toxicity of tin(IV) reagents

Some alkyl tin compounds are toxic, e.g. trimethyl and triethyl derivatives are toxic to
mammals, while di-n-octyl tin compounds are not and have been used in food applications.
The toxicity decreases with decreasing number of alkyl groups and increasing chain length.
Tri-n-butyl tin compounds are toxic to fungi, shellfish, and crustaceans, and have been widely
used in wood preservation and in anti-fouling paints for ocean-going boats and ships to
prevent encrustation with marine organisms (which increase drag and hence increase fuel
costs). Tin dialkyls are also used as stabilizers for PVC (polyvinyl chloride) plastics. Tin alkyl
halides are therefore produced on an industrial scale. The release of tributyl tin compounds
into the environment has however become problematic, and alternatives are being developed.

the consequently much weaker Sn-element bonds, (3) a tendency to adopt coordination
numbers 5-6, and (4) the much greater stability of the oxidation state +II. The Sn-Cbond
is largely covalent, and tin alkyls are stable to air and water.

The weakness of the tin-carbon bond, combined with its resistance to hydrolysis, is being
widely exploited in organic synthesis for the formation of C~C bonds. Tin alkyl derivatives
do, however, have often an unpleasant odour and may irritate the skin, so that suitable pre-
cautions must be taken.

1.6.3.1 Synthesis of Tin Compounds

Tin alkyls and aryls can be prepared from SnCl, by: (1) standard alkylation methods, (2) di-
rectly from tin metal by oxidative addition, (3) by alkylation of the SnR;™ anion, and (4) by
protolysis of tin amides. Alkyl tin halides can also be made by (5) comproportionation of
SnR, with SnX,. These alkyl exchange reactions are facilitated by the Lewis acidity of Sn(IV)
and its ability to form five-coordinate intermediates.

~—8p—X + MR' ———>» ——Sp—R' + MX alkylation
M = Li, Na, MgX
4AR; + 35nCl, + R0 ———> 35nR, + 4AICI;(OR) alkylation
200~300 °C
Sn/Cu + 2MeCl ——> Me,SnCl, oxidative addition
R;Sn"Na* + RX ~ —————> R3Sn—R' + NaX oxidative addition
RsSn—-NR'; + + HNR', protolysis
WoH RsSn™
R R X
— | SsnsnmX | — 4R,5nX ionati
35SnR, + SnX, R“7 NN 32N comproportionation

R X X
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Another method for forming Sn-C bonds is the hydrostannation of alkenes. The Sn~H
bond is weak and prone to homolysis; the relatively stable trialkyltin radical can be gener-
ated either by UV irradiation or adding a radical source such as AIBN. The method can be
used for the preparation of alkyls with functional groups. The hydrostannation of alkynes
gives vinyl tin compounds, usually as a mixture of E and Z isomers. As this is a radical reac-
tion, functional groups such as OH are tolerated.

UVor Bu;Sn’ BusSn pe  BusSn H
BusSnH + >=< R ) e . JELLENG
radical
H COOR' H H
RySnH + H—=—COOR" —> = +
R3Sn H R3Sn COOR'

Sn(IV) cyclopentadienyl compounds can be made either from R;SnCl and Na*Cp~, or
from cyclopentadiene and tin amides, such as R;Sn—~NEt,. The Cp rings in Sn(IV) com-
pounds are n'-bonded. Like the SiMe; analogues, Cp-Sn compounds are fluxional, and
1,2-metallotropic shifts of the SnR; group render all cyclopentadienyl-H ators equivalent
on the NMR time scale, resulting in a single resonance. CpSnR; compounds are more reac-
tive Cp transfer agents than their Si analogues and are used to make transition metal Cp

complexes.

@ Me,Sn-NEt, E><SnMe3 Me;Sn-NEt, l:><SnMe3 Me3Sn-NEt, ’\"‘*35"'I><SnMe3
T—— — e ———
- HNEt, H - HNEt, SnMe; - HNEt, SnMe,

Me;Sn

1.6.3.2 Structures of Sn(IlV) Compounds

Tin tetra-alkyls and aryls SnR, are tetrahedral, electron-precise, non-Lewis acidic, and
dissolve readily in non-polar solvents. Tin organometallics R,_,SnX,, with more electron-
withdrawing substituents X such as halide or oxide tend to form five- or six-coordinate
adducts, either with themselves or with donor ligands L, depending on the steric require-
ments of the R and L ligands. They differ in this respect significantly from the Si analogues
which tend to be monomeric and are much more volatile; this difference has consequences
for synthetic workup procedures. Tri-alkyl tin fluorides with small R groups are coordin-
ation polymers; they may adopt zigzag or linear structures, depending on the size of R,
and are pootly soluble, which allows their facile removal from organic reaction mixtures.
They can be converted into more soluble and reusable R;SnX (X = Cl, Br) by refluxing
with NaX in THE. Bulkier ligands lead to monomeric compounds, including some fluor-
ides. Whereas Me;Si esters are volatile, Me;Sn carboxylates form associated structures.
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The carboxylate bonding is asymmetric, with a strong and a weak Sn-O interaction. The
structural diversity for various classes of tin compounds is illustrated in the following

diagram:
R R_R Ph Ph Ph py ph R
R,\ _F R\ _F.. | %/ \
= "\Sn/ \sé "\Sn/ --~F———Sn—F——Sn-—F-——Sn-—F--- - Sn—X
F/ \ R\v/ \F/ é A\
R R R Ph Ph Ph Ph R monomeric:
. R=Ph,X=Cl
[Me;SnFl,: zigzag [Ph;Snf,: linear polymer R=Cy,X=F
Me Me Me  Me Me S l\llle - .5n R f'i X
AN W S S s ;sn' il T osn
Sn—Q" O0----sn—0" O [ X X7 i 1 X
| M \?Vl Sn™” Me Sn R R
e Me
Me [R,SnX,],: capped tetrahedra
[Me;Sn(0AQ)], [Me,SnF,],: sheet structure or 'distorted octahedra'
R Ph Me 5-and 6-coordinate donor adducts:
Bul Bu!
R, | R N\ / =/
~n—0 PLUNG 05\ 0 D Bu =
R o FEER 2.51 | Cl\én/N —
0—$n. But. _But SR TN
RO TR SN =0 5L, LS
R Bu But X
alkyl tin hydroxides alkyl tin oxide alkyl tin dicarboxylate; D trans to X = halide
and alkoxides (R' = H, Me) bi-capped tetrahedron

1.6.3.3 Reactivity of Tin Compounds

Organometallic tin reagents R,_,SnX,, display the range of reactions typical of metal halides:
ligand substitution, reduction, hydrolysis, and the formation of coordination complexes.
The ligand exchange reactions are facilitated by the ready formation of five- and six-coordi-
nate intermediates. Characteristic differences between Sn and Si are: (1) the facile reduction
to thermally stable stannyl anjons [R3Sn]~ (Sn™) which are strong nucleophiles, and (2) the
tendency to form R;Sn" radicals (see general reaction scheme).

H*Y~ ' "
o BU3Sn-Y + HR Y=e.g.0,C(R

, HegX,
BusSn—-R' — "> Bu3Sn-X + R'HgX

——)-(-2———> BusSn-X + R'-X X=Cl,Br,I
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The main classes of tin compounds are interlinked, as shown in the following reaction
scheme:

Sncl,
4 RMgClL l
R,Sn’ X,
hv hv
| SncCl, R;SnX X = halide, OR, SR',
R3SnC - SeR’, 0,CR', NR',, etc.
RySn—SnRy <= R3SnH < |jan, p ’ ’
Rsncl | 97 R.SnOH~—— (R55n),0
Na LiBu i 3o 32072

. Na H,0
/ \

R3Sn~M* R3SnCl(L)
L,Mc
M =Li, Na SnCl,

metal-Sn bonds

M' = transition metal ‘ L
/ /
LiAlH,

P3se —R,SnH, <——t | RySnCl, .

{R,Sn), : %L
Ag¥( a)V [R,Sn0],
sacl,

hv
R 2+

] L
R ::%n.\ [ RSnC | —— > RSNCL(L),

L,M'~SnR,

R,SnCL(L),

\S . . .
n: _
OH
R/ R l X-
Elanllnylene, Ei;i*, RSNX, [RSn(0)OH],

The Sn—-Cbond is cleaved by electrophiles, such as HY, metal ions, or halogens. Bonds to sp*-
hybridized carbon react more readily than sp>-C, since attack at sp>-C can lead to a delocalized
cationic intermediate. The order of reactivity is Ph > PhCH, > CH,=CH > Me > higher alkyl.

DY BusSn_/=\ | X
Bu3Sn‘© -~ M —*  BujSn-X + D-@
D~ \e= fast

’

¥

Allyltin compounds are more reactive than alkyls; e.g. Sn(CH,CH=CH,), reacts with
carboxylic acids under substitution of all four allyl groups, and the reaction with LiMe is a
good way of producing salt-free allyl lithium reagents:

Sn(CH,CH=CH, ), +4 LiR — $nR, + 4 LiCH,CH=CH,
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Sn-H+C=C

Sn-M+ C=C

SnR;y*

1: ORGANOMETALLIC COMPOUNDS OF MAIK GROUP ELEMENTS

Hydrostannation. The addition of Sn~H across C-C multiple bonds proceeds most read-
ily with alkynes. R;SnH can be generated in situ from R3SnCl and Et;SiH. Hydrostannations
benefit from catalysis by a Lewis acid such as ZrCl, or B(C¢Fs)s. A mixture of vinyl tin iso-

mers is usually obtained.

H H
BusSnH + H—== acly
uzSnH + H—=—R ———> .
’ toluene, 0 °C BusSn R R'=CgHys
89%

BupSnH, + AN —— BUZS“/\/\/OH

Metallastannation. This method enables the simultaneous addition of tin as well as an-
other metalloid element to a C=C bond. The reaction is catalysed by palladium complexes
and presumably involves Sn-Pd-Si intermediates.

. Bu H
Me3Sn——~S|MezBut + Bu—=—=—=—H ———»
PA(PPhs),  Me.sn I
catalyst 3 SiMe;Bu

Carbostannation. The simultaneous addition of Sn and C substituents to triple bonds is
a widely used method in organic synthesis. The reaction is catalysed by nickel or palladium
complexes and yields synthetically useful functionalized tin vinyl species, for example:

$nBu " Ph e / SnBus
3+ Me—=—=—=— —
0 Ni(0) catalyet cis-addition,
i(0) catalys Me Ph regiospecific
Ph
Ph—==—>5nBu; + H—=—=—H > enyne formation
Pd(PPh,), N\ _snBuy &V
catalyst
0
Ph SnMe; 4 Me,Si—==—C0,Et —> Ph __ SMes  formation of
\ﬂ/ Ni(0) catalyst conjugated ketones
0 I\0) catalyst — me,si CO,Et

Cationic complexes. The hydrolysis of Me;SnCl in the presence of Na[BPh,] gives the
stannylium ion as a trigonal-bipyramidal, bis-aquo cation. The hydrolysis of Me,SnCl,
generates the hydrated [SnMe,]*" ion, which is isoelectronic with [TIMe,]* and HgMe,;
all these compounds are linear. [SnMe,]" forms a variety of five-coordinated donor ad-
ducts, e.g. with 2,2’-bipyridyl. Tin, like other Group 14 elements other than C, has a large
separation between s- and p-levels and does not readily form sp*-type planar structures. A
planar geometry can however be enforced by high steric hindrance, as in trigonal-planar
[Sn(mes);]* (see also Si analogue).
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H2 Me 20 Q
S me_|o ‘\ R{® S

—Me ____.—Sn\\ /Sn—N iy

Me Me Xy

1.6.3.4 Tin in Oxidation States +Il and +il: Sn-Sn Bonds, Tin Radicals, and
Stannylenes

Tin forms numerous compounds with Sn-Sn bonds. The reduction of trialkyl tin halides
leads to distannanes R3Sn-SnR,. The condensation reaction of tin hydrides with tin amides
also leads to products with metal-metal single bonds.

Photolysis of distannanes leads to the formation of stannyl radicals R;Sn’, while the re-
duction with excess alkali metals gives salts of stannyl anions. Whereas carbon radicals have
a low barrier of inversion and are planar, stannyl radicals are pyramidal, as is the stannyl

anion.

2 Na -
2 Na"SnRy~
_— 3 @ @
2 Me;SnBr +2Na  ~————» Me,Sn— SnMe ' -5n sn®
i liqu. NH, 3 3 hv . Me™ ] ~ Me“"/ \
-2 NaBr 2R3Sn M Me Me
SnMes stannyl radical stannyl anion

PhSnH3 + 3 MegSn-NEt,  ——> PhSnT==SnMe; + 3 HNEt,
"SnMe3

. Thereduction of dialkyl tin dihalides leads to cyclostannanes (R,Sn), (‘poly-stannylenes’)
(x=3-9), which are structurally similar to cycloalkanes. Another route to such species is the
H, elimination from R,SnH,, catalysed by organic bases like pyridine.

LiC,oHg NaC,oHg
-~ ApSnCl, ————
Et THF
- @ Ar=Ph

Et

The photoly51s of cyclostannanes gives stannylenes, the tin analogues of carbenes. Since
Sn(1I) startmg materials like SnCl, are readily available and stable (very unlike CCL,!), stan-
nylenes can also be made by alkylation of SnCL,. Stannylenes can form adducts with Lewis
bases; they also act as 2-electron donors towards transition metals.

Sterically highly hindered stannylenes are in equilibrium with di-stannylenes, with a
nominal Sn=Sn double bond. However, in contrast to alkenes, di-stannylenes are not planar,
and the Sn~Sn bond is quite long. A weak -bond has been suggested.

Sn(lD

7
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Box 1.6.3.1 Tin(ll) and lone electron pairs

Stannylenes have a lone pair of electrons, and it is often argued that the structures are the
result of the Coulomb repulsion of a ‘stereochemically active lone pair. However, the lone
pair resides largely in an s-orbital, which has spherical symmetry, while the Sn-C bonds

in these compounds have strong p-character. Since p-orbitals form angles of 90° with one
another, the bent structures of R,Sn, of adducts R,Sn(L) and of the stannyl anion R;Sn” can
be explained without assuming a stereochemically active lone pair. This applies generally for
the pyramidal structures of Sn(II) including [SnCL]; and the [SnCl;)~ anion.

L

2 NaC,oHg R, J,
R,SnCl, ———— “ L R . stannylene adduct

-2 Nacl L U R/ n

R
h R\ . / ? f
[R,Snl, Y Vel L L
R . R R
\ 8 112°R £ R
410 y /

SnCl, + 2LiR

-2Licl PdL, l -t L Sn==sn ‘,.Sné B
/ 2.76 K /
R ," R W

Rsgn—mpaL “ R R
n 2 .
stannylene complex g~ di-stannylene

Sn(II) cyclopentadienyl compounds are much more stable and accessible than their
Si(II) analogues. The Cp rings may be co-planar or tilted, depending on their substituents.
Calculations have shown a very shallow conformational potential energy well, with only
very small energy differences between tilted and co-planar sandwich structures.

Box 1.6.3.2 *'9Sn NMR spectroscopy

The ¥8n nucleus is the most abundant of the tin isotopes with a spin of %. It has a very wide
chemical shift range of ca. 5200 ppm. Sn(II) compounds are more highly shielded than Sn(IV)
compoundjnd show a wider range of shifts. Structural information can be deduced from

the chemical shifts as well as the Sn~H and Sn-C coupling constants, and have been used, for
example, as a measure of the planarity of SnRs" cations. (Reference standard: SnMe,, 6=0ppm.) »

Compound $9%n - Compound 8%n Comment
MeSncls +20 Bis,Sn(08BuY; =34 monomer, 4-coord.
WMeZSnClz +141 [Bi,Sn(OMe)sl; =165 dimer, 5-coord. ”
Me;Sncl +164 [(mes)aSnItIB(CeFs) - - +806 Sn{lV) catmn,3coord -
- , -
Sn: 42323 [(C:Me)SNI'BE, 2247 Snll) cation
Me,Si~ SiMe,
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Mono-Cp compounds can be made from SnX, and Cp,Sn by ligand redistribution.
Protonation of Sn(n’-Cp*), gives the [SnCp*]* cation, which is isoelectronic and isostruc-
tural to MCp* (M = Al, Ga, In).

X
s,
SnX, @ . o
2 NaCp X=Cl, Br H* Sn

snCl, — Sn /> Sn [T TE—
-2 NaCl % @ \ @@ - CyMe,H
1 NaCp Sn,“@

1.6.4 Lead Compounds

The organometallic chemistry of lead follows the general pattern described for tin. There are
however a number of differences:

(1) Lead has alarger radius and a tendency towards higher coordination numbers.

(2) The lower oxidation state, Pb(II), is now dominant for all inorganic compounds.
Pb(OAc), is an oxidizing agent.
(3) The Pb-element bond is significantly weaker than the Sn-E bond.

Similarly, the Pb-Pb bond is comparatively weak. Consequently, metal-metal bonded
compounds, which were a prominent feature in tin chemistry, are more labile and
thermally less stable. Although hydrides R;PbH exist, they are thermally labile (e.g.
Me;PbH decomposes > —40 °C). The [R;Pb]™ anion has the lowest H" affinity of all the
anions [RsM]™ (M = Si > Ge > Sn > Pb).

The main application of organometallic lead compounds was the use of tetraethyl lead as
a fuel additive to prevent premature ignition of petrol engines (anti-knock agent). PbEt, is
endothermic but kinetically stable; it decomposes on heating by Pb-C bond homolysis and
is a source of ethyl radicals. As a heavy metal, lead is toxic, and the use of PbEt, has now been
phased out. Compared to Si and Sn, lead compounds have found only limited applications
in organic synthesis.

Synthesis. Unlike Sn compounds, lead tetra-alkyls are rarely made metal(IV) precursors
but are accessible from Pb(0) by oxidative addition, or from Pb(II)Cl, by disproportionation:

6 PbCl, +12 MeMgBr —— 6 ‘PbMe,'+ 12 MgCIBr

Et,0 l

3 PbMe, +3Pb disproportionation

1l
¥

Pb(OAC), + 4 RMgX “;‘(‘)“’ PbR, + 4 MgX(OAc)
2

Pb + 4 Mel ——=  Me,Pbl, direct method
Et,0

82

207.2

PbEt, uses
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Structures. Lead(IV) alkyl halides readily coordinate halide or carboxylate anions to give
complex anions with coordination numbers up to 8. [Me;Pb(O,CR)], is a polymer chain
with five-coordinate Pb, similar to the tin analogue.

©

X X © R /“O/Ph
R\’ R\I /"O\I /O"‘) (V1 ]/0>
>Pb-R Pb-R (. SPb ~PbL
RT R | ol o o0& o

X R PR_0
L
CN 5; X = halide CN 6; PbR,(acac), CN 8; [PbPh,(0AC);]~

Lead(TI) forms a number of cyclopentadienyl derivatives. Pb(n’>-Cp), is monomeric in
the gas phase, with a bent sandwich structure, but forms a number of polymeric crystalline
phases in the solid state. The [Pb,Cps] ™ anion can be regarded as a fragment of these polymer
structures. [CpPbCl], and {Cp,Pb(BF;)], form insoluble polymers, in which the metal is
thought to act as both donor and acceptor, i.e. as Lewis acid and Lewis base. The [PbCp]*
cations also have a lone pair but act as Lewis acids and form complexes with donor ligands.

= ®
< © C c C [,
1 @7 @ % £P k{ P NS
B2 A" ks | AR | e
- Pb % y S C Cl /¢
4 ™\

Key points

As a rule, Group 14 elements form electron-precise compounds, with few exceptions. The M~C
bonds are highly covalent. The bond strength decreases down the group, and the ability to act as
an alkylating agentincreases. Silicon alkyls are the basis of large-scale industrial applications.
The high stability of the Si-0 bond allows polysitoxanes to be used for high temperature baths, as
insulators, and as medical implants. Tin alkyls are extensively used in C~C bond formations. The
stability of the lower oxidation states increases down the group.

Exercises

1. Show two routes for the synthesis of Me;SiCl.

2. The *H NMR spectrum of Me;SiCp at —10 °C shows four signals in the ratio 1:2:2:9. On
warming to 130 °C the spectrum is simplified and shows only two signals in the ratio 5:9.
Explain this observation.

3. Ph;SnBr reacts with sodium metalin a 1:1 molar ratio to give A. Product A reacts with two further
equivalents of Na to give B. Show the chemical equations and products.

. Al,Me, reacts readily with water and oxygen but SiMe, and SnMe, do not. Explain this observation.
. Show why and how stannylenes R,Sn can act as both Lewis acid and Lewis base.
. Whatis a polysiloxane, what is its structure, and what are its applications?

. Anindustrial method for the synthesis of PbEt, is the alkylation of PbCl, with LiAlEt,. Only three
of the four Et ligands of the aluminate are exchanged, and one of the products is LIAIEtCl;. Give

N OO o b

the balanced equation for this process.




Organometallic
Compounds of Transition
Metals

As was shown in Part 1, the Main Group elements are divided into the s-block (alkali and
alkaline earth elements) and the p-block (from the boron group to noble gases) which, as
this classification signifies, use s- and p-orbitals for chemical bonding. Inserted between
these element blocks are the so-called transition metals. Going from left to right across
the Periodic Table, from Period 4 (main quantum number 4) onwards, d-orbitals begin to
be filled. The elements arising from the filling of the 3d, 4d, and 5d shells are commonly
referred to as first row, second row, and third row transition metals, respectively, and each
group of elements with identical d-electron count forms a triad. As shown in the following
table, the group number is conveniently identical to the number of d-electrons of each ele-
ment in its zero-valent state.

The five d-orbitals are aligned along, as well as in between, the x, y, and z axes: d,, d,,
d,;» d2_y2, and d.z, so that orbitals with appropriat® symmetry are available for bonding in
many directions. From Group 4 onwards the chemical differences between transition and
Main Group'elements become very pronounced, and the term ‘transition metals’ is therefore
usually applied to the elements in Groups 4-10. These elements show a particularly rich
chemistry of varying oxidation states and the most unusual bonding and reactivity patterns
in organometallic chemistry, which is the reason for their importance in industrial processes
and a multitude of catalytic applications.

Starting with scandium (Sc) the 3d energy level sinks below the 4s level, so that the
chemistry of scandium and the following elements is dictated by the occupancy of these

d-levels.

Group 3 4 5 6 7 8 9 10 11 12

N d3 dz.'c d5 dé’ d? d8 d9 dIO dIOSI d1052

4 Sc Ti v Cr Mn [Fe [Co [Ni |Cu |Zn

5 Y Zr Nb (Mo [Tc |Ru [|Rh Pd |Ag ({4

6 La Hf [Ta W Re |0s ir Pt |Au [Hg

7 Ac
f] f2 f3 f4 f5 f6 f7 f8 f9 f] [ f] 1 f] 2 fI 3 f] 4
[Ce |Pr:|Nd  [Pm [Sm  {Eu |Gd |Tb. Dy  {Ho - |Er  [Tm \Yb |Lu
Ith[Pa [u. |Np [Py |Am |Cm Bk |Cf . |Es. [Fm |Md |No [Lr

Structure of the
transition block
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Electron

configuration:
dx+y

NOT d*s”

Lanthanides

Actinides

Lanthanide
contraction

Coinage metals

Z: GRGANOMETALLICCOMPOUNDS OF TRARSITION METALS

Box 2.0 Electron configuration and d-electron count

The electron configuration of transition metal atoms is often quoted as [noble gas}#d*(n+1)
¢ (i.e. [Ar]3d%4s? for titanium, for example). However, as stated above, from scandium
onwards the d level of transition elements sinks below the s level. Also for the metal ions, d is
always below s. In a chemical environment the effective electron configuration of transition
metals is therefore d*, &, d°, ... 4"

‘The number of d-electrons of the element is identical to the group number.

The table on the preceding page gives the d-electron configuration for each transition
metal triad (oxidation state 0). This will be important for understanding electron counting
and the magnetism of transition metal complexes.

Up to Group 7 the number of d-electrons gives the maximum obtainable oxidation state.

The elements in Group 3 (Sc, Y, and La) exist mainly as M* ions; their chemistry is not
unlike that of aluminium, and they are referred to as ‘rare earth’ metals.

The element lanthanum is followed by 14 elements which arise by filling the seven 4f
orbitals. The elements from cerium (Ce) to lutetium (Lu) are called the ‘lanthanides’
f-Orbitals are not significantly involved in covalent bonding, and these elements form
mainly compounds based on M”* ions which are chemically generally similar. They do how-
ever provide some interesting magnetic and electrophilic organometallic compounds.

In analogous fashion, the elements following actinium (Ac) are referred to as the ‘acti-
nides’ Of these, only thorium and uranium have a significant organometallic chemistry.

Since 14 elements are inserted between lanthanum and the next transition element, haf-
nium, the increased nuclear charge leads to a significant contraction of the atomic and jonic
radii: the so-called ‘lanthanide contraction’ This has important structural and bonding
consequences: the radii of Row 6 transition metals tend to be smaller than those of Row 5
metals, while the metal-carbon bonds become stronger, for example.

Group 11 elements (Cu, Ag, Au), the coinage metals, behave in their higher oxidation
states like transition metals, while their M* ions have a d'° electron configuration, i.e. 2 com-
pletely filled d-shell, and therefore have Main Group characteristics. The Group 12 elements,
finally, are best regarded as Main Group elements; they have therefore been included in Part 1.

General Trends: Electronegativity and Bond Strength

The following table lists the Pauling electronegativities (EN) of transition metals. For com-
parison, the electronegativities of C and H are 2.5 and 2.2, respectively.

Ti \ Cr Mn Fe Co Ni Cu
1.5 1.6 1.6 1.5 1.8 1.9 1.9 1.9
Zr Nb Mo Te Ru Rh Pd Ag increasing increasing

1.4 1.6 1.8 1.9 2.2 2.2 2.2 1.9 stability M-C bond
of higher  strength
Hf Ta w Re Os Ir Pt Au oxidation

1.3 1.5 1.7 1.9 2.2 2.2 2.2 2.4 states

more polar M—C 6-bonds ¢ > more covalent M—C o-bond:
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Metals are more electropositive than carbon and hydrogen, and in M-X bonds the metals
M are positively polarized. However, the Row 5 and 6 elements in Groups 8~11 from ruthe-
nium to gold are collectively referred to as the noble metals (shaded), and they are char-
acterized by high electronegativities and covalent bonding to carbon, such that an Au-C
o-bond, for example, is non-polar and generally stable to air and moisture.

The metal-carbon bond strength in the transition metal block increases as one goes down
a given triad from Rows 1 to 3. This is opposite to the bond energy trend described for Main
Group elements and reflects the involvement of d-orbitals in M-C bonding. Third row met-
als tend to make the most thermodynamically stable complexes, and are usually less reactive
and less involved in catalysis than second row metals (with some exceptions).
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2: ORGAHNOMETALLIC COMPOUNDS OF TRANSITION METALS

2.1 Ligand Types

Whereas the organometallic chemistry of Main Group elements is dominated by compounds
with metal-carbon o-bonds, transition metals are capable of binding to a much greater vari-
ety of ligands, including those that interact with the metal through their n-electron systems.
As a very general classification, ligands come in two types:

(1) L-typeligands donate an electron pair to the metal, and
(2) X-type ligands, where X is an electronegative element that forms M-X ¢-bonds; these
may be polar or covalent and can be expressed by a resonance form that accumulates

negative charge on X:
LIS ®
M=—L M—X =M X@

There are also more complex forms of interaction where a ligand has both L- and X-
characteristics, LX and L,X. Ligand types are indicated in the following table.
Ligands contribute electrons to the metal centre, and the stability and reactivity of such

complexes depend strongly on the total electron count:
total number of electrons per metal centre = number of d-electrons
+ sum of ligand electrons—overall charge.

There are various ways of determining the electron count and the number of electrons pro-
vided by a given ligand. Here, we will use the ‘neutral ligand’ approach and consider each ligand
as a neutral entity. This implies that for the purpose of electron counting only the metal is con-
sidered as zero-valent, so that there is no need to worry about its oxidation state at this stage.

Ligand type

Type Examples

1-electron
ligands:

X-type

o-ligands: —H, alkyls: ~CH3, —~CH,R, —CH=CHR (vinyl, alkenyl), -C=CR R,
(alkynyD), ~SiRs sily _g
aryt

terminal halides, alkoxides, amides: -Cl, —Br, -1, ~OR, =NR,

2-electron
ligands: L-type

g-donor H H H
M—| M| M—| dihydrogen, alkane and silane complexes

n-donor, (=0, C=NR isonitriles, R'
rf-acceptor PR; phosphines N OR R
ligands:

carbenes, alkylidenes

n-donor / R? R3
acceptor .
ligands CH,=CH, ethylene, R? R* alkenes
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Ligand type Type Examples
3-electron AN N R =(C-R \
ligands: H,C /\ /CH2 or H,C~ l “CH, —fC—R
LX-type M M . [ R ‘ /
n3-allyl, n3-enyl M M terrginal a?;? ?_zidging
cyclopropenyl n3-indenyl carbyne (alkylidyne)
. . R /E
X: X N
w2 w* Mo oms M<—0 M=<—N—R
bridging halide, alkoxide, amide n3-benzyl n3-acyl n3-iminoacyl
4-electron R e
ligands: L, e CHon R /M\ _ >.____;
and X type = (CHy) l
R H,C7 CH,
\/ ~ / R M
M M
M
n“-diene, 1%, n?-diene, n*-cyclobutadienyl n*-trimethylenemethane
conjugated nonconjugated
M R
AL
S \\/\/\ M//\
1/ n% n*-cyclooctadiene M bridging alkyne
M R
&
5-electron R R
ligands: L,X @ i B-R
o % S <2
| | | ® | |
M M M M M
n’-cyclopentadienyl m°-indenyl n3-pentadienyl n’-cyclohexadienyl boratabenzene
complex
6-electron
ligands @R @
M M
nb-arene n-cycloheptatriene  n®-cyclododecatriene
7-electron
ligands g
l
M n’-cycloheptatrienyl
8-electron
ligands
]

M n8-cyctooctatetraenyl
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2.2 Common Types of Organometallic Complexes

The ligands classified in the previous section form various types of complexes with transi-
tion metals, as well as the lanthanides and actinides. Their structures, thermal stability, and
reactivity depend on the electronic characteristics of the metal centre on the one hand, and
on the steric requirement of the ligands on the other. Complexes that contain only one type
of ligand are called homoleptic; compounds containing only two types of atoms are called
binary.

Ligands may occupy one, two, three, or more coordination sites and are correspondingly
termed mono-, bi-, tri-, and polydentate ligands. Ligands attached with more than one atom
to the same metal tend to form significantly more stable complexes than monodentate li-
gands (the ‘chelate effect’).

While the most common coordination number is 6 (octahedron or trigonal prism) and
7-, 8-, and 9-coordinate complexes are found, steric or electronic reasons may impose al-
ternative and lower coordination numbers. Complexes of metal centres with a d® electron
configuration are predominantly square-planar; this holds true particularly for second and
third row metals and if the ligands are strong donors. Where steric factors prevail, the com-
plexes will be tetrahedral since in this geometry steric repulsion is minimized. Metal centres
in positively charged complexes are more Lewis acidic than their neutral counterparts and
often have a higher coordination number.

Representative types of complexes with monodentate ligands are the examples of halide,
alkyl, CO, and phosphine complexes shown in Table 2.2.1.

For coordination numbers of 5 and 6, two alternative geometries are possible. For CN 5,
trigonal-bipyramidal (tbp) and square-pyramidal geometries are usually separated by only
a rather small energy difference, which provides a pathway for ligand scrambling. -Donor
and electronegative ligands favour tbp (as in NbCl,Me;), whereas the ¢-only complex TaMe;
is square-pyramidal in the gas phase. For CN 6 and d"~d” electron configurations supported
by strong o-donors (methyl ligands), a trigonal-prismatic geometry is favoured over the
conventional octahedron. However, in most other cases, and certainly with n-acceptor li-
gands, the octahedral geometry is more stable.

The importance of steric hindrance. Complexes with coordination number 3 are rare. As
can be seen from the examples in Table 2.2.1, in order to be able to isolate complexes of low
coordination number (as opposed to generating them at low temperatures for spectroscopic
analysis), ligands of high steric hindrance are required. These provide kinetic shielding. For
example, whereas TiMe, is thermally unstable, the bulkier Ti(CH,SiMes), is stable at room
temperature.

The bulk of the ligand often dictates the coordination number and the metal oxidation
state; for example, alkylation of CrCl; gives three-coordinate Cr(IIl) products CrR; if R =
CH(SiMes), but Cr(IV) alkyls if R = CH,SiMe,.

Steric hindrance is often used to control coordination number, particularly for metals
that act as precursors for catalysts. For Pd(0) complexes, which generally form coordina-
tively and electronically saturated, 18 VE phosphine complexes PdL,, it is often useful to
employ bulky phosphines to facilitate dissociation of L (to give PdL; or PdL,) or to prevent
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Table 2.2.1 Common coordination geometries for organometallic transition metal complexes

87

MX,, ML, n=2 n=3 n=4 n=4
M IIIln.,,_M ’ M..\“\\\\
Geometry “\w-‘M\ /
linear trigonal-planar tetrahedral square-planar (sqp)
Halide HgCl, TiCl,, [CoCl, )% [PdCL 1
Metal alkyls R3C~Mn—-CR3 R =SiMe, Cr(CHR,)3 R=SiMes TiMe, [Pt(C=CR),]*

Ti(CH,SiMes),

[Au(CO),I* d'°, 14 VE

[Cu(CO)5]* d*°, 16 VE

Ni(C0), d'°, 18 VE

[Rh(C0O),]* d®, 16 VE

Phosphine Pd(PBu',Ph),, (RsP)AUCL Ni(PEty), Ni(PMe3),, [Rh(PMe3), J*,
complex NiCl,(PPhs), NiCl,(PMes),
MX,, ML, n=5 n=5 n=6 n=6
////l,,, i _ ,\L //I"'..M.“\\\\ \l\-:-ll
7 7N - 7\
trigonal-bipyramidal (tbp) square-pyramidal octahedral trigonal-prismatic
Halide MoCl; [TiClg]*, WClg
Alkyt NbCl,Me; TaMes [RhMeg*~ [ZrMeg]?, WMe,
Carbonyl Fe(CO)s d%,18 VE Cr(CO)¢ d5,18 VE
Phosphine Fe(PMe3)(Me,PCH,~ R,C=RuCl,(PR3), [Fe(Me,PCH,~
complex CH,PMe,), CH,PMe,)4]%*
Rh(H)(CO)(PPh;), WCl5(PMe,Ph),

higher coordination altogether, as in the two-coordinate Pd(PBu',Ph),. Three-coordinate
complexes of d® metals retain a square geometry but with one site unoccupied, which results
in a T-shaped structure.

Steric hindrance can also be used to suppress certain reaction pathways or enable com-
pletely different reactivity. For example, iron complexes of bis(imino)pyridines with small
phenyl substituents on N give bis(ligand) complexes [Fe(NNN),]** which have long been
studied for their redox behaviour. However, bulky imine- substituents allow the coordina-
tion of only one ligand per metal, and the complexes become highly active ethylene polym-
erization catalysts.
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" 4
PhyP —Pd—Cl == >—P—~Pd———Cl
Fi’Ph3 T vacant site
less active more active
\
/1’\ NNN = E
/
> K(j\’ N \Fe/Nﬁ
N
inactive as catalyst highly active

n-Ligands. Organometallic complexes often contain neutral, anionic, or formally cati-
onic open or closed unsaturated ligands which bind to the metal through their n-electron
systems. Their structure can usually be derived from an octahedron where two or three
coordination sites are occupied by n-ligands. Ligands with negative charge are classed as
LX (3-electron donor) or L,X (5-electron donor) types. The most important of these, the
cyclopentadienyl anion CsH;™ (Cp™), falls into the L, X category.

Complexes where the metal is enclosed between two such planar cyclic 7t-ligands are re-
ferred to as sandwich complexes, while those containing a cyclic n-ligand as well as one or
more monodentate ligands are described as half-sandwich complexes, or as complexes with
‘piano stool’ geometry. There are systematic series of open and closed nt-systems:

Open rt-ligands:

e Y )

n3-allyl n*-diene, enediyl nS-pentadienyl n°-cyclohexadienyl

Closed m-ligands:

67 67 67 10n 107

27 67

There are isoelectronic series of sandwich and half-sandwich complexes, in various li-
gand combinations, depending on the electron count of the metal centre and the number of
n-electrons supplied by the ring ligands. Large ions like U** and Th**can also form sandwich
complexes with the large CgHg?™ ring, a 10w Hiickel aromatic system.
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Sandwich complexes:

@

| ! x
d8 Co Co & Ni  dPf

et

v s dae A
o = > o
HDHH B

The Cp ligands can be substituted as required. In order to achieve steric stabilization of
otherwise very labile species, bulky substituents on the Cp ring are frequently used. One of
the most important bulky Cp ligands is pentamethyl-Cp, CsMes™ (usually abbreviated Cp*).
The introduction of five methyl substituents doubles the effective diameter of the ligand and
its thickness; each Me substituent also shifts the redox potential by an incremental amount,
so that MCp*, complexes are easier to reduce than their MCp, congeners.

=-
5
®
a
®
=
®

Commonly used Cp ligands:

< o
CH,
“scﬁ?( cs
HC CHs

A particularly widely-used class of sandwich complexes are those with two Cp rings
(MCp,, ‘metallocenes’), especially those carrying additional ligands, Cp,M(X)(Y). To ac-
commodate these, the two Cp rings must be tilted, which affects the energies of the frontier
orbitals. Complexes with a wide variety of ligands, Cp,ML,, Cp,MXL, and Cp,MX,, exist
and are used for a myriad of functionalizations, and in synthetic and catalytic applications.

Connecting the two Cp ligands via a linker prevents Cp rotation and controls the coordi-
nation gap aperture, for enhanced reactivity.

O C@Q

indenyl fluorenyl

0

Types of metallocene complexes:

A

ARV
"
~B

|
s <&
bent metallocene
A, B =X-or L-type ligand

WA

ansa-metallocene
ansa (Latin) = handle
Z = bridging group
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Extending the
18-electron rule: see
Section 2.5.2.

2: DRGANOMETALLICCOMPOUNDS OF TRANSITION METALS

As is explained in Chapter 2.3, sandwich complexes are most stable if they attain an elec-
tron count of 18. This ‘magic number’ is one of a series: capping a sandwich like Cr(benzene),
with another [Cr(benzene)] unit gives a so-called triple-decker complex, Cr,(benzene)s;
here the electron count is extended from 18 to 30 valence electrons (VE). Other triple-
decker structures also exist, with up to 34 VE.

Higher-order metallocenes:
triple-decker complexes

N
T-o slo
S I

M = Fe, Ru, Ni

30 -34VE 30 VE

30 VE

Half-sandwich complexes. Transition metal fragments bearing donor or anionic ligands,
such as CO, phosphines, halides, hydride, etc., form half-sandwich complexes with n-donor
ligands. Coordination enhances the reactivity, and half-sandwich complexes probably con-
stitute the largest and most diverse class of complexes with extended n-systems. Some repre-
sentative examples of neutral and charged half-sandwich complexes with n-ligands ranging
from n*-allyl to aromatic ring systems are shown in the following diagram.

Open-ligand half-sandwich complexes:

=7 "= <

' ' @ i
Fe Co Fe Fe® Pd Mo
BN SN A
oc” I Yo o N o ol Sco octl Tco mep PR, oc” L co
co co co o co

Representative examples of half-sandwich complexes:

© @l?u)‘l® ]©
NI

M :j i Cr Co
KON AN AN K /
I I af Sa ol co L o “co
B Cl co L
A,B,C =variously
L or X-type ligands @ @ @ ©
T | | '
. Mo
Ni .Cr Ru R
Y. Py Kt ~ N
o’ i £ Cd Vpp,  OC éo Br

L=CO, PRy
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2.3 Electron Counting and the 16/18-Electron Rule
2.3.1 Counting Conventions

As was illustrated in Part 1, for compounds of Main Group elements the octet rule in-
dicates particular stability: the available s- and p-orbitals are fully occupied and form
four 2-electron-2-centre bonds, which together give an electron octet. The equivalent for
transition metals is the 18-electron rule: it, too, predicts a particular stability whenever
the sum of d-electrons, ligands, and positive or negative charges reaches the ‘magic num-
ber’ of 18 valence electrons (VE). It is sometimes also referred to as the 16/18-electron
rule because some metals, for well-understood electronic reasons, prefer an electron
count of 16.

The 18-electron rule is best considered as a rule-of-thumb and a useful guide. It is most
consistently followed by complexes with ligands like CO, which bind strongly through donor
and acceptor interactions and exert strong ligand fields. A common explanation for the par-
ticular stability associated with an electron count of 18 is that 18 electrons are required to fill
one s-, three p-, and five d-orbitals in a metal’s valence shell, so that a noble gas configuration
can be reached. More recent theoretical considerations have cast doubt on the involvement
of p-orbitals in ligand bonding and suggest that the metal-ligand o*-orbitals are populated
instead; however, the result is the same.

Electron counting can follow two conventions. In the list of ligands in Chapter 2.1 we have
considered each ligand as a neutral entity, so that a methyl or a chloride is considered as a
neutral radical delivering one electron to the metal. In this way there is no need to assign
oxidation states.

Alternatively, one can consider all ligands that are known to form stable anions as nega-
tively charged, and compensate for the charges by applying the appropriate oxidation state to
the metal. While this does not change the outcome, the assignment of oxidation states is not
always straightforward, so it is usually simpler not to worry about the electronic structure of
complexes for electron counting purposes.

@ Covalent counting convention lonic counting convention

! CsHy  5e” C;Hs™ 6e”
fe Fe(0) d® Fe2+ b
QdD CHs 5e” CsHs™ 6e”
Ferrocene = 18 VE 18 VE

bis(n3-cyclopentadienyl)iron

In compounds with metal-metal bonds, the electrons donated from one metal to
another are taken into account. For example, manganese carbonyl has the structure
(OC)sMn-Mn(CO);. With a d-electron configuration of d” and two electrons donated by
each CO ligand, the electron count of each Mn(CO); fragment is d” + 5 x 2 = 17 electrons;
the additional electron from the second manganese atom makes this 18 VE for each metal

centre.
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metal-metal bonds
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Mn—CO
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d®, square-planar:

16 VE

Z: DRGANOMETALLIC COMPOUNDS OF TRARSITION METALS

As was discussed in Chapter 1.1, a bridging halide (or another heteroatom with at least
one lone electron pair) contributes a total of three electrons (X = halide, OR, SR, NR,, etc., L
= general neutral donor ligand):

L\ \\\X//,, /L _ L\ ‘\\\\\X \ /
- \/ ™~ / \ / X,

Complexes of metal centres with a d® electron configuration adopt mostly a square-
planar geometry with an electron count of 16. This is particularly true for second and third
row transition metals, such as Rh(I), Ir(I), Pd(1I), Pt(II), and Au(IIl), and for complexes of
strong-field ligands, such as cyanide CN”, and strong donor ligands like PR;. The reason is
the increased stabilization of the d-shell as the atomic number increases, so that the occu-
pied d,2 orbital no longer participates in ligand bonding. Some examples:

20 ©
NC/I, \\\CN R3PH,,“ "‘\\Cl Cll/,,'. “\\\Cl —1 R3P I, . !
N P Ry — PN CH: ~R
/ \ R;P CH; I R5P \

CH,

Note that square-planar geometry is preferred for electronic reasons, whereas the sterically
most favourable geometry in complexes with four ligands is tetrahedral. Therefore com-
plexes of Ni''- Pt are mostly square-planar, whereas Ni’~Pt” complexes (d'?) are tetrahedral.

2.3.2 Electron Counting and Oxidation States

For the purpose of oxidation state assignment, ligands that exist as free molecules are
considered neutral, for example CO, ethylene, phosphines, or benzene, while those that
are typically present in salts and are more electronegative than the metal are treated as
negatively charged, such as Cl” or the cyclopentadienyl anion, CsH;™ (Cp™). On occasions,
ligands can also be considered as carrying a positive change, as in linearly bonded NO*, a
2-electron ligand which is isoelectronic with CO. The oxidation state of the metal is given
by the charge necessary to compensate the negative charges, taking also account of any
overall negative or positive charge of the complex. Oxidation states are useful for deter-
mining the d-electron count of a metal centre; for example, knowing that an ion is d° (Fe",
Co'™), d® (Rh!, Pt™), or d'® (Ni%) will suggest adherence to octahedral, square-planar, or
tetrahedral coordination geometry, respectively. The following examples illustrate these
principles and also introduce different structural types of organometallic compounds. It
must be kept in mind, however, that oxidation states are a formalism, not a physical
property: they cannot be measured.
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Sandwich complex
Chromocene

Electron count: Crd®

Cp:2x5=10¢e”

16 VE

Oxidation state:
2 Cp~ anions per Cr,

2.3 ELECTRON COUNTING AND THE 16/18-ELECTRON RULE

=

' ©

\ co
co

Half-sandwich complex
(‘Piano stool complex')
Electron count: Cr d®
Cp:5e”
3C0:3x2=6¢"
Charge 1 e”
18 VE

Oxidation state: one Cp~

overall no charge: Cr(ll) overall 1~ charge: Cr(0)

Nickel tetracarbonyl
tetrahedral
Electron count: Ni d°

4CO0=+4x2=8¢e”

N

Tris(ethylene)nickel
trigonal-planar
Electron count: Ni do

3CHua3x2=6¢”

18 VE 16 VE

Oxidation state:
neutral ligands,

no overall charge: Ni(0)

CH; MeSi SiMe,
Ti Me;Sim=C —Mn-—C -11SiMey
-~ CH, N
Me;Si i
CH, 3 SiMe;

Tetramethyltitanium
tetrahedral

Electron count: Ti d*
4 CHjyradicals = 4 ¢~
;8 VE

Oxidation state:
4 alkyl anions CH3™
no overall charge:

Ti(v)

Oxidation state:
neutral ligands,

A manganese dialkyl,
very high steric hindrance,
monomeric, linear
Electron count: Mn d’

2 alkyl radicals = 2 e~
9VE

Oxidation state:
2 anionic alkyl ligands,
no overall charge: Mn(ll)

no overall charge: Ni(0)

I
Wb,
oc' / \ {«e]
oc co
Half-sandwich complex

(7-coordinate)
Electron count: Nb d°

Cp:5e”
4C0:4x2=8¢e”
18 VE

Oxidation state: one Cp~
anion no overall charge:

Nb(D)

Bent metallocene
Electron count:

Zrd*
2Ck 2e”
Cp:2x5=10¢e"
16 VE

Oxidation state:

2 Cp~ anions, 2 CI”
anions, overall no
charge: Zr(lV)

Half-sandwich complex
(9-coordinate)
Electron count: Re d”

Cp:5e”
6H:6x1=6¢e"
18 VE

Oxidation state: Cp™
plus 6 H™, no overall
charge: Re(VIl)

oc\ /
/\ e

Electron count: V d®
shared electrons
fromV=Vbond: 2e”
4C0=4x2=8e"
bridging PRy: 3 e”
18 VE

Oxidation state: 2 PR;7,
no overall charge: V(i)

?iMe3

Me;SiCH,  CH,
-, / \

Crescr

~PMe;

NN

MesP CH,

SiMes

M-M bonded dimer

shared electrons from Cr—

CH,SiMe,

Cr d®
Cr bond: 4e

shared electrons from bridging alkyls: 2x0.5=1e"

Oxidation state:

PMe; neutral,

2 alkyl anions R™ per Cr,
no overall charge: Cr(ll)

terminal alkyl: 1 e~
1 phosphine perCr: 2 e~
14 VE

93



Z: ORGANOMETALLIC LOMPOUNDS OF TRANSITION METALS

Ph P//,, “‘\
Ph, P/ \

Square-planar,

o-allyl complex

Electron count: Pd d©
2PPh3=2x2=4¢e"

G-allyl =1e”
a te
16e”

Oxidation state:

n-Allyl complex, dimer
square-planar
Electron count: Pd d1°®

n3-allyl =
o-bonded Cl=1e"
n-donor Cl=2¢e”
16 e~

Oxidation state:

Complex with alkyl, carbene and
carbyne ligands
Electron count: W d®
carbyne=3e"
carbene=2¢e"
atkyl =
2 phosphines = 4 e~
16 e”
Oxidation state:

if carbene is considered neutral,
carbyne + alkyl suggest W(IV);
if all C ligands are considered anionic, W(V1).

1 allyl anion per Pd,

1 chloride per Pd

no overall charge: Pd(il),
typical structure for d®
configuration

PPh3 neutral

2 anionic ligands,

no overall charge: Pd(ll}),
typical structure for d®
configuration

Whereas in most cases oxidation states can be assigned unambiguously, there are inci-
dents where there is room for debate. For example, 1,3-butadiene is a neutral n-donor ligand.
However, it is able to accept electron density from the metal into its * orbitals (‘back-bond-
ing), and in the case of early transition metals like zirconium, with energetically high-lying
d-orbitals, this back-donation of electron density can be so extensive that the butadiene
takes on the characteristics of a butenediyl dianion C,H¢*", with two o-bonds to the metal.
Zirconocene butadiene complexes can therefore be described as either Z" or Zr'; the bond
length distribution suggests that the Zr'" resonance form makes a major contribution.

Such ambiguities are not uncommon. Whereas in the Zr diene case, the bond length
distribution is an indicator, other cases are less obvious. Take for example mixed sandwich
compounds of the cycloheptatrienyl ligand, such as (n°-Cp)Mo(n’-C;H,). Here Cp may be
regarded as Cp~ and the seven-membered ring as C;H;" (the well-known, isolable tropylium
cation); both are familiar planar 67t Hiickel aromatic systems, isoelectronic with benzene. This
assignment would leave the metal in the oxidation state 0. On the other hand, spectroscopic
and computational studies have shown that the 7-ring carries considerable negative charge and
is better described as C,H,*", a 10m Hiickel aromatic system, which would leave the metal in
the oxidation state +IV. The real situation is somewhere between these two extremes.

ﬂ <y ¢ CoHs- 6n
N r” /\ - \erv |

; ; -/ Mo Mo(0) d¢ <= Mo(lV) d?
Q % @ C,H,* 6m C,H310m

Zr(Il) diene complex Zr(1V) butenediyl complex

Fortunately, in most cases metal oxidation states can be assigned more straightforwardly. How-
ever, oxidation states are a formalism and not necessarily a good guide to reactivity. Whether a
metal centre will undergo a given reaction will be strongly modulated by all the ligands present,
and formally similar complexes can display widely differing reactivities. For example, there are



2.3 ELECTRON COUNTING AND THE 16/18-ELECTRON RULE

numerous thermally stable Ni(0) phosphine complexes Ni(PR;),. However, whereas Ni(PMe;),
is highly pyrophoric and very easily oxidized, Ni{P(OPh);}, is stable to air and moisture. Both
have a d'? configuration, but the strongly donating PMe; ligands push the d-orbital levels of the

first to much higher energy, so that the energy gain by oxidation is far greater.

Key points

Ligands are classified according to the number of electrons they donate to the metal centre.

For electron counting purposes only, it is convenient to consider all ligands as neutral and the
metal centre as zero-valent. Mononuclear complexes tend towards an electron count of 18. Steric
hindrance may reduce this.

Complexes with strong n-acceptor ligands (CO, NO) usually obey the 18-electron rule.

Metals with d® configuration form square-planar 16-electron complexes.

For the assignment of the metal oxidation state, ligands that exist as free molecules are
considered neutral, and ligands that form typical anions are considered negative: Cl~, 0", etc. The
oxidation state is then equal to the balancing charge.

)

~

Exercises

1. Give examples of
(i) ametallocene complex;
(ii) a half-sandwich complex;
(iti) anarene complex.
2. Assign the number of electrons donated to metal centres by the following ligands:
(i) hydride;
(ii) bridging chloride;
(i} CO;
(iv) aphosphine PRs;
(v) ethylene;
(vi) 1,3-butadiene;
(vii) cycloheptatriene;
(viif) cyclopentadienyl.
3. What is the electron count of the metal centre in the following complexes:
(i) Cp,Co;
(i) [Cp,Col™;
(i) Cp,Ni;
(iv) CpMn(CO)3;
v) Fe(CO)(1,3-butadiene)2;‘
{vi) Co(NO)(CO)5;
(vii) CpNi(ns-allyl);
(viii) Ni(C,H,)2(PPhs).

4. What are the formal metal oxidation states in the complexes in question 3?

.

95



96

CO bonding

2: ORGANOMETALLICCOMPOUNDS OF TRANSITION METALS

2.4 Ligand Properties and Metal-Ligand Bonding

The previous chapter has introduced a number of ligands that bind to transition metals and
are the basis for a number of key compound classes. Some of these ligands would not give
stable compounds with Main Group elements, most notably carbon monoxide, alkenes,
and alkynes. This section will describe fundamental aspects of ligand bonding to transition
metals.

According to the predominance of certain ligand types, organometallic compounds can
be subdivided into different ligand classes, and more detailed aspects of their chemistry will
be explored in subsequent chapters. Most metal complexes contain more than one type of
ligand. Some of these occupy a ‘spectator’ role, while others are the focus of chemical reac-
tivity. It will therefore also be important to learn which ligands undergo specific reactions,
while others act more like bystanders or protecting groups. Knowledge of the electronic and
steric characteristics of ligands will help with this.

2.4,1 Carbon Monoxide

One of the most ubiquitous ligands in transition metal organometallic chemistry is carbon
monoxide, C=0. It also illustrates key features of ligand bonding to d-block elements.

Carbon monoxide is a very weak base. Its protonated form, the formyl cation HCO", is
very unstable and requires super-acidic conditions for its formation, and there are very labile
adducts of CO with Lewis acids such as BH;. It contrasts in this respect with donor ligands
known from classical coordination chemistry, such as NH; or pyridine, both of which bind
readily to BH; as well as Lewis acidic metal centres like Ni**. On the other hand, NH; does
not form isolable complexes with Ni’, whereas CO does. Why?

The C=0 molecule shows the presence of a C-centred lone pair (HOMO), a o-bond gen-
erated from the p, orbitals of C and O, and two orthogonal n-bonds, which together give
the C-O triple bond. The HOMO is weakly C-O antibonding in character. There are also
two C-O antibonding n* orbitals, which could accept electron density from sufficiently
high-lying orbitals such as the occupied 3d (or 4d, 5d) levels of transition metals. It is this
combination of 6, 71, and ¥ orbitals which is responsible for the reactivity of CO, and which is
lacking in simple donors like NH;. A simplified MO diagram illustrates this bonding pattern:

R
7 6% (46)
’ \

\

C2p 2577 wrLumo )

! (2m)
Energy W
O\ 30HOMO %
Y 1 Y 02
Y \ ‘—/}mp
C2s .-7°© % } ’ !
w—_ﬁ\ Y in s



2.4 LIGAND PROPERTIES AND METAL-LIGAND BONDING

CO can interact with a transition metal in three ways: as o-donor, as n-donor, and as
ni-acceptor. Of these, the o-donor and n-acceptor contributions are the most important; in
particular, the ri-acceptor capacity of CO is responsible for its ability to bind to electron-rich
metal centres. The n-donor interaction is weak (and often neglected).

M@Dc@o

M) ~—:C=0
o-donor interaction

M(r) =—C=0 M) — C=0 (n*)
(shading indicates the orbital phases) n-donor interaction m-acceptor interaction

These interactions are responsible for a strengthening of the M-C bond. Although the
donation of the 30 lone pair to the metal strengthens the C-O bond, this is (usually) more
than compensated by the back-donation from the metal into the CO 7* orbital, which weak-
ens the C-O bond. Overall, a metal-CO interaction can be described by two resonance
forms, where the formulation with a C-O bond order of less than three makes an important
contribution:

The most sensitive method of observing the bonding interactions in CO complexes is
infrared spectroscopy. CO stretching vibrations involve substantial changes in dipole mo-
ment and therefore give rise to intense bands in the infrared spectrum. This gives diagnostic
information about the electronic characteristics of a carbonyl complex.

Gaseous CO has a stretching frequency veo = 2143 cm ™. Reduction of the antibonding
character of the lone pair by protonation (to give HC=0") leads to an increase to 2184 cm™,
and coordination to a Main Group Lewis acid like BH; gives OC-BH; with voo = 2164 cm ™.
However, in most metal complexes, the C-O stretching frequency is well below these
value, typically 2100~1900 cm™" but may fall below 1700 cm™, depending on the degree of

back-bonding.

Back-bonding

Vo decreases Veo
Ni(CO),4 2060 [IMn(CO)el* 2098
[CofCO),]I- 1890 Cr{CO)g 2000
[Fe(CO),]* 1790 V(CO) g™ 1860

increases
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Bridging CO

CN~, NO*, CS, N,
CNR

Alkene—metal
bonding

Z2: ORGANOMETALLIC COMPOUNDS OF TRANSITION METALS

CO acts in most cases as a terminal ligand but it can also bridge two or three metal atoms.
In bridging situations, back-bonding is increased, with a corresponding strong decrease of
the ve value.

0 0
F g
W
l PN ML Tm
=0 M M M M
terminal [t,-CO p3-CO
Vco(Cm_l) 2143 2100-1850 1850-1750 1730-1620

In di- and polymetallic compounds and metal carbonyl clusters, CO may also be
found in a variety of non-symmetric bridging situations. Metal carbonyl complexes
may act as ligands themselves: since electropositive metals, like alkali cations or Group
3 and 4 compounds, are highly oxophilic, they may bind to the O of a carbonyl ligand
to give ‘isocarbonyl’ bonding. This interaction lowers the C-O stretching frequency of
the bridging CO.

0
[ 0 0 0
s c//\ /C//\ N
M——M e " M_\_M M.{._\_M M'=-0=C—M(CO),
C/ ~V/ U/
f M M e.g. M' = Group 4 metal
0 o,m-bridging CO
semibridging 4-el. donor us-n%m?-bridging CO isocarbonyl bonding

There are numerous isoelectronic analogues of CO: the cyanide anion C=N", isocya-
nides C=N-R, thiocarbonyl CS, and dinitrogen N,. The nitrosyl cation NO™ is an even
stronger m-acceptor than CO; the neutral nitric oxide NO® is a radical and can act as
3-electron donor.

] @
N=0 > (=0 > (=N > (=N-R > (=S > N=N

isoelectronic n-donor/n-acceptor ligands in order of decreasing n-acceptor capacity

Whereas N, is non-polar and, as a poor m-acceptor, forms labile complexes, the strong
donor-acceptor interaction of cyanide and CO gives stable complexes with metal-containing
enzymes and is responsible for their high toxicity if ingested. CO displaces O, in haemoglo-
bin, while cyanide binds to the iron sites of cytochrome c oxidase, an important enzyme in
the electron transport chain. Isocyanides are similarly toxic.

2.4.2 Alkene and Alkyne Ligands

The bonding pattern of alkenes (= olefins) to transition metals resembles that described for
CO, except that in this case it is the n-molecular orbital of the alkene that acts as electron
donor. Ethylene coordination is the simplest example of a -complex. Whereas n-donation
is typically weak, metal-ligand bonding is strengthened by back-donation. This synergistic
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Box 2.4.1 CO reactivity

Free CO is not susceptible to nucleophilic attack: Bonded to metals, however, the reaction
of CO with nucleophiles such as OH™ or CHj is frequently observed and forms the basis of
many catalytic processes. Reaction occurs by attack of a lone electron pair of the nucleophile
on a LUMO of the substrate, which in this case is the 7* orbital of CO. However; as shown
in the preceding section; this is partially occupied by back-bonding, which should make
nucleophilic reactions more difficult. The opposite is the case. So how can this be explained?
It was found that in super-acidic media; i.e. in the absence of nucleophilic anions or
ligands, CO coordinates to metal ions such as Pt** and I[r’* to give carbonyls with an
unusually high ve frequency, significantly higher than that of free CO; for example,
[PH{CO)4]*"[SbyF;; ], shows veo = 2261 cm™ . Such complexes are characterized by an
absence of back-bonding and are described as-non-classical’ CO complexes. As a result
they are highly susceptible to nucleophilic attack:

@/’\Nu‘

®
M—C=0 = M=—(=0

The same situation arises in excited ‘normal’ CO coniplexes. Since the bonds in complexes
are not static but elongate with every vibration, as a vibrationally excited M~C bond is
stretched, back-bonding is reduced while C-O polarization is increased, which provides a
pathway for the nucleophile to take advantage of the electron deficiency and accumulation
of positive charge on the coordinated C atom. Such a polarization is not possible in free CO,
and hence there is no nucleophilic attack.

‘The increase in ligand polarization in vibrationally excited complexes is quite general:
otherwise unreactive ligands, e.g. alkenesand alkynes, become highly susceptible to
nucleophilic attack whenever coordination and ligand vibrations in a complex lead to a
polarization of the C-C bond:

description of alkene bonding has become known as the Dewar-Chatt-Duncanson model
(Dewar 1951, Chatt & Duncanson, 1953).

n-donation n-acceptor interaction

Alkenes afe weaker n-acceptors than CO, although this varies depending on the metal and
other ligands present. Similar to CO, back-donation strengthens the metal-alkene bond and
weakens the C-C bond, as can be seen from the elongation of the C-C distance. In extreme
cases, the C-C bond of the coordinated alkene can reach the value of a C-C single bond.

In principle the effect of back-donation on the strength of the C=C bond should be detect-
able by IR spectroscopy. Free ethylene has ve_¢ = 1623 cm ™. In metal complexes this band is
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Alkyne—metal
bonding
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usually found at around 1490-1580 cm ™, but since this range frequently overlaps with other
ligand vibrations, assignments are difficult, and this method is of little diagnostic value.

The -acceptor capacity of alkenes depends, on the one hand, on the metal and its oxida-
tion state, and on the other on the alkene substituents. Early transition metals have high-
lying d-orbitals which, if filled, provide very strong back-donation. Group 8-10 metal ions
(Fe?*, Ni%*, Pt**, etc.) form either no alkene complexes or show little evidence of back-
donation, while in zero-valent compounds of the same metals (d8-d'®) back-donation is
important. In such compounds the alkene is oriented in such a way as to maximize back-
donation. This is why in Zeise’s salt the C,H, ligand is perpendicular to the molecular plane,
so that steric repulsion is minimized, while in zero-valent compounds like Pt(C,H,); or the
Fe(CO)4(C,H,) complex shown in the following diagram, the ethylene is oriented in-plane,
for optimal overlap with the t* orbitals.

Electron-withdrawing substituentslike F or CN increase the m-acceptor strength of the alk-
ene and lead to significant elongation of the C-C bond, illustrated for nickel in the following
diagram. The back-donation process leads to a change in the hybridization of the olefinic
C atoms, from sp” towards sp°. This is indicated by changes in the angles around C, which
are reduced by back-bonding from 120° towards values more characteristic of tetrahedral
carbon: in Pt complexes the alkene substituents are bent away from the metal by ca. 15°, in
Pt° complexes by ~35°. In some ethylene adducts of osmium carbonyls, the tendency of the
5d element to achieve a higher oxidation state leads to extreme back-bonding, with the C-C
bond length approaching single bond values. Some examples:

ﬁ”z ’C'Fz Clom, Wl —’
1.337A 13tA ‘Pt'““‘
CH, Rh
CH, CF, Cl/ ™~ H 1.37A
CH,
free alkenes
Zeise's salt, Pt(ll), d® Rh(1), d®
very weak back-bonding back-bonding to C,F, > C,H,
co
oc. |
oc/FT:* H
Co H
~But C
Strong back-bonding from Fe: Os, complex: L=BuNC (N
Fe(0) of Fe(ll)? C,H,? rather than alkene bonding

Alkynes (= acetylenes) bond to metals in very similar ways but are stronger n-acceptors
than alkenes. This is expressed most clearly in the reduction of the C-C-R angles, from 180°
to about 140°. Here, too, back-donation depends on the oxidation state of the metal. Since
alkynes have two orthogonal nt-systems, they can bridge two metal centres and, with exten-
sive back-bonding, may form compounds best described as dimetalla-tetrahedranes, with
C-C bond orders approaching 1.5 or less.
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RH,Nw,  uCl
won L

[ 220

Pt(l) alkyne )R"

Ph

Ph
\§/

i

(00)3Co ————— Co(CO),

Box 2.4.2 >C NMR spectroscopy

Apart from X-ray crystallography, one of the most informative structural tools for evaluating
the bonding mode of alkenes and alkynes is *C NMR spectroscopy. Back-bonding induces
a chemical shift change to higher field. It also alters the C-H spin—spin coupling constant,

Yo This varies linearly with the s-character of the C-H bond; and coordination leads
to diagnostic changes. Unfortunately due to the limited sensitivity of the °C nucleus, Jon

values are rarely reported.

Compound 33C (alkene/alkyne C) A5 (bound — free) YeulHz
Free GH, 122.8 156
«,Free 0 C;‘C_Me P 739 .
(Ph3P),Pt(C,H,) 396 -83.2 146.5
s o - i T
(Me;SiCpyaNBH(C,H,) 10.3,14.7 -1‘12.5, ~108.1

2.4.3 nw-Donor Ligands

Inorganic and organometallic complexes are often ligated to heteroatoms with one or more
lone pairs of electrons, for example M-NR, (amido), M=NR (imido), M-OR (alkoxo), and
M=0 (ox0) ligands. Although these act primarily as anionic 6-donor ligands, in cases where
the metal has an energetically accessible vacant d-orbital, the lone pair can act as a n-donor
and increase the effective electron count of the metal centre. This is particularly pronounced
in early trarsition metal and lanthanide alkoxides, amides, and imides, so that an imido li-
gand is usually regarded as a linear 4-electron ligand. As was discussed in Section 1.6.1.2 for
Si-N and Si-O compounds, this n-donation to an electron-deficient metal centre reduces
the basicity of the O or N ligands and leads to trigonal-planar -NR, geometries. Similarly,
n-donation is responsible for the typically linear M-~O-M geometries of brldgmg oxide li-

gands of less electron-rich metals.

oV,

M=E~
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M——0—R M——'o'—@ M——N<R M=N—R  M==0  M==0===M
R

2.4.4 Phosphines, Carbenes: Electronic and Steric Parameters

Donor/acceptor ligands play an essential role in modifying the electronic and steric charac-
teristics of metal centres. They are therefore essential for catalysis. By far the most important
class of ligands are the phosphines.

Phosphines bind to transition metals firstly by donating a lone pair of electrons. However,
unlike amines, they are also capable of accepting electron density from the metal. Although
P, as a third row element, possesses unoccupied d-orbitals, the P-C antibonding ¢* orbitals
have been found to act as acceptors. The expected lengthening of the P-C bond through
populating o* levels is counteracted by the effect of reducing the lone pair density on P.

The substituents of a phosphine can be varied widely and independently from one another,
which provides a huge possible range of phosphines PR'R’R’, where R"* = alkyl, aryl,
alkoxide, aryloxide, amide, halide, etc. Alkyl substituents exert a positive inductive effect (+I),
which raises the lone pair energy and consequently the d-orbital energy of the metal centre.
This increases the reactivity of the metal centre and its susceptibility to oxidation. Electron-
withdrawing R groups have the opposite effect. In addition, bulky substituents like tert-butyl
or ortho-tolyl provide steric hindrance and shield the metal kinetically. This may retard the
reaction rate but often improves selectivity, and prevents side reactions and decomposition;
bulky substituents also restrict the maximum number of phosphines that can bind to a metal
centre and therefore enhance coordinative unsaturation, which, is often a precondition for
generating a catalytically active species. The characterization of phosphines therefore requires
knowledge of two parameters: the electronic effect, and the steric influence.

The Tolman electronic parameter. Since the vcq frequency in metal carbonyl complexes
is highly sensitive to changes in back-bonding, and since this back-bonding depends on
the other ligands in the complex, measurement of the CO stretching frequency can be used
as a tool for quantifying the electronic influence of a phosphine (Tolman, 1973). Mono-
substituted nickel carbonyl complexes L-Ni(CO); are ideal since here steric interactions
are not important. A tetrahedral complex LM(CO); has two IR-active bands, A, and E
(Appendix 2), of which the A; mode is the higher and is sufficiently well resolved to allow
precise determinations. The most strongly donating phosphine leads to the highest back-
bonding and therefore the lowest vop value in the series: '

Lin L-Ni(CO), veo [em™Y] Lin L-Ni(CO), Veo [em™]
PBuY, 2056.1 PMePh, 2067.0
PCy, 2056.4 PPh; 2068.9
PPr; 2059.2 P(OMe); 2079.5
PEt; 2061.7 P(OPh); 2085.0
PMe;, 2064.1 PCl,Ph 2092.1
PMe,Ph 2065.3 PCly 2097.0

P(0-CeH Me)s 2066.6 PF; 2110.8
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Each substituent R}, R? R® contributes to the frequency shift by an increment y, from  Electronic parameter
X =0.0 cm™ for R = Bu' (strongest +1 effect, reference standard) to x = 19.6 cm™ for R=CF5. "
The frequency shifts induced by the substituents are approximately additive:

3
v=2056.1 + Xy;

i=1

This makes it possible to predict the electronic parameters for new phosphine ligands that
have not yet been measured.
The m-acceptor strength of ligands, also referred to as n-acidity, increases in the order:

PBu. < PMe, < P(OMe), < P(OAr), < PCl, < CO=PE,

and more generally:

NH, < N=CR <PR, <P(OR), <PCl, <CO<NO

An alternative scale has been developed using molybdenum carbonyl complexes as IR
probes. These allow the assessment of both monodentate [L-Mo(CO)s] and bidentate phos-
phines [(L-L)Mo(CO),]. The ligand trends are equivalent to the nickel scale shown in the
previous table.

The steric parameter ©. Bulky substituents on phosphorus exert a powerful steric influ- ~ Steric parameter ©
ence and control reactivity and coordination numbers. Tolman defined the steric require-
ments of a phosphine ligand by measuring the cone angle of its complex to a metal centre,
using the typical Ni-P distance of 2.28 A as the baseline and drawing the tangent on the van
der Waals envelope of the ligand. This angle 6 (rather than the C-P-C angles, which do not
vary much for different phosphines) reflects the special requirement of a given ligand as
experienced by the metal centre.

The steric parameter is quite independent from the electronic increments. Ligands like
PBu'; envelop the metal and enclose almost a hemisphere of the coordination shell. Ligands
with projecting substituents, like P(o-tolyl);, occupy even more space on average, although
since there is rotation about the P-C bonds, different conformational isomers are possible.
For different substituents R', R% R?, @ is the sum of the individual angles.

3
©=2/3 30/2
e
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L o] L el
PH; 87 PMePh, 136
PF, 104 PPh; 145
P(OMe), 107 PPri; 160
PMes 118 PCys, PBU',Ph 170
PMe,Ph 122 PBu's 182
P(OPh); 128 P(o-tolyl)5 194
PR;, R = Et, Pr", BU" 132 P(mes); 212

Carbenes. Carbenes, CR,, are 2-electron donors with a bent R-C-R geometry and sp*-
hybridized C. They possess an sp”-orbital (referred to as o) in the plane and a p, orbital
perpendicular to it. Carbenes can in principle form either singlet or triplet ground states.
The singlet state is favoured if the energy gap between these two orbitals is large. This is the
case if the p,; orbital interacts with a lone pair of a heteroelement substituent (e.g. X and/or
Y =N or O). Carbenes that are stable at ambient temperature and exist as isolable molecules
are of the heteroatom-stabilized type. Other carbenes have to be generated in the metal
coordination sphere.

triptet carbene singlet carbene orbital interactions in an
n-acceptor N-heterocyclic carbene

Nitrogen-substituted carbenes have become increasingly important ligands in organome-
tallic chemistry and catalysis. These are mostly based on the imidazole skeleton and gener-
ally referred to as ‘N-heterocyclic carbenes, or NHCs. They are stabilized on the one hand by
the m-donor interactions of the N atoms, and on the other by bulky substituents on nitrogen.
There are also open, acyclic N-stabilized carbenes, C(NRIRZ)z, so-called acyclic diamino
carbenes (ADCs); these are usually generated within the metal coordination sphere by add-
ing amines to metal isocyanide complexes. N-heterocyclic carbenes are even more strongly
electron donating than trialkylphosphines, and poorer m-acceptors. The basicity increases
with the degree of saturation of the ring. There are also 6- and 7-membered NHCs, although
those based on 5-rings are by far the most widely applied. Some representative examples:

/ \ / \ R’

< N N < N
RTINS R 7 R

NHCs in order of increasing donor strength
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More recently a number of ‘abnormal’ carbenes have been isolated with very strong
donor properties. Their description in canonical terms requires several resonance forms,
and the compounds are best understood as internal zwitterions, or ‘mesoionic’ structures.
The carbene-C has vinyl anion character, which explains the strongly donating character
of these ligands. Abnormal carbenes are on occasions formed by rearrangement of ‘nor-
mal’ NHCs.

AN / N / AN / \
N =N N—N® N—N N.<
(O i ) i g N ) N
c)e o Co o¢
E=OR, NR, ‘abnormal’ carbene
<N N
N N N N
’2\ | | /\g\ ’2\ \
N/C§ =C ~N C\ /
bent-allene-type carbenes

The electronic characteristics of NHC ligands can be assessed by the Tolman method. The
data indicate the greater donor strength compared even to PBu'.

Lin L-Ni(CO); Abbreviation Vo [em™] (in CH,CLy) % Vour

[\ IMes 2050.7 34.0

X

/ \ 1Pr 2051.5 38.1
N N

N ﬁ

Et IPent 2049.3 39.4

Et R—
Et K \ Et
\//

Et

b

3

®¢

Although the Tolman electronic parameter (TEP) suggests that N-heterocyclic carbenes
act on the fetal centre primarily as very strong o-donors, depending on the bonding situa-
tion carbenes can also function as n-acceptors:
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Electronic parameter
E: E(obs) = 1.11(2E)
- 0.43(V)

E (NHC) = +0.29

E (py) = +0.25
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E = metal, PPh or Se

Various attempts have been made to assess the donor and acceptor strength of NHC li-
gands by more straightforward means than formation of Ni(CO); complexes. One such
method is to use electrochemical methods to provide information about ligand properties.
The redox potentials of Fe(II) half-sandwich complexes {CpFe(CO)(carbene)(L)]* show that
imidazole-type carbene ligands are stronger donors than most phosphines but also have some
n-acceptor capacity; Lever’s electrochemical parameter E;, which measures the contribution
of each ligand to the observed potential E,, is almost identical for NHCs and pyridine.

Another method is the comparison of the NMR chemical shifts of NHC derivatives, such
as the ”7Se NMR resonances of the synthetically readily accessible carbene selenides. This is
a highly sensitive method, given the very wide "’Se chemical shift range. This method seems
to correlate with m-acceptor strength but less well with the vco Tolman parameters of the
corresponding NHC complexes.

Q 0

Carbene Dipp"‘[;/\’“*mpp DiPP’N/:(\‘D‘p" Dipp/’(\"}"\mpp ° ipr ilpr I
de Se Y Mes—N__N-mes ipp—N Newjp,  Mes— N N~Mes
k Y Y Y
ipr— N N~ip se Se Se
Se
577se 67 87 181 271 472 593 856
Tolman [cm™Y] 2054 2051.5 2052 2044 2050 2068

% buried volume

The determination of the steric influence of NHC ligands is more difficult, since these
ligands are not approximately circular—they extend far more in the plane of the ring
than perpendicular to it. This is particularly important for NHCs since in most cases
large R groups are used to achieve stabilization, such as cyclohexyl, 2,4,6-Me; C¢H,, or
2,6-Pr',C¢Hs. The steric impact of these ligands can be estimated by calculating the per-
centage of a sphere around a metal centre that is occupied by the ligands, the percent of
‘buried volume’, % Vy,,. These calculations are based on ligand parameters taken from
crystal structures and naturally depend on the assumed metal-ligand distance (usually
2.00r2.28 A). The radius of the sphere is set to 3.5 A.

This method depends naturally on the metal con-
cerned and would give slightly lower values for large
metals with larger M-C distance. Most bulky ligands
cover about 30-40% of the sphere volume, with less
prominent variations than the cone angle model. How-
ever, both methods for assessing the steric requirements
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of ligands show very similar trends, e.g. phosphines with very large cone angles also lead to the
largest % Vi, values [e.g. P(mes)s, % Vi, = 53.1].

2.4.5 Common Co-Ligands

Organometallic complexes and catalysts depend for stability and reactivity on co-ligands,
which are mostly P, N, and O-donors. Phosphines are particularly widely used. The proper-
ties of monodentate ligands have been discussed in the previous section. Modification of the
organic substituents is used to achieve solubility in solvents as polar as water or as non-polar
as fluorocarbons; both techniques are used to facilitate the separation of phosphine-stabi-
lized homogeneous catalysts from the reaction mixture. The attachment of phosphine sub-
stituents to polymers such as polystyrene generates heterogenized phosphines and catalysts
that can simply be filtered off at the end of a reaction.

water soluble: fluorocarbon soluble: polymer supported:
) PPh,
P CnF2n+1
| A" OO C
S0, Na* 3
N -~
0 f 7 ;
/ % /Cy N~ —P P CnF2n+1
Cle P\Cy LN\/ A

Apart from varying the donor capacity of the P atom, connecting two or more P donors by a
bridge opens up new possibilities. Bi- and polydentate ligands offer additional stabilization by
the chelate effect: the formation constant of a bidentate ligand is substantially higher than that
of a monodentate ligand. In addition, the length and rigidity of the backbone vary the bite angle
of the diphosphine, and the conformation and fluxionality of the chelate ring can greatly affect
reactivity. Some examples of common chelating phosphines and the size of chelate rings they
produce are shown in the following diagram. For catalytic applications such as C-C coupling
reactions {cf. Chapter 3.6), choice of a suitable chelate size can mean the difference between a
poor and a highly active system. It is often a ‘Goldilocks’ situation: too much or too little rigid-
ity or flexibility in the chelate ring can be equally disadvantageous; the size has to be just right.

thp/\Tth thP/\F”th /TN
] Ph,P Ph,P
n‘n M Cl—Pd——Pd —Cl \M/ ph?P\M/PPh2
diphenylphosphinomethane, Ph,P~____~PPh, dppe dppp
dppm 6-ring, moderately

small bite angle: prefers to ‘A-frame’ complex 5-ring, rigid, stable stable
bridge two métals

(\T O O =
: &
thP\M/Pth Q\Pphz

Ph,P——M——PPh,
dppb Xantphos diphosphinoferrocene,
flexible 7-ring rigid, trans dppf

Bidentate
phosphines

107



108

For ligand effects
in asymmetric
hydrogenation,
see Section 3.3.1.3

Chiral phosphines

Pincer ligands
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In addition, the bridge in a chelating phosphine gives considerable scope for further de-
velopment. In particular the bridge can be made chiral, for the induction of asymmetry in a
catalytically active centre.

Phosphorus has a substantially higher inversion barrier than nitrogen (PH;: 155 kJ mol ™,
compared to 25 kJ mol™" for NH;), which means that phosphines can be prepared where P
is the centre of chirality. These were indeed the first attempts to generate chiral P ligands for
asymmetric catalytic applications. More common and easier to prepare are phosphines with
chirality built into the substituents or the backbone. These types of ligands are extensively
used in chiral catalysis, particularly in asymmetric hydrogenation where they often give well
over 95% enantiomeric excess. Some examples are:

SIS B I
o 7 8 5o

Meo PPh, PPh2
DIPAMP DIOP DuPhos BINAP

Nitrogen ligands. Neutral and anionic bi- and tridentate nitrogen ligands are commonly
used to provide steric hindrance and stabilization. Diazadienes are excellent N-donors as
well as good nt-acceptors which, when bonded to electropositive metals, may act as non-
innocent ligands and take up an electron to give a radical anion. The acetylacetonato anion
(acac, pentanedionato) has long had a prominent role in coordination chemistry; its imido
derivative nacnac has the advantage of introducing bulky substituents on the N atoms. Pyra-
zolylborates can act as bi- and tridentate anionic ligands.

N R—N'"©W—R
o0 GO C% g% 53
diazadienes

diazadiene

bipy (2,2'-bipyridy) phen radical anion

(1,10-phenanthroline)

Wx@ fé‘;égg §3 ot

acac anion iminophenolate nacnac anion benzamidinate HB(sz)3"

Particular stability is often provided by tridentate ligands that stabilize square-planar
coordination environments. These can be neutral or anjonic chelates. In view of the tight
bonding they provide, they are frequently referred to as ‘pincer ligands’.
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Polydentate and pincer carbene ligands:
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Key points

Unsaturated carbon compounds like CO, alkenes, and alkynes interact with metals in two ways:
o-donor interaction, where electron density from the n-bonds is shared with unoccupied metal
orbitals, and n-acceptor interaction from the metal to the ligand. This is known as denation and
back-donation (or back-bonding). The latter is a major contributor to metal-ligand bonding.

The electronic and the steric characteristics of ligands determine the reactivity of a metal centre.
These effects can be quantified. Most important of these scales are the Tolman steric and electronic
parameters of phosphine ligands.

Back-donation often controls the orientation of the ligands and changes the bond order of
ni-ligands.

Exercises

1. Orderin sequence of increasing m-acceptor strength: NO*, P(OMe);, N=CR, PBu';, PCl;, PPhs, CO,
NH;.

2. Why are Tolman cone angles calculated using Ni-PR, complexes and not just for the free
phosphines PR,?

3. Why cad both alkynes and imido ligands be said to act as 4-electron donors? Describe the
structural indicators that justify this description.

4. Explain why the stretching frequency of CO coordinated to strongly electrophilic metal cations is
often higher than that of free CO.
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2.5 L-Type n-Acceptor Ligands: Metal Carbonyl Complexes

Transition metal carbonyl complexes are a very diverse key class of compounds and exist for
almost every metal in question, in a range of oxidation states. Not only do metal carbonyls
illustrate the most important aspects of structure and bonding, they also exemplify key re-
action steps and fundamental pathways of ligand reactivity that underlie most of catalysis.
These reaction steps will therefore be introduced here and referred to again in later sections.

Metal carbonyls were among the first organometallic compounds to be made. When the
scientist and industrialist Ludwig Mond discovered nickel tetracarbonyl, Ni(CO),, in 1888,
he recognized that this was a metal compound unlike any other previously encountered:
in particular, this compound was not a salt but a volatile liquid and decomposed thermally
to deposit metallic nickel. These properties were quickly turned into a process for the pro-
duction of pure, iron-free nickel (the so-called Mond process), which is still in operation
today. Iron carbonyl, Fe(CO)s, was discovered independently a year later by Mond and M.
Berthelot. The chemistry of metal carbonyls has remained closely linked with industrial

developments and catalytic processes.

2.5.1 Synthesis of Metal Carbonyls

From the metal. The simple carbonyls of iron and nickel can be made by reaction of CO
with finely divided metal. Both are liquids and can combust on contact with air. The stoichi-
ometry is dictated by the 18-electron rule.

1 bar, 25°C co
Ni+4CO ————>  Ni(CO), I
colourless liquid, dec. »35 °C oc“)Nl ~co
bp. (estimate) 42 °C 0ocC
C[O
oC.,
100 °C o -
Fe+5C0  ———>  Fe(CO)s oc” F]e co
CO pressure straw-coloured liquid, bp. 103 °C co
By reduction of metal salts. This is the most generally applicable method.
. 1 bar CO .
TiCL(DME) + 6 KCjgHg ——————>  [K(15-c-5)*],[Ti{CO)¢}*
15-crown-5 18 VE
+4KCl+ 6 CyoHg
n..
€O (200 bar) H;PO, co
VCly + 4Na  —————>  Na[V(CO)l~ s V(CO)s e, | cO
diglyme, 150 °C ~H, AR
_ 3 Nacl 18 VE 17 VE oc” | ~co
co
CO (300 bar
Crcly + Al —l-\-lc—l—?;—)» Cr(CO) +AlCl, ‘%"g‘
3 e 18 VE vV 1,0

Cr 0
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[V(CO)g]™ is an 18 VE species. Protonation would be expected to give HV{CO)y; however,
this seven-coordinate product is unstable and eliminates H, to give the 17 VE radical V(CO),,
which is sterically too congested to allow dimerization to a higher-coordinate dimer. By contrast,
the mononuclear 17 VE carbonyls of Mn and Co, Mn(CO)s and Co(CO),, are coordinatively
unsaturated (CN less than 6) and can form metal-metal bonded dimers with an 18-electron
count. Whereas Mn,(CO),, with its octahedral coordinatively saturated metal centres, is com-
paratively unreactive, Co,(CO)g has a rich organic chemistry (e.g. Pauson-Khand reaction, Box
2.6.3) and is an important catalyst precursor (see Chapter 3.4: Carbonylations).

4 AlEty co C
A Mn,(CO 0
Mn(0A0); 80-100 °C yellzo(w c)rlyostals [/CO |/C0
200 bar CO o 0C —Mn——Mn—CO
mp. 155 °C 7 P
ocC
0% co
CO pressure
Co(0AC); —2 = Co,(CO)s

Ac,0, 160-180 °C orange crystals, mp. 51 °C

Co,(CO); exists in the solid state as the CO-bridged dimer [(CO};Co(y-CO)1,, but in solu-
tion it forms at least two other isomers without CO bridges, with Dy, and D34 symmetry. It is
thermally unstable towards CO dissociation and readily gives the black cluster Co4(CO);,. Al-
though the 18-electron rule would suggest the existence of a metal-metal bond in the bridged
form of Co,(CO)g, electron delocalization via the u-CO ligands takes place instead.

0 o]
W C// OC\ 0287 /CO oc. (o
ocC C o co o€ \\CO S
NOKRN S Co ot i ale) ¢ / ~—— 0c—Co Co —CO
----- i -Co. / ‘
252 \ “co oc” / oo \ -, /
0oC  ¢o co ocC o o o co
solid state, C,, Dup solution Dq
structures

Second and third row transition metals give a large variety of polynuclear metal carbonyl
clusters. Whereas RhCl; reacts with CO under mild conditions (ethanol as solvent and redu-
cing agent) to give the 16 VE carbonyl halide [RhCl(CO),],, carbonylation of RhCl; under
forcing conditions produces the cluster Rhy(CO);»; the Rh analogue of Co,(CO); is also
known but is only stable under CO pressure. The trend towards cluster formation that is ob-
served for Rh, Ir, Pd, and Pt carbonyls reflects the stronger M-M bonds in second and third
row transition metals, compared to their first row congeners.

CO pressure

TSI Rh,(CO h
high temperature 4(CO)45 tetrahedral cluster

RhCl

’

Metal carbonyl complexes play an important role in biology and medicine (Box 2.5.1).

Higher nuclearity metal carbonyls and metal carbonyl clusters. Shortly after Fe(CO);
had been discovered, it was also found that exposure to light gave compounds with a lower
CO/Fe ratio. This is a general reactivity pattern of metal carbonyls: CO ligands can dissociate
on heating or irradiation, and photolytic CO dissociation remains a mild and much-used
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Box 2.5.1 Metal carbonyl complexes in biology and medicine

The discovery that metals such as iron are capable of forming stable complexes with CO was
entirely unexpected—nothing like this had ever been seen in nature. After all, under aerobic,
aqueotss conditions iron is oxidized to Fe®* and Fe’* tons which prefer O and N ligands.
However, it is now evident that CO complexes are important in biochemical processes as
well as medicine.

CORMs. CO gas in large doses is toxic due to its high binding affinity for haemoglobin.
However, CO is constantly produced in the body during the oxidative degradation of haeme
to biliverdin. In the body, CO has an anti-inflammatory, vasodilatory, and anti-proliferative
effect; it reduces cell death, protects tissues against the effects of oxygen deficiency and plays
avaluable role in the treatment of cardiovascular disease and inflammatory disorders, as
well as organ transplantation.

The key is to release CO in a controlled manner. Whereas the application of CO gas
is highly hazardous, metal carbonyl complexes of sufficient stability under physiological
conditions can provide controlled CO release. The necessary water solubility is achieved
by suitable co-ligands and by making charged complexes. These compounds are known
as ‘CO-Releasing Molecules’ or CORMs. Fe, Ru, Mn, Mo, and Re carbonyl complexes are
being developed. Some types are shown in the following diagram. The ruthenium glycinato
complex (1) was one of the first examples. The manganese carbonyl (2) has low toxicity and
reacts with N-donors such a histidine to release CO. On irradiation with visible light the
precursor complex (3) releases CO for photo-induced cytotoxicity towards colon cancer
cells. (4) and (5) are stable compounds that only become active after entering a cell, where
esterases cleave the ester function and produce labile CO-releasing complexes.

co ~ =
Fe(CO) Fe(CO)
OC\RIU/N:\I\ (OC)AMI‘I< >—‘N/ 2N /N oz NS 2 9 N 3
/ 4

oc ™~ COOH

] 7 o ’ . oc” N;n\co O\H/ /go

o o 0

1 2 3 4 5

Metal-CO enzymes: [FeFe[-hydrogenase. Many microorganisms use iron carbonyls to
catalyse redox reactions of molecular hydrogen, the so-called [FeFe]-hydogenases. These
contain a cuboidal Fe,S; cluster {the so-called H-cluster) linked through a cysteine S atom
to an Fe,S, unit, which contains both CO and CN ligands as well as a dithiolate bridge. The
remarkable ability of these di-iron hydrogenases to catalyse the reduction of H' to hydrogen
may offer a route to H, generation under mild conditions with possible applications in fuel
cells. Another class are the mono-iron hydrogenases.

Cys 1 Cys

= \ e N

Z SS SuS S SOS PR
l}f o OC\ NG e NG/ Fe,S; oc, /\ [
07__Fe Nc“yFe\ M oc“y‘Fe\ ’Fe"'CN oy Fe\
X: fof ’ : “co
3 éo OH,  n¢ s nd 6 Yo ac o
Cys
Proposed Fe sitein  [NiFe]-hydrogenase = Active centre in [FeFel” Example of a hydrogenase model

[Fe]-hydrogenase hydrogenase, X = CHy, NH; 0r O
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o

method for ligand substitution. Fe(CO); forms two products, Fe,(CO), (involatile and in-
soluble) and Fe;(CO);, (green crystals, soluble). Similarly, CO loss from Co,(CO);g (orange-
brown crystals) on heating gives the cluster Co,(CO),.

hy Fe(CO)s Fe,(CO)y orange crystals
Fe(CO)s T&;’ Fe(CO),

Fe;(CO);;  dark-green crystals

C0,(CO)g %» Co0,(CO);,  blackcrystals

The only metal carbonyls of second and third row metals that are stable under ambient
conditions are metal-metal bonded clusters. The simplest representatives are shown in the
following diagram. Whereas Fe and Co clusters contain bridging CO, the larger atomic
radii of the heavier elements generally disfavour CO bridges (but certainly do not rule
them out).

Numerous higher nuclearity clusters including mixed-metal and mixed-ligand species
have been prepared. Many can be understood as fragments of the metallic crystal lattice.
A detailed discussion is beyond the scope of this text. Some clusters incorporate C or
CR fragments. These are relevant in the context of CO reduction to hydrocarbons in the
Fischer-Tropsch process (see Box 2.5.7).

Q\ 0 :CO /0 co
Oc C /CI/ CO 0cC /“"Fe': C z OC , | \\CO
NN 0 e Ll NS
Ry e Fe. - —
ocy \c/\ o O lo ; //Fe c\\o 0C—m € >0 o
0c I co oc co oc” | | o
Fe,(CO)q Fe3(CO),,

M5(C0);, (M =Ru, Os)

A ey

M5C(CO);5 M =Ru, Os
[PBu,],[08,4(C0O),0] (242 VE) carbido cluster 4ol {C0O) 54l

2.5.2 Bonding in Binuclear and Cluster Complexes

The bonding concepts in binuclear metal carbonyls (and non-carbonyls) and the relationship
with the 18-electron rule have been a matter of debate. Probably the best-known example
is Fe,(CO)q: this molecule consists of two Fe(CO), fragments bridged by three CO ligands,
each of which formally donates one electron to each metal centre, giving an electron count
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of 17 per Fe. To achieve 18 VE, and to account for the diamagnetic ground state of Fe,(CO),,
a metal-metal bond has customarily been postulated. However, it is also well known from
structural and theoretical studies that there is no electron density along the Fe-Fe vector,
and in fact the relevant orbitals are antibonding. Similarly, while it is intuitively suggestive
that semi-bridged complexes like [Cp,Cr(u-CO),], achieve an 18-electron count per Cr via
a Cr-Cr triple bond (for which there is precedent in other types of compounds), there are
cogent theoretical arguments that a M-M bond is absent and electron delocalization takes
place via the bridging carbonyl ligands.

Assuming metal-metal bonds in bimetallic organometallic complexes is an intuitive and
useful way to rationalize their structures and diamagnetism, and it facilitates the visualiza-
tion of polyhedral geometries. However, the physical reality is often different. Even crys-
tallographically determined M-M distances are not a good guide for assigning or proving the
existence of metal-metal bonds.

Cp
1] | co 0 o 0 o
il V%7 versus W
oc Fe / _CO Z 7\
Pt N N
/ N e\ fe¢cp —Cr Cr— —Cr Cr—

oc \C/ ﬂ ¢ Fe \Fe/ \ ’ CE/ \ . //

0 I\ 7y 7y

o]
oc Cp 0

CpFeCO(,-COY
[CpFeCOG;-CON, [CpFe(u,-CO)l,

Metal cluster formation is an expression of electron deficiency: in a cluster there are more
orbitals available than there are electrons to occupy them in a simple 2e2¢ bonding pattern.
The situation with metal clusters is therefore similar to boranes and carboranes, for which
electron-deficient bonding is well established.

Like borane clusters, it is useful to regard metal clusters as being composed of building
blocks for each corner, each of which contributes a given number of electrons to cluster
bonding. The number of electrons z per Main Group building block E-R is given by the
number of valence electrons of E plus those added by the substituents R, minus those
involved in E-R bonding. Boron has three valence electrons, one of which is engaged in
bonding to one H, which leaves two electrons per B-H unit for cluster bonding. Likewise, a
C-H unit contributes three electrons.

For transition metals this calculation is extended to account for d-electrons. The number
z of electrons available per building block for cluster bonding is:

z=d+yL-12

where d = number of valence shell d-electrons, y = number of attached ligands, L = number
of electrons contributed by each ligand.

Therefore, an Fe(CO), fragment (d%) contributes z = 8 + 3 x 2 —12 = 2 electrons, a
Co(CO); fragment 9 + 6 —12 = 3 electrons (Table 2.5.2.1). These electrons are located in or-
bitals pointing towards the cluster. Those fragments with identical electron number z are in
principle interchangeable, and substituting one for another does not alter the electron count
of the cluster or complex. Ignoring differences in total electron count between first, second,
and third row metals, these fragments are isoelectronic.
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Table 2.5.2.1 Metal-ligand fragments and their electron contributions to cluster bonding
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Fragment z Fragment z Fragment structures
Mn(CO), 7+(Gx2) (-CsHs)Fe  8+5-12 o
- 12 . 1 P 1 \\ /C @
Mn Fe
FE(CO)3 8+ (3 x 2) (H-CSHS) 9+5~12 co @
-12=2 Co =2 OC\\/ co G{ .|
Fe Co Ru
Co(CO)s 9+(3x2) (-CHINi  10+5
123 T12-3 oc\‘io/co @ N
Co Ni Fe Co
Returning now to the structure of oligonuclear metal carbonyls, electron-deficient bond- €0 bridge formation

ing can be expected in cases where there are n-orbitals of suitable symmetry and energy
available for charge delocalization. The structure of Fe,(CO)y may be decomposed into two
Fe(CO), fragments, each equipped with two electrons for delocalized bonding, which in-
teract with three bridging CO ligands. The two half-occupied orbitals can form ketone-type
2e2c bonds with two of the CO ligands. The lone pair of the third CO can then interact
with the two vacant Fe orbitals, giving overall a delocalized CO-bridged structure without
a direct Fe-Fe bond. )

The bonding in [CpFe(CO)(p-CO)], is analogous, the difference being that since here each
Fe fragment contributes one electron more than in Fe,(CO)s, the number of bridging CO
ligands is reduced to two to achieve the same electron configuration. The additional electron
density per Fe contributes to the n-bonding in the planar Fe,C, core. The (u-CO), bonding
can be described by several resonance structures; all bridging CO ligands are equivalent.

co
oc co
NP o ﬁ ﬁ
Fe oc. | €0
@ fe back-
donatxon/g\ /6 \
O=c: o OIC@C -~
@ 2Gbond\d2e3cbond \Q /
N
oc/7e\ oc” [, o @ ﬁ
co o]

Generally, where strong m-acceptor ligands such as CO are present in bridging posi-
tions, n-delocalization is preferred over M-M bond formation. The assumption of M-M
bonds is useful for deriving the shape of a molecule and accounting for its magnetism,
but its physical reality needs to be checked in each case. Thus, there is no metal-metal

is reversible: cis/
trans isomerization

rotational o
barrier u
30 kj/mol
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bond in the CO-bridged edge of Fe3(CO),,, or in the Ni(I) dimer [CpNi(u-CO)],. An
M-M bond is present in Mn,(CO);, and Cp(CO),;Cr-Cr(CO);Cp, both of which contain
coordinatively saturated metal centres and lack bridging CO ligands. On the other hand,
the postulated Cr=Cr triple bond in [CpCr(u-CO),], is absent; instead there is electron-
deficient delocalized bonding.

Very strong m-acceptor ligands can, on the other hand, on occasions withdraw elec-
tron density from M-M antibonding orbitals and thereby make M-M bonding possible.
According to photoelectron spectroscopic studies, this is the reason for the different gas
phase structures of the isoelectronic compound pair [CpNi(u-CO)], and [CpCo(u-NO)],:
the former has a delocalized planar structure without an M-M bond, the latter is an M-M
bonded non-planar molecule. Planar and folded structures are easily interconverted:
in the crystal, [CpNi(u-CO)], is folded but its CsHMe analogue is strictly planar, while
[CpCo(u-NO)], is planar in the solid (Co-Co 2.37 A) but bent in solution and the gas phase.

RZ

4@\ i3S oc\ / N/ _co
@‘"\g’ @3 %"ﬁ;{”‘ﬁ Q & \2;/ >

solution, gas phase
gas phase solution, solid Vyo 1585, 1525 cm™

co

In the absence of strong n-acceptor ligands, M—M bonds prevail; for example, the phos-
phide-bridged complexes (CO),M(u-PEt,),M(CO), are binuclear compounds with M-M
bond orders of 2 (M = V), 1 (M = Cr), and 0 (M = Mn), with an 18 VE count per M.

The isolobality approach also simplifies the understanding of higher nuclearity clusters,
such as M(CO),,, where one or several vertices can be replaced with CR moieties, for ex-
ample. All these structures are tetrahedral and follow the same structural principles as the
hydrocarbon tetrahedrane (C,H,) or the P, molecule.

\\ / R R H
5
/M// <:> / N/ <:> / N & \ AN
_,,M/ /’CO\ C&R H’C/ :P<7P:
/ ~ / ~ f
\ { |
M,(C0),,, M = d° metal carbido cluster tetrahedrane P, molecule

Extending the 18-electron rule. Particularly stable electron configurations, often called
‘magic numbers, progress with structural complexity from planar 6n (Hiickel aromatic) to
3D aromatic’ 18-electron complexes, and beyond. This is best illustrated by the example of
sandwich complexes of arenes: adding a (benzene)Cr fragment to benzene itself represents
the transition from a 6 to an 18 VE system. Similarly, continuing this stacking, the next
‘magic number’ will be 30, to give a triple-decker structure. [Note that in Cr,(CgHyg); the six
n-electrons on the central benzene ligand are shared between both Cr atoms. This delocaliza-
tion satisfies the electron demand of each metal centre. Although formally each Cr has an elec-
tron count of 15, there is no Cr—Cr bond, which would have to pass through the central ring.]
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The energy differences between the optimum and slightly higher electron counts are
smaller in triple-decker than in simple sandwich structures, and there are triple-deckers
with up to 34 electrons. The additional four electrons elongate the M-M distance in such
clusters and weaken rather than strengthen cluster bonding. As it turns out, most of the bi-
nuclear compounds discussed in the previous section, and many others, belong to the 30-34

VE family.

neutral ionic neutral ionic
counting counting counting counting
6n ® -1 ® -1
> 6 - | ;e 0 | s 6n
- & 6 > Re | & N dred
Cr d® U :
<> e @P} 6n @ 5t én ccb) 51 6n
6 VE | |
o d N Ni dio d8
6 Hiickel 18 VE Ru !
system  18-electron @ 6n <d>> 51 6m <é> 51 6m
rule 30VE 30 VE 30 VE 34 VE 34 VE

The relationship of this formalism to metal clusters becomes clearer when another ex-
ample of a triple-decker-type complex, the borole complex (CO);Mn(un’-C,H,BR)
Mn({CO), is examined. Borole (C,H,BR) is a 47 ring and requires two electrons to become a
6m aromatic system; these are supplied by the two Mn(CO); 1-electron donor fragments. An
equivalent description is that of a metallacarborane cluster. Clearly, the cluster formulation
requires no metal-metal bond. Other binuclear compounds can be similarly considered as
delocalized clusters, with either 30 or 34 VE count. Most metal carbonyl dimers fall into the
34 VE category, including Fe,(CO),.

The same considerations apply to hydride-bridged binuclear compounds; here,
too, cluster-type electron-deficient bonding makes the assumption of M-M bonds

unnecessary.

¢ ¢y S0 df Fe. gt

& og Ar d oo d®
@B—R e i¥ w0 iy wa 0=C - 3x2 N
B-R O™ s \ eS0T o=c =0

co 30 VE
sandwich and cluster formulation

Ru @ PR d8
H N . W \H H7 H
HQR//H N W H 4
u d8 ir @ >R.e ;
\ \ d
‘j@Z 5% - 5r RsP H/ 2 PR g
30 VE 30 VE 30VE

7 \ .Y Fe
5 CO b
oc to 6 cd 7
30VE 34 VE 34 VE
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Key points

CO binds to metals in low oxidation states. The stability of these complexes is due to the strong
back-bonding contribution.

Mononuclear CO complexes and their derivatives tend to obey the 18-electron rule.

CO dissociation leads to binuclear metal carbonyls and/or metal carbonyl clusters. Tendency to
cluster formation increases from the first to third row metals.

Binuclear carbonyls with bridging CO ligands display cluster-type electron-deficient bonding,
without M—M bonds. They belong to 30/34 VE compound classes.

Binuclear metal carbonyls without bridging CO are M—M bonded.

Exercises

1. Account for the absence of a Co~Co bond in solid Co,(C0); = [(0C);Co(p-CO)],. Does this
compound obey the 30/34 VE rule?

2. Describe the bonding in [CpFe(CO)],(u-CO)(-CH>).
3. Discuss the electron count and bonding in (Cp*Re),(p-CO)s.

4. How many electrons are contributed to cluster bonding by the following fragments:
Fe(co)3r Mn(CO)3, U'Coy U'CQHI&BR: U'C6H6, U'CRx U'CHZ?

2.5.3 Reaction Mechanisms of Metal Carbonyls

Metal carbonyls display a number of key reaction patterns that will recur for other ligand
classes as well and which form the basis of most catalytic cycles: Ligand dissociation; ligand sub-
stitution; oxidative addition; reductive elimination; intra- or intermolecular nucleophilic attack:

0Q,M—L
Ligand
L substitution
B t
X X-Y heat or light vacant
oM <~—— | (00,M—C=0 (00),M—[] coordination
Y oxidative Ligand dissociation site
addition
Y: / X H
nucleophilic attack /r \—’—<
on CO: v R
intra- inter- reductive
molecular ~ molecular Y >:0 elimination
R
Y 0 X X
v - = y
00,00 __ ) (00,00M = oom . (00),M {)‘\
c=o0 Y H, Ho " R
hydrogenolysis insertion

2.5.3.1 Ligand Substitution: Principles and Mechanisms

Most stoichiometric and catalytic reactions begin with a ligand substitution step to allow the
substrate to bind to the metal centre. Different reaction mechanisms can be distinguished
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based on their kinetic behaviour and can generally be divided into dissociative and associa-
tive pathways.

Which reaction pathway is followed depends notleast on the electron count of the complex
concerned and can have a profound effect on reaction rates. For example, the square-pla-
nar 16 VE compound Rh(acac)(C,H,), and its 18 VE relative CpRh(C,H,), undergo ex-
change with excess ethylene via associative and dissociative pathways, respectively; however,
Rh(acac)(C,H,), reacts about 10™ times faster!

Dissociative substitution. Ligand dissociation from the starting complex is rate deter-
mining; the rate does not depend on the concentration of the incoming ligand. The entropy
of activation AS* is small and positive.

Y d[L,MX
LM=X " LM +X & LMY Rate = - J«a"?—L = k;[L,MX]
coordinatively
unsaturated ky >>k,

intermediate

Since most reactions are carried out in solution, it is important to keep in mind that truly
coordinatively unsaturated intermediates are rarely if ever present since the solvent acts as
a weakly coordinating ligand and takes the place of X. Since the concentration of the solvent
by definition is 1, it does not enter into the rate equation. However, coordination of solvents
to intermediates can greatly influence the reaction rate by stabilizing the transition state.

Dissociative ligand substitution occurs for 18 VE complexes. It is frequently (but not ex-
clusively) stereospecific: the coordinatively unsaturated intermediate retains the geometry
of the starting complex, for example in the cis-substitution in Mn(I) carbonyls:

co
| 0 e ~H e -

Associative substitution. Here the incoming ligand binds to the starting metal complex,
thus increasing the coordination number. This is followed by ligand dissociation in a second
step. Since binding another ligand involves a reduction in the degrees of translational and
rotational freedom, the entropy of activation AS* is large and negative.

Y X
LM—=X % LM~ LM=Y +X Second-order rate law:
! 2 Rate = k,[L,MX][Y]
ky <<k,

Associative ligand exchange requires that the metal complex has a sufficiently low co-
ordination Aumber to allow another ligand to enter the coordination sphere. This mecha-
nism is therefore typically found for 16 VE square-planar complexes of metals with d*
configuration. )

If the reaction is conducted in a coordinating solvent, it may follow a solvent-assisted as-
sociative substitution, which involves a solvent-association equilibrium before the reaction
with Y:
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Trans effect: kinetics

Trans effect versus
trans influence

Z: GRGANOMETALLIC COMPOUNDS OF TRANSITION METALS

L L L

I solv 1 wsolv I Y i
L—-M—X LM L—M—solv —— [ —m—Y

i LvY ky i , I

L L L L

+X

Rate = ky[L,MX] + ky[L,MXI[Y]

For example, this type of rate law is observed in the substitution of M(CO)4 (M = Cr, Mo,
W) by PPh; or PBu;, where an associative and solvent-assisted pathways compete to give the
same product.

L
(M(CO)s(sotv) + CO T Meos) independent of [L]

M(CO)s(L) + CO 1st orderin [L]

ka

The rates of associative substitution will obviously depend primarily on the incoming
nucleophile Y and the nature of the metal M. However, in square-planar complexes and
for a given M and Y there can also be great variations in rate as a function of the ligand
trans to the leaving group X. This is a kinetic phenomenon known as the trans effect.
Platinum(II) complexes in particular show a strong trans effect and have been studied in
much detail.

The strongest trans effect is observed for strong donor ligands, such as hydride or alkyl,
and strong n-acceptor ligands like CN™, CO, and phosphines. The reason is on the one hand
a labilization of the bond in trans position by strong donors, i.e. labilization of the square-
planar ground state, whereas the effect of m-acceptors is thought to be the result of stabiliza-
tion of the five-coordinate transition state. Either way this can affect the rate of substitution
by many orders of magnitude.

The trans effect decreases in approximately the following sequence (which follows the
trend in the spectrochemical series from typical strong-field to weak-field ligands):

H™ >CH; 2CN™ = CO>PR, >Cl>NH, >OH™ >NO; ~H,0

PEt, PEty © .
| ) Relative rates:
X—Pt—Cl + py — |X—Pt—py| Cl X=Cl CHy H
1 170 13,000
PEt; PEt,

By contrast, the analogous cis isomer of square-planar complexes shows hardly any influ-
ence of X on rate (there is what is termed a cis-effect, but this is small, with only a factor of
2-3 between rates).

The trans effect concerns the structure of the transition state and is a kinefic phenomenon.
This is to be distinguished from the trans influence, which describes the lengthening of a
metal-ligand bond in the ground state due to the influence exerted by a ligand trans to this
bond. The trans influence is often used to explain variations in crystallographically deter-
mined M-L bond distances.
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17-electron complexes. Metal complexes with an electron count ofless than 18 undergo
ligand substitutions many orders of magnitude faster than their 18 VE analogues. Irradi-
ation can drastically accelerate substitution by generating 17 VE radical intermediates, e.g.
photolysis of Mn,(CO);, generates Mn(CO)s" which reacts rapidly with PPh;. The 17 VE
species reacts with L to give a 19 VE adduct with a half-order M-L bond. For example,
whereas [V(CO)4]™ (18 VE) is inert to PPh; even under forcing conditions, the radical
V(CO)g' (17 VE) reacts rapidly even at —70 °C. These substitutions follow an associative
mechanism.

fast

V(CO)s + L ——=  L—V(CO), L—V(CO); + CO
17 VE 19 VE 17 VE

The same principle operates in redox-catalysed substitution reactions: a small fraction of
an 18 VE complex is oxidized to a 17 VE species which undergoes rapid substitution. This is
followed by electron transfer from another 18 VE species, so that only catalytic concentra-
tions of 17 VE species are required.

L fast
iy T
L ML'Lg ML, 18VE !

Associative substitution and ring slippage. Changes in the hapticity of cyclopentadi-
enyl ligands from n®° to n® are sometimes a pathway for generating a coordination site in 18
VE complexes that facilitates ligand association and substitution. This is mainly observed
for electron-rich 18 VE complexes with indenyl ligands. For example, the indenyl complex
(Ind)Co(CO), reacts 10® times faster than CpCo(CO),.

= e =

Co Co Co
7N AN ISYAAN -CO /N
oc co oC o ocC co t co
n° 18 VE n3, 16 VE L

Interchange mechanism. There are many instances where the rate-limiting step of a sub-
stitution reaction contains a bonding contribution from both the incoming and the out-
going ligand. This is particularly the case where the complex in question is cationic, so that
the substitution is preceded by ion association. Depending on the position of the transition
state along the reaction coordinate, i.e. depending on the strength of the bonding inter-
actions of L and L, one differentiates between associative and dissociative interchange, 1,
and Ip. For example, the olefin polymerization catalysis with metallocene borate ion pair
catalysts (Section 3.7.2) follows an I, mechanism.

Redox catalysis
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0 ,»'L‘ LI
L,M—L . LM L,M / 1 L,M—L'
L L
Early transition Late transition
state: I state: I

2.5.3.2 CO Ligand Substitution: Overview and Methods

Substitution reactions of metal carbonyls provide a convenient route to a large
variety of compound classes, each of which have themselves become important starting

materials.
Photochemical substitutions can be carried out at room temperature or below, and allow

the isolation of thermally sensitive products like mono- and bis-alkene compounds. The
parent ethylene complexes, Fe(C,H)(CO), and Fe(C,H,),(CO)s, are thermally unstable.
The reaction with butadiene proceeds stepwise via (OC),Fe(n’-butadiene). The reactions
with acetylenes involve C-C coupling and can on occasions include incorporation of CO.
Substitutions with alkynes and cyclopentadiene give rise to cyclopentadienyl and cyclobuta-
dienyl half-sandwich complexes, respectively.

==°
substitutions (0Q),Fe— O v (OC)Je(—[))2 alkene complexes

|
Fe(CO);5 by alkenes
O m

— ©<H e

O
Fe(CO)s ~— [CpFe(CO),l,
substitutions Fe(CO)5 ) .
Fe(CO)3 by alkynes Cp half-sandwich
complexes
R
S G
Ph | Ph | ; ~ HCPh, Y
Fe(C0)3 FE(C0)3 Fe(CO)3 FG(C0)3
cyclobutadienyl butadiene cyclohexadiene cyclohexadienyl
half-sandwich complex complex complexes

substitutions by dienes

Since Fe(COQ)s is thermally stable and toxic, it is usually preferable to employ the involatile
Fe,(CO), as starting material. This dissociates into Fe(CO)s and the reactive Fe(CO), frag-
ment. Ru;3(CO),, can similarly be used as source of Ru(CO),.

Another way of facilitating CO substitution is the selective oxidation to CO,, using amine

oxides:

M(CO), + Me;N-O M(CO),_(l) + CO, +Me;N
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Metals with d° electron configuration, such as M® (M = Cr, Mo, W) and M! (M = Mn, Re),
are known as kinetically inert, and substitutions require more forcing conditions. One way
to overcome this lack of reactivity is to generate complexes of coordinating (but labile) sol-
vents, such as THF or MeCN (acetonitrile). For example, refluxing W(CO)s in MeCN gives
W(CO);(MeCN);. Acetonitrile ligands bind sufficiently strongly to give isolable adducts but
are labile enough for facile substitution, e.g. by arenes. Some reactions of d® metal carbonyls
are summarized in the following schematic.

H
W(CO),(L) j H @ ©
e |
L =THF, PPhyN_hV @ l -H Mo(CO);
/ Mo(CO),
_ M(CO), triene, trienyl half-sandwich
-~ Na*Cp complexes
ev{/ o / X
*j*/ (CO)3 MeCN @ R,
M(CO);(NCMe), —21S1€
< Cp half-sandwich ’ ’ M(C0);
complexes, M = Cr, Mo, W
W(CO);H hydride complexes arene
half-sandwich
complexes
o O

Re -
hv —@7 2.414
CSMESH / \/ 30 VE
Rez(CO)lo | Vo 1748
210°C Re(CO H,0 0
( )3 22
oxidative ﬁ:)I

CO substitution

high-oxidation state

Re\
2NN
0 \é) 0 half-sandwich complexes

By contrast, substitution reactions of Co,(CQO); are very facile, on the one hand because
the compound has a d° configuration and is not coordinatively saturated, and on the other
since it dissociates readily to give the 17 VE Co(CO),’ radical which, as shown in the pre-
vious schematic for V(CO)g", undergoes CO substitution reactions very much faster than
even-electron compounds or intermediates.

The ease with which CO ligands can be substituted decreases with increasing degree of
substitution, and removal of the last one or two CO ligands is usually very difficalt. Since most
ligands are better electron donors than CO, substitution increases the electron density on the
metal centre and therefore strengthens back-donation, so that with each CO substitution step
the M—-C bond strength to the remaining CO ligands increases (as reflected in the decrease in
the v¢o frequencies). This also reduces the susceptibility of CO ligands to nucleophilic attack.

Rate of CO substitution:

M(CO), > (UM(CO),.; > (D;M(CO),_, > (D3M(CO),_5 > etc.
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2.5.3.3 Nucleophilic Attackon CO

Nucleophilic attack on a coordinated CO ligand is a common step in catalytic and stoi-
chiometric reactions. With weak back-bonding and strong polarization, CO ligands in
cationic carbonyl complexes are highly reactive and may be attacked even by weak nu-
cleophiles such as water, whereas neutral complexes require stronger nucleophiles (OH",
amines). Electron-rich metal carbonyls (veo < 2000 cm™) are less reactive. The rate of
nucleophilic attack decreases as CO is substituted by more electron-rich ligands such as
phosphines.

Nucleophilic attack by hydride gives formyl complexes which in some cases (M = Cr,
Mo, Fe) are isolable. Lithium alkyls lead to O-stabilized carbenes which can be stabilized
by a subsequent alkylation step with Me". This is a route to carbene complexes (‘Fischer

carbenes, Chapter 2.12).
H
/
A

o
/ 0
LM—C=0 R'-X ﬁ/R acyl complex
\ R ¢]
RLI* /

- carbene complex
L,M—C N p
O-R'

L,M—C

R';0*BF4”

Attack by alkoxides or amides leads to alkoxycarbonyl and carbamoyl (aminocarbonyl)
compounds.

Nu~ Nu 1©

LM—C=0 —>

~

L,M—C

\\O Nu = OR, NR,

Intramolecular nucleophilic attack on CO is a key step in catalytic alkene functionaliza-
tion reactions. Alkene insertion into a M-H bond generates an alkyl which is transferred to
a CO ligand in the cis position. The M-acyl bond can then be cleaved with various reagents
to give hydroformylation or carbonylation products (cf. Section 3.4.2):

R\/\C/H
Ha ]
/ O
H ﬁR L R R
s /\/ /\/ _M.., R\/\ /OMe
LM — M) — LM—C ¢

Sc=o c=o0 0 \ 0
6+
H,0

or HCO,H R\/\C/
H
0

OH
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Box 2.5.3 Nucleophilic attack on CO for hydrogen production

Of particular importance is attack by OH ™ ori metal carbonyls. This reaction models the
processes that occur on the surface of heterogeneous metal catalysts (usually Cr-promoted
iron or ruthenium;, or Cu/ZnO) in the so-called water-gas shift (WGS) reaction. This is

a large technical process for the production of hydrogen from CO and steam. It is usually

coupled with steam reforming; also a large heterogeneously catalysed process that converts

hydrocarbons (mostly methane) into CO and hydrogen. Together, these processes generate
the hydrogen required for the ammonia process and other industrial scale hydrogenations.

The cycles also show that H; production is inextricably linked to CO production (unless

produced by electrolysis using hydroelectric, nuclear, or wind power). Using H, as a fuel does

not, therefore, eliminate greenhouse gas emissions.

Steam reforming: Ni catalyst WGS cycle:
700-1100°C
CHy + H,0 €O + 3H, oH- i 5
4 )30
s LM—C=0 T LEM—=C
Water-gas shift: Fe of Rucatalyst ! " \\o
200-350 °C
€O + H,0 €O, + H, F
.-co2
Qverall process: co H :
CH, + 2H,0 ——————> (0, + 4H, LMZ H L M@_H
n

2.5.4 Metal Carbonyl Anions

In some cases, the reduction of a metal salt with a powerful reduﬁng agent such as an alkali
metal under CO pressure generates anionic carbonyl complexes, provided this reduction
results in an 18-electron configuration. Similarly, pre-formed metal carbonyl complexes
can be reduced to give anionic products. The addition of two electrons is accompanied by
the loss of one CO ligand. Metal carbonyl hydrides may be deprotonated to give anionic
compounds.

Overview of synthetic methods:

By disproportionation:
pyridine

3 Mn,(CO) A
S 120 °C

2 [MH(PV)6]2+ [MH(CO)S—]Z

By nucleophilic attack on CO:

. _ H. [}

¥

Fe(CO)s + Na*OH™ — Na* (OC)4Fe-§)

— Na'[HFe(CO),I" N—:» Na,[Fe(CO),]
2 M2

(see water-gas shift reaction for the generation of H, from CO and H,0 > H, + CO,,
Box 2.5.3).
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Bulky cations like
PPN* often facilitate
the isolation of large
complex anions.
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By reduction:
THF
ZrCL(THP), + 6 KCjoHg = [K(15-crown-5)],[Zr(CO)¢]
15-crown-5
-4 KCl
Na/Ph,C=0 , _ -
Fe(CO); ————=— Na,[fe(CO),]-1.5dioxane Na*---O=C(-Fe Na*association
1,4-dioxane in the solid
\)H-, o
- €O,
co 20
Dhv oc Lo
Fe(CO); + Na/Hg ——— = [Ph3P=N=PPh3*], | gCc —Fe Fe — CO
2) [PPNICL [ 2794,
co oc (€O
N co "e
THF - a -
Cr(CO)g + KCg —= [(:rz(co)lo]2 m [CI’(CO)S]Z 0C |
25°C 314 M—co M _n
-1 1] (¢]0 ] Cr 2
Cr™, Cr-Cr bond Cr o Mn 1

reductive M—M bond cleavage:

Mn,(C0O),o + 2 Na ?—: Na[Mn(CO);]

H co

lo

ocC \“'CO\

N i
C0,(CO)g + 2 Na oy Na[Co(CO),l OC/ co
By oxidation of carbonyl anions:
Cc0O__co__¢o 20

CplLuCl | <CO | SO | CO

Na,[W(CO)] + Na,[W,(C0);o] —————= [Na*],| OC—W——W W—CO0
7
bME oc” | oc/, oc/f

. -2
o o o ox. state -2/3

The anions [M(CO)]*~ (M = Ti, Zr, Hf) are the only binary carbonyl complexes of Group
4 metals. The analogous Group 5 complexes [Nb(CO)g] ™ and [Ta(CO)4] ™ are prepared simi-
larly. Although thermally stable, these and other anionic carbonyl complexes are highly sen-
sitive to oxidation.

An unusual case of a CO complex of a lanthanide is obtained by treating mixtures of
Y[N(SiMe;),]; and potassium metal (to reduce Y™ to Y with CO. This generates the
[(R,N);Y(CO),]* anion, which contains CO'" radical anions. The reaction is accompanied
by CO coupling.

RN, R,
YINR,); + K o 0=c—Yy'—Czo0 K(18¢6)*~(18c6)K*
‘ - ]-0=C—Y—C=0---K18c6)*~(18cE)K* -} - -
23 Et,0, 18-crown-6
—78°C 3 X
NR, v 2091 cm

+ [K(18cH)l, |(RN);Y —0—C=C—0—Y(NR,);
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Reactions. Carbonyl metallate anions oxidatively add alkyl and acyl halides to generate
M-alkyl bonds which, due to the negative charge of the complexes, possess Grignard-like
reactivity. The iron carbonyl salt Na,Fe(CO), (Collman’s reagent) has extensive synthetic
applications:

R-Fe(CO),”

Fe-C cleavage
with €O insertion

- X~

[Fe(CO),J> RCOOH
-X
" RX/
0]
}-FG(CO)A L RCHO  aldehydes

iron acyl complex

Super-reduced metal carbonyl anions. While the reduction of metal carbonyls with
common reducing agents such as sodium amalgam in THF stops at the stage of mono-
or dianions, more forcing reducing conditions (typically reduction by solvated electrons:
Na in liquid ammonia, lithium-naphthalene, alkali metals and crown ethers, or sodium in
hexamethylphosphoramide) generate highly reduced carbonyl metallates in which the for-
ma) oxidation state of the metal centre may be as low as ~IV. Examples are the tri-anions
[M(CO)s]*™ (M = V, Nb, Ta), [M(CO),]*" (M = Mn, Re) and the tetra-anions [M(CO),]*"
(M = Cr, Mo, W):

NH; lig.

NalV(CO)¢] + 3 Na Na;[V(CO)s] + 0.5 Na,(30,

PA
Na[Mn(CO);] + 3 Na _HMPA L NayIMn(CO),] + 0.5 Na,C,0,

NH lig.

K[Co(COY,] + 3K K5[Co(CO)3] + 0.5K,(C,0,

During these reactions the liberated CO is reduced to a coupling product, acetylenedi-
olate, "OC=CO".

Naturally, metal carbonyl anions are extremely strong bases and the metal centre is very
electron rich. Consequently these compounds show extensive back-bonding, as shown by
the exceptionally low v frequencies, which are as low as 1462 cm™ for the most highly
reduced species (Table 2.5.4.1).

This extehsive acceptance of electron density from the metal is a reminder that oxidation
states are purely formal assignments—the CO ligands become highly negatively polarized,
so that the electron density on the metal centre, and hence the d-orbital energy, increases
much less than negative oxidation states of ~III or —IV would imply.
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Table 2.5.4.1 IR frequencies of metal carbonyl anions.

Carbonyl anion veo [em™] Super-reduced anion veo lem™]

V(CO)eI 1860 V(CO)s*~ 1807(w}, 1630(s), 1580(s)
[Cr(CO)5]* 1750 [Cr(CO) ]+ 1462(s)

[Mn(CO)s] 1893, 1860 [Mn(C0O), 1> 1790(w), 1600(s)
[Fe(C0),1* 1790

[Co(COo)l 1890 (AsPh,®) [Co(COy5%~ 1740, 1610(vs)

2.5.5 Metal Carbonyl Cations

M>-c=0 Placing a positive charge on the metal centre contracts the d-shell and reduces the tendency
towards back-bonding. This weakens the M-CO bond and facilitates the displacement of
CO by more nucleophilic ligands such as halide or water. Cationic metal carbonyl complexes
are therefore formed only if paired with anions of low nucleophilicity.
Preparation:
By halide abstraction with Lewis acids:
100 °C

Mn(CO)SCl + AlC!3 m [Mn(CO)GPAlCl[:

By oxidation:

0.6 bar CO

T 2 [Mn(CO)¢I*BF,™ + H,

Mn,(CO);o + 2 HF + 2 BF;

co
€0,(CO)g +2 (CF3)3B-CO + 2HF  ——————— 2[Co(COs]'[FB(CF5)5]” + H,
HFanhydr.

A vparticular successful strategy are reactions in super-acidic media such as HF/SbFs,
which generate the extremely non-nucleophilic anions SbF,™ and Sb,F,; 7, for example:

50 °C, 1 bar

HF/SbF,, 2d [Fe(CO)gl**[SbyF11 71, + Xe

Fe(CO)5 + XeF, + CO + 4Sbf;

1 bar CO
210rFg + 15CO + 12 SbFy ~———————> 2 [Ir(CO)4][Sh,F + 3 COF
6 5 SbF,, 50 °C [ 61[Sb,Fq4]5 2

Under these conditions highly electrophilic carbonyl complexes of metals in
oxidation states +1I and +III can be isolated, as well as the linear dicarbonyl cations
[Au(CO),]* and even [Hg(CO),]**, the only example of an isolable Main Group carbonyl
(Table 2.5.5.1).

These so-called ‘non-classical’ metal carbonyls demonstrate interesting bonding con-
cepts. The near absence of a back-bonding contribution is evident from the very long M-C
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Table 2.5.5.1 IR frequencies of homoleptic metal carbonyl cations.

dé veo lem™] d® veo [em™] ¢t Vo [em™]
[Fe(CO)(]?* 2215 [Pd(C0O), > 2259 [Au(CO),1* 2235
W[Ru(CO)()}Z* 2214 [Pt(C0O) 1> 2261 [Hg(CO),)** 2280
""" tOs(CO)G]z* 2209
““““ f!r(c0)6]3+ 2268

distances in these cations (ca. 2.0 A). However, this alone cannot explain IR frequencies that
are substantially higher than that of free CO. Calculations have shown that placing a posi-
tive point charge at the C-end of CO increases the polarization and increases the Coulomb
contribution to C=0 bonding. Conversely, placing a point charge at the O-end favours the
ketone-like resonance form and lowers the CO vibration (as in isocarbonyl bonding).

e o <
@ =5 @ o=

It has been argued that a similar decrease of back-bonding and increase in polariza-
tion occurs in vibrationally excited ordinary metal carbonyls, so that in these excited
states the occupation of the CO n* orbitals is much diminished. As explained in Box
2.4.1, this would enable nucleophiles to attack coordinated CO ligands, whereas back-
bonding would disfavour this interaction. This helps explain the CO activation in catalytic
processes.

2.5.6 Metal Carbonyl Halides

The reaction of metal carbonyl complexes with halogens X, leads to oxidative addition and
formation of M-X bonds. This is an easy way to functionalize carbonyl complexes.

Fe(CO)s + I, —> Fel,(CO), + CO

co €0
Mn,(CO)1o + X X-Mn(CO); — 0%¢ oc-.. | XMI 0
n + > 2 X~-Mn > M n
A{CONo + X, )s 50 . In\ A"~
co
NR,"™X~ o
AlCl
X X 2©
| .0 | .Co [Mn(CO)gJAICL,
0CMi——Mn—CO
oc” | oc” | '
co

From metal halides. This route is only important for the formation of CO complexes
of noble metals. The halides of these elements are easily reduced to give lower valent

129



130

2: ORGANOMETALLICCOMPOUNDS OF TRANSITION METALS

complexes. Pt(CO),Cl, was the first metal carbonyl ever to be prepared (P. Schiitzen-
berger, 1868). A Pt(0) carbonyl Pt(CO), analogous to Ni(CO),, is only stable in an argon
matrix at low temperatures; it decomposes to give higher nuclearity Pt carbonyl clusters.
Palladium is apparently reduced to Pd(I). [RhICI(CO),], is made similarly from RhCl,
using CO or ethanol solvent as reducing agent; it is an important catalyst precursor. Sub-
stitution with PPh; gives trans-RhCI(CO)(PPh;),, an important precursor for hydrofor-
mylation catalysts.

RhCl [RhCI(CO),l, OCL Cl . o
’ EtOH, RT Rh /Rh\ red, air stable crystals
oc” a CO  Veo 2115, 2095, 2045 cm™?
CO pressure
PdCl, ———— [PdCL(COY, oc, ¢
SOC[Z /Pd\ /Pd\ VCO2167Cm—1
cl cl o
0
L
a cl
Pdcl> —% ~  [Pd,ClL(CO)I NN S
/Pd . Pd\ veo 1966, 1906 cm ™
cl \c/ cl
il
0
co, CLZ oc_ a_ ¢«
- ~
pretl, —O129R_ eptcl,(CO),  ——» trans-IPICLCO), pt Pt
110°C -Co /N7 N
cl cl co
- cocl, .

vep 2175 cm”

2.5.7 Metal Carbonyl Hydrides

2.5.7.1 Syntheses

The protonation of metal carbonyl anions leads to metal carbonyl hydrides, H,M(CO),.
Classical examples are:

Co(CO),” + HY  ————>  HCo(CO),

HFe(CO),” + H* ———=  H,Fe(CO),

Monomeric hydrides of first row transition metal carbonyls are volatile liquids which are
stable under an atmosphere of CO at low temperature but in the absence of CO liberate H,.
The hydrides of the heavier metals within a triad are much more stable. HCo(CO), was the
first metal hydride to be discovered; it is a member of the cobalt-catalysed olefin hydrofor-
mylation cycle (cf. Section 3.4.1).
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Strong acids are required for the protonation of neutral metal carbonyl complexes. The
susceptibility to protonation increases as CO ligands are replaced by more electron donat-
ing ligands such as phosphines; for example, unlike CpCo(CO),, CpCo(PMe3), is a strong
organometallic base that deprotonates ammonium salts.

Fe(CO)5(PPhy), + HpS0,  ———  [HFe(CO)5(PPhy),I*[HSO,]

CpCo(PMe;), + NH,PFy,  ——>  [CpCo(PMe;),H]"PF,™ + NH;

Careful protonation of highly reduced metal carbonyl anions, such as [Mn(CO),J*",
allows the isolation of dihydrido anions:

EtOH, AsPh,Cl
Nas[Mn(C0Q),] ———————» [AsPh]*[H,Mn(CO),]
HMPA

Anionic clusters may be protonated to give products in which the H atom is encapsulated
into the cluster metal framework, this ‘interstitial hydrogen’ is evidence for the ease with
which H atoms can migrate through metal lattices. In [HCo4(CO);5] 7, the hydride is located
in the centre of the Cog octahedron.

A general route to hydrides is by reduction of metal carbonyl halides and H™ addition to
carbonyls. The anions [My(pu-H)(CO),0]~ (M = Cr, Mo, W) are examples of bent M-H-M
bridged systems without the support of M-M bonds or bridging CO, the hydride is part of
a 2-electron-3-centre bond. ‘

H

) - H._ e
(OC)SM/ \M(CO)S (OC)SM/ \M(CO)5

With a bond enthalpy of 450 kJ mol ™, the H-H bond in H, is one of the strongest chemi-
cal bonds, far stronger than a C-C bond, and the H, molecule lacks polarity. Nevertheless,
metals are able to react with H, under H-H bond scission and formation of M-H bonds.
This hydrogen activation is the basis of many important catalytic reactions. Since H is more
electronegative than most metals, the hydride ligand is formally regarded as anionic, so that
H, addition to a metal is an oxidative addition process in which the metal centre increases
the formal oxidation state by two units.

HCo(CO),, one of the first metal hydrides to be discovered (W. Hieber, 1930s), is ther-
mally unstable and decomposes at its melt temperature (ca. —26 °C). It was one of the first
hydroformylation catalysts. The analogous Rh complex is much more active, particu-
larly when stabilized by phosphine ligands. Hydrogenation of trans-RhCl(CO)(PPh;);
forms the analogous carbonyl hydride which is an isolable and highly active catalyst for
the hydroférmylation of alkenes. Note that under these conditions Rh does not form
a Rh(III) hydride, unlike the Ir analogue. Heating RuCl; with PPh; in a high boiling
alcohol also generates a hydrido carbonyl complex. In this case the solvent is partially
dehydrogenated and acts as source of CO. RuH(CI)(CO)(PPh;); is a potent hydrogen-
ation catalyst. :
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H
oc,, [
Co,(CO); + H, ——  2HCo(CO), "Co~—CO
2 8 2 oc e I
co
i T
_ PPh
- NaBH, orH Ph.P L 3
PhsP ~Rh—pph, —— 2= " SRh—PPh, == H—Rh—CO
PhsP” | PPh, PhsP ™ | ‘" pPh,p
co co
v(Rh-H) 2041, v(CO) 1923 cm™
H
PPh, H, H
ta—lr—C0  ——————  pphy —If—PPh,
Ph 3P ('/,
al o
Vaska's compound 6
ir(), d8, 16 VE, square-planar (1), d°, 18 VE, octahedral
V(CO) 1944 cm™! v(lr-H) 2098, 2022 cm~1
~ /\/OH
RuCl; +3PPh, —2 " . RuH(CH(CO)(PPhs)s
120-190°C

Ru(l), d®, 18 VE, octahedral
V(Ru-H) 2020 cm™*

Acidity of metal carbonyl hydrides. Even though the term ‘hydride’ would seem to imply
the accumulation of negative charge on the H ligand, the strongly electron withdrawing
character of the CO ligands in metal carbonyl hydrides leads to a polarization of the M-H
bond, with a partial positive charge on H. In polar solvents metal carbonyl hydrides are

therefore acidic.

Hydride acidity: Acidities decrease with substitution of CO by phosphines or Cp ligands; e.g. although
gggggg))hversus HCo(CO), is comparable in acidity in aqueous solution to dilute HCl, HCo(PMe;),
3/4

is a strongly reducing hydride (as well as highly sensitive). Acidities also decrease in

the series first row < second row < third row metals, as the stability of the M-~H bond

increases.

Some indicative pK, values are given in Table 2.5.7.1. Dihydrides have two pK, values; for
example, for H,Fe(CO), removal of the first proton decreases pK,; by 10 orders of magni-
tude, while the acidity of a cationic dihydride [L,MH,]" may be 10%° times higher than that

of its neutral counterpart L,MH.

The M-H stretching frequencies are close to the vcq region; however, they tend to give a

much weaker response in the infrared spectrum and are often difficult to detect.

2.5.7.2 Reactions

Metal hydrides are highly reactive and involved in numerous organic transformations and
catalytic cycles. Terminal M-H bonds are the most reactive; the reactivity decreases in the
series terminal H >> t,-H > p3-H > interstitial H. Their reaction with unsaturated substrates
generates metal-alkyl, —vinyl, and -allyl bonds and is key to hydrogenations and reduction

processes.
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A

Table 2.5.7.1 Spectroscopic and acidity data for metal carbony! hydrides.

Complex v(M-H) 3 'H NMR/ppm? pK; (H,0) Acidity
[cm™Y comparable to
HCo(C0), 1934 -10.7 1 HCl
vvvvvv HCo(CO);(PPhs) -12.1 7 H,S
"""" HMR(CO), 1783 -7.5 7.1 H,S
” H,Fe(CO), -11.1 4.4 acetic acid
[HFe(CO)4” -8.7 (THP 14 water
vvvvv [HTa(CO)s}* -2.2
CpW(CO);H 1854 -7.5 9.0 boric acid
' CpW(CO),(PMe;)H ~7.9 (cis), -8.0 (trans) 19.1° t-butanol
, [CPW(CO),(PMeyH,I* -2.48 (CD,CL,) -1.9° MeSO,H

9 The 'H NMR chemical shifts of the hydride ligands are also included; metal hydride chemical shifts cover a very
wide range from about ~50 to +20 ppm and must not be regarded as an indication of hydridic character. The negative
‘hydridic’ shift is a consequence of the paramagnetic current localized in the adjacent metal fragment.

b Recalculated from values determined in acetonitrile on the basis pK, (MeCN) pK,(H,0) + 7.5: S. S.Kristjahnsdéttir,
J. R.Norton: Transition Metal Hydrides. Wiley-VCH, 1991.

M—CH,CHoR  insertions,

M—CH,
metal alkyl formation
® _H
m” CHyN, R H R2
\H . N2 =/ ‘-/[/N
dihydrides, or RI=-FR _, M gt Vinyl complexes
H, complexes ® T H*
M- - AF
H —Z /»T\/CHs
HLY \ M allyl complexes
— H2
CcCl
® Af—H 4
M—L 2\ - CHCl, A5 4
Ligand substitution \O' CO. reduction
M—cl :
M~-M bond metal halides
formation

The insertion of CO into M-C o-bonds to give metal acyl products is very general. By
contrast, thé insertion of CO into a M-H bond is endothermic, AH ~ +20 kJ mol™!, and
therefore does not occur. Formyl complexes are however accessible by other routes, such as
intermolecular H™ attack on coordinated CO.

H
M—H + 0 —X> M—
o
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Box 2.5.7 CO Reduction: the Fischer-Tropsch process

Metal carbonyl clusters allow fundamental processes to be studied that occur on the
surfaces of heterogeneous catalysts. For example, the reversible formation of CO bridges

is responsible for the mobility of CO on catalyst surfaces. Studies of clusters allow such
fluxional processes to be observed in detail, to identify preferred pathways and the reaction
of CO with surface hydrides.

An example of an important reaction catalyzed by heterogeneous iron, cobalt, or
ruthenium catalysts where metal carbonyl surface species play an essential role is the
reaction of CO and H; to saturated hydrocarbons (Fischer-Tropsch reaction, FT).

The catalyst is supported on a high-surface area oxide such as silica; the reaction is
usually operated at 150-300 °C under pressure. The process involves cleavage of CO
on the surface and reduction to surface-bound CH and CH, species which migrate
and combine to give a statistical distribution of hydrocarbons. The products also tend
to contain incompletely deoxygenated compounds such as alcohols, ethers, and esters
(‘oxygenates’). CO/H, mixtures, referred to as ‘'synthesis gas] are available from any
hydrocarbon source including coal. The FT reaction allows the production of liquid fuels
and chemical feedstocks from coal, and is important in countries without natural oil
resources. Metal carbonyl clusters have enabled key steps of the CO hydrogenation to be
monitored.

H,0

H H  HH
fl 2 ; L,
C e N W€ £ oan M HEHIA

The reduction of CO with metal hydrides is however possible if subsequent reaction steps
give a favourable energy balance overall, as in the reductive coupling of CO to give enolate

complexes:

co 0 ¢]
Cp*,Zr <C0 + Cp*yZrd,  — CP*ZZ"<H Ne=" Hj ZrCp*,

2.5.8 Related n-Acceptor Ligands

2.5.8.1 CS, CSe, and (Te

These heavier homologues of CO do not exist in the free state but can be synthesized
within the metal coordination sphere. They are mainly of interest in terms of theory
and bonding. They are stronger o-donors as well as better n-acceptors than CO, and the
lone pair on C seems to have a distinctly C-E antibonding character (E = S, Se, Te). CS
complexes can be obtained by reducing CS, complexes with phosphines, for example,
reduction of CpMn(CO),(n-CS,) gives CpMn(CO),(CS); CpMn(CS); is also known.
Terminal C-$ vibrations occur in the region of 1400~1150 cm™, i.e. they are in the
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fingerprint region of the IR spectrum where they overlap with other ligand vibrations
and are therefore less diagnostic than vco. CSe and CTe can be made by nucleophilic
substitution, for example:

cl
LCO)CLOs=X "+ Na,f —>  L,(COCL,0s~C=E
cl

dichlorocarbene complex E=S,5e,Te

2.5.8.2 Isocyanide Complexes

Isocyanides (= isonitriles) C=N-R are more basic and stronger o-donors than CO but much
weaker m-acceptors. They are therefore capable of making stable complexes with metals in
high oxidation states which do not make stable complexes with CO, and where back-bond-
ing is unimportant or impossible, as in the case of d° metals. Some examples:

a . N K Br
{. ~“\C /_ 2+ =
CCII7T|| C=N—R [MR(CNR)] R-——N:C—A[u—-Br
TV, go Mn", d5 Aul, g8 Br
R =Cy, aryl

Unlike CO, isocyanides carry a substituent R which can readily be modified. Usually
bulky substituents are used to give isolable complexes, such as Bu’, Cy, or 2,6-Me,C¢H,.

Isocyanide ligands may be terminal or bridging, bent or linear, depending on the elec-
tronic requirements of the metal centre:

R
i 1174 N
Me<—:C=N—-R =< M:C=N\ ven 2055 ¢ _N—R
R ce—pytT 1300
R-N=C—Ru
| oS0\,
C 1.28A
l,\ll' Ven 1830
R
Isocyanide complexes are accessible by ligand substitution:
Ni(CO), + 4 PANC ~ ——————> Ni(CNPh), + 4CO
N
, FeCL(CNR), + RNC  —ME  roenr),
f
' R-NC L
NEt,[CpTi(CO),] B RNC "}1}|-"“CNR

l, ~78°C RNC Y | YCNR
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Unlike CO, isocyanides are capable of multiple insertions into metal-alkyl bonds.
RN

RNC._ NR
Ni(CNR), + Mel ——> /Ni
| \N/

Me

/

R

The reaction of isocyanide complexes with nucleophiles is a widely used route to non-
cyclic, N-stabilized carbene complexes.

2+

NHMe
[PLCNMe),],* + 4HNMe —— | ptle—cC
NHMe /,

Some isocyanide complexes are very stable and soluble in aqueous media. For example,
isocyanide complexes of radioactive technetium, [Tc(CNR)]?*, are used in nuclear medi-
cine as radio imaging agents and can be made specific for accumulation in certain organs
(e.g. imaging of heart or liver).

2.5.8.3 Nitrosyl Complexes

Nitric oxide isa radical NO" and therefore contains one electron more than CO. Consequently
it can act as both 1- and 3-electron donors. Because of the lone pair on N, the 1-electron
coordination geometry is indicated by a bent structure.
e s v L .
L, M—N=0 — L,,M;QI%\
linear: 0 ca. 160-180° bent: 8 ca. 120~140°

As 3-electon donors, two NO ligands can replace three CO ligands. There is therefore
a complete series of isoelectronic metal carbonyls and nitrosyls, like the tetrahedral com-
plexes ML,_,L": Cr(NO)4, Mn(NO);(CO), Fe(CO),(NO),, Co(NO)(CO)s, Ni(CO),.

The unpaired electron in NO resides in a m* orbital. Oxidation gives the stable nitroso-
nium cation NO¥, which is isoelectronic with CO and forms a stable, commercially available
salt, NO*BF,"~. NO™ is a strong n-acceptor. The bonding characteristics are reflected in the

N-O IR frequencies:

Free NO 1876 cm™
NO" BF,~ 2387 cm™!
L,M-NO 1950-1500 cm™ (terminal NO)

1650-1300 cm™ (bridging NO)

The IR frequencies in metal complexes vary widely however and cannot be used as reli-
able indicators for the NO bonding geometry.
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In the anion [Fe(CO)3(NO)]™, the NO ligand has a low stretching frequency of 1630 em™t

and is best regarded as NO™ anion, a 4-electron donor. The metal centre is therefore Fe(0),
18 VE.

NO complexes are made either by treatment of complexes with NO gas, or by reac-

tion with NO* salts. The chemistry of NO complexes generally follows that described
for metal carbonyls, and similar structures are obtained. The so-called nitroprusside ion,
[Fe(CN)s(NO)J*", is used as an analytical reagent in qualitative spot tests for reducing sub-
strates, with which it gives characteristically coloured products, for example in the detection
of $*7, HS™, or SO,*". NO" also forms a number of salts with complex metal anions in which
it is not bonded to the metal, e.g. [NO],FeCl,.

e B
Key points
CO complexes demonstrate the mechanistic principles of ligand substitution.
€O substitution in octahedral metal carbonyls proceeds stereoselectively, cis to an anionic
ligand.
Ligand exchange in square-planar d® complexes shows a pronounced trans effect.
Odd-electron metal carbonyls undergo ligand exchange orders of magnitude faster than even-
electron compounds. CO can be substituted by alkenes, alkynes, Cp, and arenes.
Back-bonding increases in the order [M(CO),]~ > M(CO), » [M(CO),]*.
Metal carbonyl hydrides are acidic; M—H bonds readily insert alkenes, alkynes, and dienes.
Whereas double CO insertion into M—C bonds is endergonic, i.e. does not take place, double
isocyanide insertion is facile.
Isocyanides are stronger donors and weaker acceptors than CO. RNC complexes do not rely on
back-bonding for stability.
Acceptor strength decreases for NO*» CO » RNC.
J
~
Exercises
1. Metal carbonyl alkyts R—-M(CO), insert CO to give the corresponding acyl complexes. By contrast,
treating metal carbonyl hydrides HM(CO), with CO fails to give the formyl complex, {CO),M~-CHO.
Rationalize this observation.
2. Irradiating CIRe(CO); under an atmosphere of *3CO gives a *>C-containing product. Show the
stereochemistry of this reaction.
3. Identify the products and write the chemical equations for the following reactions of Mn,(C0);4:
(i) treatment with an excess of pyridine to give product A;
(ii) reaction with 1 Br, to give B;
(i) re§ction with sodium amalgam to give C.
! .
(iv) Treatment of product C with Mel gives D and an inorganic salt. Exposure of D to CO gives
product E, which shows C-0 stretching modes in the IR spectrum at 2115, 2011, 2003, and
1664 cm™.
Identify products A~E and draw the reaction pathways.
/
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P
4. PtC,(CO),, a carbonyl of a third row M" metal, shows v¢o = 2175 cm™. Cp,W(CO),, another third

row MY carbonyt, shows vco = 1872 and 1955 cm™. What do these differences indicate in terms
of M—CO bonding?

5. Why is the rate of CO substitution of Co,(C0O)s much faster than that of Ni(CO),, even though the
latter has fewer ligands?

6. What is the water-gas shift reaction and how is it catalysed?

.
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2.6 L-Type n-Acceptor Ligands: Alkenes, Dienes, and Alkynes

Unsaturated hydrocarbons can act as donors via their n-electron systems. As described in
Section 2.3.2, they can also participate in metal-to-ligand back-bonding. Their n-acceptor
strength increases with the degree of unsaturation: alkenes < conjugated dienes < alkynes.

Coordination to a metal centre induces polarity in otherwise non-polar molecules like
alkenes and alkynes. This makes them susceptible to nucleophilic attack and hence func-
tionalization. Apart from their role as ligands, C=C and C=C compounds are therefore the
basis of most catalytic transformations and industrial processes.

The first organometallic m-complex was K[PtCly(n?-C,H,)], Zeise’s salt, first reported in
1827 although the structure was not confirmed until about a century later. The compound
was originally formed by heating K,Pt"VCl, in ethanol, which acts as reducing agent and,
after dehydration, as the source of ethylene. Higher yields are obtained by treating K,Pt"Cl,
with ethylene in the presence of catalytic amounts of SnCl,. The structure is typical for a
d® metal: square-planar, with little back-bonding to the ethylene ligand and only marginal
elongation of the C~C bond compared to free ethylene. The degree of back-bonding de-
pends strongly on the nature of the metal and the oxidation state. For Pt(II) (as in Zeis€’s
salt) back-bonding is unimportant and the alkene ligand is oriented perpendicular to the
coordination plane to minimize steric interactions. This may be compared with the in-
plane orientation in the Pt(0) compound (Ph;P),Pt(n*-C,H,), which shows significant
C-C bond elongation since the in-plane orientation maximizes overlap with the occupied
d-orbitals.

Clon, L © Ph,P _CH,
K c(/Pt\”Lz” PO ol1.434
H, PhsP “CH,

Due to back-bonding, the stability of a given alkene complex is related to the energy dif-
ference between the metal HOMO level and the alkene n*-orbital (AE,), and increases with
increasing AE,. Generally the energy of the alkene n*-level is more sensitive to substituent
effects than the n-level. The trend in AE, is reflected in the equilibrium of the ligand dis-
placement in NiL, complexes with various alkenes (Table 2.6.1):

K
NiL, + alkene ====== L;Ni(alkene) + L L= P(OPh),

Table 2.6.1 n—n* Energy separation and association constants for Ni(0) alkene complexes

Alkene E(r*) AE [eV])? K,
CHy=CH-CN —4.48 31 4.0 104
CH,=CH, -3.24 —4.4 4.0 x 10°
CH,=CHMe -2.63 -5.4 53x107!

“Based on Eyopo(NiL;) =-7.6 eV.

7\

-C=C—
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Donation and back-bonding result in a change in the hybridization of the C atoms from
sp” towards sp®. In cyclic olefins this relieves ring strain, and highly strained cycloolefins are
therefore stronger donors than non-cyclic ones.

Just as the geometry of alkene complexes is dictated by maximizing the back-bonding
interaction (apart from the inevitable steric factors), so is their reactivity. For example,
in Ni(cdt) (cdt = trans trans,trans-1,5,10-cyclododecatriene) the cyclic ligand is twisted,
making it impossible for the three C=C bonds to achieve an optimal in-plane orientation.
Although polydentate ligands are usually difficult to displace, this complex is therefore very
labile, and the cdt ligand can even be displaced by ethylene. The ease of ligand displacement
in Ni(cdt) has led to its description as ‘naked nickel’.

MO calculations for Ni(C,H,); have shown that the perpendicular orientation of an eth-
ylene ligand is 100 k] mol ™" less favourable than the in-plane orientation.

H
|
CH, N T A
— /,’ Ni~J-~ \ C:j ’,’ Ni
- cdt L‘/""“-C, «(_-___?.
L=C,H, H +100 KJ mol‘1H

Ni(cdt)

Alkene fluxionality. One aspect of donor-acceptor bonding in alkenes and alkynes is
the existence of a barrier to ligand rotation. Alkene ligands rotate about the M-C bond; an
interchange that amounts to a rotation about the C=C axis is only possible by a dissociation—-
reassociation process. These processes, and the energy barriers involved, can be measured
by variable-temperature NMR spectroscopy.

The nature of alkene rotation could be shown by recording the >C NMR resonances of
the ethylene C atoms in the asymmetric complex [Os(C,H,)(NO)(CO)(PPh;),]*. At low
temperatures there are two C,H, *C NMR signals, C, and Cg, coupled to the two *'P nuclei.
On warming, the two resonances merge into one, with the C-P coupling being maintained.
This is consistent only with rotation about the M-C bond.

Alkene rotation exchanges positions 1 and 1" but not 1 and 2:

TPh3 ® 1 22
COI, C 1 - 1
205> B L1 o 2w L, TITTI
NO™ ' C/
A
2! 1
PPh, 2 !

Depending on the d-electron configuration, alkene complexes exist in a number of
geometries: d° metal centres will prefer octahedral geometries, while d* compounds may be
square-planar or trigonal-bipyramidal, and d'° alkene complexes have a strong preference
for a trigonal-planar structure. Alkyne ligands show similar geometries.

octahedral trigonal-bipyramidat square-planar trigonal planar
d6 ds d8 d10
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Table 2.6.2 Rotational barriers of alkene complexes as a function of d-electron configuration.

Complex type Geometry d-Electron configuration Rotational barrier [kj mol™]
L,M(alkene) trigonal d* 76-105

L,M(alkene) thp d8 42-63

“““ L;M(alkene) octahedral d® 29-42

Rotational barriers provide information about the energies required to disturb these
ground state geometries; they will be highest where the electronic stabilization through
back-bonding is greatest. This is likely to be the case where few ligands compete for electron
density with the alkene, and barriers will become lower as the coordination number in-
creases. It is also obvious that the difference between the most and least favoured conforma-
tions will be greatest for a trigonal-planar and least for an octahedral geometry. This is borne
out by the range of rotational barriers observed (Table 2.6.2).

2.6.1 Alkene Complexes

Alkene complexes are accessible by either thermal or photochemical ligand substitution
from low-valent complexes such as metal carbonyls or phosphines complexes, or by reduc-
tion of metal salts. Alkene ligands are bonded much less strongly than CO or phosphines,
and therefore alkene complexes provide convenient starting materials for further synthetic
or catalytic applications.

2.6.1.1 Synthesis of Alkene Complexes

Where starting materials with labile donor ligands are available, alkene complexes can be
prepared by ligand displacement. Metal carbonyl complexes require either heating or pho-
tolysis. Substitution of PMe; in Cp,Zr(PMes),, or the reaction of Cp,ZrCl, with BuMgBr in
the presence of a ligand L and an alkene, gives the adducts Cp,Zr(L)(alkene).

With mono-substituted alkenes CH,=CHR, two rotamers are obtained. The fact that they
are slow to interconvert at room temperature is a measure of the strength of back-bonding:
since alkene rotation by 90° would imply the loss of this back-bonding stabilization, there is a
significant electronic barrier to ligand rotation. As the crystal structure of Cp,Zr(C,H,)(py)
shows, back-bonding from Zr" with high-lying occupied d-orbitals results in significant
C-C bond elongation, and the bonding can be represented by a metallacyclopropane reso-
nance form.

Il

¥
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Synthesis by L displacement:

Fe,(CO)y + W > OC“’“ Fle —/ R — (0O)sFe \/\CO )
e
o s
& _—PMe; @ R —PMe;
Cp,Zr(PMes), + C,H, v Zr\/ + Zr:\\/
% 7 AN

Synthesis by halide displacement with and without reduction:

Generally the most convenient route to alkene complexes is the reduction of metal salts in
the presence of the alkene, with or without other stabilizing ligands. Alkene complexes of
noble metals in oxidation states I and II (RhY, Pt', d®) are air and moisture stable and are
therefore convenient starting materials. The synthesis of alkene complexes of Pt(Il), for ex-
ample Zeise’s salt, can be conducted in water, e.g. by treating aqueous solutions of platinum
salts with alkenes and collecting the precipitate. Since the d-levels of Group 10 metals are
substantially lower in energy than those of Group 4 or 5 metals, the extent of back-bonding
and hence the C-C bond elongation tends to be rather less. The alkene complexes shown in
the following diagram are accessible by ligand substitution.

The reduction of metallocenes MCp, (M = Fe, Co) by alkali metals under an ethylene
atmosphere at low temperatures leads to the highly sensitive compounds Li,[Fe(C,H,),]
and K[Co(C,H,),], which are analogous to the carbonyl anions [M(CO),]"". The metals are
formally in oxidation states ~II and -1, respectively. The iron complex catalyses the cross-
coupling of aryl chlorides with alkyl Grignard reagents.

The 1,5-cyclooctadiene (COD) ligand provides stability through the chelate effect (it can be
considered as two ethylene ligands tied together) but is labile enough to be readily displaced.
COD complexes are therefore valuable starting materials for ligand substitution and oxidative
addition reactions. Ni(COD), in particular can be made easily in good yield and is a valuable
starting material and catalyst precursor. The differences in lability and oxidation sensitivity be-
tween ethylene complexes of members of the same group, Co and Rh, illustrate the greater affin-
ity and more covalent character of the alkene-metal bond of second and third row noble metals.

wh py 4 “\\\py
Et,0, py : N -

AN
Cp,ZrCl, + Et,Mg(dioxane) Zr—_ er
s seanes d
e oo SR LI

®
CpFe(CO),l + AgBF, + C,H — | cHy | BF, + Agl
2 4 2F, (OC)ZFe—“ 4
CH,
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punm— N
M = Fe K \ /*~~ N
Li, C,H, (TMEDALI,__ Fe ,,L'(TMEDA)
-50°C Y SNy
MCp, TMEDA \en—
] K, C,H,
M= Co Co — e Li*[Co(C,oH) 1™
K, C,H £ -kep
e = / Ethylene analogues of
18 VE reactive complex [M(C0),}" anions
with labile ligands.
Valuable catalyst
CoH, “ PR 1,5-COD I~ ///
RhCly-nH,0 \WhAU-—%-“”-———* Rm‘ﬂ~«h"*/
EtOH reflux, \\/ ~ // - C,H, \ - ™
-2 HCl, -MeCHO 16 VE, orange crystals, s
air-stable d® sqp, 16 VE
4
1,5-COD I~ ,:éfz:i}
Ni(py)sCl, + 2Na  ——— — NI Ni(COD),
=2 Nacl ] 4/ d*, 18 VE: tetrahedral
oD i ~ _CoHa /\
HPRCl, S L R | e o
2
AcOH i / \c[ | o \/: \
d8, sqp, 16 VE Pt(0), d1°, 16 VE
trigonal-planar,
Ar M R? R?
/ R R AgSbF ]
N _ AeSbFe
. A Fe™ Ar=
[N> s—»AuCl + j[ AgCl [ >> —>= Al [ PFq
e A"
)\r Ar RS R
Au(l), d1°, 14 VE: linear
cl 0, ‘\\Cl 10
K,[PtCl,] + C,H EtoH “H;‘mz +KCl
2[PtCl, oMy sncl, Cl/ ”
CH, - Zeise's salt

CH,

BY,
CH,Cl,

Bu' X = CF3C0,; Y = C4Fs

Pt(H), d8, sqp

[XBY,]~

Au(ll) pincer complex, d®:

But Au analogue of Zeise's salt
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Another useful olefinic ligand is benzylideneacetone (dba = 1,5-diphenyl-1,4-pentadien-
3-one), a good m-acceptor that allows the synthesis of stable complexes where COD does
not. It is mostly used as a source of zero-valent palladium as an entry into Pd-catalyzed
synthesis. The dba ligand is readily displaced by other donor ligands, e.g. to give catalytically
active Pd(0) phosphine complexes.

0
4NaOAC AL A
2 NaPdCl, + 6 dba ———m pp R /\ Ph

/ |
MeOH, 60 °C ol o
~ 8 NaCl \ |
~ 4 HOAC, - 2 HCHO Ph\/\r/\/"h
Pd,(dba);
0

Olefin complexes with functional groups are also accessible, for example Pt complexes of
vinyl alcohol, which are relevant in the context of the Pt-catalysed oxidation of ethylene to
acetaldehyde (Wacker process, Chapter 3.5).

1 — - 0-SiMe; OH
~C,H,
2) moist acetone
KOH H*
CH3CHO OH"
0°C

Strained olefins like cyclopropenes also form complexes and indeed are good donors and
acceptors; however, the ring strain does lead to subsequent reactions. An example is the
nickel-catalysed dimerization of 1,1-dimethylcyclopropene. A model for the intermediate
cyclopropene complex has been structurally characterized and shows the expected length-
ening of the C-C bond.

L,Ni(COD) + A — L= [DX _»%\
X

A special case of alkene ligands are the so-called buckminsterfullerenes (or simply
fullerenes, named after the architect Buckminster Fuller). These are football-shaped hol-
low spheres of carbon based on 5- and 6-membered rings. The simplest such molecule is
Cgp- Unlike graphite, the 6-rings have little aromatic character. Fullerenes are good electron

X =CO,Me
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acceptors and bind to transition metals via C=C bonds like olefins. The metal coordinates to
the most electron-rich C-C bond. Coordination is accompanied by significant C-C bond
elongation. One Cqy molecule can bind up to six PtL, moieties. Similar complexes have been
obtained from the higher homologue C,,. Since fullerenes are empty spheres, it is possible
to encapsulate metal ions during their high temperature synthesis, to give endohedral com-
plexes, formulated as M""@Cyg. Iridium and platinum adducts of [Li*@Cg,]PF4 have been
isolated; due to electrostatic effects in the complex the Li* ion is attracted to the transition
metal centre, which leads to changes in the “Li NMR chemical shift. Li*@Cg is a stronger
n-acceptor than Cg itself, as seen on coordination of [rCI(CO)(PPh;),, which raises the vcq
frequency from 1944 to 2025 cm™.

The strong coordination of fullerenes to palladium has been used to prepare materials
with compositions Cg,Pd, (n =1, 2, 3, 4, 5) by mixing Cg, with Pd,(dba); in various ratios;
they were found to be strong absorbers of hydrocarbon vapours even at ppm levels.

2.6.1.2 Reactions of Alkene Complexes
Metal alkene complexes can undergo several key reactions:

& ligand substitution
& reactions with nucleophiles
e reactions with electrophiles

# (C-H activation reactions.

These reactions are commonly employed to introduce functional groups into molecules and
are part of some of the most important catalytic cycles.

Ligand substitution. This reaction takes advantage of the fact that many alkenes are labile
and act as placeholders, generating coordinatively unsaturated species. In these reactions,
the alkene is not itself involved in further reactions. For example, this is used to generate
metal phosphine complexes or allow oxidative addition reactions. Substitution with phos-
phines proceeds stepwise. Although in the solid state phosphine complexes of nickel and
palladium (as examples of commonly used catalyst precursors) usually have the composi-
tion ML, in solution 16 VE species ML; often prevail (as shown in the following diagram
for the example of Ni(PEt;),); these coordinatively unsaturated species are capable of much
faster reactions than 18 VE compounds, e.g. in oxidative additions of electrophiles.
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Formation of 16 VE
species may be seen
by colour change:
for L = PEtg, NiL,

is colourless, Nils
burgundy red.

2: ORGANCMETALLIC COMPOUNDS OF TRANSITION METALS

The coordinated alkenes may carry functional groups. Complexes of metals typically used
in organic synthesis (Ni, Pd) show bonding to C=C but not O functionalities.

z 2PR4 2PR;
I~ —— NICODPRy), ——oo= NICRo),
e ~Cop

Ni(PEt;), —===—> Ni(PEt3); + PEt;
solid solution

0
1

COOMe C ~OMe methacrylate complex:
e (Cy;P),Ni ————\[( C=C not C=0 bonded

Ni(COD), + PCy; +

0 0
[~ ,
Pd,(dba); + COD + Q —_—— Lgl]/Pd“—-Q quinone complex
0 ¢]

Reactions with nucleophiles. The most important consequence of metal-olefin bonding is that
this coordination makes low polarity C=C substrates highly susceptible to nucleophilic attack.

As discussed for carbon monoxide (Section 2.4.1), back-bonding populates the n* orbit-
als needed for the reaction with nucleophiles and should therefore make nucleophilic attack
less likely. The opposite is the case. The reason for the activating effect of metal-alkene bond-
ing is that molecules are not static. Any ligand in a complex oscillates around its equilibrium
position. For alkenes a vibration perpendicular to the M-alkene vector induces a redistri-
bution of charge, and therefore bond polarity. In the extreme, this can be described as the
accumulation of carbocationic character on one of the olefinic C atoms:

»

® A éc"
M— X — / "\

v M—CH, N
oscillation
This polar resonance form readily explains the observed reactivity enhancement. Reactiv-
ity, in the case of alkenes in this example but for other ligands quite generally, is coupled to
an enhancement of bond polarity.
This is the case whether the nucleophilic attack occurs in intermolecular or intramolec-
ular fashion, i.e. whether the nucleophiles was bonded to the metal centre before the reac-
tion or not. Both pathways are possible, and it is often not easy to distinguish between them.

Ny~ Nu Nu
® Nu ® N
M—— E—— Y R M—— Ny~ —>
M

M

There are numerous cases where it can be seen that a coordinated alkene is asymmetri-
cally bound to the metal, even in the ground state; one M-C bond is distinctly longer than
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the other. This leads to drastic changes in the >*C NMR signals for the two C atoms, so that
asymimetric alkene bonding can be detected spectroscopically.

The relationship between reactivity and C=C bond polarity can be illustrated by struc-
turally characterized examples. Zr(II) complexes like Cp,Zr(C,H,)(PMe;) show extensive
back-bonding (cf. Section 2.6.1). Although one C-terminus is next to P and the other is not,
both Zr-C bond lengths are similar, the polarization of the C-C bond is small, and the com-
plex is comparatively stable and isolable. On the other hand, d°® compounds like the cations
[Cp,Zr(X)(L)]" cannot stabilize themselves in this way. Any coordinated alkene is highly
reactive, and it is no accident that these cationic metallocenes are the active species in certain
olefin polymerization catalysts. Cationic zirconium alkoxides bearing a pendent alkenyl sub-
stituent could however be isolated; they show a strongly asymmetric coordination of the C=C
bond, which is reflected in a large downfield shift of the metal-bonded C, and deshielding of
C,, indicative of partial carbocationic character (for comparison, the >C NMR resonance of
C,H, is 8 122.8 ppm); C, is therefore highly susceptible to nucleophilic attack.

2.35 0

\ -

P Cp,Zr

Cp,Zr - Cp2r 533 - P2
®c 5(*3cy=158.8
PMe PMe, e
3 CH; H
s o, dPCr=94.3
Ze(l), d r(v), d

In the case of 1,1-disubstituted alkenes, the asymmetric bonding is particularly pro-
nounced since the alkyl substituents R on the ~CR, terminus stabilize the positive charge on
C. For this reason isobutene CH,=CMe, is readily polymerized via a carbocationic mecha-
nism, with ~CH,~C"'Me, as propagating species.

In stoichiometric reactions, pre-formed alkene complexes can be used, for example those
of the chiral-at-metal auxiliary [CpFe(CO)(PPh;)]". The resulting iron alkyl is an 18 VE
compound and is air stable.

Cp

@ e

Cp
o 17 8
..F CH(COOMe),” - - F
PhyP g H ¥ % Ph,p Y S CHCOOMe),
0cC ocC
Nucleophilic attack can proceed stereospecifically. An example is the palladium-mediated

oxidative cyclization of cis- and trans-1,2-divinylcyclohexanes:

OAc

+ PdCl,

OAc

+ PdCl,

H
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Detailed studies have shown that nucleophiles can be divided into two classes:

(1) external (intermolecular) attack trans to metal by relatively weak-field ligands: OH™,
H,0, carboxylates RCO, ", alkoxides RO™, amines;

(2) metal pre-coordination and intramolecular cis-attack by strong o-donors: hydride H,
alkyl, and aryl ligands.

Palladium olefin complexes are readily converted into palladium n’-allyl products on
treatment with a base. These allyl complexes are then susceptible to nucleophilic attack in
the 1- or 3-position. This is a widely applied standard reaction for the conversion of non-
substituted alkenes into derivatives bearing substituents in allylic position:

I 1>

PdCl, CH(COOED),”
e r————
~ HCl o AR -Pd, -Cl 0
0 PdCl/, CH(COOE),

Reactions with electrophiles. Alkene complexes may be protonated or react with CPh,"
under hydride abstraction. They may also act as sources of low-valent metal complexes suit-
able for oxidative addition reactions. These oxidizing agents may include organic electro-
philes such as alkenes and alkynes.

These principles are exemplified by the controlled H,0 addition to Cp,Ti(C,H,) to give
an oxo-bridged Ti-Et product (an excess of H,O would lead to Ti-C bond cleavage). The
electrophilic abstraction of H™ by treating complexes of alkenes such as propene (or higher)
with trityl (CPh,") salts generates n>-allyl complexes.

C,Hs C,Hs

H,0 I |
Cp,Ti —” ———>  (p,Ti— 0——TiCp,

CH;  cphy'BF,” ®BF
—_ e Re —— -
Cp(CO),Re W THCPhS Cp(CO);Re >> 4

More commonly, alkene complexes act as soluble sources of M(0) species that react with
electrophiles by oxidative addition, for example, Ni(COD), or Pd,(dba); will add allyl bro-
mide to give metal(II) allyl complexes.

Br
> VRN

2 Ni(COD), + 2 /\/Bf <<—-—-—Ni\ /Ni—>> +4COD
Br

Electron-rich alkene complexes of early transition metals, e.g. Ti(II) and Zr(II) (d%), react
with organic electrophiles to form addition compounds. Since these metals have a strong
tendency to achieve the highest possible oxidation state, even alkenes can act as oxidizing
agents. The reactions involve C-C bond formation to give metallacyclopentane derivatives
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where the metal attains oxidation state IV. Synthetically very versatile is the reaction of
Cp*,Ti(C,H,) with organic electrophiles such as alkynes, nitriles, CO,, and the like. The
Cp* (= CsMes) rings act primarily as bulky protecting ligands and facilitate isolation.
The coupling of two ethylene ligands is reversible, and in the absence of an excess of ethyl-
ene, the mono-alkene complex is regenerated. Exposure to dihydrogen leads to the hydrog-
enolysis of both Ti-C bonds under very smooth conditions, with formation of Cp*,TiHy;

the by-product is ethane.
7/: N\ GH, <:|
== (p*,Ti
H, J co l

TI""‘"“ Eomemesnsssss e Cp*zTi
- cozl
N 0 0 0
. = L ~ L . / ‘/H X ./CO
Cp*,Ti Cp*,Ti Cp*,Ti Cp*,Ti Cpr,Ti Cp™aTi
H co

\%( - C,H,
— l MeC = Nj \=o l

C-H activation reactions. Highly electrophilic metal centres may react with alkenes
under C-H bond cleavage. In some cases the preceding alkene complex may not be detect-
able. Classic examples are the reactions of lanthanide complexes with alkenes.

M
Cp*,M—CH + :(e S S S " + CH
2 3 P*2 4
Me ‘\S\
Me

Me

XV

If the energy difference between the olefin complex and the C-H activation product is
small, both types of compounds may be in equilibrium:

CHy H

N
ﬁ Mo(dppe), === \Qo(dppe)z
/s
dppe= Ph,P PPh,
== = =
' | CH, I’ 'l y
Ir— r + "
S VR

180 °C
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2.6.2 Diene Complexes

2.6.2.1 Synthesis of Conjugated Diene Complexes

Conjugated dienes are 4-electron donors and better n-acceptors than non-conjugated alk-
enes. They are highly reactive reagents or intermediates in stoichiometric and catalytic
reactions.

The synthetic methods resemble those used for the synthesis of alkenes. Photolysis and
reduction methods are most common. Metal atom synthesis, a method where metal atoms
are evaporated under vacuum and co-condensed with an excess of ligands onto a cold
(~196 °C) surface, has also produced a range of diene complexes that were otherwise dif-

ficult to access.

By photolysis:
C!O (|ZO
hv \\/ Fe \CO hv \\/Fe \//
Fe(CO)s + N —_— / —— / 3
i 2 \co % \\/
NF \
h ~
Cp,ZrPh, Tph—"_% { Cp,yzr ] R Cp22r<€
highly reactive
14 VE intermediate
By reduction:

£

P
Na/H \
TiCl, + dmpe + 2 NF __rame [ Ti

~ 4 NaCl /
’ |
Me, <X
By alkylation:

Magnesium butadiene (2-butene-1,4-diylmagnesium) acts as alkylating agent to give

diene complexes:

{ |
CpNbCL, + 2 Mg(C,‘HG)——_—M;a;» / /\7N2</7 + \\\/‘/Nt<7
endo on \\ @
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2.6.2.2 Bonding in Complexes of Conjugated Dienes

Dienes have lower lying n* orbitals than mono-enes and are therefore stronger n-acceptors.
It is this that enables bis(diene) complexes of titanium—formally Ti(0)—to be prepared,
while the analogous tetra-ethylene complexes are unknown. With few exceptions, coor-
dinated dienes prefer the s-cis conformation. The classical example is (n*-C,Hg)Fe(CO)s,
which has a half-sandwich or ‘piano stool’ structure.

The distribution of C-C bond lengths in free butadiene and in the complex provides in-
formation about the bonding situation. In butadiene there is a short-long-short pattern,
while in the Fe complex all bond lengths are about the same.

1.46 A
1464 /=77~ —
1354 1.45/"\/ <’:___I_ 4

. Fe,
1,3-butadiene ‘o,
OC/ \ o M M

co A B

The s-trans coordination of butadiene to the zirconium and niobium complexes is
unusual. On irradiation the Cp,Zr(s-trans-C4Hg) interconverts with the s-cis form, via a
Zr(IV) metallacyclopentene intermediate. The change in oxidation state of the metal during
this equilibrium is evident from the crystal structure of the 2,3-dimethyl derivative: whereas
in the butadiene complexes the C;~C, and C;~C, bonds are shorter than C,~C;, the inverse
is the case in the metallacyclopentene. The ‘folded envelope’ conformation due to C=C
n-donation is typical of compounds of this type.

/\ hv /\
Cp,Z — p,Z == Cp,Z
< SR N

The bonding in the complex can be described by two resonance structures. The MO
scheme of a conjugated diene shows qualitatively the n-orbital ordering shown in the fol-
lowing diagram; ¥, and W, are occupied and ¥; represents the LUMO. Structure B above
corresponds to the population of the LUMO of butadiene by metal d-electrons:
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Overlap with
metal orbital:

dyy

C,-C; bond strengthened
by back-bonding, Az Px
C,-C, and C5~C, weakened

C;-C;and C3-C,weakened d ,p
. yz» Py
by n-donation

dyz, p, s

—f—

In the case of the (C,H)Fe(CO); complex, this synergistic action results in approximately
equal C-C bond lengths in the diene. In complexes of early transitions metals (Groups 4 and
5) back-bonding is even more pronounced, and, as the example of the Cp,Zr(diene) struc-
ture showed, as a consequence the bond orders of C,-C, and C3~C, are reduced to ~1, while
C,~C; gains double bond character and coordinates to the metal centre.

Dienes and their metallacyclopentene equivalents can adopt two orientations rela-
tive to a reference ligand, supine (exo) and prone (endo), in addition to the s-trans conformation.

L

|
NV

supine/ \

exo

prone/
endo

If only one coordination site is available, butadiene may also be bound in n’*-fashion. In
L,Pd(n*-butadiene) complexes the metal fluctuates between 1,2- and 3,4-bonding.

Vz
Pd e s I: Pd
Cyz

C
CVz

The comproportionation of PA(IT) and Pd(0) in the presence of butadiene gives binuclear
Pd(I) compounds which contain s-trans butadiene ligands that bridge two metals. Although
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such binuclear Pd(I) compounds usually contain a Pd-Pd bond of 2.5-2.8 A length, the
dicationic compound shown in the following diagram contains a Pd--Pd distance that is dif-
ficult to interpret as a metal-metal bond (sum of van der Waals radii: 3.26 A). This theme is
further elaborated in Box 2.6.2.2.

L 20 N ® N Pl
NN /L ~ PNF [3_13 | NF ] 3.19 -
Pd_Pd|IPFST], + Pdy(dba); ——>|L—Pd ;- -Pd—L|PF ———=|L—Pd-==-Pd—L [PFe],
L="PPh, "
X=Cl, Br

2.6.2.3 Reactions of Conjugated Diene Complexes
Typical reactions include:

& reactions with electrophiles;
= reactions with nucleophiles;

e cycloadditions.
For the rules of nucleophilic attack, see Box 2.6.2.3.

Reactions with electrophiles. Protonation of olefinic complexes can lead to
cationic metal enyl products. This reaction is usually seen for dienes including allenes, for

example:
' H* or RCI/ALCL
/-_c———< _ HrorRCyA; _ZE——Fe(co)

Fe(CO),
¢

. 1@ Y
= MeCOCL/AICL; % ~
~ ——Fe(CO
( Fe(CO), < Fe(CO); e ( e(C0)4
Relative rate of attack: . 0/—\1 o _@wz 4 _@ﬂ 40 1. 6/——<

The reaction of cyclohexadiene complexes of iron carbonyls with electrophiles is useful as
ameans of generating cationic cyclohexadienyl derivatives. The reactions can proceed regio-

and stereoselectively as part of an electrophilic/nucleophilic synthesis sequence.
b

H '/H—\ . H
H H CPhy H /—\ Nu~ Nu
R10 R ——— Rl R — R10—©<
— HCPh, ] R
Fe(CO); Pre(co), Fe(CO);

n3-cyclohexadienyl
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For diene
dimerization
combined with
nucleophilic attack,
see Box 2.7.1;
Telomerization

2: ORGANOMETALLIC COMPOUNDS OF TRANSITION METALS

Box 2.6.2.2 Molecularwires and switches

The synthesis of conjugated diene complexes can be extended to polyenes. A tetraene example
is shown in the following diagram. Extended polymetallic 1D structures can be obtained,
supported by the polyene scaffolds (‘molecular wires). The crystal structure suggests an allylic
n°-coordination in the solvent-free complex and alkene bonding in the solvent-coordinated
structure, which leads to a rather uncertain assignment of oxidation states for Pd.

L TN NI ©
[PANCME),JBR,L, 5 TN NNy [ P [ .
allBR.], Pd——Pd—Pd——Pd (BR, T,

+ 3/2 Pd,(dba), CH,CL, (ﬁ//\}\}v‘\\/@

=L u L L= MeCN;py

@l 2
=
L=———pd——pPd~—Pd—Pd-—=L [BR, 1,

Lol b
////

These systems can be turned into molecular redox switches: the metal arrangement moves
reversibly along the C=C chain, breaking and re-forming M~M bonds on oxidation and
reduction, while the metal oxidation states fluctuates between +0.5 and +1.

44

‘\ ;:”2 70 P"d Z.SSP‘:d
\ ; i
u:‘ / "‘ ’_”'“ \
Pd VN

Yy A o

Reactions with nucleophiles. Nucleophilic attack on coordinated diene ligands is a versa-
tile method for generating C-X and C-C bonds. The pathway may involve external attack, or
proceed following coordination to the metal centre. This is often apparent from the resulting
stereochemistry.

Attack by phosphines:
R
=
\ )
= X o, PPy | @
Rh—X  +3PPry "'”R'“'“" ® ~ pPr

= /§ Ao PP
<
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Attack by halide: This reaction leads to Br™ attack on the diene only if the substituents R
are small, otherwise an ion pair results with Br™ as anion.

Cp* Cp*
\ Br, | B
Rl Ru—Br ——-—6—6—;E> Br//Ru\ r
‘/Q Br N—F 1-p2=
2l R2 R'=R’=H
R 18 R!=Me, RZ=H

Nucleophilic attack on coordinated cyclohexadienes can lead to stereoselective double sub-
stitution. The palladium metal formed can be re-oxidized to Pd*" to close the catalytic cycle.

T one 0Ac
c -
@ i _OAC | Ao OAc
| PO
p®® pd®
n4-cyclohexadiene n3-cyclohexenyl

The stereoselectivity is a consequence of the direction of nucleophilic attack. In the Pd-
mediated oxidative double-functionalization of cyclohexadienes with both alcohols and
carboxylic acids, the alkoxide acts as external nucleophile, while the carboxylate is coor-
dinated to Pd and attacks from the opposite side. As a consequence the trans-disubstituted
isomer is produced in stereoselectivities of >98%.

OR .
R'COO._ /@‘ benzoquinone R'COO - OR
Pd - hydroquinone

ROH ROH  R'COOH / Ph
™ v ROH L Ph
>98% trans
Pd(0Ac),
Ph H*

CH,CL,

Attack with C-C coupling: Diene complexes of Ru(0) react with activated acrylate esters
under C-C coupling. This method generates a multitude of carboxylate-functionalized
dienes. Attack is followed by H-migration steps.

OMe
— 0 H
H 0
v OMe OMe [
Ru— NCMe R 1
X, CoHe 0°C Ru 0 I
(coD) Rucopy H

The examples shown so far have involved 1,3-dienes. Equally reactive are 1,2-dienes
(allenes); they, too, can react with coordinated alkenes and 1,3-dienes under C-C bond
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formation. This reaction has been used for palladium-catalysed cyclizations, for

example:

At cel

\@/

E= COOMe L=H,0,X"

Cycloadditions. Dienes and diene complexes may undergo [4+2] cycloadditions, for
example:

(Cy;P)oNi

\ —_— i—
AN+ P ad T Ni—PCys

Diene coordination as protection. The coordination of a conjugated diene to a metal frag-
ment such as Fe(CO); can be used to protect the diene while carrying out modifications of
alkenes or alkynes elsewhere in the molecule. An example is the Fe complex of the alkynyl-
triene shown in the following schematic:

AN

0 Wittig reaction
Fe(CO)3
R = SiMe,Bu'
1) 0s0, H,
2) NaHSO, RO Lindlar catalyst
e e

selective modification of the
R non-coordinated ligand sections
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Box 2.6.2.3 Nucleophilic attack on ni-ligands: the Davies—Green-Mingos
rules

n-Ligands with different numbers of unsaturated coordinated carbon atoms, open or cyclic
n-systems, and ligands with or without a charge react with nucleophiles at different rates.
Often several such ligands are present in the same complex, so what guides the selectivity of
nucleophilic attack?

The chemical behaviour can be summarized by three simple rules (S. G. Davies, M. L. H.
Green, D. M. P. Mingos, 1978):

1. Even before odd. If a complex contains 7r-ligands, one with an even and one with an odd
number of C atoms, the even-numbered ligand will be attacked.
2. Open before closed. Non-cyclic rt-ligands will be attacked in preference to cyclic ones.

3. Even at terminus, odd at terminus or internal. Even-hapticity ligands will be attacked
at a terminal carbon. Odd-hapticity ligands will be attacked at the terminus if the metal
is electron rich, or at an internal carbon if that carbon carries a partial positive charge
(electropositive metals).

The reactivity trend is ‘even >> odd

Even hapticity Odd hapticity

open closed open closed
= (’/ > (l’"" > @ >
n>(>“—_>©>» < <

Therefore in a complex containing n’-, n*-, and n’-ligands, it will be the n*-diene that
reacts with the nucleophile (even and open > 0dd and open > even closed > odd closed):

even open > odd open: even closed > odd closed:
,nS
do TN — . | B |
% U i R
=N X " e e &
evenopen s
odd open 1 P even closed Nu
even-closed > odd open: odd open > odd closed:
Nu
H
i d e N
{ Nu~

o M- |

|

ol

2. R e
S (i / S5 odd open \u NO NO

Nu
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2.6.3 Alkyne Complexes

Most of today’s chemical industry is based on petrol-derived products, mainly olefins
and arenes obtained from cracking crude oil. Before crude oil became abundantly available,
the chemical industry was based on coal and its gasification products, CO and acetylene,
and there is therefore a very comprehensive chemistry of commodity chemicals based on
transformations of acetylene. Heating solid carbon sources (coal, coke) with lime to high
temperatures (2000-2100 °C) gives calcium carbide, which is hydrolysed to acetylene:

CaO+3C—CaC,+CO
CaC,+H,0—-CH, +Ca0O

Acetylene itself is weakly acidic (pK, 25). The C=C triple bond of alkynes is significantly
more reactive than the C=C bond of alkenes.

Acetylenes possess two orthogonal 7-systems and can therefore act as both 2- and
4-electron donors. This may be the case even when coordinated to only one metal centre.
Like alkenes, the bonding of alkynes to metals consists of n-donation and mt-acceptance.
Back-donation leads to a change in the hybridization of the C atoms, from sp more towards
sp’, as indicated by the reduction of the C-C-R angles from 180° to about 140-160°.

R

) ca. 140-160°

M—H - M:’ :

~ b

R

The deviation from linearity in coordinated alkynes depends on the metal electron count
and its propensity for back-bonding, e.g. Zr(II) = Pt(0) > Pt(Il). As the examples in the fol-
lowing diagram show, there is a qualitative correlation between the degree of back-bonding
and the IR C-C stretching frequency.

R CMe, Ph SiMe;
ct [Y1ese PhyP, Do s
120" RH,;N—Pt——ll ;. & /Pt'r’:::i 11-32;\ Cp*ZZr::::’ ({1344
Cl PhsP oh T )141"
CMe, Ph
free alkyne Pt", d8 Pt°, le ZI‘", d2
Vee 2190-2260 cm™ Vec 2028 em™? Ve 1750 cm™? Vec 1618 cm™?

Whether an alkyne ligand acts as 2- or 4-electron donor, or anything in between if more
than one alkyne is bonded, is reflected in the >C NMR chemical shifts of the alkyne C atoms.
As an empirical rule, 2-electron donor alkynes show °C shifts of ca. 6 80-120 ppm, 3-elec-
tron donors (i.e. a combination of 2- and 4-electron donors) 170-180 ppm, and 4-electron
donors >200 ppm. This trend is illustrated in the following diagram for molybdenum. Bc
NMR shifts in the region of § 80-90 for 2-electron and & 260-270 for 4-electron donor
alkynes have been found for other metals.
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=l )

16ve M
(R —
2-el. donor 3-el. donors 4-el. donor

13¢:8117.7 12VEfragment $3¢: 6 180.2 14 VE fragment 13C: § 205.3

Back-donation and behaviour as a 4-electron donor are expected to be reflected in the
barrier of rotation about the M-alkyne bond. For 2-electron alkynes in mononuclear com-
plexes, AG* o = 40 kJ mol ™, while for 4-electron alkynes AG*,; ~50-70 kJ mol ™.

S

— M
2-el. alkyne: 7 l
low barrier

4-el. alkyne:
high barrier

\
/M{_{

The binding strengths of alkyne and alkene ligands can be estimated in cases where an equi-
librium is established that can be measured by NMR spectroscopy. For example, the displace-
ment of the weakly coordinating nitrile N=CAr" [Arf = 3,5-(CF;),C¢Hs] in [(IPr) Au(NCAr)]*
SbFs~ with alkynes or alkenes in dichloromethane at -60 °C gave the association equilibrium
constants, K, shown in the following table, which show dramatic differences between similar
ligands; e.g. 3-hexyne binds about 90 times more strongly than PhC=CMe.

Keq

CH,Cl,, -60 °C

@ @
[lPr—Au-—NCArF} Sbfg™ + L [IPr«Au-——L] ShFg™ + NCArF

L EtC=CEt O: > NN MeCz=(Me /[~ Ph/ —  PhC=CH

Keq 78062 90z7 674 2521 24%1 6.8£0.3 1.7:0.4 0.21

In metal clusters, the C-C bond lengths of what may formally be regarded as a bridging
alkyne is often reduced to the value of a C-C single bond, and it is more apt to describe such a
compound as a cluster consisting of two metal and two C atoms. Alkynes may be found in metal
carbonyl clusters in various positions bridging two or more metals. Cluster-bonded acetylides
RC=C" can act as 3- or 5-electron donors (= 4 or 6 electrons in the ionic counting convention).

bridging alkyne

A Kﬁ A A

\‘/

n-bonding description cluster description
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2.6.3.1 Synthesis of Alkyne Complexes

Since alkynes bind more strongly than alkenes, most alkyne complexes are made by ligand
substitution, often using alkene compounds as starting materials.

An unusual, but synthetically convenient, route is the synthesis of platinum alkyne com-
plexes from phosphine complexes by the oxidation of the phosphines to the phosphine

oxide.

Unlike Pt(C,H,);, platinum(0) bis(alkyne) complexes are tetrahedral. The alkynes act

here as 4-electron donors.

Ph

(Et3P)2Pt~—H + ][

Ph

Mo(CO)g + 3 Ph

Ph

+2H\

Ph

Aorhv

Ph >

Ph
Ph

1 I—————Pt—/ +2 COD

0, Ph
Ph
- Et3P=0 tetrahedral Pt(0)

\\N‘. Ph

\//
Ph \/ 14,16, or 18 VE
Ph/\ Ph  complex?

Ph

By reduction: Note that alkyne complexes may also arise from the reductive coupling of

CO ligands.

WCL,(0AD), + 2 Et

Ph
Ar =

Ph

OAr
Na/Hg } ‘ —Et
= CIITaWer T
~ 4 NaCl Et - %37
| e
OAr
P L
1 Na/H \ L
/Hg Ny - R
- NaCl
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Me.Si0 0SiMe,
L0 Ao 1) Na/Hg, THF TN
mpe ———— i \ 7
2-221EMPeE, 2) Me,Sicl ey [/ Me,
M= Nb, Ta - NaCl CP“" P

Mez Cl Mez

Benzyne complexes. The abstraction of two neighbouring H atoms from benzene gives
benzyne, C¢H,. In the free state this highly strained molecule is not stable; however, ben-
zyne complexes can be generated in the coordination sphere of a metal. Although we fol-
low the convention here to depict benzyne complexes with a C-C triple bond, the effect of
back-bonding is such that the C4H, ring shows very similar C-C bond distances for all ring
carbons, which are almost identical to those of benzene itself. Coordination makes the CsH,
ring essentially strain-free.

Benzyne complexes can be generated, for example, by photochemical C-H activation or
by reduction processes and trapped with phosphines or nitriles, alkenes, or alkynes to give
[2+2] cycloaddition products.

1.38

B 1.38
PR Cp,2r-"" 138

PR,
CpZZr -——I’D/—* [ szzr_~©} W(CO)6
\ cp2r

% W(C0),

complex
Cp,Zr szzr CpZZr

alkene, ketone, and nitrile insertion products

| e P
¢l Br /
|
P
Q/PCyz \Ni

E=COO0OMe

2.6.3.2 Reactivity of Alkyne Complexes

Alkynes undergo a multitude of insertion reactions. The reaction with M-H bonds
gives vinyl complexes via cis-insertion, while successive insertions of alkynes into

161



162 2: ORGANOMETALLICCOMPOUNDS OF TRANSITION METALS

M-C bonds gives linear or cyclic products that lead to the synthesis of arenes or

heteroarenes.
—..R R R
PRy R : N 7:< PR, H R
| | | P 1>
Cl———P‘t——H + ] — |d—Pt—H —> ct*——r?t ——-—>Cl-—~——F]t
= PRy !
PR, R PR, PR3 PR, R

Alkyne Coupling Reactions: Insertions, Cycloadditions

Alkynes can undergo single and multiple insertion reactions with metal-X bonds including
M-Cl. Many transition metals will also polymerize C,H,, as well as mono-substituted acety-
lenes. Ti(OR),/AlEt, mixtures (Ziegler-type catalysts) have been used to make polyacety-
lene, a polyconjugated polymer that becomes electrically conducting on doping. Palladium
salts can polymerize phenylacetylene. Disubstituted acetylenes are more stable but can react
to give metal vinyl, cyclobutadienyl, metallacyclopentadienyl, and arene complexes. Key
reaction pathways are outlined in the following diagram.

2

Cl R 1
Rl
3 pr—a
2 R2 R!

R1
Fremarach + "] 0°C 250¢ | R R
Cl—Pd
labite nitrile R? ) y
precursor . o L/ \Cl -
complex insertion into ,

Pd~Cl bond: R = but R - e

vinyl L o
complex EtOH | R'=R*=Ph

cyclobutadienyl
complex

Many metal complexes, such as Ni, Pd, Nb, and Ta halides, as well as half-sandwich com-
plexes CpML, (M = Co, Rh) catalyse the cyclotrimerization of alkynes to arene derivatives.
The reaction goes stepwise, via metallacyclopentadienes and metallacycloheptatrienes. This
is a very convenient route to highly substituted arenes C4Rg.

R R
R
R R R R R
—
or R -M
R
R
. | ®
M R
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In some cases these intermediates could be isolated, depending on R:
TaCl,(0An);

Pyl
Na/Hg | R—=——R Ar=4©

pr

lR=SiMe3 lR=Ph R Me

R
R R
~=
{Ar0);Ta— (Ar0);Ta R
| , — Dewar-benzene
R d R Ta(OAr) complex

Many low-valent metal complexes oxidatively add two acetylenes to give metallacyclo-
pentadienes. A much-used example is the reduction of Cp,ZrCl, with two equivalents of
LiBu® in the presence of alkynes. The resulting metallacycles have been used for the synthe-
sis of cyclopentenones and heterocycles.

2 Bu"Li 2R—=— N
Cp,ZrCl,y T [Cp,Z1] —————————~> Cp,Zr
- butane, butene :

The same reduction of Cp,MCl, in the presence of a di-acetylene R-C=C~C=C-R also
leads to a 5-ring product, but since the carbon atoms in 2- and 3-positions do not carry
any substituents, the resulting structure is a metallacumulene. The MC, ring is planar, and
although one can in principle formulate it as a bis-C=C adduct, the bond length distribution
indicates extensive delocalization to alleviate the ring strain. In particular, there are almost
identical bonding interactions between the metal and all four carbon atoms. Each C atom
in the cumulene has an electron in a p-orbital perpendicular to the ring. In addition, C, and
C, share a m-orbital in the ring plane, which acts as donor towards the metal. According to
calculations, this metallacumulene geometry is more stable than the more conventionally
bonded M(C=CR), isomer.

Cp,MCl,
\ R\ R
[Cp,M] R—==TR oy \ooios
C .
Me,Si / \ /§c 2.%‘§§C
Cp,M ‘ -~ Cp,MZ 53 | 1.31
N - SiMe, RS
c

\ - -
cpzM\L / / c% Z'BI\C/{,ZQC
Cp,M R/ R/
\

R =B, Ph, SiMe;, Et Bond distances:
M=1Zr, R=Bu!
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Metallacyclopentatrienes are in equilibrium with di-alkyne complexes, as indicated by
some of their reactions:

R\ /R 1) O:_/
C==C==C==C -
R' R 2)H
OH HO M=Zr

CpCo-catalysed cyclizations can involve enyne condensations and alkyne trimerizations.
The reactions are facilitated by a source of the [CpCo] fragment with labile ligands L; e.g. the
1,5-COD ligand in CpCo(COD) is easily displaced and gives far smoother reactions than
using CpCo(CO),, which requires photochemical dissociation of the CO ligands.

& N g
fé?/ — L/CO\L }

CoCp

I

|
I

cyclobutadienyl sandwich complex

Alkynes can isomerize to allenes. Similarly, alkyne complexes can rearrange to vinylidene
or allene complexes:

= CG? =

| Ho o O 0-60 °C | M= LRu*, Rh
-~ 40-60
OC———M:C:‘< M = Mo /M\ y —————> /M% L=PR,
SJ \ R L // L C\/ R
L L R
H
1 @I)
SRR - SN
l T NG
L R \/
H
H,
Co alk l /C
o alkyne complex R=Me
with anti-tumour R CpRh n?-allene complex
activity /\ H,0, Al,04 \L CHMe
CocO);  CpRh R
9 l(l AN Ph Ph
Co(CO), L
,2\ R=Ph CpRh H  protonation to vinyl complex
° CF,50,H RN
3703 | 0,50CF;

Synthetic applications of metal alkyne reactions are illustrated in Box 2.6.3.
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Box 2.6.3 Alkyne complexes in organic synthetic methodology

The 14-VE fragment CpCo is a highly efficient catalyst for the trimerization of alkynes

and the co-trimerization of alkynes with nitriles to give pyridine derivatives. CpCo can be
generated by photochemical CO dissociation from CpCo(CO),, or, more conveniently, using
CpCo(l,5-COD) as precursor.

S Z K
CpCo(CO)
e OIOIO
= X R
R R
R R? R Rt
’ Cp'Co(cOD) BN X
? H ! H A I = ! f 2 : 1 1+ 1 i
H N RN R RTONT R R RE R R

main products at high nitrile concentration

Metallacyclopentadiene intermediates are involved in the Ru-catalysed

hydrocarboxylation of alkyne dimers:

=y
Cp*Ruci(coD)
D Ru =i Ar Ru = B Ar)%/ym
+RCOH b H = Cp*Ruct
Ar 00CR

Electrophilic metal centres coordinate to alkynes and enable nucleophilic attack either
by hieteroatoms or by other carbon moieties. This has been exploited extensively for both
inter-:and intramolecular transformations. A few representative examples are given in the
following diagrams.

X
— e M e — Y
H N

The reaction principle is invariably that coordination of M " to C=C induces the formation
of a reactive vinyl cation, which sets off a cascade of carbocationic rearrangements. Although
in principle these reactions could also be initiated simply by H', the metal has a significant
influence over the course and the outcome. The mechanisms are in most cases plausible
rather than experimentally supported proposals.

Platinum and gold compounds are particularly widely used, either in the form of the
simple halides (PtCl,, AuCl; AuCls) or as complexes with donor ligands (phosphines,
alkenes, NHCs) for enhanced solubility. Both act as sources of metal cations M which
coordinate to the triple bond of alkynes. Such a complex can be described by a resonance
form which places the positive charge on the C atom in f-position to the metal, i.e.
formation of a vinyl cation, which is susceptible to attack by nucleophiles. This enables the
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addition of HX across the C=C triple bond, for example the hydration of alkynes to ketones,
and the addition of primary amines to give imines.

. [PICL(CH)L, 0 . \/‘OK/ b
— alkyne hydration
\ H,0 / THF Al ey
A76%
~Ar
N
LAuCt /U\
Ph—=—= + H,N-Ar Ph alkyne amination

‘The same reaction principles can be applied to alkynes attached via a linker to amimo or
OH functions. Intramolecular cyclizations lead to a variety of heterocycles, for example:

H
i
@
OH  pyct, OH OH 0 0
@K—* 01 —-*@QR — L)+
N . -
N /C\\ o "
R M M

M+
vinyl cation

intermediate

A very widely studied group of reactions are those of alkynes with alkenes (‘enyne
reactions’). These lead to C-C bond formation and cyclization. A number of skeletal
reorganizations have been carried out by activating alkenyl-alkynes with electrophilic metal
centres:

S-S

ht[v @ R i §
pi bl M
E ] L E ——R E =< E 4 . 7
-ﬂx—' - w M i b ol
E E E E ® E
A\ \ \ §
[MX = 1rCI(COD), HOAc; E = CO,El]

Allenes are alkyne equivalents and show similar reactivity. The catalytic cycle in the
following schematic has been studied in detail. C-O bond formation is fast but reversible.
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Ph ><—0H Ph OH
.
Ph Ph \ AL

0 .
\\\\ \\ Ph

OH
LAu* Ht Ph {« H
®
Aul
- 0 /
Ph 0 Ph

Ph Aul L=But,P —@
/ Ph

The Pauson-Khand reaction

'The formation of cyclic products by coupling alkynes with alkenes can be extended to
incorporate CO, in a [2+2+1] cycloaddition reaction.

nw@w&—“»&

In principle, the mechanism includes the following key steps:

o co
i h}A M0 o
M e ot e + M
\ ey ot
X" 7 L @]
ligand oxidative insertion reductive
association addition elimination

The reaction was originally discovered during attempts to react Co,(CO)4(PhC,H)
with norbornadiene. Alkyne complexes of cobalt carbonyls form stable tetrahedral
Co,(CR),(CO); clusters. The reaction requires forcing conditions. CO pressure is required
to ensure a high yield of CO insertion product; on the other hand, high CO concentrations
also retard the reaction since CO blocks the reactive coordination sites on the metal that are
required for substrate binding. Nevertheless, numerous variants have been developed, using
the metal carbonyl either in stoichiometric or catalytic quantities. A wide range of metals
(Ti; Mo, W, Fe, Ru, Co, Rh, Ir, Pd) have been used.

Ph " 6 i
2 a DME -
ooy L o]
(o<:)3cQ’~/--~~cQ(co)6 60-70°C Ph
; : 4 h B
dtkyne complex i
'The same reaction can be accomplished (93% yield) using (n’-indenyl)Co(CO), as

catalyst. Intramolecular catalytic versions have been developed, and the reaction has been
successfully applied to control the stereochemistry in asymmetric synthesis.
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/— R Rhci(c0),],3 mol % R
X (5)-BINAP
X 9}
\‘—\ AgOTf, €CO:2 atm
\ THF, 90-130 °C, 20 h i
R =Me, Ph; 22-96% e.e.

X = C(CO,Me),, O, NSO,(tol)

(X3 P o

Co5(CO)g 5
i L
toluene; 120°C OR
82%
H

Key points

Alkenes, conjugated dienes, and alkynes bind to metals as n-donors. Alkynes can act as 2- and
4-electron donors.

Alkene complexes tend to be labile and are often convenient starting materials or reactive
catalyst precursors. Alkene complexes are the starting point of numerous catalytic cycles.

Back-bonding is the most important component in C(=C and C=C ligand bonding. For a given set of
substituents the m-acceptor capacity increases in the order atkene < diene < alkyne.

Coordination induces C-C bond polarity and facilitates nucleophilic attack.

The Davies—Green—Mingos rules set out the relative reactivities of open and cyclic alkene and
alkenyl systems.

Both alkenes and alkynes are capable of synthetically useful [2+2] cycloadditions. The Pauson—
Khand reaction is a [2+2+1] cycloaddition of an alkene, alkyne, and CO with wide synthetic applications.

./

Exercises

1. Explain why the addition of catalytic amounts of SnCl, facilitates the synthesis of Zeise’s salt
K[PtCl5(C,H,)] from K,[PtCl,] and ethylene.

2. Order the following compounds according to increasing rotational barriers of the alkene or
atkyne ligands:
(i) (Ph3P),Ni(C,H,), (ii) Fe(C,H)(CO),, (iif) [PtCL(CHI, (iv) CpaZr(C,H ) (PMes, (v) Ni(1,5-COD),,
(vi) (Ph3P),Ni(C,Ph,). Provide reasons for this ordering.

3. Show the reaction sequence and intermediates in the transformation
=
~—-Fe(CO), - /——\\———<
\ 0

4. Discuss the bonding in Pt(C,Ph,),. Which electron count best describes the complex, and why is
it not planar?

5. Draw the reaction steps and intermediates in the Co{l)-catalysed formation of pyridines from
internal alkynes and nitriles.




2.7 LEA-AND L A-TYPED-LIGANDS: ALLYL AND ENYL COMPLEXES

2.7 LX-and L,X-Type n-Ligands: Allyl and Enyl Complexes

The allyl ligand (2-propenyl, CH,CH=CH,) is the simplest of a series of conjugated non-
cyclic n-donor ligands carrying a negative charge; it is therefore classified as an LX-type
ligand. The allyl ligand can adopt either an n)'-coordination mode, as it does in Grignard
reagents CH,=CH-CH,MgX with a metal-C o-bond, or form n’-allyl compounds. For elec-
tron counting purposes a n-bonded allyl is considered a 3-electron donor. The bonding can
be described by several resonance structures; since all three C atoms interact with the metal,
a half-sandwich-type structure results in which the allyl ligand is close to perpendicular to
the metal-centroid vector. Allyl ligands are available with a variety of substitution patterns.
One differentiates between syn, anti, and meso positions:

H meso

%\ /%
H,C CH, = HC CH, H H syn
\M/ \M/ /l\ Syl

H H anti
3. an
n°-allyl M

I

Benzyl ligands (CH,Ph) often adopt an allylic structure if the metal centre is coordina-
tively and electronically unsaturated, with the phenyl ring acting as a 2-electron n-donor.
Dienyls also form sandwich-type n-structures and act as L,X ligands.

Iy )
2 7 ED

M n3-benzyl

PR

M n>-dienyl

2.7.1 Metal Allyl Complexes

2.7.1.1 Synthesis

Metal-bound substituted alkenes can often be deprotonated to give allyl complexes. A classic
example is [(n*-allyl)PdCl],. Similar complexes can be made by the protonation of dienes or
diene complexes. All three carbon atoms are about equidistant to Pd, and the allyl ligand can

be thought to occupy two coordination sites in a square-planar complex.
FErom alkene and diene complexes:

RCHZ\] Q
Cl Cl

I>Pt/ Sl CHR - page Pd/Cl\Pd > /\ -

_ base _ A — -
a” N7 \m “[H-baseCl N Pt

; _
R
= ©
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Me Me
N + HCo(CO), % < + <
- | |
pr— Me |®
< H*BF,” &
| __......__f__.._._) < BFA—

Co(CO)s Co(CO)5
+CO I

anti-isomer syn-isomer
Fe(CO), Fe(CO),

By allyl transfer:

<

Ni bis(allyhnickel

- 2 MgBr(acac) j volatile, orange crystals
) temperature sensitive

Ni(acac), + 2 -~ M8Br

NiCl, + 4AlEt; + 5 &

~3CuHyp
CamcE, NSNS

R
—_— e (| —Mo=Mo—
- 4 MgCI(0OAc) \

~ g

allyt ligands sandwiching
two metal centres

A

|
Rh.
- MgCl, L 13-benzyl complex

Mo,(0AQ), + 4 =~ MsCl

L,RhCl +  PhCHo—MgCl

L=PPr

By
PdoL, + —Pd“-) — | —Pd'——Pd'—L  Ligand exchange
N/ and comproportionation

L = PPr; Y
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By oxidative addition of allyl halides:

Me
Me
NI(COD)Z -COD /l\/Br (\ \\\Br,l
*M‘\Br,"M-——u
Pd,(dba),
- dba M = Ni,Pd
Me
«
. - cl Mn(co), A <
Na*[Mn(CO)~ + A~ N 5 |
- NacCl -CO
Mn(CO),
nt-allyl, Mn-C o-bond n3-atlyl, 18 VE
18 VE
2
PdL, + R/\/\ — jf_—/[> — R“ﬂﬁ/\
Br R Pd
S Br
Br

allyl-dienyl equilibrium

By oxidative C-C coupling: A particularly interesting and important aspect of nickel allyl
chemistry is that dienes add oxidatively to Ni(0) to give C-C coupling products. This princi-
ple has been used for the construction of selectively functionalized organic molecules.

NICOD), + L+ 2 & NF TS

n*m3-bis(allyl), 16 VE bis(n3-allyl), 18 VE

L
/\/\
E=COOMe E

N
NI(COD), + L + €O, + —_— L —Ni
(cooy, 2 H ~2C0D l'

0 diene-CO, coupling

2.7.1.2 Properties

Allyl ligands are typically bonded n-fashion. In the chloro-bridged dimer [(methallyl)
PdCl], the allyl ligands sandwich the planar Pd,Cl, moiety; the dihedral angle between best
planes of the allyl and the Pd,Cl, core is 111.6° (rather than 90°). The methyl substituent
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is slightly inclined towards the metal. Here and in other complexes the allyl ligand occupies
effectively two coordination sites.

Ni(allyl), was the first homoleptic metal allyl to be isolated; it has a sandwich structure.
The 16 VE complex is highly air-sensitive and so volatile that it co-distils with diethyl ether
at low pressure. It decomposes thermally below room temperature with reductive elimina-
tion of hexadiene to give metallic nickel and can be used as a source for Ni(0). Other first
row metal allyls [Cr(allyl);, Co(allyl);] are even more temperature sensitive. By contrast,
Rh(allyl); is stable at room temperature and above and is not attacked by air or moisture. It
is also volatile. This increase in stability mirrors the situation for alkene complexes, where
compounds of second and third row metals are also much more stable to air and moisture
than their first row analogues.

First row metal allyl complexes in low oxidation states and with an 18 VE electron count
are more stable, for example CpNi(n*-allyl).

Allyl ligands show several fluxional processes that affect their reactivity and stereoselect-
ivity. Firstly, since m-allyls rotate about the allyl-metal vector, bis(allyl) complexes exist as
a mixture of syn- and anti-isomers. Secondly, n’- and n'-structures may interconvert. This
process interchanges syn- and anti-hydrogens. If donor ligands L are present, mixtures of n*-
and n!-allyls may be present in various relative concentrations, which may affect the stereo-
chemical outcome of subsequent reactions, such as diene insertions and oligomerizations.

On the other hand, rotation of an allyl ligand without n® to n' interconversion cannot
exchange the syn- and anti-hydrogen atoms. If the rotation is sufficiently slow on the NMR
time scale, two isomers and two sets of resonances for the allylic H atoms may be observed,
which on warming may coalesce, following the pattern of a two-site exchange.

X X
A
Lant [ Hb Al
,\IA\ ‘\

A | ant
Hya  H,
Y Y

2.7.1.3 Reactivity of Allyl Complexes

With phosphines. The addition of phosphine donor ligands to 16 VE complexeslike Ni(allyl),
increases the stability of the complexes and gives 18 VE adducts, Ni(n?-allyl),(PR;). The allyl
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ligands are co-planar. Further addition of donor ligands may lead to reductive elimination,
giving low-valent metal compounds and C-C coupling products; for example:

AN

M = Ni /Ni———PMe3 donor addition, 18 VE
PMe, \_//
| PCys \ _ ,
M Ni—PCy; reductive coupling
N N
M = Pd N/ N/ Yy

elimination

/\ [P\Pd/\/ — [ \Pd—” . reductive

With nucleophiles. Allyl complexes can react with both electrophiles and nucleophiles.
Nucleophilic attack is commonly used to introduce functional groups or to achieve C-C
bond formations. In principle, there are two sites of attack: on the termini in 1 and 3 posi-
tions, or on the central C, atom. The site of attack depends on the charge distribution on
the allyl ligand. In most cases where allyl complexes are employed in synthesis, the metal is
electron rich, as in palladium allyls, and nucleophilic attack occurs on one or both of the ter-
mini. The regiochemistry will depend on the substitution pattern. However, where the allyl
carries electron-withdrawing substituents, or where the metal is electropositive and the ter-
mini carry significant partial negative charge, the nucleophile will attack the middle C atom.

@1/]\ ® @/\\@

.

M M

The stereochemistry of nucleophilic attack depends on whether the reaction occurs by
intermolecular attack on the ligand, or by way of coordination to the metal, followed by
intramolecular reductive elimination. If the Pd atom is the centre of chirality, in the first case
there will be inversion of configuration, in the second retention.

RZ 1 R2
E R: R
" X NN
RZ
E CHE, CHE,
inversion of configuration

A

RZ
PhMgB ) Rl\/\/

chiral Pd allyt Ph  retention of configuration
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This principle has, for example, been used for the selective synthesis of allenes and dienes.
Other examples are shown in Section 2.6.2.3 (diene reactions).

" Me
Na*[MeCE,]~ /——“""C:‘/\_
ek CMeE, E=COOMe

external attack

Lo
N PhCH,MgCl X Xy AN

[P <

- Pd(P-P)
PRI Ph
Ph

internal attack \\ |
P

Attack on the central C is found for cationic allyl complexes of Mo and W.

¢ ﬁ LiMe c Me H™ c %
P2 M= Mo, W p,M H P2

Although most reactions of nickel and palladium allyls with nucleophiles result in termi-
nal attack, palladium allyls with 2-chloro substituents may also display C, regioselectivity,
depending on the o-donor strength of neutral ligands L. The regioselectivity correlates with
the °C NMR chemical shift difference between the terminal and central C atoms: a large
difference, implying more positive charge on the central C, favours C,-attack.

Cl Nu Nu
C,-attack Nu- Hu
ci [ 7\ N U— Nu
/\ —Cr | ® C, y-attack =
Pd Pd 1
I L L
/Pdi
L L dl L 1| 2
- C, y-attack /\/ N
Nu = CH(COOMe), b Z “ 2 TmEDAbipy | 99 | 1
PPh,, COD 2 | 98

With electrophiles. Allyl complexes can insert electrophiles like CO, or aldehydes. The
reaction with CPh;* proceeds with hydride abstraction to give cationic diene complexes.
Subsequent reaction of these with nucleophiles is a method of introducing further substitu-
ents, with regeneration of a n-allyl complex.

/’\]\ /\[\ . o N
€o, -pd =
Pd _— /Pd\/u\/\ e I

N L reductive
elimination
C[lJ Cp Cp R"
CPhy* BF,” | ® | R
0C—Mo e ® R' J—— @ R
o B R - HCPh, 0C;Mo- - R OC;MO—"\—
7N oc RY ocC R
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Box 2.7.1 Metal allyl catalysts

Metal allyl complexes are the active species in the oligomerization, polymerization, and
functionalization of conjugated dienes. The most important of the diene substrates are
1,3-butadiene and isoprene (2-methyl-1,3-butadiene), the building block of terpenes and natural
rubber. The best studied catalysts for diene oligomerizations are nickel and palladium complexes.
The dimerization of butadiene gives a number of C; products, including vinylcyclohexene
(VCH) which can be dehydrogenated to styrene. The dimerization is catalysed by
phosphine-stabilized nickel(0) complexes.
- - . .

Ni—L —» Ni———| == Ni——p === Nim] = Niseee

.

- |

N X Q/\
N

1,5-COD divinylcyclobutane vinylcyclohexene
(unstable) (VCH)

In the absence of phosphine ligands, nickel is able to coordinate another butadiene, to give
butadiene cyclotrimerization products.

-
Nie— ‘ — Ni——
= 1

oxidative addition,formation Ni bis(allyl) complex with

7 TN
of Nifll) bis(allyl) complex / trans-C=C bond, isolable.

Relative orientation of
allyl sroups dictates
stereoselectivity

of CDT formation

Ni%(CDT), isolable

R

trans, trans,trans-1,5,9-cyclododecatriene (CDT)

Similar n-allyl intermediates are involved in the polymerization of dienes to polymers
with 1,4-cis-, 1,4-trans-, 1,2-, and 3,4-regioselectivity. The polymerization of conjugated
diénes (butadiene, isoprene, 1,3-pentadiene, and others) is catalysed by numerous metals
usually in low oxidation states, notably Ti, V, Cr(Il), Fe(Il), and Nd. In most cases the nature
of the propagating species is not precisely known, but inferences can be made from the
stereochemistry of the resulting polymers.
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R
R &,‘/M - M 1,4-cis polymer
\ ,
R

“““ R
=M — R
\\\/, )/ / ;
1,4-trans polymer
EM-’ R / F M -
3 4-polymer

A very versatile method for introducing selectively both C=C bonds and functional
groups is the so-called telomerization of butadiene. In this process butadiene is dimerized
toa Cq species to which H-X is added across the molecule. The process leads mainly to
1functionalized 2,7-octadienes. The reaction is catalysed by palladium.

H J oz
X = OAc, OMe, NR,, xi N~ A e
CH,NO,, COOR, X -

SiMe,

major minor

The telomerization of butadiene with methanol is an industrial process for the selective
production of 1-octene, an important co-monomnier in the polymerization of ethylenie to
LLDPE (linear Iow-density polyethylene). Although 1-octene can be made by ethylene
oligomerization, these routes suffer from limited selectivity, and butadiene telomerization
provides a viable alternative. Palladium catalysts with OMe-substituted aryl phosphines or
P-N chelating ligands have proved particularly useful:

Pd-L
2 sy FMeDH———» MeOs o
154 H,, heterogeneous
Pd-L= (—pd«L L= PPh,_(C,H,0Me),, catatyst

N acidic AL,O
Me,N - PPh, EN}_pEtZ MeO i o o T N~

t
Me
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£ x

2.7.2 Metal Dienyl and Trienyl Complexes

Dienyls and trienyls extend the series from n’-allyl to n°- and n’-bonded, formally anionic @
n-ligands. They may form open delocalized structures, or the termini of these nt-systems i
may be bridged by a saturated linker. Closed (4n+2)r Hiickel aromatic systems (cyclopenta- M
dienyls, arenes) are considered in Chapters 2.8 and 2.9.

¢ d o9

n3-allyt n>-pentadienyl  nm-cyclohexadienyl  nm’-cycloheptadienyl  m’-cyclooctatrienyl

2.7.2.1 Synthesis

The classical route to dienyl complexes is the hydride abstraction from diene complexes.
The resulting cationic dienyl species are susceptible to nucleophilic attack. Depending on
the substitution pattern, this is a highly regioselective method for diene functionalization.

By electrophilic attack:

(C]
/
l\ CPh3+ :Q
l ~ HCPh, [
n4 Fe(c0)3 nS Fe(CO)3
©]
&
B
n14
| |
CoCp n° CoCp
By nucleophilic attack:
X
H
©
X
R
] X =H, alkyl
ML, ML, ML, =Mn(CO);, FeCp

By salt métathesis:

i ] .
M 2 KW e e open-ligand analogues
Cly + - 2Kl )@\ of metallocenes
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By isomerization:
Ruo _10°c RU!
H-tran sfe r
n’ n’

2.7.2.2 Reactivity

Dienyl complexes, particularly those of Fe and Mn carbonyls, have important applications
in stereoselective synthesis. The strategy is to use a succession of [n*] = [n°]* — [n*] or
[n°1* = [n°] conversions (for Fe(CO); and FeCp compounds, respectively) to introduce

selective functionalizations.

/\ Nu
® Nu~
S tH
[¢]
MeO oxidation \Q
e i R
| )
Fe(CO), FeCO);
/\ Nu Nu
@ Nu~
ol
oxidation
E—— B
e0 | MeO 0
Fe(CO)5 FeCO),

Box 2.7.2 Metal dienyl complexes in organic synthesis

Successive nucleophile addition and protonation steps allow the conversion of a
cyclooctatetraene complex into a stereoselectively difunctionalized diene:

CpFe @ Cpfe CpFe @
i \Q =

/

1 even, open Nu n

CpFe Nu?

CF,COOH Nu®? = CRMX(COED),
MeCN
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A similar reaction sequence has been used to synthesize a core constituent of the anti-
influenza agent oseltamivir. The starting diene in this case is a product of the microbial

oxidation of benzene.
Fe(CO), Fe(C0),
1 HBE, z
2) NaBH, H'BF,~ K*phthalimide
i b s fettemarna sy e e mnacs <ol
—— COOEt
COOEt ~ COOEt
4 OAc 5
! T
Et
Et
Fe(CO), AcNH :
H,0,/NaoH
o et 3O i R o
T HNY COOEt
phthN COOEt phth COOEL H;PO,"
4 oseltamivir
n
N
Key points

Allyls and dienyls coordinate to metals in most cases as n-ligands donating 3 and 5 electrons,
respectively. These ligands are regarded as monoanionic, LX and L,X ligand classes.

Allyls are often generated from alkenes and conjugated dienes as part of catalytic cycles (double
bond isomerization, diene oligomerization and polymerization, synthesis intermediates).

They are susceptible to nucleophilic attack, most commonly in 1- and 3-positions (see also
Davies-Green—-Mingos rules).

The formation of allyls and dienyls allow the regio- and stereoselective functionalization of
unsaturated substrates.

Important catalytic applications involving m-allyl complexes include:

(i) catalytic butadiene dimerization and trimerization;
(i) butadiene dimerization with HX addition: telomerization;

(iii) butadiene and isoprene polymerization to elastomeric polymers.

Exercises

1. What is the product of the reaction of [(n2-C3Hg}PdCl,], with a base?

2. Nickel(0) complexes catalyse the dimerization of 1,3-butadiene to 4-vinylcyclohexene (VCH),
which can be oxidized to produce styrene. Draw all intermediates and describe each reaction
step of VCH formation.

3. Draw the reaction steps and intermediates in the following transformation, mediated by PdCl, in
the presence of a nucleophite HNu:

It
4’1\70 =
0 0

Nu
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For examples, see
Chapter 2.2
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2.8 L,X-Type n-Acceptor Ligands: Metallocene Complexes

Complexes containing one or more cyclopentadienyl ligands constitute one of the most im-
portant and versatile classes of organometallic compounds. The cyclopentadienide anion
CsHs", abbreviated Cp~, is isoelectronic to benzene; it acts as anion in metal complexes and
also donates two pairs of m-electrons and is therefore classed as an L, X ligand.

2.8.1 Bis(cyclopentadienyl) Complexes

As was shown in Chapter 2.2, cyclopentadienyl complexes come in three major types:
bis-Cp complexes or ‘metallocenes, MCp,, bent metallocenes with additional ligands,
Cp,M(A)(B)(C), and half-sandwich complexes, CpML,.

'The first metallocene to be discovered was ferrocene, Fe(n>-CsH;), = FeCp,. Ferrocene
has a ‘double-cone’ or ‘sandwich’ structure, i.e. the metal centre is held symmetrically be-
tween two planar Cs rings. Ferrocene has become the iconic symbol for organometallic

& =
®:<:> Fe =  Fe
®0-0 K- 1

The name ferrocene was coined in recognition that it behaved chemically rather like ben-
zene or a three-dimensional arene molecule. For example, the Friedel-Crafts acylation of
ferrocene is even more facile than that of benzene:

Me Me
| MecOCl @_\g Mecocl @*\g
fe AlCl, fe AlC fe M
> > e
0

The fact that Cp rings can bear a multiplicity of substituents has contributed much to the
success of metallocenes.

It was soon realized that the sandwich-type bonding was a general structural principle.
Not only could bis-Cp complexes be made for many different metals, the isoelectronic re-
lationship between Cp and benzene could also be used to postulate and synthesize other
systems, e.g. complexes of benzene as neutral Cp~ analogues. Cr(benzene), is the prime
example. Sandwich complexes now exist with ring sizes from 3-9.

The cyclopentadienide anion is made by deprotonation of cyclopentadiene, CsHe. This
exists under normal conditions as its Diels-Alder dimer, from which it can be generated
by thermal cracking. It is a C-H acidic compound (pK, = 16); it reacts therefore with alkali
metals or alkali metal hydrides with evolution of H, and formation of the corresponding



2.8 LE-TYPE -ACCEPTOR LIGANDS: METALLOCERE COMPLEAES

metal-Cp compounds. The alkali compounds are colourless salts (usually coloured pink
due to trace impurities of oxidation products). Substituted cyclopentadienes are more stable
as monormers.

7/ _1s0°c Na + 0.5H
Anad Retro-Diels— Alder a e

For some synthetic applications, such as reactions with noble metal halides, it is con-
venient to use the thallium derivative, TICp, which has the advantage of being stable to air
and moisture (although, as a thallium compound, it is highly toxic). It can be purified by
sublimation.

Structural types. The typical metallocenes [MCp,]"" may be neutral or cationic. Among
the first row metallocenes, only ferrocene itself and [CoCp,]* are diamagnetic; all others
have 1-5 unpaired electrons.

Not all complexes with the empirical formula MCp, have metallocene structures, e.g.
[ pRh(q -CsHs)], is the dimer of the RhCp,® radical (18 VE). Some large metals like zirco-
nium [r(Zr*) = 0.91 A, the largest of the transition metals] and uranium [r(U*") = 1.17 A]
are capable of t-coordination to more than two Cp ligands. By contrast, TiCp,, with its much
smaller metal centre [(Ti*) = 0.74 A], contains two n°- and two n'-bonded Cp ligands.

metallocenes: bent metallocenes:

T &£ &% S R

M=V, Cr,Mn, largelyionic 18 VE 17 VE 18 VE 18 VE
Fe, Co, Ni packing L = MeCN
15-20VE

& U ) D
< - XY

Ligand types. The introduction of substituted Cp rings provides a facile and convenient
way to modify the electronic and steric properties of metal complexes. The pentamethyl-Cp
ligand, CsMes (usually abbreviated Cp*) greatly increases steric hindrance since the five
CH, substitiients roughly double diameter and thickness, compared to CsHs. As a result, in
cases where the M*--Cp~ interactions have a strong ionic component and the unsubstituted
compounds form dimeric or polymeric [MCp,], structures (Mn", lanthanides), the Cp*
analogues are monomeric and molecular. Due to the positive inductive effect of methyl sub-
stituents, Cp* is also a much stronger electron donor than Cp. Pentahalo-Cp ligands CsX;

1%, 1% 18 VE
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For TICp see Section
1.5.3.2.
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(X =Cl, Br, I) have the opposite effect, as does CsPh;. The Cs(CN)5~ ligand is so weakly basic
that it acts as anion in salts, e.g. [Ni(DMF)¢]**[C5(CN)s 1. Complexes of halo-substituted
Cp derivatives are however useful for the preparation of functionalized Cp derivatives.

Benzo-annulation of the Cp skeleton (i.e. adding an aromatic Cg ring) tends to increase
the stability of the complexes; e.g. (n°-indenyl),TiMe, is thermally much more stable than
Cp,TiMe,. On the other hand, as pointed out in Section 2.5.3.1, in cases where the indenyl
ligand is bound to electron-rich metals that allow n°> — 1’ slippage, indenyl complexes may
prove far more reactive than their Cp counterparts. Chiral substituents are frequently used
to induce stereoselectivity in Cp complexes.

increased lipophilicity water soluble Cp with P-donor
function
zZ
(0220
z
fulvalene dianion chelate ligand; double bridge; Z = SiMe, pentalenediyl dianion
Z = CH,, CR,, SiMe,
/ Br PMe,
3 Br MeZP
O ©)-e (©)—rue,
Br Me,P
Br PMe,

chiral Cp ligands susceptible to
nucleophilic substitution

There are numerous Cp analogues based on heterocycles, notably carboranes and boron-
containing rings. Those with B-N bonds correspond closely to the Cs parent compounds,
while rings containing one or more BR units in place of CH are electron-deficient. The
[C,BgH,;]*” system has frontier orbitals very similar to those of Cp™, and series of complexes
analogous to metallocenes exist.

Cp analogues:

& 04" -0 ar o

o CH borolyl anion 1,3-diborolenyl 1,2-azaborolyl boratabenzene

[C,BoHy 41>
Cp analogue

Steric effects. As was discussed for phosphines and carbenes, steric parameters can be
assigned to cyclopentadienyl! ligands to describe their steric influence on a metal complex.
Since Cp ligands can carry different numbers of substituents, and since each substituent may
be able to adopt more than one conformation to minimize steric repulsion, it is difficult to
summarize the total effect in a single number. Usually two angles are measured (or calcu-
lated) based on crystal structures, the angle about the metal ® = 2/5 £0; (i = 1-5), and the
angle Q = Xw; (i = 1-3) describing the bulk of a substituent.
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Cp ligand

'This leads to the following ordering of Cp ligands according to increasing steric demand.
A good measure for this is the rotational barrier of the corresponding ferrocene. Where two
values are close to one another, the sequence may vary (Table 2.8.1).

Electronic effects. The electronic effect of Cp substituents is more difficult to assess since
the influence of conformational changes, such as the dihedral angle of best planes through
the Cp ligands, are substituent-dependent and do not necessarily give a linear relationship.
A good general method is to measure the average of the symmetric and antisymmetric veo
stretching frequencies of (CpR)ZZr(CO)Z complexes. The values decrease as the number
of substituents with a +I effect increases. Each CH, substituent reduces v¢p by 3.2 cm™
on average. By this measure, the electron donating power of substituents decreases in the

sequence
Bu'>Pr' =Et=Me >SiMe, > H

There is a good correlation with the 0,,,,, Hammett parameter, in agreement with the

operation of an inductive effect.
Fluxionality and ring slippage of Cp complexes. Cp complexes show four types of flux-
ional behaviour:

Table 2.8.1 Steric (°) and electronic (v¢o av) parameters of Cp ligands.”
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But Bu' Pr pr
Ligand: CiH; CsH,Me CsHySithe;  Bui~==S;Bu! ©But P;;@”, CoMes
eF] 882 951 1026 104.3 116.2 132.0 146.4 167.4
QFl o 490 0 95.6 100.7 99.8 85.9 88.6
Vav 1932 1926.5 1942 1929.0 1913.0 1899.5

9Steric parameters are derived from (CpZr(n’-C;H,), veo values [em™] from (Cp®),Zr(C0),.
§

(i) Cp ringrotation;

(ii) o-bond shift in n'-Cp ligands;

(iii) n'/n’ hapticity interchange;

(iv) n°/n’ ring slippage.
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A pentahapto (n°) coordinated Cp ligand can be regarded as occupying three coordi-
nation sites in an octahedral complex. Although in the crystal such a ligand may adopt a
preferential conformation relative to the other ligands, in solution Cp ligands are not static
and rotate very rapidly about the M-Cp(centroid) vector. With very few exceptions the rota-
tional barrier of a CsH; ring is very small, of the order of ~2 kJ/mol, so that even on cooling
to very low temperatures all Cp-hydrogen atoms are equivalent in the NMR spectrum. In
ferrocene the rotational barrier is only about one-third of that of ethane.

n'-Cp bonding and o-bond shift have been discussed in the case of Hg(n'-Cp),, which
shows rapid interchange of the M—~C o-bonds between all five Cp carbons (Section 1.4.3.2).
For transition metals this situation is exemplified by (1°-Cp)Fe(CO),(n*-Cp). Here the n'-
Cp ligand undergoes a succession of sigmatropic shifts (both 1,2- and 1,3-shifts are possi-
ble), so that at room temperature and above all five C-H moieties are identical on the NMR
time scale. At 30 °C the 'H NMR spectrum of this complex consists of two sharp singlets,
one of which broadens on cooling to show the expected 1:2:2 signal pattern. The signal for
the n°-Cp ligand remains unaffected and sharp.

3 4
2 _[E . Gy
Fe 5 == Fe -- s | == Fs 1 === efc.
oc/ co M

oC <¢o oC o H

A second type of fluxionality is seen in TiCp,. The 18-electron rule and the small size of
Ti(IV) imply that four n’-Cp ligands could not be accommodated. At 60 °C the compound
displays a single "H NMR signal; this broadens on cooling and splits into two singlets. In this
case two Cp ligands are '~ and the other two n°-bonded, and all four participate in the ex-
change process. There are therefore three fluxional processes operative here: n°-Cp rotation,
n'/n° hapticity interchange, and sigmatropic shifts over the n'-Cp rings.

n°/n’-Ring slippage can be the result of a competition for coordination sites between Cp
and other ligands. A classical case is the CO uptake by Cp,W(CO) to give Cp,W(CO),. This
is apparently a 20 VE species; however, CO coordination is associated with n°»n? slippage of
one of the Cp rings, so that the 18 electron count is maintained.

o : \ o Co
-C0 co
% %
n°,n’ % BRI

While such a slippage is unusual for Cp, in indenyl ligands this process is facilitated by the
gain in aromaticity of the six-membered ring. The importance of n°/n*-indenyl ring slippage
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for the kinetics of ligand substitution has been discussed in Section 2.5.3.1. It is particularly
important for indenyl complexes of Co and Rh. For example, whereas CpRh(C,H,), is very
reluctant to exchange the ethylene ligands for CO, (Ind)Rh(C,H,), reacts instantaneously:

©@Rh/” 0 @R{i” — ©@\\’T“/CO

| 1 ~C,H,

2.8.1.1 Synthesis of Metallocene Complexes

The most general method of preparing metallocenes is the reaction of metal salts with alkali
metal cyclopentadienides.

MCl, + 2 Na*Cp~ MCp, + 2 NaCl
Et,0 or THF
M=V, Cr, Mn, Fe, Co, Ni
Ni(acac), + 2 CpMgBr NiCp, + 2 MgBr(acac)
Et,0

For stable metallocenes like ferrocene it is possible, and certainly more convenient, to
generate the required (small) concentrations of Cp~ anions in situ, from cyclopentadiene
and a base like Et,NH or KOH in DMSO.

FeCly,6H,0 + CoHg + 2Et,NH ———  FeCp, + 2 Et,NH,*Cl”

The pentalene-diyl anion consists of two edge-sharing Cp rings. It can act as sandwich as
well as bridging ligand:
@@ Cp*M(acac) U Cp,VCl \l/ d®
2 ~LiCp .
] - Lict < [ > 8 e~ ligand
Cp*M M = Fe,Co,Ni

2.8.1.2 Structure and Bonding in MCp, Complexes

The Cp ligand acts as n-donor and acceptor by virtue of relatively low-lying e, levels:

.
¥
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€

aq

. ’ (2 0— Hel
——

For the MO diagram of sandwich-type metallocenes MCp, the combination of Cp and
d-orbitals gives the following splitting pattern which determines the magnetism of the com-
plexes. The magnetic moment of manganocenes is strongly dependent on the Cp substitu-
tion pattern. The 18-VE compounds FeCp, and CoCp," are diamagnetic (Table 2.8.1.2).

The electron count of metallocenes increases from 15 (VCp,) to 20 (NiCp,), i.e. the nickel
compound exceeds the 18-electron rule. Nevertheless, it has true metallocene structure (as
opposed to the n°- / n*-Cp alternative). However, the additional electrons weaken the Ni~Cp
bond. There is an increase in the distance between the two Cp planes from in the sequence
Fe < Co > Ni, contrary to the trend in atomic radii.

Missing in the series of simple metallocenes MCp;, is TiCp,, titanocene. This would be a
highly unstable 14 VE species. Instead, cleavage of the C-H bonds of a Cp ligand occurs, to
give a Ti(IIT) fulvalene hydride complex. The sterically stabilized Ti(n>-CsMes), exists, but
even this is in equilibrium with a C-H activated ‘tuck-in’ isomer. The introduction of bulky
substituents is necessary to produce isolable, stable titanocenes. Linear titanocenes (d*) are

Table 2.8.1.2 Electron configuration and magnetic properties of metallocenes.

Partial qualitative MO diagram for d-level occupancy VEcount Unpaired  peq spin-only  Found [Bohr
MCp, electrons  value magnetons]

- g Cp,V (ex9)*(@"1p)" 15 3 3.87 3.84

E (x2, y2) ;

Cpalr (e9%(@"1y)! 16 2 2.83 3.20

' 2
15 (2) CpoFet  (ey9°(@'sg)? 17 1 1.73 2.34
CpaMn (e2)2(@" 1% (e 1) 17 5 5.92 5.81
B— g
(2-y2, xy) CpyCo (e (@19 (%" 19 1 1.73 1.76

CpoNi (en*(@1)% (€% 20 2 2.83 2.86
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paramagnetic; Ti(n’-CsMe,Ph), shows a magnetic moment of g = 2.7 B.M., close to the

spin-only value for 2 electrons of 2.83 B.M.
. @' SiMePh,
S CH, 2:{) ;

\..,‘\\Hn,,, / I. . \Ti ______ 1'— 162.2
DR <Y '
‘titanocene’, Ti(lll), 15 VE, 14 VE, Ti(ID), 16 VE, Ti(lv), F:j‘gmes' sheb 105 °C
diamagnetic yellow, paramagnetic green, diamagnetic 14 VE, greenish-brown, mp. 105 °C,

paramagnetic

Manganese(II) has a half-filled d-shell which in the high-spin state implies ionic character
and zero ligand field stabilization. Consequently, in the solid state manganocene MnCp,
has a polymeric structure with bridging Cp~ anions, reminiscent of more ionic Cp com-
pounds like those of Zn*". As a further expression of its ionic character, MnCp, forms 19-21
VE mono- and bis-adducts with donor ligands, such as Cp,Mn(THF), and Cp,Mn(PMe,).
MnCp, exists in two phases: at 158 °C the amber polymeric low temperature modification is
converted into the pink monomeric metallocene structure.

= =

N
ln . . ln\ 158°C f
£ ~

In Mn(CsHMe), high-spin (HS) and low-spin (LS) states are energetically very close, Na[MnCp*,]isa
so that small changes in temperature or solvent can affect changes in magnetism. The HS/ z&"c’fr’;:lrzgictan .
LS cross-over brings with it profound changes in the degree of covalent character of the (e1/2=-2.17vvs
Mn-Cp bond; the high-spin d° form is ionic with a large Cp(centroid)-Mn-Cp(centroid) ~ SCE)
distance (4.1 A), whereas the low-spin form is covalent, with Mn~Cp distances comparable
to ferrocene.

MnCp*, is a monomeric 17 VE complex with the expected sandwich structure. Because
of the higher field strength of Cp*, the compound is low-spin (S = %, peg=2.18 B.M.). It can
be oxidized to [MnCp*,]* and reduced to the 18 VE anion [MnCp*,]".

There is no metallocene of Cu(II) but Cu(I) (d'°) forms a bis-Cp complex in which the
Cp ligands are n>-bonded and form a ‘slipped-sandwich’ structure. Unlike the other bis-Cp
complexes discussed here, [CuCp,]~ salts are thermally unstable and decompose in solution

above 0 °C.

CuCl + 2 LiCp + PPh,*CI” o [PPhy” [ %.,:CU/:’@

Second- and third-row early transition metal metallocenes, like Nb, Mo, and W, show
C-H activation similar to titanocene and give a variety of isomeric metallocene hydride
structures with bridging n',n>-CsH, ligands. Some representative examples are shown in the

S]
+2Lid
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following diagram. ReCp, (17 VE) is unstable but ReCp*, is isolable. Only Ru and Os form
simple metallocenes analogous to ferrocene.

Mo Mo

N A TR T N A

2.8.1.3 Reactions of MCp, Complexes

Metallocenes MCp, (i.e. excluding complexes with further L or X-type ligands) show mainly
four types of reactivity:

(i) Electron-deficient metallocenes will add ligands to gain a higher electron count. This
reactivity pattern is illustrated in the following diagram for Group 4 metallocenes.

(ii) Electron-rich metallocenes are redox-active and show reversible 1-electron oxidations
and reductions.

(iil) The reactivity of 18 VE metallocenes like ferrocene is dominated by modification of
the Cp ligand, without affecting the metallocene structure itself.

(iv) Electron-rich metallocenes show ligand exchange behaviour to achieve an 18 VE
configuration.

(i) Early transition metal metallocenes. The reactivity is exemplified by the 14 VE species
M(C;sMes), (M= Ti, Zr) which coordinate alkenes, alkynes, H,, CO, and even N, to achieve
a 16-18 VE electron count and oxidation state IV.

N, N-N1.11
s\ Pa=q

!
* Ti——N=N—TiCn* Z N
Cp*,Ti—N=N—"TiCp*, Ti~py —em T Ti

N, high [Ti ~Hy
\ VN, o 2058, ZON gn [l /éj\ é
NZ V(N )bridge 1711 em™! 135°C

Ti(M), 18 VE - Ti(V),16 VE Ti(IV),16 VE
u 1.98 |
Aemoee Ti
100 °C
N .
Cp*,Ti < 2 N,, low [Ti] />ﬁ$§ ~CyHg
N .
v(N,) 2090 19822 Ti(l), 14 VE \%"\
co A, vacuum
/ Hy 1 \ C,Phy \ _—Ph
: oL i,

o H "~ e A ::[
p*,Ti , %
* o cps,Ti ﬁ( & i
Ti(),18 VE  v(C0) 1939, 1859 H

Ti{Iv),16 VE 16 VE 16 VE

Groups 5 and 6: Vanadocene VCp, (15 VE) adds CO to give Cp,V(CO). Chromocene
CrCp, (16 VE) has a strong tendency to retain the metallocene structure and forms a CO
adduct at low temperature. Under CO pressure both react with ligand substitution to give
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CpV(CO), and [CrCp,]"[CpCr(CO);]", respectively. CrCp, is oxidized by iodine or allyl
iodide to give [CrCp,]"T",while heating with CCl, leads to oxidation coupled with partial
substitution of a Cp ligand, to give [CrCp,]*[CrCpCl;]™.

(i) Redox reactions. The most widely utilized metallocene is ferrocene (Fc), and its most
characteristic reaction is the oxidation of the orange ferrocene (Fel’, d°, 18 VE) to the dark
blue ferrocenium cation (Fe', d° 17 VE), E,;, = +0.34 V (ethanol, 25 °C) and +0.31 V
(MeCN) vs. SCE (SCE = standard calomel electrode).

-
FeCp, = [FeCp,]*

The Fc/Fc* couple is often used as electrochemical reference standard. Each methyl sub-
stituent on the Cp ring shifts the potential by 0.048 V to more negative values.

Ferrocene oxidation occurs with numerous reagents, including FeCl;. The reaction with
iodine is an equilibrium.

2 FeCly [FeCp,]*FeCl,™ + FeCl,

FeCp, 1

(FeCp,I™l3™ k=175 (benzene,25 °C)

Ferrocene forms a charge-transfer adduct with electron-poor alkenes like tetracyanoeth-
ylene (TCNE). The more easily oxidized FeCp*, reacts with electron acceptors like TCNQ
(7,7,8,8-tetracyano-p-quinodimethane) under electron transfer to give conducting salts
[FeCp*,]*[TCNQ] ™.

Cobaltocene. CoCp, is a 19 VE species; it is stable in an inert gas atmosphere but air-
sensitive. It is an excellent 1-electron reducing agent (E;, = ~0.87 V vs. SCE), and the
black-purple CoCp, is oxidized to yellow [CoCp,]*, which is isoelectronic to ferrocene.
Cobaltocene oxidation with O, in the presence of water gives the hydroxide, [CoCp,]"OH".
The cobalticinium cation is remarkably stable, even to strong aqueous alkali and strong
acids, and the cation behaves like a large alkali ion. It is resistant to further oxidation; for
example, treatment of [Co(CsH Me),|* with concentrated nitric acid oxidizes the methyl
substituents to give [Co(CsH,COOH),]* but leaves the metallocene core intact.

CoCp, [CoCp,J*OH™

2

Nickelocene (20 VE) shows two oxidation steps. Although the [NiCp,]*" dicationisan 18
VE species, it is difficult to generate and not stable (Ni'"1).

; +0.1V +0.74V .
] NiCp, ======= [NiCp,]' =——===== INiCpJ**

(iii) Substitution reactions on the Cp ring. As pointed out earlier, ferrocene behaves
like an aromatic compound, and standard organic synthetic methods have been applied to
generate a huge arsenal of derivatives for many applications in synthesis, materials science,
and medicine. Ferrocene is more electron rich than benzene, and Friedel-Crafts acylations
for example proceed about 10° times faster. The Cp ring can be lithiated, and the resulting
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CpFe(CsH, Li) behaves like a conventional lithium aryl in its reactions with electrophiles.
The following scheme provides an overview of the diverse reactivity patterns.

1 o o o,
{ ! i
@—Q Fe Fe Fe CpFe —O COOH

Pd catalyst HCN] ArN2+

ACOH, 0,  fecy,

R\:_\

oxidative

Heck arylation R

i N,O
o e || ST =
| F ——

F - F el < Fe d
€ e Cb tion
RC(O)Cl j reduc
e & W=
. 1)Hg(0Ac), 1) B(OMe)3 Me3SiCl  cpre 40 NH
B”/ 2) Licl 2
R
* .
: L HgCl B(OH)
< “w, N St o
' PPh P ! ! | CpFe SiMe,
Fe 2 =T Fe Fe Fe
> pph, Ny > <>
chiral ligands for catalysis Cp metallation for coupling reactions

Metallation of the Cp ligands in FeCp, and RuCp, has been shown to proceed with
complete substitution of all 10 H atoms. This can be achieved by electrophilic mercura-
tion with Hg(OAc), or Hg(O,CCF;),. The mercury can in turn be substituted by Li, Mg,
Zn, or halides:

HgCl
CngQHgCl MeMgCl or
1) 10 Hg(OAQ),  ClHg™ T ~VHgCl  ZnMe, Br
mMC 2 Ru(C5Ys), — Ru(C4Br
P2 Sy10Kal ClHg HgCl v fvasrvi ’ (€582
M= Fe, Ru cmgzé\nga e
HgCl

The ferrocenyl unit stabilizes carbocations bound to a Cp ring, e.g. the [Fc~CPh,]* cation
is isolable. This facilitates substitution in a-position to the ring:

X Nu
®..R? _.‘\RZ
---- L e M e L =7\
Fe Rl — -~ Fe® X ’ Fe R

Fe
N > > >
stereo retention
A general method for exchanging one Cp ring in ferrocene by an arene is the treatment of
FeCp, with a mixture of the arene, AICl; and aluminium powder to give the corresponding
cationic mixed-ligand sandwich complex:
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< |°
Al/AICl ]

FeCp, + CgHg — Fe AlCl,”

7 I

(iv) Reactions of nickelocene. The reactivity of this 20 VE species is driven by the energetic
advantage of obtaining an 18-electron count. This can be achieved by ligand substitution,
where one of the Cp rings is replaced by a 3-electron donor, and also by comproportionation
with Ni{0) complexes. Treatment of NiCp, with an excess of phosphines or 1,5-COD leads
to reduction and formation of Ni(0) compounds.

An interesting reaction is observed on protonation of NiCp, with HBF,, i.e. an
acid containing a non-coordinating anion. Addition of H" to Cp gives CsHg, which
dissociates, leaving the highly reactive [CpNi]™ fragment. This can react with further
nickelocene to give a stacked complex, [Ni,Cps]*, the first triple-decker complex to be
isolated. Similar triple-deckers are known for other metals; for example, the stacking
reaction of [Cp*Ru(NCMe),;]* with RuCp*, gives [Ru,Cp*s]*. This is a 30 VE multi-
stack, the binuclear equivalent of 18 VE and a stable bonding situation. By contrast,
[Ni,Cps]* has 34 VE; the additional electrons weaken cluster bonding and elongate the

Ni-Ni distance.

. ®
Ni(COD), cob < <
‘\Ucp‘ @ HBF, ’\1‘.@ NiCp, ,\'”
. PRy, ! : AT
Ni(PR3), ~3\ Nk =M~ CsHe (d)? BF,”
= CioMio @ H ui
f

< e <
Ph
0
Ph

Ni =

Ph<¢7, CHy
= < R
Ni i N'\l“ @N'\ AN @
~ ¢y | ;

Box 2.8.1 Ferrocenes in medicine and catalysis

Blood glucose sensors. There are about 350 million diabetes sufferers worldwide. The fast
and easy determination of blood sugar levels is a daily need. The enzyme glucose oxidase
(GOD) is highly sensitive and specific; however, the direct determination of the oxidation
process by electrochemical methods is impeded since the enzyme does not react with the
electrode surface directly. This difficulty can be overcome by employing ferrocene asa
redox catalyst which mediates the quantitative oxidation of glucose to b-gluconolactone,
the resulting current is proportional to the glucose concentration. The redox potential and
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e

kinetics can be optimized by suitable Cp ring substitution: It has been estimated that in'the
30 years since the invention of this sensor system in 1982 some 25 billion test strips have been
sold. The system involves several interlinked redox cycles:

FeCp, GOD p-glucose
@
&
5
v
@
o
e
% o= FeCp,* GOD 4 p-gluconolactone

Anti-cancer drugs. Given the increasing problem of resistance of many diseases to
established medicines, drugs containing organometallic components are increasingly being
tested. Ferrocene derivatives in particular are frequently employed to modify or enhance
anti-tumour drugs, with many structural motifs being explored. The approach may be
illustrated for example, by the tamoxifen-inspired hydroxyferrocifen (A). Tamoxifen'is a
standard treatment against breast cancer but tumours can develop resistance. In such cases
the ferrocene derivative A is effective and inhibits the growth 'of hormone-independent breast
cancer cells: Compounds of type B are‘active against liver cancer. Ferrocenyl ethers C are
being tested against prostate cancer, among many others, while type D operates by targeting
aberrant kinase activity (protein phosphorylation) in cancer cells.

OH OH
X
W O o O O
S S e
2 Q. = D 22
O/\/N\ le O/”\/N\ Q X=N02,0Me
Tamoxifen Q
A hydroxyferrocifen B
CF.
> N -\
/\/9’\ H /i }"_f
N
0 N 0
Fe Fe. O N
H

<> <

C ferrocene bicalutamide D

Malaria and tuberculosis. Apart from cancer, malaria and tuberculosis are increasingly
threatening and a major cause of mortality worldwide. Multi-drug resistant bacterial
strains make conventional treatment difficult. The ferrocene derivative E is active against
chloroquine-resistant malaria pathogens. Compounds of types F and G have been reported to
show promise against multiply-resistant strains of tuberculosis.
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Me Fe [@
m iy 2 Sy I N
SN N G0 N N <

Chloroquine E. Ferroquine anti-malaria drug F G

~Me
e L& — , = o

Ferrocene-devived ligands for asymmetric catalysis, Since both rings in ferrocene can
be substituted independently, one or more chiral substituents per Cp ring afford chiral
auxiliaries. Introducing two substituents on one ring allows the construction of ligands with
planar chirality. Ligands of this type are for example being used in the asymmetric iridium-
catalysed imine hydrogenation, a large-scale industrial process for the production ofa
herbicide intermediate.

Planar chirality: X» Y. Xj i 7\
;) é

Y

-
C -E
o
_—
)
N

mirror plane
0
N)\/ < I ; @)2
Irf L% H, \©/\ [*= PhyP Fe
H Me
80%¢.e. 4d>> .
0 herbicide intermediate (R, S,)-Xyliphos

There are numerous variations of bidentate chiral phosphines with a ferrocenyl backbone.
The examples in the following diagram stand for a large number of ferrocene-type ligands
andare commercially available, as are many others.

PR, )@%/PCW é
=Y L Fe e R

: ’NMe
Fe d) ? H

= Fe
D, e, I p—
0 2 QOMe

— t
R=Bu,Ph—( M p_cy 35-Me,CeHs

Ferrocene complexes as chemosensors. Metal complexes are widely exploited as selective
sensors for metal fons, anions, or various other substrates including biomolecules, none
more so.than ferrocene derivatives. Sensing responses can be gathered from multiple
channels: by UV/vis spectroscopy, fluorescence, or electrochemical responses, i.e. shifts in
the Fc/Fc' redox potential. For example, the crown ether-like ferrocene H is selective for
Li* jons in the presence of other alkali metals, I gives selective electrochemical and UV/vis
responses for Zn* inthe presence of Cd%; while the boronic acid derivative J is a sensor for
HEF as well as for carbohydrates. Complex K is a colorimetric sensor for the enantioselective
detection of chiral secondary alcohols, and L detects trinucleotides, both by hydrogen
bonding to their respective substrates.
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2.8.2 Bent Metallocene Complexes

Bent sandwich complexes contain two Cp ligands, which often fulfil the role of protect-
ing ligands, as well as one or more X- and/or L-type ligands. Whereas the chemistry of the
metallocenes MCp, concerned reactions of the Cp ligands, here the X and L ligands are of
interest. X-ligands form typically M-halide, M~H, M-O, M-N, and M-C single or multiple
bonds, while L-type ligands may be CO, phosphines, alkenes, or alkynes. Bent metallocenes
include the important area of metallocene-type Group 4 olefin polymerization catalysts
(Section 3.7.2). This is also a complex type where lanthanides and actinides are prominently
represented.

2.8.2.1 Synthesis of Bent Sandwich Complexes

The most important synthetic route is the reaction of early transition metal halides, for ex-
ample MX, (M = Ti, Zr, Hf, and V), with NaCp or LiCp derivatives in a 1:2 molar ratio to give
Cp,MX, complexes. The analogous reaction of the heavier Group 5 metal halides would be
expected to give M(V) complexes Cp,MX; (M = Nb, Ta); these exist but are easily reduced
to the Cp,MX, which are sterically less congested; these d' compounds are paramagnetic.
CpSiMe; and CpSnR; (R =Me, Bu") are mild Cp transfer agents that react with Lewis acidic
metal halides smoothly to give mono- or bis-Cp complexes. (Cp®),NbCl, complexes are also
accessible from NbCl,(THF), and LiCp®.

Lanthanide halides give compounds of the types Cp,LnX and LnCps, depending on the
stoichiometry. Cp,LnX complexes are halide-bridged dimers. The LnCp; compounds with
unsubstituted Cp ligands are polymeric with Cp-bridged structures. However, the com-
pounds depolymerize on heating and can be purified by sublimation. The Cp* analogues
are mononuclear.
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Et,0
2 M

MCl, + 2 NaCpR
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The lanthanide elements samarium, ytterbium, and europium are known for the relative  Lanthanides
stability of oxidation state +11. They give metallocenes Cp,Ln from the metals; coordinat- sz'[:' CpLnX
ing solvents form adducts Cp,LnL,. These compounds are thermally very stable but highly P
sensitive to oxidation.

1) C5H6
liquid NH3 L L Ln=Sm, Eu, Yb
tn 2) sublimation tnCp Cpabn L L, =2THF, MeO  OMe
DME
Yb + 2TICp Cp,Yb(DME) + 27Tl

The reaction of ReCls with NaCp in the presence of NaBH, gave access to the first organo-
metallic metal hydride complex. The method is general, e.g. for the synthesis of Cp,MH, (M
= Mo, W) and Cp,MH; (M = Nb, Ta).
=  CpyMH; M=Nb,Ta

NaBH,,

MCl; + 2 NaCp o~ Cp,MH, M=Mo,W

Lo Cp,Re-H
1H NMR: 8 3.64 (Cp), ~23.5 (Re-H)

A particularly important class of bent sandwich complexes are Ti, Zr, and Hf compounds ~ Groups 5,6
where the Cp ligands are connected by a linker group, the so-called ansa-metallocenes
(from Latin ansa = handle). Complexes with substituted Cp ligands may form rac and meso
stereoisomers; the former are important pre-catalysts for the stereoselective polymerization
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of 1-alkenes, while the latter show low activity without stereocontrol. For example, the C,-
symmetric rac-Z(Ind},ZrCl,, when mixed with suitable catalyst activators, gives isotactic
polypropene polymers (Z = linker: e.g. Me,Si, C;Hy, Me,C). Ligand variation includes com-
plexes with C, symmetry (e.g. for the syndio-specific polymerization of propene) and more
open Cp-amido complexes. For catalytic applications see Section 3.7.2.

@Q z \ cl
z|Liy +MCl, ——— myct o+ oM F
0O s B e
@ M = Ti,Zr,Hf

. rac-isomer meso-isomer
Z=SiMe,, CMe,, CH,CH,, etc.

C,-symmetric precatalyst  Cp-amido "constrained geometry" complex

2.8.2.2 Structures of Bent Metallocene Complexes

Because of the 18-electron rule, bent bis-Cp complexes are restricted to metals with low
numbers of d-electrons. The range of complexes is illustrated by the following characteristic

types:
& =
Ln\R Zr\/ %\/\Cl %Mo~co %R —H
% 16 VE % 18 VE Q 17 VE Q 18 VE Q 18 VE

Ln = Group 3, lanthanides
R = alkyl

e

]

The orbitals responsible for the chemical reactivity of bent metallocenes are oriented in the
‘equatorial plane; i.e. the plane bisecting the Cp-M-Cp angle. Compounds like Cp,MX, (M
= Ti, Zr, Hf) also have a LUMO in this plane, capable in principle of accepting n-donors (and
thereforelabelled d,;). In addition there are two orbitals involved in making two M-X o-bonds,
denoted d,;.. A bent metallocene fragment Cp,M therefore has these three orbitals available,
which may be occupied with varying numbers of electrons. Depending on the electron count
of the metal, they may be employed in binding up to three ligands. If all three orbitals are va-
cant, three donor ligands can bind. If one of these equatorial orbitals contains two electrons, it
may act as a base. There is therefore a systematic change in chemical properties on going from
Group 3 to Group 7 metallocenes. The number of ligands that may be bound is restricted by
steric interactions and the size of the metal centre; e.g. while Zr forms [Cp,Zr(NCMe),]*",
the smaller titanium can only bind two nitrile ligands, [Cp,Ti(NCMe),]**.
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Me
/

The energy of these frontier orbitals can be varied by adjusting the angle between the two
Cp ligand planes. This effect is important in ansa-metallocenes where the Cp ligands are
connected by a linker Z. Here the coordination geometry of the metal can be described by
the dihedral angle formed by the best planes through the Cs rings, y, the centroid-M-cen-
troid angle B, and the angle « formed between the van der Waals surfaces of the Cp ligands
and the metal, referred to as the coordination gap aperture (CGA) of the metal.

coordination gap aperture,a,
and characteristic angles
in ansa-metallocenes

In the case of a short single-atom linker, e.g. Z = CH,, the energy of the frontier orbitals
is raised and the metal becomes more Lewis acidic. Conversely, longer linkers reduce a, and
apart from steric interactions the metal becomes in effect more electron rich. Of course,
substituents exerting a more or less strong inductive (+I) effect will have the opposite ef-
fect. This influence of electron donating substituents and ring tilt angles can for example be
seen considering the average v frequencies [em™] of L,Zr(CO), complexes (Table 2.8.2).
The increase in Lewis acidity by introducing a restraining linker Z explains for example
the sometimes dramatically increased 1-alkene polymerization activity of ansa-metallocene
catalysts compared to similar non-linked metallocene complexes.
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Table 2.8.2 Steric and electronic properties of Cp ligands.

L= Cp Cp* @SiMe3 _ /@ < e
ISR S N

Y= 53.5 43.7 60.1 71.4 56.4 50.2

V= 1932.0 1899.5 1929.0 1939.5 1935.0 1931.0 1928.5

2.8.2.3 Reactivity of Bent Metallocene Complexes

Halide metathesis. The most important reaction in terms of synthetic utility and catalytic
applications is the exchange of halide ligands by alkyls.

Cp,MCl, + 2RL fo Cp,MR, + 2 LiCl

R = Me, CstiMe3, aryl, alkynyl, etc.

/Me
Cp,MCL, + AlMe, cp. M +Me,AlC

Et,0

Similarly, replacing halide by hydride opens the way to new reactivity. M-Cl, M~H, and
M-C bonds of early transition metals are prone to hydrolysis to give bridging or terminal ox-
ides. The reduction of metallocene halides allows the coordination of alkenes or phosphines.
The reactivity pattern is illustrated in the following diagram for titanocene dichloride.

Ligand exchange by reduction: Halide metathesis:

Cp,Ti(CO), Cp,TiMe,

Zn.co LiMe AlMe,
Cp,Ti(PMe
P Ti( 3)2 Mg, PMe,
Ti", d2, 18 VE \

x4 e
\ _“‘\C( ?.AlMe3 / N

Cp,Ti AlMe,

| Ti s PPN
c Pr'Mgcl ~ci ~CH Cl
N R ‘
TiCp, Q

JiPFy ‘Tebbe reagent":
" MeCN Ti=CH, equivalent
H30

Primgcl [Cp,Ti(NCMe),[2*(PF),

c 2Ti'”-> R T
p [ Ole (])Hz J2+

Me
.~
Cp,Ti
"

Cp,Ti

il gt
anti-ferromagnetic

Cp,Ti —0—TiCp,

Abstraction of one alkyl ligand in Cp,MR,, by either H, CPh;", or FeCp,™ salts of non-co-
ordinating anions, gives access to highly reactive, electron-deficient (14 VE) cationic Group
4 metal alkyls. The effects of electron deficiency can be seen in the reaction pattern and the
structures that these compounds adopt. In the case of R = benzyl, the electron deficiency is al-
leviated by n-interaction with the phenyl ring. Stabilization by agostic interactions between
the metal and a C-H bond in B-position is another way of reducing electron deficiency.
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Cationic metallocene alkyls are far more reactive than neutral analogues and are capable
of activating C-H bonds. They also readily insert alkenes and alkynes.

H R
: /
@/H — ®
szzr\ Cpar < alkene insertion product
fast hydrogenation THF PMe3 PM93 stabilization by f-agostic interaction
H2
o
R=Me @/Me ® ® Me @ __THF ® __THF
—— CpZZr\ CpyZr =—H “"“’_ o p,Zr < + p,Zr
R o THF N\ s N \
C Zr/ : NTS | ) NS
P2 \R i > - L
C-H activation product
E* = electrophile R=
(CPh,", HNMe,Ph* | CHPh  Cp,Zr<._. MeCN
or FeCp,™") T

nZ-benzyl

Group 4 metal complexes with double bonds to heteroatoms (O, N) are uncommon
but can be generated by thermal methane elimination from the methyl amido complex
Cp,ZrMe(NHR). The intermediate Cp,Zr=NR can be stabilized by THF coordination or
trapped with alkynes to give metallacycles:

174.4° R
g
4
Me  H,NR NHR
szzr<Me ep,zr — {CpZZrZN—R}

THF CpZZr\
/ THF
85 °C Me 85°C

|
- CH —CH4 N

In contrast to Group 4, Group 5 metals frequently favour M=E double bonds. Compounds
of this nature often form spontaneously by a-H elimination processes, as illustrated by the
facile formation of tantalum imides and methylene complexes. a-H elimination is reversible,
and the precursor complexes may be trapped by donor ligand addition:

Ll LINHR _NR
-~ - . * =
Cp*zTa\THF Cp*,Ta NHR] Cp zTa\
Ta" Ta’ imido complex
i CH CH
2 LiMe . =" (0 o3
Cp*,Tacl, Cp*Ta-CHy + CHy| —>  CpryTa Cp*,Ta
Et,0 Sy -co " >co0

Ta" methytene complex Ta" methyl complex
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Very large metal centres like U(IV) are able to increase their coordination numbers be-
yond those found for transition metals and give pentagonal-bipyramidal complexes:

30
MeCN.,,, f .NCMe MeCN ﬁ\x NR *cw@ NR *CNT NG, ! ‘‘‘‘‘ CN
CUE—NCMe ug, ¢ SUs—CN
R on
X=1,OTf

Mecgwcm

Hydrozirconation Metallocene hydrides. Zirconocene chlorohydride, Cp,Zr(H)Cl, is known as the
Schwartz reagent and has widespread use in synthesis. It hydrozirconates alkenes and
alkynes. With internal alkenes, C=C insertion is followed by isomerization steps, so that
a primary alkyl zirconocene results. This can be useful for the introduction of functional
groups with anti-Markovnikov regiochemistry.

LiAIH
Cp,zrCl, S Cp,Zr(HICL + Cp,ZrH,
CH,CL,
- CHyCl
ZrClCpCp*
CPCP*ZIHCL + PR me™  ph * Ph T
dioxane 5:95

Zirconocene dihydrides are accessible by the hydrogenolysis of the corresponding dime-
thyl complexes. They are dimeric, [Cp®,Zr(H)(u-H)1,, unless the Cp ligands are very bulky.
Hydrido cations [(Cp®,Zr),(H)(u-H),]" are formed if H™ is abstracted with CPh;* salts of
non-coordinating anions; they are fluxional and are potent initiators for the polymerization
of isobutene to butyl rubber.

r 1®
(CpR)zin< HtZr(Cp ),
Me H H H cPht ) He
CpR),zr < e (pRZr T T zrepR), — u
(Cp™), \Me “eH, ( p)2| \H/ P
H [ a @
Ry 7.~ 6] R
©p )ZZr\H o Zr(Cp"),
L 4 d

Metallocene hydrides often react under elimination of Hy; this can be a convenient and
clean route to CO and alkene complexes. For Groups 5 and 6 metals adducts of n-acceptor
ligands are characterized by strong back-donation, which makes ethylene complexes of
Nb(ILI), for example, very stable and unsuitable for further ethylene insertion reactions.
Such compounds are therefore inactive as polymerization catalysts.

H
C,H
Cp,NbH, 24 cpNbL

7

Et

Et
/\/H szmb/V

CoH,

Cp,Nb
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Ligand exchange by reduction. Reduction of Cp, TiCl, by Al, Zn, or Pr'MgCl gives the deep
green Ti(III) chloride, [Cp,Ti(u-Cl)],. The metal centres have d' electron configuration and
are antiferromagnetically coupled. The Cp* analogue is monomeric and readily exchanges the
halide ligand for alkyls or hydride. Ti(III) complexes are highly sensitive to oxidation.

N\
. H . /

Cp*,TiCl M?U Cp*,TiMe —t Cp*,TiH B, Cp*zTi L. j
- Ll - CHy TMEDA N

AN

The reduction of metallocene dichlorides in the presence of alkenes or alkynes is typically
followed by oxidative addition to give metallacycles. This is a useful method for C-C bond

formation:

Ph Ph h
Ph —==Ph N ~/
2 Na naphthalene / Ph
Cp,ZrCly Cp,Zr T Cpolr
THF . _~Ph =
-2 NaCl / Ph
Ph Ph

The reduction of Cp,ZrCl, with alkylmagnesium reagents bearing p-H atoms gives ther-
mally unstable zirconocene alkyls. f-H elimination and reductive elimination steps lead to
Zr(II) alkene complexes. This is a route to organic synthetic Zr mediated transformations.
The Z1(II) species are invariably generated in situ, without isolation. This reaction sequence
leads eventually to the carbomagnesation of alkenes.

= R
EtMgBr - =
Cp,ZrCl, —EMSBL CpZZr@H — CpZZr\\ T Cp22r—” e — szzr@\

CoHg R

The reduction of metallocene halides of more electron-rich metals is a convenient means
of generating adducts with donor ligands, including N, complexes:

Na/H —
CpoMoCl, — M8 L o Mo —1 L=CO, C,H,, PRy, R—==—R, N=N
L

Box 2.8.2.1 Structural aspect of electrophilic metallocenes: square-
planar and trigonal-bipyramidal C

Electrophilic metal centres are able to stabilize unusual coordination geometries such as
planar carbon atoms. These can arise when an sp*-hybridized C atom forms bonds with
four substituents in the same plane—so-called ‘anti-van’t Hoff~LeBel compounds’ This
requires 2e3c bonds, since six electrons are making four bonds. While under normal
circumstances this bonding situation would be highly unfavourable, electron-deficient
metal centres as substituents on C provide the necessary delocalization so that such an
arrangement becomes the ground state. This has been realized using Cp,Zr fragments:
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Me,Si

Me,Si Ph l s {33( _Ph

Cp,yZrHCL + - nz H S Cp;Zr 283 \)89-80"
e g | R i 2 R 14

Ph—==—SiMe, N CHy AlMe, planar C atoms
cl .
cl
Me @ Me
Me 166(41°

>~ ’%5(\ @)\1\26

H* £ e
. . Cp,2r = LA = Cplro---- s !
CpsZr~. /. = 70
PafIN 96.7
\M 231 227 “@ 2e3c¢bond
e

1 Sar o L1Cps l ZiCp,

Me Me

Electrophilic metallocene cations also stabilize trigonal-bipyramidal carbon. Many
complexes L,MMe, (M= Ti, Zr, Hf; L = Cp or anionic non-Cp ligand) react with strong
electrophiles in the absence of coordinating anions to give cations [L,MMe]’, which add to
a methyl ligand of L,MMe, to form a methyl bridge. While this is in principle reminiscent
of the electron-deficient i-methyl bonding in Al,Me, (see Section 1.5.2.2), these complexes
contain a linear M~C~M arrangement.

Me

H oo ®
e BAr, o | 235
il * i * i
P2 F\Me Cp*yzr —— /C T ZiCpY, MeBAr,
o H H Ar = 0-CoF,CFs

Applications of zirconocenes in organic synthesis

The hydrozirconation of alkenes and alkynes with Schwartz’s reagent has found wide
application. The Zr~C bond can be used for introducing a variety of functional groups.
Hydrozirconation may be followed by the insertion of CO or an isocyanide. The reaction can
also be coupled with transmetallation, for example to a zinc reagent, for more facile coupling
with organic carbonyl compounds.

B oy
0

O el
PoLr 2
= \O T oo
\?k/\k \/JV\ R=NC \)\/\KZrClez HOAC, \/)\/\[rH
2rCiCp, = i g

45°C o

Cp,ZrHCl

*

R

IR oH
7reic ZnMe DR 0 AL
Ri/\/ rCiCp, 2 Ri/\\\/ ZnMe STHO B2 XN = B
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As explained in the main section, the zirconocene-mediated carbometallation of alkenes
involves the reduction of Cp,ZrCl, to a Cp,Zr(alkene) fragment. These react with further
alkenes to give a metallacyclopentane intermediate which is cleaved by Al or Mg reagents

under transmetallation. With chiral zirconocenes the reaction can be used for asymmetric E. Negishi: Nobel
syntheses. Alkynes can be similarly carbometallated with AIR; to give reactive vinyl CP ;';;ii‘l":i%:;r
aluminium reagents. to C-C coupling
H% methodology
EtMgBr EtMgBr 2 Z\)C i
Cp2rcl, —— cpozr—f —= J::ZVCPZ T R R/k/MgBr
R " cpozr—||
MgBr 2
N\,
Z(BINOL) .~
< 8 o
o~ 1) PriMgBr oH 98%e.e.
2)H,0
R R
L @ Me
AlMe, Me R=R Izl p —
Cp,ZrCl, ——— Cp < e -
: 2 P cralcime, A e, Cpzd \Me
R2 Cl—AlMe,
/
Rl - p? ct

RoR Cloort . (
Me COOEt

Cps2eCly + s

Mé  AiMe, \ iR
1) =
)/\8/ 2)H,0 >___<_/0\
M

Box 2.8.2.2 Metallocene materials: single-molecule magnets (SMMs)

The high spin and the slow relaxation of magnetization of 4f ions makes compounds of
lanthanides attractive molecular targets for potential high-density magnetic data storage. The
ligand environment controls the electronic structure and the degree of magnetic interactions
between ions. Single-ion magnets (SIMs) are also known. Some examples:

\\ \ s
": Ln
% Sty e @
@N y : SlPh Ln =Dy, Ho, Er

Ln=Gd, by single-ion magnet
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Key points

Complexes where the metal is sandwiched between two Cp ligands are known as metallocenes.

Group 5-8 transition metals form metallocenes of composition MCp,, with 15-20 VE.

The most important metallocene is ferrocene, FeCp, (Fc). Itis electrochemically active; the Fc/Fc*
redox couple is used as an electrochemical reference standard and as an electron-transfer catalyst.

Ferrocenes have important applications in drugs and as sensors.

Metallocenes may form triple-decker structures, [CpMCpMCp]* with 30-34 VE.

Bent metallocenes are of the type Cp,MX, and Cp,ML,; most commonly n=y=2.TheXand L
ligands can be substituted, which provides for a varied chemistry. In such complexes the Cp ligands
act mainly like protecting groups.

The orbitals responsible for chemical reactivity of bent metallocenes are oriented in the
equatorial plane. Their energies can be modulated by varying the coordination gap aperture, and by
the Cp substitution pattern.

Important synthetic applications are as catalysts, in hydrozirconation, and in C~C coupling
reactions of alkenes and alkynes.

Exercises

1. Calculate the oxidation state, valence electron count, and magnetism of
Cp,V, Cp*,TiH, Cp,Zr(CO),, CpaNbCly, [Cp,WHsIY, (CsH,Me),Mn, CpoRu, [CpoNil*, CpyCo.
Which of these obey the 18-electron rule?

2. Describe the reaction of Cp,TiCl, with AlMe; and explain the formation of the Tebbe reagent,
Cp,Ti(u-CHo)(u-CHAIMe,. How does this reagent react with ketones R,C=0?

3. Give chemical equations for the following reactions, show the structures of the products and
explain the reasons for this reactivity:
(i) Cp,TiCl, + 2 CpMgBr; (i) Cp*,ZrH, + HCL; (ifi) Cp,WH, + HBF,(OEt,); (iv) (CsH,SiMe;),ZrH, +
CPh,*; (v) Cp,HFCL, + 2 LiEt; (vi) Cp,ZrCl, + 2 EtMgBr + 1-hexene; (vii) [Cp,ZrMe(THF)]* + 1) H, and
2) 1-hexene.

4, Explain the fluxional processes observed in the product of reaction 3().

5. What is an ansa-metallocene and what are the characteristics and applications of this type of
compound?

2.8.3 Mono-Cyclopentadienyl (Half-Sandwich) Complexes

Complexes containing one Cp ligand in combination with other X- and L-type ligands con-
stitute a very diverse and important group of compounds. The structures of mono-Cp com-
plexes are often described as ‘half-sandwich’ or ‘piano stool’ geometries.

With few exceptions, the Cp ligand acts mainly as a protecting group and provides steric hin-
drance and, with suitable substitution, chiral information. Mono-Cp complexes include many
examples where the metal centre is in a high oxidation state and the back-donation contribu-
tion to metal-Cp bonding is minimal. In such cases the interaction is mainly due to Coulomb
attraction between the Cp~ anion and the metal cation; Cp complexes differ in this respect from
arene and alkene complexes. For structurally related mono-arene complexes, see Section 2.9.2.
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Apart from mononuclear mono-Cp complexes there are many bi- and polynuclear com-
plexes. The bonding characteristics of some of these (such as [CpFe(CO),],) have been dis-
cussed in Section 2.5.2.

2.8.3.1 Synthesis of Mono-Cp Complexes

The synthesis of mono-Cp complexes can involve various routes:

(i) halide metathesis by Cp;

(ii) reductive carbonylation;

(iii) reaction of metal carbonyls with CpH or Cp~;
(iv) ligand exchange of metallocenes; and

(v) oxidation of Cp metal carbonyls.

Halide metathesis. Whereas the synthesis of CpTiCl, from TiCl, and NaCp in ether ata
1:1 molar ratio gives mainly Cp,TiCl, and unreacted TiCl,, the less basic CpSiMej is a selec-
tive Cp transfer reagent and gives the mono-Cp product quantitatively. The reaction works
best in a saturated hydrocarbon solvent. Moderating the Lewis acidity of MCl, by forming
the SMe, adducts is advantageous. This method also avoids the formation of alkali halide
by-products which can reduce the yield, whereas Me;SiCl is easily removed under vacuum.

SiMe; 8 ; + Me,Sicl

MCl,,q +
MCl,
M=Ti,n=3
M=Nb,Ta,n=4
| WCl
CpSiMe; + MCl,(SMe,) —_—  C|~—M—SMe
p 3 4 22 c[/! 2 M=z, Hf
SMe,

While these mono-Cp halides are electron deficient (12-16 VE), complexes containing
CO or phosphines obey the 18-electron rule. The very stable CpMn(CO)j; is also known
under the trivial name of cymantrene; the CsH,Me analogue was at one time used as an
anti-knock petrol additive. CpCo(PMe;), is electron rich and behaves as an inorganic base;
it oxidatively adds electrophiles like Mel, quite unlike its CO analogue CpCo(CO), which
has no basic properties.

The reaction of the Ni(I) complex NiCl(PPr';), with LiCp provides an example of a Cp
ligand bridging two metal centres; the bulky and basic PPr'; ligand is required to stabilize
nickel in thé oxidation state +1. Cp complexes of Cu(I) of the type CpCul. can be conveni-
ently obtained from [CuOBu']l, which acts as base; unlike in the [CuCp,]™ anion, the Cp
ligand in CpCu(PR;) is n°-bonded to give an 18 VE structure.

|
CI-Mn(CO)s + NaCp ~ ——S—  Mn., = +NaCl+2CO
oc” |
CO  ‘Cymantrene’
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|
Cl-Co(PMes), + TICp e Co\ + TICI
Me,P PMe,
LNICL + LiC L=PPr, F Licl +21L
iCl + Li Ni—Ni + LiCl +
2 P N /L
cl

H
CuOBu' + L + @( —— L—Cu ‘ + Bu'OH
H

L= PMej, PEt;, PPh,

By reductive carbonylation. There are a number of routes to CpV(CO), from VCl, but
they require high CO pressures. The reduction of vanadocene under CO proceeds smoothly

under mild conditions:
VCp K THE K*VCp,]™ co \’/ KC
+ — p — : +
? -80°C 2 oc "/ = >co P
oc co

From metal carbonyls. Cp anions are capable of displacing CO ligands to give complex
anions [CpM(CO),]7; these may be protonated or reacted with electrophiles to a variety of
successor products. Heating CpH (or its Diels-Alder dimer) at 150 °C with Fe(CO); gives
[CpFe(CO),],, often abbreviated Fp,.

V(CO)¢ + Cp'H —=  (p'V(CO), + 2CO + 0.5H,
Cp' = alkyl-substituted Cp derivative

© P T
THF [ 0, ‘/.‘nco
__.....‘M“

M(CO)s + NaCp ——— Na* M., )
/ ’ e
oc {1

M
‘co )’
M = Cr, Mo, W oc OCoc 4 éo

0
Fe(CO); or ﬂ 1 o
Fe,(CO), QN

S, Fe Fe
Ve
oc” N ﬁ
o ]

T
_H2 I

Co,(CO)

L-2-s Lo
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By ligand exchange of metallocenes. As a 20 VE species, nickelocene undergoes a va-
riety of ligand exchange reactions to give 18 VE products. The structure and bonding
of [CpNi(u-CO)l, (Ni, @°) has been discussed in Section 2.5.2. Compounds of the type
Cp®Ni(X)(L) are also accessible, e.g. by reaction of LiCp® with NiBr,(PPhs),. Both the Ni
products shown are useful starting materials.

NiCp, + Ni(CO), ————  [CpNi(-CO)J, + 2CO

|
NiCp, + NiCl,(PPhs), —— 2 Ni

By oxidation of metal carbonyls.

[CpMo(CO);1 % SMo—0—y * Mo
3l 0—0™Mo e
CHCl,, trace H,0, 0// N O/// 9
light 5
- €0,
== * 0
H,0,, H,0 [ Ph Cp*. 0.
Cp*Re(CO), _Res PPhs Re R&
-Co, o7 || N0 Topehs 7N \Cp*

2.8.3.2 Reactivity of Mono-Cp Complexes

Halide substitution. The reactivity of mono-Cp complexes follows the principles outlined
for bent metallocenes. Complexes with halide ligands are useful starting materials for a
multitude of new compound classes. In the case of Lewis acidic, early transition metals, at
least one chloride ligand can be conveniently removed by reaction with Me;Si reagents. The
volatile by-product Me;SiCl is removed in vacuo. The CpTi phosphinimido and aryloxo
examples shown in the following diagram are precursors to highly active ethylene polymeri-
zation catalysts and are used in industrial processes. The lone pairs on E = N or O provide
some mt-donation to the metal centre, which results in bond angles around E close to 180°.

But Nr/fﬂ.””c‘
R;P=N-SiMe; ~p7
A ct
t
~ Me,sSicl BU gyt

‘
¥

CpTiCly

R ]
Q_OH R AT
0"\
R cl

R
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Mono-Cp halides and oxides react with hydride transfer agents to give hydride complexes.
Alternatively, chloride abstraction leaves a vacant coordination site which, in the presence of
a suitable donor ligand environment, can bind H,. The iron dihydrogen complex shown in
the following diagram is a highly efficient catalyst for the electrochemical oxidation of hy-
drogen to H, a reaction that is important in the context of utilizing H, as an energy source.

H/ l wH

ARe~L
0 / ct o
2) MeOH Re
cl ) H” N H
H
H
R ) R 1@ PhCH,~ ?ut
2
p/F!e e Fo BAF,~ B P= L\‘\/P
~ NaBArF, (/ M Ne— P,
p & nact p/ H/ PhcHy S Bu!

R = C4Fs; Arf = 3,5-C¢H5(CF3),

Reductions. The reduction of the bulky Cp derivative Cp”’ZrCl; with potassium metal
provides an example of a Zr(III) half-sandwich complex (Cp”’ = 1,2,4-Bu'3CsH,). Reduc-
tion of complexes of the type Cp*MoCl(L) with sodium amalgam under N, enables the
metal centre to bind N, followed by the reduction of coordinated dinitrogen to the diazenido

anion N=N?",

Clp...
B t _—Ir
e K Ao S ga
But” | e
ZrCly ~Kd /Zr\ YA
Cpun CM Cp
Cl
20 Na/Hg Cp* Cp*
Cp*Ci,Mo~P PoMoCl,Cp*  — e p l\lA Me,5ict |
p*ClMo— —MoCl,Cp* Mo €] — Mo
THF / N= @ ~ / Nz
P N~Naqhp, ~NaCl P N~ sime,
=P,
(P = fl'e
P > ey,

Reduction with sodium amalgam is also a facile entry into the chemistry of binuclear
Cp metal carbonyls, such as [CpCr{CO);], and [CpFe(CO),];. Reduction generates 18 VE
mononuclear Cp metal carbonyl anions, which can be protonated or alkylated with alkyl
halides to give hydrides or metal alkyl derivatives. The binuclear complexes are also cleaved
electrophilically by dihalogens. The complex CpFe(CO)(PPh;)R can be regarded as a tetra-
hedrally coordinated metal centre with four different substituents and is therefore chiral.
Since inversion is slow, the enantiomers can be resolved and used in asymmetric synthesis.
The typical reaction pattern is outlined in the following diagram for the iron compounds:
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9
ﬂ\ N
e /Fe\
oc c .
Na/Hg o 0 X, X=Cl, Br,
THF Pz
- : X )
(CpFe(CO),] il Cp(CO),Fe-H 4 Cp(CO),Fe-X  Fp halides
Fp~ anion hydride - HCX, o
AlCl
CHaN, LiMe alkene | alci, 3
R
®
Cp(CO)Fe-CH, Cp(CO),Fe — { [CpFe(CO),l"
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Chiral-at-metal complexes

Redox reactions. Apart from alkali metal and thallium Cp complexes, which are fre-
quently used to substitute halide ligands for Cp, cyclopentadienyl complexes can also be
generated by redox transfer. For example, CpCuPPh; reacts with metallic lanthanide ele-
ments to give copper metal and lanthanide Cp complexes. This is also a clean, high-yielding
path to mixed-ligand lanthanide mono-Cp compounds.

THF, Ybl,
2 CpCul + Yb ———ZO—OC——> Cp,Yb + 2Cu + 2L L= PPhy

THF, Lnly
3CpCul + Ln e Cpsbn + 3Cu + 3L
20°C
bn=Pr, Er

CoCul + SmI,(THD, — T CpSmI,(THP), + Cu + L

20°C

Box 2.8.3 Half-sandwich complexes in stereoselective synthesis

Mono-Cp complexes are widely used as catalysts and stereoselective reagents. There are
two.approaches: using the Cp ligand as a protecting group in combination with a second
chiral ligand, or modifying the Cp ligand with chiral and stereo-directing substituents: The
first approach is illustrated in the following equation for a chiral CpTi allyl complex, which
produces a C-C bond to the more highly substituted C atom, generating two chiral centres
with very high diastereoselectivity:
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>90% diastereomeric excess

The second approach is employed in a Rh catalyst with modified Cp ligand. Here the
position of substituents on the Cp ligand is used to control the orientation of the C-N
substrate and the direction of the incoming alkene. Enantiomeric excesses of >90% are
achieved. The reaction proceeds through oxidative cyclometallation to give a C=N bonded
Rh(III) intermediate, followed by alkene insertion and reductive elimination, to produce the
cyclic product and regenerate Rh(I).

(o) g ®2 [o) /Boc o

©/LLN/BOC [0} @CN/BOC Newn /! l‘{ N/BOC
Tt i T i
H L*RR() R \
2

g
swdewalls
“hack= "
Catalyst: vsmeldoftﬁ//@ H
== & V4
Ph! Rh H
L N P

preferred, major product

The hydrogenation of alkynes to alkenes usually proceeds by delivery of H, in cis fashion,
to afford alkenes with Z-configuration. By contrast, some Cp” ruthenium(Il) complexes
have been shown to catalyze the production of E-(frans)-alkenes. A number of pre-catalysts
can be used, although they all seem to generate [Cp*Ru(H,)]* cations stabilized by weakly-
bonded ligands or solvent molecules (MeOH, CH,Cl;). A wide variety of functional groups

is tolerated.
- l@ g
Hy, L//RU \/H
L s
H R? / \
R — R R! - Rl R?
L = COD, alkyne, E (trans) Z (cis)

alkene or solvent
£ E/7 =>90:<10
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Key points

Half-sandwich complexes contain one aromatic nt-ligand plus a combination of X- and L-type
ligands.

Mononuclear half-sandwich complexes containing CO ligands follow the 18-electron rule.

Binuclear mono-Cp complexes with bridging CO ligands are dimers with 30/34 valence electrons.

Most common and synthetically useful are the halides CpMX,,, which allow substitution of X by
other anionic ligands to give complexes with M-C, M-0, or M~N bonds.

Complexes of electron-rich metals CpML,, (L = phosphine, alkene) are widely used as catalysts
and precursors for reactive CpM fragments.

CpM complexes find applications for example in polymerization, C-C coupling, and
hydrogenation catalysis.

Exercises

1. Give synthetic routes and equations for the synthesis of mono-Cp complexes starting from
() TiCly; (i) Mo(CO)s; (iii) Fe(CO)s; (iv) [RRCI(C,H,))o-

2. Devise synthetic routes to and discuss the structure and bonding of
(i) [CPNi(CO)1; (if) CpNI(NO); (i) [CpNI(PPh)]; (iv) [CpNI(PPh3),1BF; (v) [CpNi(PELs)],.

3. Explain why the substitution of ethylene ligands by CO in (n*-indenyDRh(C,H,), is orders of
magnitudes faster than in (>-CsH5)RR(CoH,),.
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2.9 Arene Complexes
2.9.1 Bis(Arene) Sandwich Complexes

Arenes can form w-complexes that are structurally closely related to the cyclopentadienyl
complexes described in Chapter 2.8, since both C;H; ™ and CgHj are isoelectronic 6 Hiickel
aromatic systems. Like Cp~, the arene ring can be considered to occupy three coordination
sites, so that a bis(arene)metal complex can be regarded as octahedral.

The C-C bonds in arene complexes are slightly elongated compared to the free arene,
indicative of a back-bonding contribution. Since arenes are not charged, the electrostatic
contribution to bonding that is an important feature in Cp complexes is absent, and arene
complexes are therefore in general more labile. This is reflected in the metal-arene bond
energy; whereas D(Fe-CsH;) is 260 kJ mol™!, D(Cr-C4Hs) is only 170 kJ mol ™.

I\:/l - basic structure of bis(arene) and
s

. e f\‘/l ‘0, s arene half-sandwich complexes
L L
@ L?

2.9.1.1 Synthesis and Structures

The classical example of an arene complex is bis(benzene) chromium, an 18 VE arene com-
pound that is isoelectronic and isostructural to ferrocene. It was first made by E. O. Fischer
in the 1950s by reduction of CrCl; with Al/AICI; in benzene (Fischer-Hafner synthesis) to
give a Cr(0) sandwich complex:

{ €] 5,0, | 46
3CrCl; + 2AL +AICL;, — 3 Cr AlCl, o Cr
6 C.H
+ 6 CgHg /:l:\ p I S
18 VE

An alternative method to generate arene complexes is to co-condense atomic metal
vapour with arenes under high vacuum on a cold (-196 °C) wall of the condensation
reactor. This method has allowed a series of substituted bis(arene) complexes to be isolated,
particularly with arene = 1,3,5-R;CsH; (R = Pr!, Bub):

[
M(g) + CeHg R, —> M M =Ti, Zr, Hf, Nb, Cr,

= ! R, lanthanides
@—— R= H, Me, Bu, etc.
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The stability of arene complexes increases with the degree of substitution;
hexamethylbenzene in particular forms a range of bis(arene) complexes with 16-21 valence
electrons. Compounds that appear to exceed the 18 VE count tend to be based on bond-
ing modes which involve less than six electrons per arene ring; for example, Ru(C¢Meg),
contains one n°- and one n*-bonded arene ring, so that the effective electron count of 18 is
preserved. As is typical for such degenerate bonding situations, the compound is fluxional.

20

>~

Many bis(arene) complexes deviate from the 18-electron rule and are paramagnetic.
Some examples are collected in Table 2.9.1.

Arene complexes can be made from Cp complexes by ligand exchange. The arene ring can
bridge two metals to give triple-decker structures: The bonding is electron-deficient; e.g. the
electron count per Cr atom in Cr,(mesitylene); is only 15. However, the bridging arene ring
forms part of a M,Cg core held together by delocalized bonding.

Table 2.9.1 Overview of first row bis(arene) complexes.

Complex Electron count Unpaired electrons Comments
Ti(CeHe)» 16 0

[V(CeHsMes) )" 16 0

[Ti(CeH5Ph),I™ 17 1

V(CeHg)a 17 1

[V(CeHe) 1™ 18 0

Cr{CeHe), 18 0

[Fe(CcMeg),?" 18 0 orange, very stable
[Fe(CeMeg),l” 19 1 deep purple
[Co(CeMeg), 1> 19 1

Fe(CsMeg),, 20 0 probablyn®n®*
[Co(CeMey),]* 20 2 yellow, n%n®

[Ni{CsMeg) ) 20 2 red-brown
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20
[H(OEt,),]*[BAr 1~
NiC | BArf,1~
P2 CoHe t\lli [BAF]
CeHg 1 H,0-BAr; O
20 VE

30 VE

CHsPry-2,6
N

CHPr,2,6

2.9.1.2 Reactivity of Bis(Arene) Complexes

Arene complexes undergo reactions

(i) on the metal, by oxidation and reduction;
(if) by ligand substitution;
(iii) on the arene ligand, by metallation and nucleophilic attack.

Reactions of the metal and ligand substitutions are exemplified by the redox reactions
of Nb(n’-toluene),. Low-valent arene complexes are easily oxidized, e.g. Ti(CsHsPr's),
reacts with the 1-electron oxidant FeCp,* to give a rare example of a Ti(I) complex,
[Ti(C4H;Pr's),]*, a 15 VE paramagnetic species with one unpaired electron. The reaction
between Cr(benzene), and Cr(CO)4 leads to ligand exchange to give arene half-sandwich
compounds:
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Oxidation: @ @/
LiR \

Br
<> /\/ Nb—Br /Nb——R
o Q)\ 18 VE <\
@“ \ R =Me, Ph
17 VE L =PMe, @
L
< S 1swe
. [Cp,Fel(BAr,]
Ti(1,3,5-C6H3P|"3)2 T
P2 %/._l_\>—Pri Ar = Ph, CgH,F, 3,5-(CF3),CqH5
pri
Ligand exchange:
Cr(CeHg), + Cr(CO)g e 2 (I:
r.,
oc” | "co
co
Attack on arene ligands:
Ligand exchange:
<= - el
, Bu"Li ] E-Cl |
Cr ’ Cr Cr
TMEDA E = Me;Si, Ph,P
</ ! \> = l N U ~Licl </ l \>_E
metallation
Nucleophilic attack:
— <7
[ BH,” | i
Rul —_— Ru® + Ru" hydride addition

u
major minor

2.9.2 Arene Half-Sandwich Complexes

By far the largest and most important group of arene complexes are half-sandwich com-
pounds with ‘piano stool’ geometry, analogous to Cp complexes. These exist in combination
with X-type ligands, as (arene)metal halides, and with L-type ligands, particularly (arene)
metal carbonyl complexes.

<>

AN
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2.9.2.1 Synthesis and Structures of Mono-Arene Complexes

Halide complexes. Early transition metal halides possess sufficient Lewis acidity to form
n-complexes with arenes. Electron-rich arenes such as C¢Mey form particularly stable

adducts.
®
3TiCl, + CoMeg ; ] é
Ti., Ti,Cly™
"\ a
12 VE
Cp" ®
toluene \ ~Me
Cp"HfMe, Hf arene analogue of Cp,MX,
Me | [MeB(CsFs)sl™  bent sandwich complex

B(CoFs)s \\ ™
\
Cp" = Me, Si— = Site, L6 VE

Arene complexes of low-valent early transition metal halides are also known, often stabi-
lized by AIX; (X = Cl, Br) and are generated by reducing metal(IV, V) halides with Al/AIX,

mixtures in the presence of arene solvents.

arene cl au T,
3TICL + 2A1+ 4AICl, ———0 o3 TN SR

“,

Br\ BrouNbpy ’ /Br e //\\
P AL TS Nb\ Nb
Br Br \ //

By contrast, arene complexes of noble metals may be prepared by dehydrogenation of
dienes which act as reducing agents, e.g. to reduce Ru(III) to Ru(II). This leads to the impor-

tant and varied class of (arene)RuCl,(L) complexes.
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Cl
EtOH .
+RuClynH,0 —————> ﬂ}? Cl""“R/ .(lau
~Ha A~a ) A/ e
Cl / / 3

Hzol NH,PF,

ey N 1® PR |
3 ru®
—RL'I""CI;IRU— PFs_ T——— R.P™ ~
~. / 3 / a
c \ RyP

Mixed-ligand arene complexes. Diene complexes may be converted into arene com-
pounds by hydride abstraction. Arenes are also capable of substituting labile ligands such
as acetonitrile. Cationic arene analogues of CpNi(allyl) can be made from [(allyl)NiCl], by
chloride displacement; unlike many other electron-rich nickel arene complexes (vide infra)
the arene here is n°-bonded to give an 18 VE product.

Box2.9.2 Mono-arene complexes for cancer treatment

Many half-sandwich complexes, and particularly arene complexes of ruthenium, show
promising anti-tumour activities. The ligands are selected partly to ensure solubility under
physiological conditions, and partly because they are related to known anti-tumour drugs.
Some examples:

!

- Ru R -Ru
'/ “omso O '~ P/-\\N 5 4/ > N‘<
cl cl L/ cl <M\ on
N NO,
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pK,: PhCOOH 5.68
(PhCOOH)-Cr(CO)3
4.77
p-0,N-C4H,-COOH
4.48

Z; ORGANOMETALLIC COMPOUNDS OF TRANSITION METALS

[CP*RU(NCMe);]* + CoMeg ~3 MeCN Ru

But

OH
< o
SN N N - | But |BAr-
Ni _Ni Ni 4
~cl NaBAr, !

Arene metal carbonyls. This gives compound families that are particularly useful for syn-
thetic purposes. The coordination to an electron-withdrawing M(CO),, fragment activates
the arene ligands. Common synthetic approaches are ligand substitution and abstraction of
halides from metal carbonyl halides with AICl;.

@x + (MeCN)5Cr(CO)5 o é
T

OC‘\“‘] \co

oC

<> I°
Cl-Mn(CO)s + AICI 4 |

+ Cl=-Mn(CO); + AlCly o . ALCL

oc"” / ~o
ocC

2.9.2.2 Reactivity of Mono-Arene Carbonyl Complexes

Arene chromium tricarbonyl complexes possess very varied reactivity. The coordinated
arene shows enhanced susceptibility towards nucleophilic attack, whereas free arenes
undergo such reactions only under very forcing conditions. The Cr(CO); fragment also in-
creases the C-H acidity of alkyl substituents as well as of the arene C-H bonds, thus giving
more facile metallations, and coordination stabilizes carbocations in a-position to the ring,
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so that benzylic nucleophilic substitutions and solvolysis reactions are accelerated (Y = leav-
ing group). As judged from a comparison of the pK, values of benzoic acids, coordinating
the phenyl ring of PhCOOH to Cr(CO); exerts about the same electronic influence as the
introduction of a nitro group.

Effects of Cr(CO), coordination:

enhanced nucleophilic attack -\

¥~ enhanced acidity
H X H
enhanced acidity ‘@-—— C{——R
\
é Y faster nucleophilic
ot substitution /solvolysis
o/ “co
oC

These properties can be exploited in numerous ways. For example, even chloroarenes,
which are otherwise chemically extremely inert, undergo nucleophilic substitutions if coord-
inated to Cr(CQO); and the introduction of an alkyl substituent can be 100% regioselective:

B MeQ T]©
=, | S o
Cr\ wCr - ‘.(lir
oc” [ “eo o/ “co o™/ Sco
oc - oc - oc
Li
3 L TR _ DR one
OC\\/ \CO Oc\‘/ \CO 2)‘2
oc od
R e
H R
< 7" T
l RLI |
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' R
Cr\ -—
oc / CO
0C
stabilized carbocation

Multiple metallations are also possible, as are chiral substitutions on the ring (planar
chiral system) and in benzylic position. Some examples:

Li SiMe,
>O< | i 3 Me,Sicl | TSiMes
T \“.Cr\ “,ACr\
OC\\/ \ . OC\\/ co OC\\/
NMe, _ DBui NMe, ? 1)CICO0R
OC“\\/ \CO 2) E+ OC“/ \CO 2) Nu~ C“/ \CO
oc 0cC ocC

Arene coordination to cationic CpM™ fragments has an activating effect similar to Cr(CO);
and facilitates nucleophilic attack, even with chloroarenes. In the case of C;Meg, the combin-
ation of base (here: KOH) with an activated allylic halide leads to multiple C-C bond formations.

= |

l base, DMF
a—<>—«a - NaCl
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2.9.3 Arene Complexes with Less Common Coordination Modes

While the n®-coordination mode is most common for arene complexes, other coordination
types may be adopted. The fluxional n*-bonding mode of Ru(CsMeg), has been mentioned
(Section 2.9.1.1). An example of an n?-benzene ligand is the kinetically inert complex
[0s(C4Hg)(NH;)s]*". Here the coordinated C=Cbond is protected while the non-coordinated
bonds of benzene can be selectively hydrogenated, resulting in a cyclohexene complex. The
alkene ligand may be released after oxidation of Os(II) (d®) to the kinetically labile Os(III),
so that a stepwise cyclic process can be devised:

20 2®
Hy
L J—— s S —_—
508 Pd on charcoal L50s
0s', d8, kinetically inert
-e
3®

[L;Os(solv)]>* Ve ( LsOs— @
solvent
L=NH; 0s', d3, kinetically labile

Other n*-benzene complexes are known, for example for nickel(0) supported by bulky,
strongly donating phosphines, where hydrogenation leads to Ni(I) hydrides. Bridging n*n’
arenes have also been observed. The benzene ligand in these electron-rich complexes can be
replaced by the electron-acceptor CFy, which undergoes slow oxidative addition of the C-F
bond. The reaction suggests r>-arene complexes as intermediates in oxidative additions of

arene C-X bonds.

gyz gyz ISYZ
H
{ \Ni—~© _ iz )
/ / VRN
P P H p
Cy2 Cy, Cy,

Bu 2
But, Bu', Butz
Ny GFe P\ s /
Ni— Nx'
/ Slow
g t oxtdat/ve addition ﬁ
us

Inrelated}arene-bridged, bis-phosphine cobalt compoundsthe arene isn’*n?-coordinated,
while in the thermally unstable anion [(CGHé)Cr(CO)3]2‘, the benzene is n4—bonded, all a
reflection of the electronic requirements of the metal centre.

221



222

2: ORGANOMETALLICCOMPOUNDS OF TRANSITION METALS

cyZ CYZ 20
P P
\Co - 4
/ Co |
P e d®, 16 VE Cr(C0); | dS,18VE
Cy, Cy,

The ability of Ag* salts in aqueous solution to bind to arenes has long been known. More
recently, several examples of such complexes have been isolated and structurally character-
ized, confirming that three benzene molecules are bonded very much like ethylene. Gold(I)
arene complexes require the support of strongly donating phosphines with a biphenyl sub-
stituent; there is a short bond to the n*-arene as well as a much longer and weaker interaction
with a C=C bond of the biphenyl. Such gold complexes act as electrophilic catalysts for
organic transformations. The same ligand supports arene n* and p,,n*n’-coordination to
Pd(0) and Pd(I). These complexes are useful catalyst precursors for Suzuki-Miyaura C-C
cross-coupling reactions.

R
© R R cl
dba R 7N
\ \ s P e P! e P! e
\@ R—~p—pu22 R—p—Pd®  pyc,(co) PR R
s 13.0-3.2 : o
! R
7N TN
R=Cy,But S=——
R'=H, Me

2.9.4 Larger Arene Ligands: 7-, 8-, and 9-Membered Rings

Extending the size of arene rings leads to planar Hiickel-aromatic nt-systems with 6 and 10
n-electrons:

6 67 10m 10% 10n

2.9.4.1 n-C;H; Complexes

The cycloheptatrienyl ring can be regarded either as the 6m tropylium cation C;H;," or as
the 107 trianion C,H,*, depending on the nature of the metal centre to which it is co-
ordinated. The precursors are cycloheptatriene complexes, such as (n°~C,Hg)M(CO); (M
= Cr, Mo, W), which readily undergoes hydride abstraction to give [(n"~C,H,)M(CO),]".
Such cationic complexes are susceptible to nucleophilic attack, which may take place either
externally on the ring or on the metal centre. These pathways are outlined in the following
reaction scheme for Nu™ = MeO™ and Br™.
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H
A -
®
M(CO) + C,H ' CPhy” !
+ B
¢ TM=Mo Mo ~ HCPh, LN
oc | Sco oc” | Sco

co
M=V | 4
2 MeO™ W attack
MeO attack -co on metal
H

© C—;j’ on ring ©

‘,V\ ‘AMo\ \‘,Mo\
oc | “co oc” L Sco oc” | er
o co Co

The reduction of CpMCl, (M =V, Nb, Ta) in the presence of cycloheptatriene gives the
sandwich complexes CpM(C,H,), which are more appropriately regarded as M(IV) com-
pounds with C;H,*" anions.

Mg, THF |
& M

@ M=V, Nb, Ta

In some instances, the electron demand of the metal centre is partially satisfied by
other ligands, so that it may only be able to interact with a few C atoms of the C; ring, as
in [(n3-C7H7)Fe(CO)3]‘ or (n°-C,H,)Re(CO);. The n6,n6 sandwich complex Mo(C;Hjg),
rearranges thermally by H-transfer to give Mo(n’~C,;H,)(n°~C,Ho).

Z 7
o, O, = O
N Fe(CO), N Re(CO), ~-CO Re(CO);

H

@—H @n’

I
50°C Mo

CpMCl, + C/Hg

A

Mo(g) + C;Hg
metal vapour

J
Mo
condensation /' B
s
H

2.9.4.2 n-CgHg Complexes

Cyclooctatetraene (COT) is a versatile ligand that can bind to metals as the non-planar,
antiaromatic neutral tetraene or as the planar 10m COT?~ dianion. There are numerous com-
pounds where only one or two C=C bonds of COT are coordinated to a metal centre. The
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large size of the Cg ring means that the ligand is able to bridge across two metal centres and
give binuclear compounds.

Large ions, such as lanthanides and actinides, form COT sandwich complexes. The
best-known COT complex is ‘uranocene’, U(n®-CgHg),, which has attracted theoretical atten-
tion because of its structural similarity to metallocenes and the possibility of f-orbital contri-
bution to ligand bonding. Whereas COT complexes of lanthanide metals have a highly ionic
character and are very sensitive to hydrolysis, U(n®-CgHg), is stable to water and the bonding
is more covalent; the participation of 6d as well as 5f orbitals in the actinide-ligand bonding
has been proposed. Actinidocenes M(n®-CgHjg), exceed the 18-electron rule, with electron
counts ranging from 20 (M = Th) to 25 (M = Am). The thorium and plutonium complexes are
diamagnetic, while uranocene and the others are paramagnetic. The following scheme gives
an overview of synthetic routes, COT bonding modes, and types of COT complexes.

_ n4-coT “\F o) = ﬁn{nz @
fluxional: R = Z

fast 1,2-shifts CpTiCl,

Fe(CO), CpCo(CO),
Ti(OBu),/
rowy L e

B TI

{

n pr' MgCl
I

/ m—-;n“

Te
@n M \M h,u

I W M=V, (28VE) M=t @
— cr, (30VE)
< \ z> CrFe (32VE) L Py,
n’ W CrCo {33VE) CNBu'

CoFe* (34 VE)

The binuclear compounds (CpM),(u-CgHg) have been described as ‘twinnocenes, and
on the basis of the 18-electron rule M~M multiple bonds have been postulated. However,
studies of the magnetic behaviour have shown that only for the electron-poor 28 and 30 VE
species is there a single metal-metal 0-bond. Unpaired spins are essentially localized on the
metal centres. Singlet and triplet states are energetically very close, giving rise to unusual
magnetic behaviour.

COT complexes of lanthanides have been extensively studied as single-molecule mag-
nets (SMMs). The SMM behaviour of Cp*Er(COT) has been mentioned in Section 2.8.2.3.
Other examples are the mono- and binuclear dysprosium COT complexes shown in the
following diagram (with SiMe; substituents for increased solubility). DFT calculations sug-
gest strongly covalent metal-COT bonding; the ions show magnetic interactions across the
COT bridge.
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R R
R R
THF, RT 0.5 CoCl,
DyCly + Li,[COT"] —— Li*[Dy(COTY),]” — Dy - Dy-
COT" = 1,4-(Me;Si),CgHg
R R R=SiMe,

2.9.4.3 n-CoHy Complexes

Extending the line of aromatic planar cycles further leads to the cyclononatetraenyl anion,
CoHy™. This is too large to form sandwich-type complexes with most ions and shows a ten-
dency to condense to indenyl, as in the reaction of K[CyHy] with Cp"ZrCl;. The size of the
C, ring is best illustrated by its ability to sandwich a raft of four palladium atoms, as in the
Pd(I) compound [Pd,(n®-CgHg)(n’-CoHo)]*[BALY,] ™.

@

cp"
\ ¢
Cp"ZrCl K* — s l /271 :
prirtiy + )/ c Pd'/F” ~pq
\Pd/

i
== an

2.9.4.4 n-Complexes of Heterocycles

Aromatic systems incorporating heteroatoms with a lone pair usually act as 2-electron n-
donors but are also capable of forming n-complexes. Since they are more electron rich than
arenes, they can be useful for modifying the redox behaviour of metal centres. Complexes
of thiophenes have been studied in the context of the catalytic hydrodesulfurization of
coal derivatives. The reaction of [CpFe(CO),], with P, under reducing conditions gives a
ferrocene analogue containing the Ps~ anion, which is isostructural and isoelectronic with
Cp~. Heterocycles incorporating a B-N moiety are isoelectronic with arenes and show a
similar coordination chemistry; the B-N bond carries double bond character but is more
polar than a C=Cbond. A few representative examples are shown in the following diagram.

-
CE . CrC0), — s ==
= ¥

-3¢0 l E=5,Se,Te
Cr(CO)5

@ . o
CPFe(COLl + Nl _Fe N, TS50 Fe
K® —

OC/

0C
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P LSP
p=—p

o

xylene, 150 °C
s 2 e
m2e0 {?@

Pyridine has a strong preference for k'-coordination via the N atom. Nevertheless,
Cr(n’-pyridine), has been prepared but is unstable towards solvolysis. The mixed sandwich
Cr(pyridine)(benzene) is much more stable.

N ;
| P + Cr(g) Cr
N metal vapour

condensation </_]_\>

While n-complexes of heteroarenes like pyridine have not achieved the synthetic prom-
inence of their arene congeners, they are important in asymmetric hydrogenation for the
synthesis of drugs based on saturated N-heterocycles. Five-ring heteroarenes are more easily
derivatized; for example, the uncoordinated C=C bond of the kinetically inert complex [(n*-
CsH,NMe)Os(NH;);]*" is readily attacked by electrophiles:

H2
@ Y (irCI(COD), N Y ¥

5 mol % R
chiral phosphine

L

[Cp*Fe(CO),l, + P,

N}E Me
! -
N® X

N R-X
» )
\ /\OSL52+ RX = MeOQTf, or ’\OSL52+
0
/\f / HOTf R

Heterocycles containing B in place of C have been mentioned in Section 2.8.1. They
are electron-deficient and accept electrons from metal-ligand fragments ML, to achieve
a 6m Hiickel aromatic configuration. These electrons are frequently supplied by two
different metals, giving rise to multi-decker structures with electron counts beyond
the 18-electron rule: the ‘magic numbers’ are 30 VE for triple-deckers and 42 VE for
tetradeckers.

@ /:\ R—B/::\B-—R

~B._. B~ _
? R Y R N

R borole dibor’glenyl diboracyclohexadiene

2e”l 3e‘l 2e"l
O O O]

B
R borolyt 1,3-diborolenyl diboratabenzene
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In the reaction of 1,3-diborolenes, three electrons are provided either by one CpNi frag-
ment, or by a combination of CpFe + CpCo, following the rules outlined in Section 2.5.2.
This synthetic principle is extendable, and penta- and hexadecker complexes based on
bridging 1,3-B,C; rings have been synthesized.

: Et Et r
’\}. NiCp, le o B; A %B
i -~ — . —— —Fe — Co
G — CpH Et Et CpCo(CO), + Oy ‘O
<_+.> >< ’ )B

/B B CpFe(CO
Tsv? Me™ H [CpFe(CO)al, P 30 VE

Key points

Arenes form sandwich complexes M(arene), and half-sandwich compounds (arene)ML,,.

The metal-arene bond is covalent but lacks the Coulomb contribution of metal-Cp complexes.

Most mononuclear arene sandwich complexes follow the 18-electron rule.

Stacking M(arene), complexes with further M(arene) fragments leads to triple-decker and tetra-
decker structures which extend the 18 VE rule to 30 and 42 VE, respectively.

Half-sandwich complexes (arene)Cr(C0O), and isoelectronic cations [(arene)FeCp]” are important
as reagents in regio- and stereoselective synthesis. Coordination of the arene to Cr(C0), increases
C-H acidity, susceptibility to nucleophilic substitution, and ring metallation.

Mono-arene complexes of Ru are promising anti-cancer agents.

C,H,%, C;H3, and CgHg® (COT) are larger, planar aromatic systems and form analogous
complexes. M{COT), sandwich compounds are formed with large M = Th, U, lanthanides.

Heterocycles form complexes of analogous structural types. J

Exercises

1. Draw the structures and determine the oxidation states and electron count for
() [Cr(CeHe)al™s
(i) Cr(CgHzMes)y;
(i) Cry(CgHsMes)s;
(iv) (C;H,)Mo(CO),Br;
(V) U(CgHg).

2. Using (arene)Cr(CO); synthesis strategies, devise a route for the synthesis of 2-benzylanisole,
MeOCgH,-2-CH,Ph, from chlorobenzene.

3. Why is the COT ligand planar in CpTi(COT) but non-planar in CpCo(COT)?
- J
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Electron donation
by ML,

Mn(CO); =CpFe 1e”
Fe(CO);=CpCo2e”
Co(CO); =CpNi 3 e”
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2.10 Sigma Complexes

Apart from lone pairs and nt-electrons, given the right combination of electrophilicity and
back-bonding capacity, metal centres can coordinate to the o-bonds of H-H and H-X mol-
ecules. The most important o-ligand is H,. Although metal hydrides and hydrogen com-
plexes are not strictly organometallic, they play a key role in organometallic reactions and in
catalysis and are therefore included here.

2.10.1 H, Complexes

The electron density of the o-bonds is shared with the metal in a situation closely similar to
2e3c bonding. Since nd levels (n = 3-5) are comparable to or higher in energy than o™ oz-
bitals of H-H and H-X bonds, there is a degree of back-bonding that leads to an elongation
of the H~H or H-X bonds.

The coordination of H-X may be regarded as an arrested reaction: in most cases this is
part of the oxidative addition sequence of H-X to a metal centre, with an M(HX) adduct as
the transition state. However, in some cases the oxidative addition step is slow; as in the case
where the metal centre is not electron rich. This is often the case in cationic complexes. In
such cases the H-X adduct becomes the ground state and may be isolable.

H oxidative y
addition
L,M + H, LM— A m”
n n \
H H
dihydrogen complex metal dihydride complex

The formation of an H, complex was first discovered when the apparently coordinatively
and electronically unsaturated complex W(CO);(PCy;), was exposed to H,. In this com-
pound, the bulkiness of the two PCy; ligands results in a formally 16 VE species with a
vacant coordination site. Closer inspection showed however that the electron deficiency
was alleviated by the interaction of the metal with a C-H bond of one of the cyclohexyl
substituents. This interaction is sufficiently weak to be displaced by H,. On the other hand,
the electron-withdrawing characteristics of the three CO ligands ensure that the metal is not
electron rich enough for fast oxidative addition of H, and cleavage of the H-H bond, so that
the intermediate could be isolated. Oxidative addition does occur but slowly.

Cy
Cy —P PCy, H PCys
ocC ‘,,, l “““ \\\H H2 ocC o, , “\“\\ 0.82A OCI:,,' ‘ “‘\\\\CO
W e ~w_H — CWE—H
o™ ‘ e oc/’ o o™ I\H
PCy3 PCy; PCys

Vi = 2690 cm ™!
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Table 2.10.1 Acidities of H, complexes

Compound pK,
H, (in THP) 49
Ru(H)(H),(PPhs)5 36
[CP*RU(CO),(H )" -2
[0s(Hy)(CO)(dppp)a]** -5.7

Coordination elongates the H-H distance, from 0.74 A in free H, to values of 0.8-1.0 A in
H, complexes. There are also complexes with ‘elongated hydrogen, with H-H distances of up
to 1.36 A. The H, binding enthalpy in the classical complex W(H,)(CO);(PCy;), is only 39.4
kJ mol™ (by calorimetry), although in other complexes it was found to be 2-3 times larger.
Nevertheless, H, is a weakly-bonded ligand that may be readily displaced.

There are many polyhydride complexes which contain one or more H, ligand. Whether or
not an H, complex is formed depends on the electron donating or accepting nature of other
ligands and on the metal. As the stability of high oxidation states increases down a transition
metal triad, so does the tendency to form polyhydride rather than H, complexes. For example,
whereas RuH,(PPh;); is actually Ru'l(H,)(H),(PPhs)s, the Os analogue is a tetrahydride, Ost,

Since X-ray diffraction often struggles to locate hydrogen ligands and crystals suitable for
neutron diffraction may not be attainable, the best method of differentiating between the
M(H,) and M(H), states is NMR spectroscopy, by measurement of the Jip coupling constant
of the partially labelled HD complexes. Coordination weakens the H~D bond and conse-
quently lowers the value of the coupling constant, from 43 Hz for free HD to 35 Hz or lower. In
principle the H-H vibration can also be detected by vibrational spectroscopy but is often weak.

Coordination of H, to a metal centre drastically increases its acidity, particularly in cat-
ionic complexes, and can reach the strength of triflic acid (CF;SO;H) (Table 2.10.1). This
increase in acidity plays a major role in H, activation, heterolytic H-H bond cleavage, and
o-bond metathesis reactions such as M—C bond hydrogenolysis.

2.10.2 Alkane and Silane Complexes

Alkane complexes. As the structure of W(CO);(PCy;), shows, metal centres are in principle
capable of binding to C-H bonds of saturated hydrocarbons in a donor-acceptor fashion.
The same bonding interactions should be expected to be present in metal complexes of al-
kanes. Such species must, for example, be generated in the hydrogenation of alkene com-
plexes and in the reductive elimination of alkanes from hydridometal alkyls. In most cases
such complexes are too unstable to be detectable.

R R H R H
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H reductive
- elimination ~—H R H R
M —_—— M M+ ><

>[<R \H R H R
H

R

The ability of metal complexes to bind to alkanes has long been investigated, e.g. by flash
photolysis of metal carbonyls in low temperature matrices; for example, the 16 VE species
W(CO); binds hexane with a dissociation energy of 11 kcal mol™. Such complexes are too

labile to be isolated.
Alkane complexes have been postulated as intermediates in the H/D exchange of some

meta] alkyls:

Cp* Cp Cp*
\ “\\\\D \ ““\\H

Ir = / Ir
Me,P " Me3P Me;P D

CH; CHs H CH,D
Cp*ZW\ — Cp*ZW—’ = Cp* zw\ / = Cpr,W
D D H
c-complex n2-methane complex

The protolysis of the pincer complex (PNP)Rh-CHj gave a cationic Rh(I) methane com-
plex that was sufficiently stable and long-lived to be characterized by NMR spectroscopy.
According to computational modelling, one Rh-H bond is much shorter than the other,
with a possible Rh - - - C interaction. The compound is highly fluxional.

®
Bu', Bu',
o—P 0—P
= | [HOOEL), I BA,I = |
e e — e R r
\ AR CDCL,F, ~110°C N AN Th\H/C\H ¢
0—P 0—P
But, Bu',

The characterization of an alkane complex by single-crystal X-ray diffraction became
possible by the hydrogenation of a crystalline rhodium norbornadiene complex in the solid
state, by a gas-solid reaction:

But,
CP\®/ | ( \R@h/ H,
/Rh\ ————* _— ———
BU2

BAIf,
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Si-H complexes. Silanes have similar characteristics to H,, and the hydrosilylation of al-
kenes and alkynes follows very similar pathways to the hydrogenation process. It is therefore
to be expected that silanes R;Si-H should form Si~H o-complexes that resemble H, and
alkane complexes. Such compounds were indeed detected; they are less labile than alkane
complexes, and a number of noble metal compounds could be structurally characterized.
Complexes with n?-Si-H bonds as well as n'-type bonding are known. o-Complexes with
borane B~H bonds also exist.

t
N e o—p""
H /
S~
] J/ Si l
Mn---H M St
0N/ Php™ \P ;
AN 3
oc SiPhs b I H o B(CeFs),
: 0—P
M= Ni, Pd Ph, Buf,

o-Bond metathesis. C-H bonds can react with metal-alkyl bonds without oxidative add-
ition via a process called 0-bond metathesis. This process takes place provided the metal

centre is sufficiently electrophilic and in a high oxidation state.
RsC—H

\
1

i ‘\ R
t 1 / /
M cﬁ-\——-R = M—CR3 + H-C—R

R R

This process is often observed for Group 3 and lanthanide complexes and can lead to new
alkyls or alkylation products. Even the usually very unreactive methane can be used as an
alkylation agent.

Alkyl exchange via o-bond metathesis:

iy
CHy
Cp*,Sc—CHBU' + CH,  — | (p*,5c” "H| — Cp*,Sc—CH3 + CMe,
“CH,
Methane activation:
= —%
*GenCH, ———S———=  Cp*,Sc
Cp*;Sc-CH, alkene insertion Ph2 |
; HCMe, CH, o-bond metathesis

o-Bond metathesis is industrially important for controlling the molecular weight of olefin
polymers by adding judicious amounts of hydrogen to the reactor, to bring about M~C bond
hydrogenolysis in Ziegler-type olefin polymerizations.
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Box2.10.2 Alkane dehydrogenation and functionalization

Alkane complexes must be involved prior to the activation of C=H bonds of saturated
hydrocarbons by transition metals: This reaction genérates metal alkyl hydrides, which
undergo p-H elimination to give alkenes and metal dihydrides: Provided these MH, species
reductively eliminate H, easily; the reaction results in the catalytic conversion of alkanes
into alkenes + H,. A variant of this reaction includes a sacrificial H, acceptor, although this
is obviously much less atom-efficient. Low-valent noble metal complexes of pincer ligands
carrying strongly donating dialkylphosphino substituents have proved particularly effective
as catalysts for the ‘acceptor-less’ alkane dehydrogenation.

H Y
oxidative : ! i
- H addition ‘ /. B-Helimination 7 BN
! M ey - e M P [ !
&\ ~ \H .,
~ H =
T reductive elimination [
= HZ
catalyst: TRZ
Ircat.
il ¥ +H; i"

PR, R=But, Prf

It has:been possible to follow the reaction steps in the stoichiometric transformation
of ethane into ethylene. In this particular case a titanium(IV) carbyne complex acts as
intramolecular H-acceptor during the C-H cleavage. Here, too, tridentate pincer ligands
proved useful to allow isolation of the species involved:

; /But
PPr, C CHBut
CHBY! 0 CH & 7
N—T[i/ 21C eNPTi=CoBut 2t (PNP)TE\ g —= (NPT
[ —But -cme, pe \
PPrL, Ml H,€ == CH;
CHy

CHzBut s
oxidation
-

e (PNP) T~ H,C==CH;
CH;

H,C

The alkane activation reaction by metal insertion into the C=H bond can be extended
to thedehydrogenation of primary alcohols to give aldehydes. In contrast to conventional
oxidation, the by-product here is H,; not H,0O. The reaction can be used to build up complex
molecules with H, as only by-product.
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PN

TN

R OH - ~ R 0 recatalyst:
P Y PBU‘Z
R'NH, /< {
catalyst = catalyst-H, N —RuH(C)(CO)

e 3 -

R™ N7 R~ >R NEt,
H H

Alkane activation to give metal alkyl products can be coupled with reductive elimination,
to give functionalized alkanes. For example, this reaction sequence enables boron
substituents to be introduced, as in the Rh-catalysed borylation cycle shown here.

Cp* Clp*
Y~ BR, Rh-. s RH
/ H// \BRBRZ HY RZB/ \BRz
Y 2
CP*RAL, ——2»  (p*Rh L -
S BR,
O C]p* C[p*
BR, = B i : CRh e _Rh---R
\ p R R.B
o R ~BR, RyB™ 2B |
[R—8r, | e A
NN
\/\/\/\/BRZ

Cp*Rh cat.| N~ 0~
R,B=BR, d RZB/\/\/O\*/ . \/\/ov/\BRz 1:4

- ‘@ o:m:p=1:20:10
BR

2

Combining alkane C-H activation with CO insertion; either under reductive
hydroformylation conditions or the more general oxidative carbonylation, also gives
functionalized alkanes. The reactions, although catalytic in metal, give however only limited

turnover numbers.

\/\/ RhCI(CO)(PMe;), Hog
e v\/\rr \/Y

0 H O

PdZ*/ Cu?* catalyst

CF;CO,H, CO 0
oxidant OH

¥
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Key points

The H-X bonds of saturated compounds can act as -donor ligands towards coordinatively and
electronically unsaturated metal centres. The stability of such complexes decreases significantly in
the sequence X=H>Si» C.

Dihydrogen complexes are found for most metals. Many polyhydride complexes contain H; as
well as hydride ligands. Such complexes are important in hydrogenation reactions and hydrogen
generation catalysis.

A number of silane complexes have been synthesized.

Alkane complexes can be isolated only in exceptional circumstances. They are intermediates in
reductive elimination and the C—H activation of hydrocarbons.

Evidence for alkane complex intermediates is provided by H/D exchange.
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2.11 Complexes with M—C o-Bonds

Metal-catalysed processes involve the making and breaking of metal-carbon bonds. This is
also the main principle in stoichiometric transformations involving organometallic reagents
for many organic synthetic applications. Whenever alkanes, alkenes, alkynes, or arenes are
generated, hydrogenated, polymerized, or functionalized, metal alkyl intermediates are in-
volved. The vast majority of all products generated by the chemical industry involves a cata-
Iytic step at some stage of the process.

The first deliberately synthesized metal alkyls were the zinc alkyls ZnEt, and EtZnl pre-
pared by Edward Frankland from 1848 onwards. These were soon followed by other Main
Group alkyls including those of silicon, tin, lead, mercury, and aluminium. Alkyl complexes
of transition metals proved more difficult. The first examples were [Et,AuBr]; and PtMe,l
(W.]. Pope, 1907); the tetrameric structure of the latter with octahedrally coordinated Pt(IV)
was not discovered until decades later.

These compounds were made by the most important and most widely applicable syn-
thetic method, the alkylation of transition metal halides with Grignard reagents in diethyl
ether under a nitrogen atmosphere at low temperatures. The gold diethyl compound could
be obtained but only in low yield alongside a lot of reduction product.

Et,0 Et /Br\ Et
2 AuBry + 4 EtMgBr - > Au Au/ +4 MgBr,
ice bath NS g
Et Br

2.11.1 Energetics and Stability Aspects of Metal Alkyls

Alkyl complexes of transition metals other than the Pt and Au examples mentioned in the
introduction could not be made for several decades. It is now known that this was due not to
thermodynamics but kinetics: transition metal alkyls with H atoms in the p-position have a
facile decomposition pathway available, by f-H abstraction and alkene elimination. Unlike
Main Group elements, for transition metals with unoccupied d-orbitals this p-H elimin-
ation process is very facile.

H
N B-H elimination ~ H \C/\ H
A == s\ N
M—C = (. T |M-( | M-H+ (=C
/ / " alkene hydrogenation /

-~ C\ L m————
The reaction steps involved in B-H elimination are equilibria; the reverse process is the hy-
drogenation of an alkene by a metal hydride.

An impottant design principle for the preparation of isolable transition metal alkyls is
therefore the use of alkyl ligands without p-H atoms. Alternatively, stable metal alkyls can be
prepared if all available coordination sites are occupied by firmly bound ligands such as Cp
and CO, and an electron count of 18 is obtained.
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Table 2.11.1 M-C bond dissociation energies®

Metal alkyl D k) mol™] Metal alkyl D [k) mol™Y]
Ti{CH,CMes), 198 Cp*,TiMe, 28118
Zr(CH,CMes), 249 Cp*,ZrMe, 28412
HF(CH,CMes), 266 Cp*,HfMe, 3067
TaMe; 2615 Cp,MoMe, 1668
WMey 160+6 Cp,WMe, 221#3
(00)sMn—CH; 18714 (0Q)sMn-Cl 29410
(0Q)sMn—Ph 207+11 (0O sMn—-Br 242x6
(0Q)sMn—-C(0)CH3 160£10 OQsMn~i 19526
(0Q)sRe—CH3 220211

cis-(EtsP),Pt(C)~CH; 25130 CH,- 23821
trans-(EtsP),Pt(C)-C,H; 206 CH;C(0)-1 209+3

“From: J. A. M. Simdes, . L. Beauchamp, Chem. Rev. 1990. 90, 629,

The bond dissociation energies D of transition metal-carbon bonds (Table 2.11.1) are
comparable to those of Main Group metals. However, in contrast to Main Group elements,
the bond strength increases down a group.

As the data show, the M~C bond strengths are comparable to the carbon-iodine bond
in alkyl or acyl iodides. Metal-methyl bonds are stronger than those of higher alkyls, con-
firming that the instability of some methyl complexes is kinetic, not thermodynamic. Bond
strengths decrease in the order M—C(spz) > M—C(sp3) > M-C(O)R.

In the presence of donor ligands, other decomposition pathways of metal alkyls may
come into play. For example, ethyl complexes of palladium phosphine complexes are
isolable. The coordination of phosphine ligands disfavours decomposition by B-H
elimination, and unlike PbEt,, decomposition by homolytic M-Et bond cleavage and
formation of ethyl radicals is also not energetically feasible. Dialkyls of Pd (and other
electron-rich metals) can decompose by an alternative process, the reductive C-C coup-
ling of the two alkyl ligands to generate a hydrocarbon of twice the number of C atoms
and a zero-valent Pd phosphine complex. This process is termed reductive elimination;
it is the termination step in Pd-catalysed C-C coupling reactions. For this reaction to
proceed, the two alkyl ligands must occupy neighbouring coordination sites, i.e. they
must be in cis position relative to one another. The process is associated with a sig-
nificant activation barrier and usually requires heating; unlike p-H elimination, it is
irreversible.
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R.P reductive

TN “/CHZCH3 A R3P\ ";’C:H2CH3 elimination C,Hs
Pd — Pd ——— RP)P°+ |

RsP CH,CH;, RyP CH,CH, CoHs

R,P
\ \pd' +  CHyCH,

7N .
RsP CH,CH;, homolytic cleavage

While the bond dissociation energies predict stable metal alkyls even if an 18 electron
count is not achieved, the stability of metal alkyls like TiR, indicates the importance of other
factors. PbEt, is an endergonic compound but can nevertheless be isolated and is stable at
room temperature. TiEt, is exergonic but cannot be made due to facile f-H elimination, as
explained in the previous section. However, although this process cannot operate for TiMe,,
this methyl compound is also thermally unstable and decomposes > —50 °C. The reason is
that given the low electron count—TiMe, is an 8 VE compound—the metal centre is able
to react with C-H bonds in a-position and initiates an a-H decomposition pathway. This
implies that for electron-deficient compounds like TiR,, alternative strategies have to be
employed for stabilization.

2.11.2 Types and Bonding Modes of M-C o-Bonded Ligands

2.11.2.1 M-RLigand Types
The synthesis of stable transition metal alkyls can be achieved by two strategies:

1. Blocking of Coordination Sites With Donor Ligands

A good example of this strategy are 18 VE alkyls like CpFe(CO),-R (R = Me, Et, etc.), which
are air- and moisture-stable and can be isolated by column chromatography. For this reason
the CpFe(CO), fragment, usually abbreviated Fp, is widely used in organic synthetic ap-
plications. Chelating ligands such as 2,2"-bipyridyl (bipy) and mono- or polydentate phos-
phines fulfil the same purpose. For example, while tetrahedral TiMe, is thermally highly
unstable, the octahedral adduct TiMe,(dmpe) (12 VE) is stable at room temperature, even
though it falls far short of the 18-electron rule (dmpe = 1,2-bis(dimethylphosphino)ethane,
Me,PC,H,PMe,). There are numerous metal alkyl complexes with a 16 to 18 electron count.
The alkyl anion itself may act as stabilizing donor ligand; for example, while RhMe;, is un-
known, salts of [RhMe,]* are isolable.

2. Using Alkyl Ligands Stable Towards -H Elimination

Stability against p-H elimination can be achieved by an absence of B-H atoms, by high steric
bulk and by'making the $-H elimination step energetically unfavourable. Commonly used
ligands include:

237



238 2: ORGANOMETALLIC COMPOUNDS OF TRANSITION METALS

B-H free alkyls:

~CHy  —CH— ) —CHyCMe —CH,CMe,Ph

benzyl neopentyl neophyl
—CH,SiMe, —CH(SiMe;),  —C(SiMey); /CH2@
trimethylsilylmethyl RP

CH, ylid anion

1
R]' R RZ

anions of sp- " /

and sp?-carbons: R @ =R
R anyl vinyl alkynyl

Generally, the metal-carbon bond strength increases with increasing s-character of C:
M—CRy < M—aryl, M—vinyl < M—C=C-R
sp3-C < sp?-C < sp-C

increasing bond strength / electron-withdrawing character of C

Aryls and vinyls may contain $-H atoms, but in these cases p-H abstraction is energeti-
cally highly unfavourable. The same is true for bridgehead alkyls like 1-norbornyl: although
this alkyl has six f-H atoms, $-H abstraction does not occur since this would lead to a highly
strained bridgehead alkene:

SR N e

benzyne

H
/R
M >< M—H + R—=R
R

atkyne

H. _H HH
Bredt’s rule: double H H
bonds to bridgehead -%*’ M—-H «+
carbons are H H H
M H H

unfavourable

2.11.2.2 M-RBonding Modes

The following metal-alkyl bonding modes are commonly encountered. Terminal and bridg-
ing alkyl and aryl complexes are formed depending on the electron demand of the metal
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centre or centres. Electron-deficient metals may, in addition to the M-C o-bond, form
bonding interactions with C-H bonds in a-, §-, or y-position to the metal; such bonding

type has been termed ‘agostic’ bonding. This bonding mode is indicated in structure draw-  The term ‘agostic’
. derives from a word
ings by a half-arrow. wsed by Homer,

Benzyl ligands contain phenyl substituents that can donate some of the n-electron density  qyogta, to clasp, or
to an electron-deficient metal centre, to give n*- or n’-benzyl compounds. In n*-benzyls the ~ hold to oneself.
M-C-C angle is much more acute than the tetrahedral angle of 109.5°, usually around 90°.

Since in such compounds the benzyl ligand is held rigidly, depending on the symmetry of
the complex the two CH, protons may be inequivalent (diastereotopic) and appear in the 'H
NMR spectrum as an AB spin pattern.

Terminal:
M—-——C——/— M—C M——@ M—C==C—R
AN AN
Alkyl bonding to electron-deficient metals: \ -
N H/C\ s /M
pZ H c— / - \Z
| M C/ /
M—C—R —C M—C
\ \ N ;
R n*-benzyl, indicated by 1n°-benzyl
o-agostic B-agostic y-agostic narrow M—C-C angle

Some examples of complexes with agostic bonding:

a-agostic bonding:

cl H o H
Me CH; H N

Cl",] P ®/ | © oc /C '“{\ /CP

Cpolr o-----. C —B(CeFs)s N ®
c// ] \ /Fe\ /Fe\
N

HoOH g e, HOH cp o co

0

B-agostic bonding: C! @
Me,

T c— Pj Clo@
/ ' \ - ~~H,
H C‘H H\c{i

2

Bridging: Where there is a choice between an sp’- and an sp*-hydridized C atom to be
placed in thie bridging position between two metals, there is a strong preference for the sp*-
C. The same trend has been described for Main Group metals. Since bridging alkyls tend
to form with electron-deficient metals, the bridge is often supported by a variety of agostic
interactions.
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Bridging in highly electrophilic systems:

H H H
\’ / _H X\\ .

c C , \ -
PN e \\ M——C M M—C ——M
M M M M \ |
H H
methyl bridges with single and trigonal-bipyramidal 5-coordinate
multiple agostic M—~H-C interactions Cinp-CH; compounds
R
' R
C C e
ﬂ’ A
PN pd
M M M M M M

symmetrical and unsymmetrical bridging atkynyl

Metallacycles: Metal alkyls can also form a variety of metallacycles. Five-membered rings
tend to be particularly stable. Metallacycles supported by a donor heteroatom are frequent.
The heteroatom also directs the location of C-H activation that leads to cyclometallated
phenyl pyridine or amino-substituted benzyl compounds.

OO O

donor-stabilized alkyl

M/D M’/\N / Nll‘/_‘—\:gi

cyclometallated complexes

2.11.2.3 The Importance of Steric Hindrance

The stability of metal alkyls, particularly of complexes without additional donor ligands,
increases with the steric bulk of the alkyl ligand. Thus Ti(CH,SiMe;), is thermally very
much more stable than TiMe,. Bulky alkyls, as well as aryls with ortho-substituents, have
been widely used to generate thermally stable complexes with low coordination num-
bers. Aryl ligands with electron-withdrawing groups like C4Fs resemble halide anions
in their electronic characteristics. The degree of steric shielding provided by bulky, dis-
ubstituted aryls 2,6-R,C¢H; is largely controlled by the ortho-substituents and increases
in the sequence R = Me < Pr' < Bu' = Ph < C4H,R";-2,4,6. The effect of bulky aryls can be
seen for example in the mixed-ligand manganese(Il) alkyl in the following diagram; al-
though the metal carries a Bu' ligand with nine $-H atoms, steric hindrance by the very
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bulky aryl prevents B-H abstraction and the compound is stable to 160 °C. Manganese(II)
alkyls with smaller ligands are extremely air-sensitive and form coordination polymers
[Mn(u-CH,R),],, with an alkyl-bridged chain structure which resembles that of magne-
sium dialkyls.

Me pr But Me;CeH,
Me < P < -—@ < ‘QCeHzMEB
Me pri But Me;CgH,
mesityl ‘isityl' 'super-mesityl’, Mes*
AT 169.70 CH,

Mn—C—CH;  Ar=

Ar' CH;
Monomeric, sterically encumbered Mn(if) Polymeric Mn(ll) dialkyl, e.g. R = Bu%; 2e3c
dialkyl, 9 VE bonding

Sterichindranceinfluences the oxidation state a metal centre can attain; e.g. Ti(CH,SiMe;),
(Ti(IV), diamagnetic) can be made, but with even bulkier ligands paramagnetic Ti(III)
alkyls result, such as trigonal-planar Ti{CH(SiMe;),}.

MesSi SiMe; CH,SiMe,
. \\\“""Ti\
Me;SiCH, CH,SiMe,
Me;Si Me;SiCH,
SiMe;
Ti", d?, 7 VE, alky! ligand Ti, d° 8 VE, tetrahedral;
too bulky to form TiR, preferred geometry and oxidation state for smaller ligands

The interplay of the size of a metal ion, the alkyl ligand, and any donor ligands is
also nicely illustrated by phosphine adducts of MMe, (M = Ti, Zr) on the one hand,
and of Cr(II) dialkyls on the other. Zirconium, as the largest of the transition metals,
can form alkyl complexes with coordination numbers as high as 8. For Cr(II), ster-
ically undemanding phosphine ligands allow the formation of metal-metal bonded
compounds, while chelate ligands with increasing steric hindrance favour six and four-
coordinate mononuclear compounds, with correspondingly diverse magnetic states
and reactivities.
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For phosphine-free
Cr(ll, ) alkyls, see
Section 2.11.3

‘homoleptic’

= complexes
containing only one
ligand type.

‘binary’

= compounds
consisting of just two
different elements.

Ti(V), r=0.614, 12 VE
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Me, Me2 Me2
\\Pj

P

Me, Me2 Me2

Me Me Me
Zr(iV), r=0.72 A, 16 VE

Sim ;
c[IH ” Pr, pr
ME3SICH2” / 2\ \PM€3 BUtCHz/ P
210\ “. /
Cr=—==Cr Cr
AN
t
Me3P Cle CHZSiME3 Bu CH2 ~P\
SiMe, pf Pri

Cr(iN), d%, 14 VE, Cr(l), distorted square-planar,

distorted square-planar,
Cr-Cr quadruple bond,
diamagnetic

2.11.3 Synthesis of Metal Alkyls
2.11.3.1 Synthesis of Homoleptic Metal Alkyl Complexes

The most widely applicable synthetic method is the alkylation of transition metal halides
with Main Group metal alkyls, both for homoleptic metal alkyls and for complexes stabi-
lized by additional donor ligands.

Et,0

[V —— .

TiCl, + 2 Mg(CH,SiMes),
-78°CtoRT

12 VE, d*, high-spin, 5= 4.9 B.M.

Me
Me, Me,
CPHI . P
Me2
Me

Cr(1), octahedral, 16 VE,
d*, low-spin, ps = 2.7 B.M.

Ti(CH,SiMe3), + 2 MgCl,

8 VE, yellow, diamagnetic

The alkylation of MCl, (M = Zr, Hf) with benzylMgCl gives the tetra-alkyls M(CH,Ph),.

MCl, + 4 PhCH,MgCl

M= Zr, Hf -78°CtoRT

Whereas a Main Group alkyl like Sn(CH,Ph), has a regular tetrahedral structure, the Zr
and Hf complexes show a variety of M—C-C angles which are much more acute than the
tetrahedral angle of 109.5°, in the range of 85-101°. This is indicative of n-interactions with
the ipso-C atom of the phenyl ring of the benzyl ligands and helps to alleviate the electron
deficiency of the complex (formally 8 VE).

Ph

Et,0 Ph~--_ 1’
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WCl, + 3 Al,Meg Whe, LiMe LilWMe,]
- MeAlCl 12 VE 14 VE anion,
’ . . capped octahedron
colourless, diamagnetic
trigonal-prismatic, Cs,
M M 40
l € Me l € Me
Et,0 /21481 /
Mo,(OAc), + 8LliMe [(Et,0)Li*], Mo Mo
- 4 LiOAC e
Me Me
Me Me

16 VE, M—M quadruple bond

This method is also suitable for the synthesis of metallacycles:

40

CrCl, + 2 i~~~ ERoL, Cr Cr
-4 Licl O
AN
P/
-P
)
MoCly(THF); + Li(CH,),PMe, Mo Mo
o s
phosphorus ylid anion & /I
p
/ \pu

The alkylation strength of Main Group metal atkylating agents decreases with increasing
electronegativity of the metal: LiR > RMgX > AIR; > R,AlCl = ZnR,. Weaker alkylating

agents lead to metal alkyl halides:

Me,AlCl ZnMe .
e MeTiCl; —————> Me,TiCl,

TiCl,—
LiMe

TiMe,

On the other hand, mixed-ligand alkyl halides are often best prepared by
comproportionation:
TiCl, + 4PhCH,MgCl  ———  Ti(CH,Ph),

; 3 Ti(CH,Ph), + TiBr, ——> 4 TiBr(CH,Ph);

Alkylation reactions may involve a change in oxidation state. For example, the alkylation
of CrCls is dependent on the size of R and results in Cr trialkyls which are easily oxidized to
Cr(IV) products. Since Cr(IV) is a small ion (r = 0.55 A), even the isopropyl and tert-butyl
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lonic radii:

Cr(11) 0.73 (low spin),
0.80 (high spin)
Cr(ly 0.62 A

Cr(iv) 0.55 A

Z: ORGANOMETALLIC COMPOUNDS OF TRANSITION METALS

derivatives are surprisingly stable against f-H elimination. CrR, complexes are also stable
towards hydrolysis. By contrast, smaller ligands like phenyl and coordinating solvents like
THEF give solvent-coordinated octahedral CrPh;(THE);. The reaction of CrCl;(THF); with
LiCH,SiMe; leads to reduction and formation of tetrameric [CrR,l,, with square-planar
Cr(II) centres held together by alkyl bridges. The compound (d*) shows temperature-de-
pendent paramagnetism through antiferromagnetic coupling of the metal centres.

Cr'{CH(SiMe;),}5 d?, trigonal-planar

CrCL,(THP); + 3LiR CrPh;(THF); d>, octahedral
R —_ R
[O] R -'———*/CI'\QR
L2233 \\\ \/
R Cr’, 40 \:Cr d*, square-planar

Lot = 1.6 B.M. (298 K

--C]r d?, tetrahedral, /\ N /\ .
R TR 2unpaired electrons; R R>\Cr/<R R=CH,SiMe,
R=Prl, But, CH,BU, R

R
CH,SiMe;, C(Ph)=CMe,, etc.

Ligands with high steric hindrance can be used to obtain complexes with very low coordina-
tion numbers, which usually implies high reactivity. Such compounds may display interesting
bonding modes; for example, with very bulky aryls is has been possible to generate metal-metal
bonded dimers where five electrons per metal centre are involved in M—-M multiple bonding:

Ar' Ar' Ar'
Cl
/TN 2KC
Li + CrCl(THR), —— Cr Cr — Cre==(r
_ N - 2K :
pr o

Ar' Ar'

Cr(h), d4, 10 VE

-

prl

Cr() dimer, d°,
Cr-Cr quintuple bond

With elimination-resistant bridgehead alkyls, the oxidation state of the metal is dictated
by the steric requirement of the ligands. Since alkyls are strong o-donors, they stabilize high
formal oxidation states; for Co, oxidation states as high as Co(V) become possible:

Ag*

M(1-norb), [CoY(1-norb),]*

Mmcl, + 4
M=Co
i’ . M=Ti,V,Cr,
1-norbornyl lithium Mo, Mn, Fe, Co
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Box2.11.3.1 The structures of homoleptic metal methyl complexes

Homoleptic complexes with six methyl ligands, like WMe, and ReMeg, were originally
thought to.be octahedral. However, MO calculations have shown that complexes containing
only o-donor ligands should be trigonal-prismatic, and this was indeed found.: These
structures contradict the simple point-charges-on-a-sphere model of metal complexes and
cannot be explained by considering steric interactions, ligand field theory or by conventional
VSEPR (valence shell electron pair repulsion) theory.

Octahedral and trigonal-prismatic geometries can be interconverted by rotation of one
triangular face relative to the other by an angle 6 (Bailar twist), such that the octahedron
represents one extreme (6 = 60°) and the trigonal prism the other (6= 0%).

In most cases the complexes deviate from these ideals. While negatively charged anions
like [ZrMe,)* are close to Dyy, symmetry, presumably because of the repulsive influence of
the charge, in neutral compounds some further stabilization can be achieved by reducing the
symmetry to Cs,, asin WMe.

Similarly, the pentamethyls MMes (M = Ta, Mo) are square-pyramidal rather than
trigonal-bipyramidal. The general principle in these o-donor complexes seems to be the
avoidance of interligand angles of 1802,

//‘KJ Qﬁ‘t‘"" —/A\

octahedren trigonal prism Cyy D3y
trigonal prismatic structures:
L/ dO: [ZrMeglZ, [NbMeg]™, MoMe,, WMe
\\ L / d': ReMe;
\}/ sqpy structures:

d% TaMes; d': MoMe:
trigonal bipyramid square pyramid

By contrast, ligands with n-bonding capability stabilize octahedral or thp structures.
For this reason W(CO); as well as halides like MoF, and WCl, are octahedral, as are
alkoxides and amides. Complexes with o-donors but high electron count are also close to
octahedral, for example [RhMe6]3‘ (d% 18 VE, § = 45°).

2.11.3.2 Synthesis of Heteroleptic Metal Alkyl Complexes

Metal alkyl complexes stabilized by additional L or LX-type ligands are also commonly
made from the corresponding metal halides. However, there is less danger of p-H elimin-
ation if an electron count of 18 is achieved. Whereas homoleptic metal alkyl complexes are
in most cases sensitive to oxidation and/or M-C bond hydrolysis, alkyl compounds like
CpFe(CO),(R) and related metal carbonyl alkyls are air and moisture stable. 16 VE species
and Cp-stabilized metal alkyls of early transition metals are more sensitive to air and protic
reagents; nevertheless, they are thermally more stable than homoleptic alkyls.
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containing more
than one type of
ligands.
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There are a number of alternative ways of generating M-C o-bonds that do not involve
salt metathesis reactions.
By alkylation of metal halides:

. Et,0 .
Cp,MCL, + 2LiR > (p,MR, + 2LiCl
-78°CtoRT
M =Ti, Zr, Hf 16 VE, yellow, diamagnetic
L
trans-NiCl,L, + RmMg€l ~ —————>  (|—Ni—R  16VE,
Et,0 | L=PMe;
L
L RsP
PICL(PRY), + L~ > —— Pt
22 * L Et,0 s/ 16 VE
RsP colourless

Alkylation reactions may involve a change in oxidation state. The driving force may be
steric requirements, or the attainment of an 18 VE configuration:

MgM , ,
Rh",(0AQ), e Rh'Me,(PMe;); 18 VE, diamagnetic
PMe3
o AlMe; L
pHCll, —————— e,
[0] Me' /" N\ Me
Me Me 18 VE
- ClAlMe,

While metal alkyls stabilized by phosphine or cyclopentadienyl ligands are most com-
mon, there are also many examples of complexes stabilized by n-donor ligands, i.e.
heteroatom ligands carrying a lone pair which interacts with a vacant metal orbital in
ni-donor fashion (see Section 2.4.3). These complexes contain metals in high oxidation
states. The n-donation increases the electron count of the metal centre, although the exact
extent of this contribution is not always unequivocally clear. The result is a shortening of
the M~E bond length, while in metal alkoxides and aryloxides the M~O-C angles widen
and approach 180°.

The zirconium benzyl complex shown in the following schematic also demonstrates
the n?-coordination of a benzyl ligand, which is typical for electron-deficient benzyl
complexes.
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But
169.4°( O O n-donation
Zr(CHAY), + O “hchs M 193 10-12VE
Ar=CeHF4  pt
n?-benzyl
F

Metal alkyls with oxo and imido ligands are widely used in a number of catalytic reactions.
These dianionic ligands form M=E double bonds and formally contribute two electrons, but
through n-donation can act as 4-electron ligands. Complexes with M=0 and M=N bonds
are common for the Group 5-7 triads, particularly for second and third row elements.

A classic example is MeReOs, a catalyst for oxidation and O-transfer reactions. The oxo
ligands provide n-electron donation; however, this can be replaced by stronger donors such
as pyridine, so that these complexes behave like Lewis acids.

0= >0 I L e
Re,0, + 2 SnMe, 2 _Rem~ — O=pe=g
Me;Sn0 0 o7\ © 0™ |
- R4 o L
0 0OSnMes
Re", d9, tetrahedral )
14 or 18 VE? L=N_7 N 9
Br Me
MeMeB 1.71
Nu \ 20 eMgBr No, V' =20
Mo Mo~ Vi 40
N N=& ¢ water stable
Br N N Me  c_Mo-C 149°
OBut R
RMgBr 165 /212 Mo alky! nitride
N=Mo 1 0But N=Mo-R
u ~ MgBr(0BUY Me
\ R= —@Me
OBut Vio-n 1041 cm™ R Me

Oxidative addition. The addition of electrophiles H-X and R-X to low-valent transition
metal complexes is a key reaction in many catalytic cycles. Since both R and X can formally
be regarded as anionic, i.e. they consist of atoms with a higher electronegativity than the
metal centre, the process amounts to an oxidation of the metal by two units. The reaction is
facilitated Dy electron donating ligands, which help to generate metal centres with energet-
ically high-lying occupied d-orbitals. Phosphine or carbene complexes of M' (M = Co, Rh,
Ir) and M® (M = Ni, Pd, Pt) metal centres are typical reaction partners. The classical example

n-donation:
alkoxide:
M~0—R
amide:
M—NR,
oxo:
M==0
imido:
M==N—R
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C-C coupling:
Chapter 3.6
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of a complex that undergoes oxidative addition with a multitude of substrates is Vaska’s
complex, IrCI(CO)(PPh;),.

Oxidative additions often involve changes in coordination geometry: tetrahedral M°
compounds (M = Group 10 metal) become square-planar M" (d%), and square-planar M’
(M = Group 9 metal) become octahedral M™ (d°).

IPCl(CO)L, + R-X IMR(CDOYL, L= phosphine

Vaska's complex several stereoisomers possible

Very electron-rich metal centres, like trialkylphosphine complexes of Ni(0), are able to
oxidatively add even chemically inert bonds, such as C-Cl in chloroarenes, to give M-aryls
under very mild conditions:

TEt3
Ni(PELy); + c1~© — C[—TIO +PEt,
PEt;

Oxidative addition reactions with Ni, Pd, and Pt complexes normally lead to the forma-
tion of M(II)-C bonds—indeed the widely used Pd-catalysed C-C cross-coupling reactions
depend entirely on the success of this reaction. However, depending on the nature of the
halide and the solvent, on occasions 1-electron pathways may compete with 2-electron oxi-
dative addition reactions. Radicals may form, leading to metal products of intermediate
oxidation states, e.g. Ni(I):

non-polar solvent

LNi"(X)(Ar)

X=Cl
NiL, + Ar-X
L x. b
polar solvent \N"/ \N" AA
i i + Ar-Ar
= AN 7 \
X=I L/ X L

Oxidative addition of alkyl halides to Cr(Il) salts leads to solvated Cr(III) mono-alkyls.
These octahedral complexes are kinetically inert (d* electron configuration!) and are not
attacked by acids or water. .

HCIO,, H,0
Cr(Cloy), + PhCH,Cl  ————2 -2~ [PhCH,-Cr(OH,)51>*[C10, T,

Tri-alkyl phosphines can make the metal centre highly basic, which aids oxidative ad-
dition. However, if the halide ligand cannot be accommodated in the coordination sphere,
ionic products may result, as in the reaction of CpCo(PMe;), with Mel, which proceeds
along the same lines as the quaternization of an amine, The unreactive electron-poor CO
analogue CpCo(CO), oxidatively adds Mel after activation with PMes, to give an acyl
complex:
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©
©

CpCo'(PMe3), + Me~|  ———r> Co't

MeBP‘"/ \Me
Me,p 18 VE
Cp
PMe, Mel I
CpCo(CO), CpCo(CO)(PMe;)  ———> Meup //CO \ﬂ/Me
3

i 0

The reaction of metal carbonyl anions with organic halides to give metal alkyls or acyls
also amounts to an oxidative addition to the metal. These are classical standard methods of
M-C bond formation in 18 VE complexes. Since the products are coordinatively saturated
with strongly bonded CO and Cp ligands, kinetic instability due to f-H elimination is not a
problem, and ethyl or butyl derivatives are easily prepared.

[CpFe(CO),]™ + Et-I CpFe(CO),~Et + I~

Mel

(00);Mn—Me

[Mn{CO)5]™ Al -co

MeC(0)Cl M
ec0) 00)sMn—( )
0

Early transition metals, with their high-energy d-levels, show a strong tendency to form
complexes with the metal in the highest possible oxidation state. For example, the reaction
of Zr(II) complexes with alkenes and alkynes in the absence of further donor ligands leads
to oxidative C-C coupling and the formation of metallacycles of Zr(IV):

H,C==CH, /\ .
D AN Cpyir

hv /
e N

Cp,ZrPh, ohph {CpZZr ] on
Ph—===—Ph Ph

Cp,ZrY

=

Ph

Ph

A special case of oxidative addition is the addition of C-H bonds to a low-valent
metal. These allow functionalization of hydrocarbons and new C~C bonds to be formed
without the need for organic halides. C-H bond activation of this kind is greatly facili-
tated by donor atoms in close proximity which allow the formation of 5-membered che-
late rings. This reaction proceeds predominantly with sp>-CH bonds. Some examples are
shown in the following diagram; the Rh(III) metallacycle reacts further with alkynes in
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See also alkane
complexes, Section
2,10.2
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a catalytic route leading to variously substituted dihydropyridines which can be oxidized

to pyridines.
-2C,H, £
CysP

—
CysP-PHC,HY, + N

/Pt
R H
/ R
N .
= ) W R—=vr Z N
+ CRhL, ——> /C/ |
L= Cy,P-Fc R

While most such oxidative additions involve sp*>-C-H bonds, electron-rich low-
valent metal centres have been shown to be capable of oxidatively adding saturated
hydrocarbons. These reactions were first demonstrated for Ir(I) which also reacts with
CH,, but many other 16 VE metal species with strong donor ligands display similar
reactivity:

Ir. _— Iric,
ZNH - Ir R =Me, C ZNH
2 Ve &Y
Me;P H Me,P CH,Bu, Ph MesP R
L,MH, LM LM \/\/R
18 VE 2 16VE 18 VE

ML, = Fe(Me,PC,H,PMe,),, Cp*Re(PMes),, Cp*Rh(PMes), PH(Cy,PC,H,PCy,),

Tp*Rh(CNR); Tp HBQN\N/ )3

Aromatic C-H bonds undergo oxidative additions to metals more readily than ali-
phatic C-H bonds. This is in spite of the fact that sp’>-C~H bonds (ca. 385-425 kJ/mol)
are weaker than sp?>-C-H bonds (460 kJ/mol). Rhodium alkyl hydrides reductively
eliminate much more readily than the Cp* iridium example shown here, and they can
therefore be used as a facile source of the Cp*Rh(L) fragment, which reacts with arenes.
Arene C-H activation, too, is reversible but requires more activation energy. Heating
the resulting Rh hydrido phenyl complex in C¢Dg leads to H/D exchange:
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o Ex B

l >-20°C 1 60 °C
R S _Rh — R, — Rheo
MesP \l h Me;P Me;P \ Me,P N\
atkyl CeHs CeDs

H/D exchange via reversible C-H
addition/elimination

In competition experiments between benzene and n-propane, a mixture of Rh(H)(Pr")
and Rh(H)(Ph) species are formed in a ratio of 1:4, even though both hydrocarbons have
about the same statistical likelihood of C-H activation.

By electrophilic attack: cyclometallation. The reactions shown in the previous diagrams
involve the oxidative addition of C-H bonds to give metal hydride complexes. It is more
common, however, to generate similar complexes by the attack of an electrophilic metal
centre on an sp*~C-H bond, followed by deprotonation. In that sequence, the metal is in a
sufficiently high oxidation state to act as an electrophile, and the oxidation state does not
change during this process.

A similar process has been described in Section 1.4.3.1 between Hg”* and arenes, which
gives aryl mercury compounds. The attack of transition metal electrophiles is facilitated
by a donor atom directing group, usually N or P, which coordinates to the metal so that
the subsequent slower C-H activation reaction proceeds regioselectively in one of sev-
eral possible positions. The outcome is the formation of a metallacycle with the M-C
bond in ortho position to the substituent, the so-called ortho-metallation or cyclomet-
allation. This is the driving force for very numerous subsequent functionalizations and
C-C coupling reactions, which all rely on metallacycle formation by the ortho-metallation

sequence.
D D base D

D Mt — /] — @ / \ /

H MY m* M
+
H H H*-base

Ortho-metallation is common for palladium(II) compounds and has been widely ex-
ploited in synthesis. One of the earliest examples is the ortho-palladation of azobenzene.
Phosphine ligands are also prone to o-metallation, both on the phenyl ring and on o-Me

SubStltueIltS.
0 J\/‘\
\ /

P\ / N
P +Pd(0OAc); Pd\ /Pd\

3 P
00 / \ R = o-tolyl

R R

Me
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Ph
I
N
NEt; L /SN
Ny #Pdcl, ————— 05 Pd___ _Pd
~ HNEt;*Cl N\\N/ cl
I

Ph
PPh, PPhs
cl |
- PhsPo, 1 WCl -
PhsP—Ir—PPh, —w 3/Ir‘\ _oHa Ph;P—Ir—PPh,
PhsP H oxidative C-H H PPh, reductive
addition elimination

The ortho-metallation step may be followed by an insertion into the C-M bond, so thata
new C-C bond in ortho-position is formed.

D D
/ ——— + HX + M
M-X R g

Cyclometallated complexes also have widespread applications as sensors and in organic
light-emitting diodes (OLEDS).

Box 2.11.3.2 Synthetic examples of the ortho-metallation/alkene
insertion sequence are the following Ru-catalysed transformations:

RN RN 20

[RuX 41 \‘ Z> R RuX ﬁ H elimination R
~ oy
~H{Rux} |
%
0
[o] \ o reductive
[Ru 1 Ru s R cH, 5/ lsomenzatxon ]\/R elimination

pre-catalyst: [RuCly(p:cy ),/ Cu(OAc),

Cyclometallated aryl complexes for light emission devices and sensors

Complexes of electron-rich third row transition metals with cyclometallated ligands often
show unusually strong photoluminescence. Strong o-donors are required to push up the
energy of the d-orbitals, and on photo- or electro-excitation these complexes emit lightin a
range of colours, depending on the ligand environment. The complexes can be incorporated
as dopants into films of electroactive polymers to give organic light-emitting diodes
(OLEDs) for flat screen displays and provide a way to tune the uniform emission of the
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polymer into a colourful display across the visible spectrum. Other applications are as white
light sources, as luminescent probes for bio-imaging of cell structures, or as chemosensors.
A few examples of luminescent chemosensors are shown in the following diagram; they
either change their emission wavelengths when binding to the desired substrate; or the
fluorescence is quenched. The key to all these applications is the design of the ligands.

High ligand fields; i.e. strong bonding interactions, are produced by using
cyclometallated aromatic ligands with low-lying 1-systems, mostly based on a chelating
phenylpyridine motif. The emission colour depends on the electron donating or
withdrawing substituents. The structure of the complexes also influences the quantum
yield and the lifetime of the excited state, which ranges from nanoseconds to microseconds
(fluorescence to phosphorescence). Iridium™ (d°) and Pt" (d®) have been particularly widely
studied. Since OLED flat screen displays do not require back-lighting to be visible, they can
be made flatter than liquid ¢rystal displays and require less energy.

OLED chromophores: :
Bu
Bu
Ph, | > | D
P Nz NF
Q frg Ir I
l N p N N N N
= Phy | > | | > 1
2 3 =z it But 2 %
Emissions:

blue - green - yellow - red

/ 4
Bef OO 9 g {{
ﬁ? v SN :

/m\

Bu'
N
Yezo’
But \(__7 blue-green - blue-green Fluoride sensor: Mercury sensor:
emission toyellow yellow, deep-red emission,
emission F~ binding: deep orange quenched by Hg?*

Cyclometallated iridium(IlI) complexes have also been used for fluorescence imaging of
live cells. The DMSO complex [(CAN)>1r(DMSO), ]t is non-emissive, but in cells it binds
to histidine-containing proteins in nuclear membranes to give an intensely luminescent
adduct. The compound accumulates rapidly in the nuclei.

® Y\/NH L
S(O)Me, /N /> protein

; e ; cell'uptake
r

Ir
N N
>N S(O)Me; N N /x———— =~ ~protein
| l W
2 2 NH
non-emissive fluorescent

Y
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For alkene reactions
with Schwartz’s
reagent, Cp,ZrHCl,
see Section 2.8.2.3.
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M-C bonds by M-H insertion reactions. Alkenes and alkynes readily insert into M-H
bonds to give metal alkyls or metal vinyls, respectively. The insertion of alkenes into M-H
bonds is a key step in several catalytic reactions, such as hydrogenation, hydroformylation,
carbonylations, and polymerizations.

H Co(CO),
00 Co—H 4+ P —— 00,0 A~ + H
anti-Markovnikov product Markovnikov product

Mechanistically, alkene insertions constitute an intramolecular nucleophilic attack on a
coordinated ligand, i.e. the reaction is a migration of H™ onto the unsaturated substrate. For
this step to proceed, the hydride and the alkene must be mutually in cis position, so that the
olefinic C atoms, H, and M are arranged in one plane.

R R

vacant site ",
D
| R | / H

M—H + ﬁ M—H mMm—0J

The reverse of this reaction, p-H elimination, has been discussed in Section 2.11.1.

Since the product of insertion is an alkyl with one coordination site less than the inter-
mediate, the reaction can be driven in the forward direction by adding a donor ligand. Con-
versely, for the alkene to react, the metal centre must either be coordinatively unsaturated,
or a donor ligand must dissociate first.

Cp*,Nb <H BRI Cp*ZNb/\D =2 . Cp*sz/\Co
/ CH,CH, CH,CH,
L P L
1 -L 95°C [ +L |
Q—Pt—H <= |c—Pt—H Cl—Tt Ho| Sooes Q——Pt—CHs
L L L -l L L= PEt;

Alkynes insert into M~H bonds, particularly activated alkynes like dimethylacetylene di-
carboxylate (DMAD). In case of 18 VE starting materials like (Ind)RuHL,, either dissocia-
tion of L or indenyl ring slippage occurs to create the coordination site required for acetylene
binding; the Cp analogue is much less reactive. The insertions proceed regioselectively, de-
pending on the nature of the alkyne substituents.

H
R = COOMe !

RCCR’ l L COOMe

.Ru S— —
L\‘\‘\“ \H L\\‘\\‘_‘.Ru \H R C :
L/ L/ / k | i

.Ru
L, = 2PPhy, 2PRPh,, R R'=Ph P / Vs
Ph,PCH,PPh, .



2.11 COMPLEXES WITH M-C ¢-BOKDS

The same process is followed in the protonation of metal alkene and alkyne complexes:

o | e =

b | o

Ru.

—_— | o
/Ru\ /Ru\ Ru\ - y
\ L \ \H L ﬁ\H L Et \L L

! _H l o

B-agostic ethyl

L = phosphine
L R H
L HCl WL R
Pt — B —— o /
/ Cl ""—/—Pt
Pt L R
R

Another method of generating M—C bonds from hydrides is the insertion of carbenes. For
example, diazomethane reacts with acidic metal carbonyl hydrides to give the correspond-
ing methyl complexes:

CpMo(CO)sH + CH,N, CpMo(CO);CH; + N,

M-C bonds by nucleophilic attack. Unsaturated polar ligands like CO, isocyanides, al-
kenes, and alkynes are susceptible to nucleophilic attack to give M-C o-bonded complexes.
Like insertion reactions of metal hydrides, reactions of this type are frequently found in

catalytic processes.

R, ® Ry 0
P - P /L
\l /CO Y < \I Y
f
N Y = OH, OMe V4
P X X
R, R,

e

R
(0Q)Fe—C=0+LIR — L [ (0CO,Fe —
0

©
Ni OMe™ Ni

Zero-valent metals can also react with lithium alkyls under nucleophilic addition of the
alkyl anion. For example, Ni(COD), adds LiMe in the presence of ethylene to give the highly
reactive [Me-Ni’(C,H,),]” anion.
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As Ni(0), d*°
complexes, anions
[RyNiL,]? are
tetrahedral, while
[MeNi(C,H,),] is
planar.

pK, (DMS0):
PhC=C-H 28.8
C,H, 44

C6H6 43
PhCH; 41
CH,~60

Sonogashira coupling

Z: ORGANOMETALLIC COMPOUNDS OF TRARSITION METALS

Et,0
L=PPh,

S
C,H, /\

[LI(TMEDA),]* | Me —Ni

TMEDA, \/
- COD

LNi—|| + 2LiPh [Li,(OEt,);17* [PhyNiL,]?~
2 2 3 2 2

Ni(COD), + LiMe

2.11.3.3 Alkynyl Complexes

Terminal alkynes are very much more acidic that alkanes, alkenes, and arenes. As a re-
sult, the alkynyl anion is much more stable and coordinates to many metal complexes in
a manner not dissimilar to cyanide. It is a good m-acceptor and forms stable complexes
with most metals, including homoleptic metal alkynyl complexes where the correspond-
ing alkyls are either not known or are very difficult to prepare. The increased acidity means
that alkynyl complexes can be prepared from alkynes and metal salts by the addition of
relatively weak base.

Since the alkynyl ligand contains two perpendicular n-systems, it can act as 7t- as well
as o-donor and often forms alkynyl-bridged higher aggregates. Metal alkynyl complexes
can also act as m-ligands towards a number of other metal ions, often coinage metals,
to give heterometallic alkynyl clusters with interesting light emission properties. For
example, the Pt,Cuy cluster shown here exhibits luminescence in the near-infrared re-
gion. The light emission of other polynuclear Au,Ag, alkynyl clusters can be tuned from
blue to red.

[Au(NH3),]* + H —=—==—Ph ————>  (H3N)JAu—==—Ph + NH4*
R 20
NBu,Br VB NBu.*
PtCl,(THT), + 4 Li~==—Ph R —==—Pt—=—="—R 42
/
R l M+
=R
W=
R—== pt =R
=}
R™ ! . M
M e
im0
M = Cu, Ag, Au R-—:l;—-‘*Pt*"‘:’—R

Metal alkynyl complexes are involved in the palladium-catalysed coupling of aromatic
halides with terminal alkynes (Sonogashira coupling):
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PACL,(PPhs), Ar
Cul, NEt, Lpd” A
R@—Br + H==—g! VNG, T LPd
— HNEt3*1™ \
+ Cu—==R! R?

—_— R-@E——Rl
- PdL,

- CuBr

Dimetallic poly(alkynyl) complexes L ,M~(C=C),~-ML,, form ‘molecular wires. They
undergo redox reactions to give mixed-valence compounds. Structures of this type are of
interest as switches in nanoelectronics and molecular logic devices. For example:

! KF, MeOH

C P
i o)
—Ru__ + Me,Si ————==—==—5iMe;

P/
CP/ l (,P/ C'p

Cp

Cp P @
Rlu = Ru/ D
P T T T
Q./P Cp

2.11.4 Reactivity of Metal Alkyls

The formation and breaking of metal-alkyl bonds is an integral part of most catalytic reac-
tions. These applications will be discussed in Part 3. Here we will consider typical reactiv-
ity patterns of metal alkyl complexes. The reactions can be broadly divided into two types:

(i) reactions of the M-C bond, where the other L- or X-type ligands have a supporting
and protecting role, and

(ii) reactions of supporting ligands, leaving the M-C bonds unchanged.

Given the polarity of M®*~C®" bonds, they tend to be susceptible to electrophilic attack.
The electrophile can be external, in the simplest case H, or internal, where the electrophile
may be an unsaturated ligand with an acceptor orbital coordinated in cis position to the
M-C bond. This arrangement leads to migratory insertion.

The susceptibility towards H™ attack depends on the nature and oxidation state of the
metal and on the electronegativity difference between metal and carbon. Thus, early transi-
tion metal alkyls tend to be hydrolytically sensitive, while alkyls of platinum or gold are usu-
ally water stable. Electron-deficient metal alkyls, especially those in Groups 3-5, frequently
undergo o-bond metathesis, e.g. with H, (cf. Section 2.10.2).
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1,1-insertions:

| | -
i C - C - C
electrophilic AN A VAN
M~C cleavage: M—C \ M- C\\ M—tE 1,2-insertions:
. N\R E=0,S,Se, Te ]/ \/
M—X metal acyl formation iminoacyl chalcogenolato complex (I: — C\
/ Ca C=0
+ X—C— - or o
\ X Co E, 0\ o 0\
’ b 2 CNR M M
; ; I(Z)‘_:;aegni v €0, CO, insertion
M-—H p H, , |
+ H—C— >: ¢ -_\/ >

|
hydrogenolysis \ C
M—cC 7N
N\ or Y } Y
+
E }/ "

/ N c— C/ —C=C— allene insertion
MY + E—C— e
cleavage b C;h * M é/
Hg?*: gans}:netaljlt;tions M— C] —_ (l: — C{— \C =C 7
RN / N
alkene 1,2-insertion alkyne 1,2-insertion

2.11.4.1 M-CBond Protonolysis

The reaction with sources of H*, most commonly water, proceeds easily with early transi-
tion metal alkyl complexes with less than 18 electrons. The hydrolysis of Cp,Ti(Me)Cl, for
example, leads to an oxo-bridged binuclear complex; the Ti-O-Ti bridge is linear because
of n-bonding of the oxygen lone pairs to vacant Ti orbitals. Reactive, electron-rich first row

metal alkyls may also be prone to hydrolysis.

/Me /Cl
2Cp2Ti\ + H,0 - (p,Ti====0 '—‘—;:/Tisz + 2CH,
cl a
H
L Me
L,NiM H,0 N /O\ 4
,NiMe, + H, Ni Ni + 2CH,+2L
L = PMe, VRN
Me i L

The reaction of electron-deficient metal alkyls with phenols proceeds stepwise as a mild
route to mono- and bis-aryloxides (provided the aryls are sufficiently bulky to prevent
the formation of polymeric aryloxide-bridged coordination polymers). Ammonium
salts are stabilized Brensted acids and give cationic metal alkyls. This reaction is used in
particular with Group 4 metallocene dialkyls; if the anion is very weakly coordinating,
as is the case with [B(C¢F;s),]™, cationic metallocene complexes result which are highly
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active catalysts for olefin polymerization. In the case of [HNMe,Ph]" salts the aniline
by-product coordinates only weakly to the metal centre and can be displaced by the olefin

substrate.

Ar'OH Ar'OH
Zr(CHzPh),‘ W (AI"O)ZI'(CH2Ph)3 m"‘* (Ar‘O)ZZr(CHzPh)z
Me]®

Me -
(CpR)2M< + HLI'B(C4Fs), )™ ———= [(CpR)zM\

Me | = NMe,Ph, (Et,0),
M= Ti, Zr, Hf

[B(C6F5)4]—

L

2.11.4.2 Cleavage by Halogens

Halogens (X,) are frequently used to cleave metal-carbon bonds to give alkyl halides. Brom-
ine and iodine are commonly used. The mechanism of this reaction in aprotic solvents in-
volves electrophilic attack by Br*, and it has been demonstrated that the bromination of
CpFe(CO),R (R = CD,CH,Ph) proceeds via a cyclic carbocation intermediate which gener-
ates equal proportions of the two possible alkyl bromide products.

AN
Cp(CO),Fe-----CD, —CH, | Br-

Cp(CO),Fe—CD,CH,Ph + Br, —=

@ Br- PhCH,CD,Br +

———— CpFe(CO),Br +
PhCD,CH,Br

D,C——CH,

2.11.4.3 Chalcogen Insertions

The M-C bonds of electropositive metals react with oxygen, sulfur, selenium, and tellurium
under insertion to give the corresponding metal chalcogenolato complexes L,M-ER. The
rate of reaction decreases in the order O > § > Se > Te. The insertion of O, into M-C bonds

probably proceeds via the peroxide, M-O-0O-R.

dry 0, _00Me ~OMe
/Me CpZM\ szNl\
Cp,M Me OMe
~
E
Me 2o _EMe
f = zr, Hf ’ CpZM\EMe E=S,Se, Te

R R

\ o217 S )
R—Mo==Mg—R +30, ———>=  Mo,(OR)s R=CH,SiMe;

/ N\

R R
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2.11.4.4 Cleavage by Lewis Acids

Lewis acidic compounds like BX, as well as carbocations CR;", react with metal alkyls under
alkyl anion abstraction. This reaction is most widely applied for the generation of electron-
deficient cationic metal complexes as catalysts for the polymerization of 1-alkenes (Section
3.7.2.1). There are three types of products, where (i) an alkyl ligand has been removed com-
pletely and an ion pair is formed, (ii) the Lewis acid forms an alkyl bridge, or (iii) a benzyl
ligand is abstracted which can act as n-ligand in a zwitterionic complex.

alkyl abstraction with ion pair formation

®
/—-ph . CH,CL,
Cp,Zr + [CPhs]*X Cp,Zr -
PN o ~ PhCH,CPh, P2 X
X=B(C4F5),
ion pair of non-coordinating
anion
Lewis acid attack and zwitterion formation
CHs
6+
CH, toluene ﬁ'zs
ez + B 25| &
CH 2.25 >C —B(C4Fo)s
3 H-X | agostically bonded
methylborate anion
S}
B(C4Fs)s
n8-benzylborate
toluene anion

Zr(CH,Ph), + B(C4Fs)s

Metal-carbon o-bonds are also susceptible to attack by electrophilic metal ions such
as Hg”*. With 18 VE complexes such as CpFe(CO),R, two pathways have been observed,
leading either to alkyl transfer to Hg, or formation of alkyl halides and Fe~Hg bonds. In
protic solvents and if R is a primary alkyl, transmetallation to Hg*" is favoured. In aprotic
solvents and with secondary or tertiary alkyls, alkyl halides are formed, probably via the

corresponding carbocations.

R = prim-alkyl
CP\ R-HgCl + CpFe(C0),Cl
_Fe—R + Hgll, —
oc” | R = sec- or tert-alkyl
co R-Cl + Cp(CO),Fe-HgCl

2.11.4.5 Cleavage by Oxidation

The selective cleavage of M—C bonds is also possible by 1-electron oxidation of metal alkyls
with [Cp”,Fe]” (Cp” = Cp, CsHsMe). An alkyl radical R" is formed which dimerizes to R-R:
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Me peye THE Me 1@
Cpzil_ + [FeCp' X —————— | CpyZr X~ + FeCp'y + 0.5 CoH,

Me X=BPh, D

2.11.4.6 Hydrogenolysis of M—C Bonds

The reaction of metal alkyls with H, leads to M-C bond cleavage and formation of metal
hydrides. Early transition metals and lanthanides react with H, by a 0-bond metathesis
mechanism. This reaction is used to limit the molecular weight of polyethylene pro-
duced with Ti or Zr catalysts. Electronically unsaturated cationic metal alkyls such as
[Cp,ZrR(L)]* undergo hydrogenolysis very rapidly under ambient conditions, while neu-
tral alkyls Cp,ZrR, usually require H, pressure. This is a clean route to metal hydrides.
Late transition metal complexes react with H, via an oxidative addition-reductive elimin-
ation pathway, a key step in hydrogenation and hydroformylation reactions catalysed by

such metal complexes.

H, pressure

Cp*,ZrMe, Cp*yZrH, + 2 CH,
~2CH,
H
cp Z®r Me ) H, 1 atm, 23°C Cp Z@? Ve
N LN

0 - O

H, pressure

(00Q,Co—R (0Q),Co—H + R-H

2.11.4.7 Insertion of Electrophilic Heterocumulenes

CO, is the simplest representative of heterocumulenes X=Y=Z which insert into M-C
bonds. Depending on the availability of coordination sites, mono- or bidentate bonding
modes may result. COS and CS, react similarly, to give mono- and dithiocarboxylate com-

plexes, respectively.

5l E
& 5, _c~ cl/ AR c/—
Me—C— + E=C=F — [ m~ _E| T M-—E\H/ ~ or M\ Y <
v O\ L5 E
¥ E=0,S : E/ E

Less common is the insertion of carbodiimides, R~N=C=N-R, into M-alkyl bonds, to give
amidinato complexes. Amidinato ligands [R'C(NR),] ™ are usually prepared by reacting car-
bodiimides with lithium or magnesium alkyls, but a number of insertions into transition
metal, Janthanide, and actinide metal bonds have also been observed, for example:
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pri

&?MC/AYR

+ Pri-N=C=N—-pPfl —— N
Pr!

\%M\R M=Th, U %\R

R=Me, —C=C-Ph

SO, inserts similarly to give S-bonded metal complexes. The S atom is tetrahedral.

- Y
/ s s
M—C— + 27N —_—
\ 0o” o AN
0 0O

Box2.11.4.7 CO, utilization in synthesis

Since CO, is a waste product and a cheap starting material, numerous systems for CO;
utilization have been developed. Many of these are catalytic and involve the insertion of CO;

into M~C bonds, for example:

Ni(acac), catalyst 0
o PCVa C O\ /R Coz 0\ /0—<
= + R AT T ) 3 i s s P ~
RZnX * £92 " E 25 ¢ N ( N R
L 0
R—CO,H S RCO,ZnX RZnX

Similar CO, insertion reactions of Maini Group alkyl or aryl compounds leading to
carboxylic acids use rhodium, palladium; or copper catalysts. For example, Cs[R-BF(OR’),]
reacts with catalytic amounts of a Cul/ligand mixture to give Cu(l) alkyls and alkenyls
Cu-R which insert CO; to give Cu{OC(O)R) species. Transalkylation to borate followed by
treatment with acid generates RCO,H. The insertion into the transition metal-carbon bond
kinetically outperforms the direct reaction of the Main Group conipound with CO,.

@: Ny  BulOH
0 / N
LCuOBu! teu <

0

LCu - coz//co2
N o N
K0, D KOBu! b
o 0 o
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C-H acidic aromatic substrates can be activated by sufliciently basic metal complexes to
give M-aryl intermediates which insert CO,; to convert arenes into carboxylic acids. Metal
t-butoxides and gold hydroxides stabilized by strongly electron donating N-heterocyclic
carbene ligands are able to react with such activated C-H bonds in acid/base fashion to give
the corresponding metal aryls, which then insert CO,:

LAUOH 1.5-3 mol % co, OAUL H*
@—H : @—AuL S @—< i @COOH
. KOH,THF,20°C | R . R

11

==\
R, =2,6%5,2,3,6 X5, 2,3,5,6- X, X=F €. L=dipp~NoN-dipp

2.11.4.8 Insertion of NO

Nitric oxide is a radical. It reacts with diamagnetic metal alkyl complexes usually by dou-
ble insertion, whereas complexes carrying an unpaired electron give diamagnetic mono-
insertion products. These compounds may react further under transfer of the nitrene (N-R)
moiety to suitable acceptor substrates to give aziridines.

0 _Me
/7N
WMe, + 2 NO Me;W I
N =N
0
Me Ph Ph
/ ,
Cp,NbMe, + NO ———= Cp,Nb \0 Cp,Nb \M N
Vg1 v 4o Me Me
NbY, d Me NbY, d

2.11.4.9 Insertion of CO

The insertion of CO into M-alkyl bonds leads to acyl complexes, M~C(O)-R. This is one of
the most widely applied and industrially important reactions of metal alkyls, and is the basis
of catalytic alkene hydroformylation and carbonylation reactions.

Hydroformylation:

0 0

R H
VLSV T N S . ST NP .

Carbonylation:

0
R 0 0
HX M e co /U\ H,0
~ \X R )j\ /U\

ROH R-X M
- H,0 X -M X R ~-HX HO R
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Mechanistic principles. The mechanism of these CO reactions has been the subject of
many investigations. Manganese(I) carbonyl complexes are convenient because (as d° com-
plexes) they form stable octahedral products and are stereochemically rigid. Treatment of
Me-Mn(CO); with CO under pressure gives MeC(O)-Mn(CO)s. This could arise either by
migration of the methyl ligand to a coordinated CO in cis position, or by direct insertion of
external CO into the Mn—Me bond. Reactions with *C-labelled CO have demonstrated that
carbonylation is a migratory nucleophilic attack on coordinated CO: the incoming *CO
occupies the coordination site vacated by the migrating alkyl ligand but is not itself inserted
into the M-C bond. The same mechanistic principle was discussed earlier for M-C and
M-H insertion reactions of alkenes. The same results are obtained when other donor ligands
are added instead of *CO; for example, on addition of PPh; an acyl product is formed which

contains a PPh; ligand in cis position to the acyl

s
acant site [ 13

CHy 5+ v e CH, 0 cH,
Ip\\ =0 / ’ /

0Cu,, | wC~ 0Cr,, | wC §0 13¢0 0Cn,, | C §O
Mn’ e Mn’ e Mn’

oc”” | o oc”” | o oc”” | ~co
co Cco co

If the alkyl ligand is chiral, the migration step proceeds with retention of configuration:

Rl \\RZ Rl \\Rz Rl \RZ
Ne—F® NsR R
I . /
M~—C=0 M-—C =0 M—C\O

The reaction is reversible: on heating MeC(O)Mn(CO);s under vacuum, a CO ligand—
again cis to the acyl group—dissociates and allows the methyl ligand to migrate back to the
metal.

The process is general: the ‘insertion’ of an unsaturated substrate into an M-C o-bond
constitutes an intramolecular nucleophilic attack on an electrophilic ligand. However, alk-
ene and alkyne insertions lack the reversibility of the CO insertion.

Acceleration of CO insertions. The insertion of CO is greatly accelerated by the presence
of Lewis acids (BF;, AICl;). The Lewis acid can coordinate to the O-terminus of a CO ligand,
thereby increasing its polarity, and it can also stabilize the acyl product by forming an even
more stable adduct with the acyl-oxygen. The intermediate may also be stabilized if a metal
halide Lewis acid coordinates to the site vacated by the migrated alkyl ligand:

5 Cl—AICl, )
R \ o—AIcls
AlCL 8§ fast Pt Vi
M—C =0 M—C =0~ AlCl, M—C m—c
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Insertion reactions (as well as de-insertions) of kinetically stable octahedral d° complexes
proceed relatively slowly since any geometric changes incur a cost in terms of reduced ligand
field stabilization energy. The rate of insertion can however be very substantially accelerated
by electron transfer catalysis. For example, oxidation of a d° ion to d® removes this kinetic
barrier, and insertion can take place readily. This step is then followed by 1-electron trans-
fer to restore the original d° configuration and give a stable product. The addition of trace
amounts of an oxidizing (or a reducing) agent or electrochemical oxidation is sometimes
applied to enhance ligand exchange reactions.

The effect of a change in d-electron configuration can be seen for example in the CO in-
sertions of CpFe(CO),Me. Given that the Cp ligand occupies three coordination sites, this is
an effectively octahedral d° complex. In acetonitrile there is the equilibrium:

Cp
AN K Cp\ Me
oc” ! M CN/F/(e {
ocC Noc O

On 1-electron oxidation the rate of the forward reaction of this equilibrium (and there-
fore the value of the equilibrium constant K) is increased by a factor of 10'!, The electron
transfer process is therefore:

co ) co ®
-
Fel—Me —— Fe'l —Me
® ®
L
(|:O B VO ————— ] Me
Fell —Me Fell —(
0
® ®
II- Me |~ (!?0 - IT Me CIO
Fe”"« Fe!l — Me Fe —< * | Fell—Me
¢} 0

CO insertion in CO-free metal alkyl complexes. The insertion of CO into CO-free,
square-planar d® metal alkyl complexes L,M(R)(X) (M = Ni, Pd, Pt) can follow several
pathways: (i) displacement of one of the phosphine ligands by CO; (ii) addition of CO
to give a five-coordinate complex, and (iii) displacement of the anion X~. The latter
two pathways may be adopted in cases where substitution of L is unfavourable, as in
complexes with chelating phosphines LAL. Dissociation of the anion is favoured where
the anion is weakly coordinating. Polar solvents may also favour a pathway via ionic
intermediates.

The reactibn pathway via displacement of L cis to the alkyl R is the most facile. Square-
planar trans-complexes usually require an X/L isomerization, so that L is trans to R to la-
bilize the M—~C bond and thus accelerate the migration to CO. Which of these competing
pathways is followed depends very much on the metal and the ligands involved. Whereas
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Pt(IT) complexes L,Pt(R)Cl tend to follow the dissociative pathway, CO insertion into
Rh(I) alkyls R-Rh(CO)(PPhs), proceeds by association of CO, via the 18 VE intermediate
R-Rh(CO),(PPhs,),.

CO insertion by displacement of L:

R

R 0 L l[_
—C0 === X—M—C0 — X—M—C~ s X—M—C
|
L L

L—-l\:/l——L _&Z_> L—
X

| A\
L
T-shaped intermediate

>R

CO insertion without displacement of L:

0
co
associative pathway C_L . P‘d R < L \Pd}\ R
| s
< ) \pd/R €0 | tbp internfediate
L/ \X ® 0
dissociative pathway L R ‘l Lo )J\R
< /Pd\ X < /Pd\
L co X

ion pair intermediate

The reaction of CO with 16 VE metallocene dialkyl complexes takes advantage of the
presence of an energetically accessible LUMO, to which CO can coordinate. In the case of
the reaction of CO with CpZrPh, it could be shown that initially the ‘O-outside’ isomer
is formed, which isomerizes subsequently to the thermodynamically preferred ‘O-inside’
structure, made possible by coordination of an oxygen lone pair to the LUMO.

0 R
LUMO X |
—_— /C
co > ~60 °C /\\—‘o
-78°C
N\ AN
R R
CpyZrPhy, top view O-outside n%-acyl, O-inside n-acyl,
observed < -60 °C stable product

Double carbonylation. In principle, one CO insertion into an M-alkyl bond could be
followed by another, to give a-keto-acyl complexes L,M~C(O)-C(O)-R, possibly as a route
to such desirable targets as a, B-diketones and a-keto acids. However, this process is thermo-
dynamically disfavoured. a-Keto-acyl complexes can be prepared by other routes, such as
the reaction of MeC(O)C(O)Cl with [Mn(CO)s]7; they are thermally unstable and readily
eliminate CO to give acyl complexes:

0 Forward reaction:

Me -1

— /U\”/Me AG> +17.5 k) mol

(0C)sMn <0 +C .~ (00sMn AG*> +130 k) mol™
0




2,11 COMPLEXES WITH M~C o-BONDS

In spite of this, products of what amounts to a double carbonylation have been found, as
in the palladium-catalysed formation of a-keto benzoic amides:

0
PdCL,L, catalyst

Ph-l + 2CO + HNEt, — 22~ """ _ Ph ne, *HI
2
0

However, it could be shown that products of this type are the result of reductive coupling
of two different CO insertion products, -C(O)Ph and ~C(O)NEt,. The first is formed by CO
insertion into a Pd-Ph bond, the second by nucleophilic attack by HNEt, on a coordinated
CO in a cationic complex:

L @

2C0

| " —<Ph
Ph-I L—Pd—pPh ——— | oc —Ppd r
/ ; I o
L

PdL, L=PMe,Ph
2HNEt, | - H,NEt,""

+L

Et,

= L L
Ph m/loj\ P’d Ph N l Ph
NEt Et;N = y—Pd—
o 2 2 Z{..-.\g -1 K Pf o

Double carbonylation of metal dialkyls of oxophilic metals, like zirconium or thorium,
has been shown to lead to C-C coupling. Such reductive CO coupling reactions are likely to
be involved in the generation of hydrocarbons from CO/H, mixtures (synthesis gas) in the
Fischer-Tropsch process.

Me

0

/
Cp*pZtMe; + 2C0 —  Cp*pary I

0 Me

2.11.4.10 Insertion of Isocyanides

The insertion of isocyanides R-N=C is mechanistically closely analogous to that of CO (see
Section 2.4.8). However, isocyanides are stronger o-donors and weaker n-acceptors than
CO and, in contrast to CO, multiple insertions are not energetically disfavoured. In line with
the stronger donor character, n?-coordination of the insertion products is more frequently
found for iminoacyls than for acyls.

N
¥
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Me
@/Me @ N\
i +2C=N-R i =—N—R
Cp,Ti ~ — MeCN Cp,Ti \
NCMe CNR
n?-iminoacyl
R
R N
N-R'
‘ | RNC  R'NC
NI(CNR), + R-X —— " NC~pj_(NRY ——— :N;
ot R'NC I X X =
R'=Bu X N R
| triple RNC insertion
R

Where there is a competition between CO and RNC insertion, formation of the iminoacyl
prevails.

C Cp
P\ co N R
Ffe—R —— whe
0C W / 0C / N-R?
RINC oc ni-iminoacyl

2.11.4.11 Insertion of Alkenes

The insertion of alkenes into M~C o-bonds proceeds less readily than the insertion of alk-
enes into M~H bonds, and relatively few examples are found of well-defined alkene inser-
tion products, in spite of the fact that the conversion of a C=C double bond into two C-C
single bonds is exothermic by about 20 kcal mol ™. The main reason for this is the much
higher kinetic barrier of insertions into M-C vs. M-H bonds.

There is also a significant variation in the rates of insertion into M-R (R = Me, Et, etc.)
bonds. For the ethylene oligomerization system Cp,TiRCI/ AIR,CI (R = Me, Et, Pr") it could
be shown that the insertion of ethylene into the Ti-Me bond was over 100 times slower than
into Ti-Et and Ti-Pr" bonds.

CoHy Me CoH, Me
L,Ti—Me P LT~ L M ky =100 k,
2

1

The result of this difference is that in most such systems a small fraction of Ti-Me bonds
in an activated complex will consume all the available alkene monomer, while most of the
initial methyl complex remains unreacted. This makes it difficult to isolate well-defined alk-
ene mono-insertion products. Another factor that affects the general synthetic usefulness
of alkene insertions is the ease with which an insertion product can undergo B-H elimi-
nation: after one of two insertions an alkene product is extruded, with the thermodynami-
cally favourable formation of a metal hydride, so that insertions often lead simply to olefin
dimerizations.
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Of course, alkene insertion into M~C bonds is the basis of olefin polymerization pro-
cesses and a large worldwide industry: given the right electronic and steric conditions mul-
tiple alkene insertions can be very rapid. In polymerization catalysts, B-H elimination is
suppressed either by electronic or, more often, steric factors.

The mechanistic principles of alkene ‘insertion’ resemble those of the reaction of CO with
M-C bonds: it is another example of a migration of a nucleophilic ligand to an electrophilic un-
saturated substrate coordinated in the cis position. The process is assisted by the asymmetry and
polarity induced into the C=C bond on coordination: whereas ethylene has no dipole moment
and is quite unreactive towards nucleophiles and electrophiles, coordination leads to the accu-
mulation of a partial positive charge on the -C atom which facilitates migratory insertion:

5 R
M/\ \' R M—/\R'
el

5

The insertion of substituted alkenes can in principle lead to two regioisomers: a branched
alkyl (2,1-insertion; Markovnikov product), or a primary alkyl (1,2-insertion, anti-Mark-
ovnikov product). In most cases (R’ = alkyl substituent) the anti-Markovnikov product is
formed, leading to a linear primary alkyl. On the other hand, electron-withdrawing sub-
stituents R’ (e.g. R"= Ph) stabilize the negative charge on the anionic carbon atom and favour
the formation of a branched alkyl:

R R : R R

s — v 2
M—/Z\R‘ ™ M R M M.{
1 //2 . //1 R

1.,2-insertion: 1 2 2,1-insertion:
lme.ar ' branched,
anti-Markovnikov Markovnikov product

R' = electron-withdrawing

Well-defined alkene insertion products have for example been obtained for Group 3 as
well as some Group 10 complexes. For metals with d° configuration, the alkene binding
energy is low, ca. 1213 kcal mol ™.

N\ / N
“,\\\‘OEtz 4 =

L Lu
Cp*/ \Me - Ft0 CP*/ v'
Cp*\ Cp*\
Y — Y
, Cp*/ /? AG* = 14.4 kcal/mol Cp*/ —\Q

| C,H, 50 bar

. I.
\/NI\R R=Ph,—cH2—<] \/Nu\/\R
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Alkene insertion into a metal-aryl bond is a key step in the palladium-catalysed Heck
vinylation of aryl halides, known as the Heck reaction:

Ar? H H
4 Art
Arl—Br + PdL, 77 Ly(BPd — LPdH)®BD +
Ar?

Ar?

Art

Alkene insertions into M-acyl bonds. The insertion of alkenes into M-C(O)R bonds is
relevant for the copolymerization of 1-alkenes with CO. Thereaction is catalysed by palladium
complexes. At low temperatures and with chelating ligands (such as phenanthroline or
chelating diphosphines) the reaction can be monitored by NMR spectroscopy. Insertion
activation barriers AG* of only about 15 kcal mol™ were found. Activated olefins like
methylacrylate also insert to give isolable products. The C=0O function of the acyl ligand
stabilizes the insertion product by chelate formation.

0 0
L L L
< \P@;)\Me_&* < \'S’/\/L &< \P@;/\/J\Me
L/ \/ 7 L/ “co

E
Ph, 0 £ Ph,
P\ @/]\ P\ @
Pd Me , =—
P/ N - MeCN

2.11.4.12 Insertion of Alkynes

e gtc,

Carbon-carbon triple bonds are highly reactive, and a reduction in bond order to double
or single bonds is thermodynamically favourable. Consequently, alkynes undergo a number
of single and multiple insertion reactions. This leads to the carbometallation of the alkyne.
The insertion product shows cis stereochemistry (kinetic product), although in some cases
subsequent isomerization can take place (most probably via a zwitterionic carbene inter-
mediate) to give metal vinyls with trans geometry.

Me

Ph Ph
«PPh;

G

kinetic cis-product

Ph §,_peh, Me
Y "”‘37 ¢ -C
(o/ Ph C_ / Ph

Ni carbene intermediate trans isomerization product




2.11 COMPLEXES WITH M-C o-BONDS

Multiple alkyne insertions have also been observed. The resulting dienyl ligand may actas
1-, 3-, or 5-electron donor, depending on the electron demand of the metal centre.

2 Cl Rt
R R? I
PACLL, + 2Rl—=—R? —— R S R2
L R —\—Pd >< i
e.g. R = mes, R? = Ph; a 5 L ~pd” gt
R'=Bu,R?=H R1 N
= @ I = ® /= 1,5-Hshift @ A
[szere]+ M_e__...._.‘\.,ls CpZZr u szzr / __’E...__S_li szzl'\
H3C H /

Alkyne insertions into Zr-C bonds are the key mechanistic step in Negishi-type alkyne
carboalumination reactions:

R R?
R R?
Me Rl—==R2 )= ClAMe, .
Cp,Zr Cp,Zr Me === (PpLlILhy
P2 \C[/A'.CIMEZ P2 \Cl MezAl Me
R R
Cp,ZrCl, + 2 AlEty ———> =—r | "y /
poZrCl + 3 CpoZre_ AlE, — —
~EGAICL TN - cpzrtct R Al

CPsz\c‘ _ AlEt,

2.11.4.13 Reactions of Metal Alkyls With Non-Innocent Ligands

The reactions outlined in the previous sections concerned the transformations of M-C
bonds. However, there are cases where the metal-alkyl bond is not the most reactive part of
a metal complex, and where other ligands show reactivity while the M-C o-bond remains
intact. This is mainly the case for high oxidation state metal alkyl oxides and nitrides. For
example, the polarity of the M=O and M=N bonds is such that the heteroatoms are the pre-
ferred place for protonation. This is illustrated in the following diagram for alkyl complexes
of molybdenum and rhenium. The reaction of terminal oxo complexes with organic isocy-
anates R-N=C=0 is particularly interesting as an entry into metal imido complexes.

R R fie
.5 H,0 4

; Y HN=Mo — 0~ Mo ==NH
; R — , /\
/ R R R
H
\R * R R
\/

HN=Mo—X X=F,Cl,Br,
ll2 OPh, 0SiMe,
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Me Me 0 0
O=p: o L R’ ZnMe, Me\R” /O\RH _Me
e == e e : : e e
o& ﬁ 0% // X reductive alkylation Me”™ \O 7 > e

N

addition of N-base H
2

0]
0 :: :OH N’
OH
OH RNCO OF\N 0 0
- (0, \/ Vi

0
0. | \ Me—Re — 0 —Re —Me
0/ Re " /0 f\llle I\i/ie /AN O/ \N
7|70 0~pe=? Re o ©
- NS
Me on, o N RN/ NR chelate ligand addition
peroxide formation RN
chelate ligand addition metal imide

Box 2.11.4.12 Transition metal alkyl complexes in vivo

Transition metal-alkyl bonds, particularly of common and abundant metals like iron, are
generally too reactive to survive in the aqueous environment or in living systems. There are
however some notable exceptions where Nature takes advantage of the reactivity of M~C
bonds to catalyse specific and life-essential reactions. Co(III) (d°) is kinetically inert and
forms stable octahedral complexes. Alkyl complexes of Co(III) are therefore able to survive
under physiological conditions. Biology utilizes cobalt complexes bound to a macrocyclic
tetrapyrrolato (so-called corrin) ring system and which contain a metal-alkyl bond: Vitamin
By,, also known as cobalamine. The alkyl ligand may be adenosyl or methyl. The adenosyl
derivative of cobalamine catalyses 1,2-alkyl shift exchange reactions and is involved in folic
acid formation.

R H B;, coenzyme HOR

Lol Feod

The consequences of vitamin By, deficiency are pernicious anaemia and megaloblastosis.

Adenosyl-B;,: Key features of the chemistry of
vitamin By, can be conveniently
modelled: using simple Co(Il1)
glyoximato - complexes,  which
have similar chemical and redox
properties:

=)

.
Vitamin B S /Co\ S

? OH |- corrin ring:;zand adenosyl N N

0, -0 Co~C bond 0. llg

o A o shown inbold Hi

o o N

- &
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‘The Co-CH; form, methylcobalamine, catalyses methyl group exchange between
molecules. Electrophilic metal ions are capable of reacting with methylcobalamine by
methyl transfer. By this mechanism soil bacteria are able to generate MeHg" ions, through
which mercury can be introduced into the food chain.

The Co=C bond in cobalamine can be cléaved by electrophiles; nucleophiles or by
photolytic bond homolysis. The unsaturated macrocyclic ring helps to stabilize a number of
oxidation states, anid the systems can be reduced in a sequence of steps.

i
1Y I
electrophlllcl nucleaphitic i o l bond
attack He?t  attack SR . homolysis

e -/ -
BOIIII Boml E(jo”]
l | l

H,0 R-S-R' + R-H, R-R
®

Hydroxycobalamine (R = OH, By,;,) and methyl cobalamine are reduced by hydrogen to
give a Co(II) complex, By,,. Further reduction gives the blue-green, extremely air-sensitive
Bis., which contains Co(I) and reacts both as metal hydride and as a very strong nucleophile
(stronger than SnMe;”, ‘super-nucleophile’).

i j
o
R = F0 o e - B
—=@aT war +H+
By,, orange brown By, blue-green By,

The By,. form readily undergoes oxidative addition reactions with alkyl halides and also
inserts unsaturated substrates into the Co~H bond, to give a wide variety of functionalized
Co alkyl; vinyl; and alkynyl derivatives.

The existence of metal-alkyl bonds has also been demonstrated for another metal-
containing enzyme system, methyl-coenzyme M reductase (MCR), albeit as an unstable
intermediate. This enzyme system is found in anaerobic archaea bacteria; the enzyme
catalyses the terminal step in the generation of methane. In this process, coenzyme B
(CoBSH) acts as the 2-electron donor to reduce methyl-coenzyme M {methyl-SCoM) to
form methane and the heterodisulfide, CoBS-SCoM. The active site of MCR contains a
redox-active cofactor, coenzyme F,s, a yellow; highly reduced, tetrapyrrolate macrocycle
containing a Ni(I) centre (MCR,.4;). Spectroscopic studies have provided support for a
mechanism for MCR that involves niethyl-Ni(III) and an organic radical as intermediates:
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CoB—§~
HS—CoM
COS SH

/CoM nticteophilic N|“‘ CoB—S87

ek L-electron HS — CoM
o o
l\[li"

x COM =
o / Cofactor F
CoB=§—S5~CoM 430

Key points

Complexes with M—-C o-bonds are key components of most metal-catalysed reactions.

The M~Cbond strength increases with s-content of the sp*-hybridized C, in the order alkyl < vinyl,
aryl <alkynyl. Stability also increases in the order first < second < third row metal.

Complexes of alkyl ligands containing B-H atoms are thermodynamically stable but kinetically
labile. B-H elimination can be suppressed by strong donor ligands.

Metal alkyls are generated either by alkylation from Main Group atkyls, by insertion reactions or
oxidative addition.

M--C o-bonds are cleaved by electrophiles, most commonly by H* (protonolysis) and by H,
(hydrogenolysis).

The insertion reactions of M—-C bonds with unsaturated substrates (CO, alkenes, alkynes) are
synthetically and catalytically particutarly important; they are the bases of numerous large-scale
industrial processes. The mechanistic principle is intramolecular nucleophilic attack on an
unsaturated ligand coordinated cis to the alkyl ligand and is best described as migratory insertion.

In electronically unsaturated complexes, alkyl ligands may adopt unusual bonding modes such
as a-, B-, or y-agostic bonding.

Exercises

1. Devise the most appropriate synthetic routes to
(D) Zr(CH,Ph),; (ii) TiBr3(CH,Ph); (ifi) Cp,TiMeCl; (iv) (Me;P),CINI-C(0)Me.

2. Both TiPri, and Ti(1-norbornyl), contain six B-H atoms per alkyl ligand and have the same electron
count. Explain why, in spite of this similarity, TiPr', is very unstable whereas Ti(1-norbornyl), is an
isolable compound.

3. The mono-alkyl TiEtCl; is unstable but an isolable complex is obtained on adding the
diphosphine 1,2-C,H,(PMe,), (dmpe). Discuss the atkyl bonding in this compound.

4. Suggest appropriate synthetic routes that lead selectively to
() Cp(COY(**CO)Fe~C(0)CH; and (i) Cp(CO),Fe~1?C(0)CH; and (iii) Cp(CO),Fe~C(0)3CHs.

5. Suggest the expected product of the reaction of 2-phenylpyridine with PdCl, and show the
reaction mechanism.

6. The reaction of [Cp,YCl], with NaAlMe, gives a hydrocarbon-soluble compound A. Treatment of A
with pyridine gives B. Measurements by freezing point depression in benzene give the molecular
weight of B as 45040, and the elemental analysis shows that it contains no nitrogen. Adding a
little THF to B gives C. Identify A, B, and C, give the chemical equations and explain the structures
of the products.
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2.12 Alkylidene Complexes

Carbenes, :CR,, are 2-electron donors like CO or phosphines. Unlike those ligands, most
carbenes are, however, highly reactive unstable species, and their use as ligands therefore
requires very different synthetic strategies from those of other 2-electron donor ligands. The
bonding characteristics of carbenes, and in particular the stable and isolable N-heterocyclic
carbenes, have been discussed in Section 2.4.3.

Whereas complexes with M~C o-bonds date back to the origins of organometallic chem-
istry at the beginning of the 20th century, and M=0 and M=N double bonds are well known
in inorganic chemistry, the first synthesis of complexes bearing terminal M=C double bonds
was not achieved until 1964 (E. O. Fischer). These carbene complexes are based on metals
in low oxidation states, and the carbenes are stabilized by at least one heteroatom such as O
or N. The carbene C-atom in these complexes is electrophilic and able to add nucleophiles.
These carbene complexes have become known as ‘Fischer carbenes.

About ten years later a different type of carbene complex was discovered, in which the
metal was typically an early transition metal in a high oxidation state (R. R. Schrock). These
carbenes could be described as [CR,]*” dianions, so that these carbenes could be regarded
as 1t- as well as o-donors. These ligands are usually referred to as alkylidenes or ‘Schrock
carbenes’. Alkylidene ligands of this type are typically devoid of heteroatoms with lone pairs
(R, R"=H, alkyl, or silyl).

The systematic term ‘alkylidenes’ is now applied to all types of carbenes.

» nucleophilic
O,ﬁ\o —R ﬁ-@ R
LM =3¢ < LM ~—iC
- electrophilic
'Fischer carbene’ 'Schrock carbene'

Fischer carbenes can be described by several resonance forms, which show the role of the
heteroatom as electron pair donor, as well as the partial positive charge on the carbene-C
atom. This explains the reactivity of such carbene complexes with nucleophiles, e.g. the ad-
dition of R™ on treatment with LiR:

. N ®
X X X
/ © ey © g
M= = M—C M—C
AN AN AN
R R R
' o
OMe OMe Ph
/ ; / 780 /
(00),W=C _PhLi 0w —cpn | BB oow=c
\ \ -~ MeOH N

Ph Ph Ph
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This contrasts with the polarity of alkylidenes of d° metals which act as bases and form
adducts with Lewis acids:

M= -~ M-—C
AN
R R
H
/ Y R
_C AlMe; ® - €3
szTa/ \R TETET— Cp,Ta
N ~ AlMe, N
Me Me

The formation of M-C multiple bonds is particularly pronounced for metals which are
also known to form M-E and M~M multiple bonds, most notably Nb, Ta, Cr, Mo, W, and Re.
Alkylidene complexes of Ru are widely used in synthesis. Carbene complexes now play an
important role in fine chemical synthesis as well as olefin metathesis, ring-closing metath-
esis (RCM), and ring-opening metathesis polymerization (ROMP).

In addition, extension of the C=C motif gives rise to vinylidene and cumulenylidene com-
plexes. Note that the 7t-systems of neighbouring C=C double bonds are perpendicular to one
another.

7/ : ~R
L,,MZCZC\R L,,M:{C:C%C\R
vinylidene complex cumulenylidene

Box 2.12 NMR spectroscopy of metal carbenes

Irrespective of the electrophilic or nucleophilic character of the carbene-C, the C NMR
resonances of carberies of the Fischer and Schrock types are typically observed at Iow field; at
§290-365 ppm for O-substituted Fischer carbenes and 240330 ppm for Schrock carbenes
(relative to SiMe,). N-donor substituents lead to a shift to higher field. The 'H NMR
resonance of alkylidenes M=CHR is found at low field, 8 10-20 ppm, although ai-agostic
interactions with this H atom may produce a shift to as high as 3 ppm.

2.12.1 Synthesis of Alkylidene Complexes

2.12.1.1 Synthesis of alkylidene complexes in low oxidation states: Fischer carbenes

From metal carbonyls. The first carbene complexes of this type were obtained by the reac-
tion of W(CO) with lithium alkyls:
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.
U [Me,0%1BF, OMe
OOW—CO + LR —  (00);W=C__ —  (0QW=C
R - LiBF, R
metal acyl anion Fischer carbene complex
0 o~ 7 NR’,
A Me,SiCl /
RTNR, Ky | 00 W——NR, 2 (00)W=C
/ R | R
K,[W(CO)s]
PR ph
Me,N=CPh,* K (OC)5W+NMe2 (00)sW=C_
Ph ~ Me,NH," Ph

The role of LiR can also be fulfilled by reactive species such as zirconocene benzyne inter-
mediates which are trapped by metal carbonyls to give binuclear carbenes:

Cp,ZrPh 2 Cp,Z [@ BLICU
PoZtPhy —————> | CpyZr —
2 2 - CeHg 2 W(CO),
szzr \O
From diazoalkanes:
/Ph
CpMn(CO),(THF) + PhyC=N, = ———> (p(0C),Mn==C +N,
- THF N
Ph
Ph;P
LU H
(Ph3P)3RuCl, + PhHC=N e g +N,
3F3 2 2 pph, /Ru C\
Cl Ph

PhsP  Ru alkylidene, square-pyramidal

From isocyanides: Amines add to isocyanides to give open N-stabilized carbenes (acyclic
diaminocarbenes, ADCs).

L L NHPh L NHPh

| | i Vi
Cl—pPd—CEN—R + HNPh ——> c1-P|d:c\ -~ Cl-P|c|<—C\<

Cll cl NHR cl NHR

From imidazolium salts: NHC complexes can be made from pre-prepared N-heterocyclic
carbenes, or from metal halides and imidazolium salts in the presence of base (here: OAc™).
Labile silver NHC complexes are frequently used as carbene transfer agents and storage
forms of carbenes, particularly when the carbenes are prone to dimerization (e.g. R = Me).
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\

Za\\ Pd(OAc), N
R-N N ~R Ix- X,Pd : @ cis/trans
H

2 HOAc f\‘ ,
R
Ag,0
PdX,(MeCN),
[NHC-Ag—-NHC]+ X~ 2 MecN

Under sterically favourable conditions, the formation of NHC-type carbene complexes
has also been observed by double C-H activation of a heterocyclic alkane precursor. The
rigidity of the pincer ligand system shown in the following schematic helps to facilitate this
reaction.

/PRy /PR,
W s ()|
CH, +RhCI(PPhy);  ————remenm

, Je—=rh—al
L) S, ()]
\—pR, R=Ph, Cy 3 \—pR,

From activated olefins:

/

. /
Cp,Til, Cp,Ti N
/ L
L= PMe;

Ph_ Ph
A L
m \Cl
L= PPh, M

L vinyl carbene

R R cl R
[N N] L s, l il N
= + RuCl(PPh3)y ———— “Ru’ L=: :]
N N ~ PPhy L/ , \L g\l
it 1
R R cl R

From heteroatom-substituted alkyls complexes:
Cp* ®
H P\

Cp*L,Fe — CH,-OMe
g g - MeGH - J

L = phosphine

Dihalocarbenes: The carbenes CX, (X = F, Cl, Br, I) are highly reactive species but can be
stabilized in the coordination sphere of a metal. L,M=CX, complexes give rise to numerous
other carbene complexes by halide substitution.
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Nu
L,(CO)CL,R C/
HNu ALDIELRU==E
L dry HC, L / F
MeCN ., | el CeHe Clo, | ol Nu =NMe,, OMe
Ru > Ru
- A
<™ | e, CHH oc” | S, 0
- MeCN /
L L — L,(CO)CLRu==C
L=PPh; HO OH \0
/Cl
Ru(CO)(PPh,), + CCl, ———  L(CO)CLRu=C_
Cl

2.12.1.2 Synthesis of Alkylidene Complexes in High Oxidation States (d°)

Group 4 complexes form few alkylidenes. However, the reaction of Cp,TiCl, with AlMe;
leads to the formation of a Ti-CH, complex, stabilized by complexation to Me,AICI, which
has become important in synthetic applications and is known as the Tebbe reagent. It reacts
with carbonyls, R,C=0, to give olefins by O/CH, exchange.

CH CH,
cpgrict, 2| e e AMey o™ | —— o ame, et
cl ; Me | —CHy cl - ClAlMe,(L)
+ ClAIMe, + ClAlMe, Tebbe reagent L = THF, PMe3

With rigid, bulky ligands well-defined Ti alkylidenes are accessible, for example:

R
/
P\—N\
L,

, e wCl
R/N\\P/C\P//N\R+TICI4 c:'ﬁ‘\a
Ph, Ph, [/

R = SiMe, Ph,P _N\R

R

’ L
N Q CMe
O e s
O0—Ti i
/ \—CMe3 /s H o-agostic
< > N L= PMe, < } L bonding

R

i
¥

Alkylidene complexes are significantly more common in Groups 5 and 6. Whereas the
alkylation of TaCl; with MeLi gives TaMes, it is not possible to accommodate five alkyl Ii-
gands if these are sterically more demanding. Whereas electron-rich noble metal complexes
under similar sterically congested conditions tend to form metallacycles by y-C-H activa-
tion, early transition metals undergo o-H abstraction to give M=CHR species.
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R
L
R M electron rich M electron deficient H
M M CH; M
R v-C-H activation \ :CH3 o-C—H activation R
- CMGZRZ R - CM62R2 H3C R
R

From sterically hindered alkyls. A typical reaction leading to Group 5 alkylidenes is the
alkylation of tantalum alkyl halides with bulky alkyls like neopentyl lithium:

& R

(RCH,)3TaCl, + 2 LiCH,R B (RCH,);Ta g S /—Ta:<
¢ - CH3R R

R=Bu 5 H R

R R
(RCH,y),TaCly + TICp ~ ——— Ta

-~ CH3R c // R
i

Molybdenum alkylidene complexes stabilized by bulky imido ligands are particularly im-
portant as catalysts for olefin metathesis reactions. The reaction principle is the same: steric
hindrance in the ligand environment favours o-H elimination to give the alkylidene via an

alkyl intermediate.
base Ar Ar. )
MoO,Cly(THF), DME N LiCH,R? N \\MO”‘\\\\CHzR
i MoCl,(DME) ——
+ 2 Me;SiNHAr  ~ (Me351);0 ShocLOME) AN S
- base-~HCl N ’, 2
/ Ar
Ar
Ar
Me orf AT |
N .
3 HOTF 0 \,\IA 7 LIOR? Il
et 0 R —— RZO e Mo
~ ArNH;*OTf Nt S chr
RICH, P CHR R?0
- 3 Me OTf
Complexes with more than one alkylidene ligand are similarly accessible:
Ll %
BuCH,Li
LCTa = +Mg(CHBW), —= C—Tal “But ——2 > ,—Ta gyt
Bu N BN
L =PMe; L But L But
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Other methods involve deprotonation, C-H isomerization, and methylene transfer, all
of which have been shown to lead to M=CH, complexes:

N T
@ -
CHs NaOMe \ L
CpaTa ‘——Ha\n—‘“" Ta . 20
- e
CH; % z.z>CH3
deprotonation
CH
LiCH P
——LiC3l—_> [Cp*zTa ~—CHs } — Cp*zTa<
l isomerization H
Cp*,Ta 1
N CH
THF CH,=PPhy 2
—  (p*;Ta
- PPh, \Cl CH, transfer

2.12.1.3 Vinylidene Complexes

Vinylidene complexes and higher cumulenylidenes contain two or more mutually perpen-
dicular mt-systems. They are closely related to alkyne and alkynyl complexes, and these types
of complexes are often found to be interconvertible.

From alkyne complexes:
H
LorA /H
LnMMH —_— LM==C=(_
R
R LM = CpMo(CO),, (PAP),Re, L,RhCL, [CPRU(CO),]*, etc.
From alkynyl complexes:
H* HI®
CplsMo —===—R CplsMo =C==C(,
L= P(OMe); R
Cll M F[’Me3 I?Me3
2 CpyTicl, —= Cp,Ti—=—Ticp, PMge CpsTi—C=C—Ticp, === CpaTi =C=C=Ticp,
* LG al ’ PMe, PMe,

i
¥

By C-H activation: For tantalum in particular, the formation of a metal-carbon double
bond is energetically favourable, notleast since this enableslower valent complexes toassume
a higher oxidation state. The reactions shown in the following scheme amount to oxidative
additions of C~H bonds, where Ta(IlI) precursors are either converted to Ta(V) species, or
an equilibrium between these two states is established. The propenylidene complex shown
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in the following diagram is formed by $-H elimination from the allyl, whereas in the rear-
rangement of the vinyl complex o-H elimination is favoured over p-H abstraction.

H
7
~C~
e\, _sec o pCT e
Cp*,Ta > Cp*aTa propenylidene
H
C¢CH2
/
T N —— rTal
vinyl H  vinylidene

Box2.12.1.2 Alkynyl-allenylidene rearrangements

Alkynyl complexes may also be converted to allenylidenes by electrophilic attack on a
suitable substituent. The examples in the following diagram contain an NR, substituent
which allows the barrier of rotation about the C(sp?)-N bond to be measured. The results
suggest a significant contribution of the alkynyl-immonium resonance form, B, to the
bonding in cationic allenylidene complexes. The iridium(III} allenylidene complex shows
phosphorescence on excitation with UV light, another member of the large family of
iridium-based light-emitting materials.

@
. s
Br“‘“Pd"'_—:—‘-< _“..M_e.g..___.» BF_PF:CZC:C\ ot
Ll NR, L NR,
/OMe /OMe
M—C=—cc = = M—C==(C ”%) increased barrier
A NR, B ,N =R of rotation
R
BN 2 ®
(1) eens o | FPhy OMe
= | 7 MeOTf AN e
Ir s \ ir—-C——C—~C\ o1~

2 b 2 b

2.12.2 Reactivity of Alkylidene Complexes

2.12.2.1 Reactions of Fischer Carbenes

Nucleophilic carbene complexes of the Fischer type show primarily two kinds of reactions:
nucleophilic substitutions at the carbene-C and carbene transfer (cyclopropanation).
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o /OR ®
M——C—Nu
OR \R' Addition to C: Nu = tert-amine
M==C + Nu —
R /NU Substitution:
M==C Nu = OH, NR,, NHR,
h atkyl, aryl, SR'

Lithium alkyls may also deprotonate methyl-substituted carbenes to give nucleophilic
metal carbonyl enolate anions:

X X X
(00 Cr——C/ +Buli —— e v /
sCr=C_ Toan U {00a—C T 0050 =C o
Me CH, CH,

For example, the enolate adds to conjugated enones in 1,4-fashion:

X Rl o

0
o /X 1) gt A R2 /
(0C),Cr——2C (00)sCr=C \/K)j\
\\ R2

CH, 29H

Cyclopropanation of olefins may occur by loss of a CO ligand via a metallacyclobutane
intermediate, or by attack on the carbene-C by electron-rich alkenes such as vinyl ethers.
Cyclopropanations tend to be slow for classical Fischer-carbene complexes, but are faster
for cationic iron carbenes such as [CpL,Fe=CHR]" where the carbene lacks the heteroatom
substituent; the positive charge makes such complexes more prone to nucleophilic attack.

- R Rl RZ
Rl

R 1_”— / i _— A«“

— M==Cc__ M—Cc R R

co 1 RZ RZ
PR ~co

>\

OR

R

M==C
N co R RL _R2

2
R le //R2
M—C —
W%R ~ [MICO

2.12.2.2 Reactions of d° Alkylidene Complexes

OR

Alkylidene complexes of early transition metals (d®) can act like Wittig reagents and convert
C=0 functions into olefins. Other hetero-alkenes and -alkynes (such as nitriles) also give
products where the M=C bond is replaced by M-heteroatom bonds.
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Greek ‘petaBeon’ =
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0
R
/\ - ClAIMe, ) R)J\X +1/n[Cp,TiO]
szTi\ /AlMe2 S| (p,Ti==CH, — H,C 210,
cl X=H, R, OR, NR,, SR X
carbonyl olefination
R
N== R But
— '« \
R-CEN [~ o~ .
R3Ta == = | R3Ta e A
By But R;Ta=N

More important however are [2+2] cycloadditions to give metallacyclobutanes: the basis
of olefin metathesis reactions. An early example of this type of reactivity was the Tebbe

reagent.

Box 2.12.2.1 The Dotz reaction

Aryl-substituted Fischer carbenes may be combined with disubstituted alkynes and CO in
a stoichiometric reaction to generate OH- and OR-substituted five- and six-membered ring
systerns. The reaction principle is the attack of an alkyne ligand ¢is to the carbene,

The arrangement of substituents R', R? is sterically controlled. The reaction proceeds most
probably via vinylcarbene (for 5-rings) and vinylketene intermediates (after CO insertion,
for 6-rings). The Dotz reaction generates 1,4-hydroquinones and quinones and has been
used for the synthesis of natural products, steroids, and antibiotics.

| ome
(00),Cr =

oMe
00).Ct o alyne Ly
? ~co

vinylketene



2.12 ALKYLIDENE COMPLEXES

PN X ?E; ’ 13CH2==<< 5
Cp,Ti AlMe, Cp,Til .~ R === (p,Ti__ ™.
N — Me,AICI(TH) A4 R— R e
R oo metallacyclobutane
[2+2] cycloaddition

~ |r=
e S

3CH,

Metallacyclobutane formation through [2+2] cycloaddition is the key reactivity pattern
of d° Mo and W imido alkylidene complexes (Schrock metathesis catalysts), as well as of
Ru(1I) alkylidenes (Grubbs catalysts, Section 2.12.2.2). The latter are particularly in demand
in organic synthesis due to their stability towards air, moisture, and most functional groups.
The principle is the exchange of the two halves of an alkene:

A A
A A
I catalyst ] [‘
. +
R ———
S\ B B
B B

This reaction can be used to join different unsaturated molecules, split molecules, and
form rings and polymers. The main reaction types are:

cross-metathesis: N o
X X

ring-closing — O

metathesis, RCM

X X
ring-opening metathesis —
polymerization, ROMP < :
X

acyclic diene metathesis ——— :*::\ /:}: + x-1)=—=
“~R— R X

polymerization, ADMET
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Nobel Prize 2005
toY. Chauvin, R.R.
Schrock and R. H.
Grubbs for their work
on olefin metathesis

SHOP process: see
Section 3.7.3
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Cross-metathesis is used, for example, to cleave high molecular weight internal alkenes by
applying ethylene pressure. Ring-closing metathesis is driven to completion by removal of
the volatile ethylene by-product, while ROMP is typically driven by the release of ring strain.

The reaction intermediates alternate between metal alkylidene and metallacyclobutane
structures, either of which can be catalyst resting states (Chauvin mechanism). There are
no obvious termination pathways (unless impurities are present), and the polymerization
reactions with well-defined metal alkylidene catalysts are therefore living (i.e. they assume a
resting state once the olefinic substrate is consumed and the complexes become active again
on addition of further substrate). Termination can be achieved by adding electrophiles X=Y,
such as an aldehyde which converts M=C into M=0 bonds. The general catalytic cycle for
the olefin metathesis process if therefore given by:

E

N ) \\ V
B\B\ATL /<H

Various members of this catalytic cycle have been isolated. The steps in the simplified
mechanism shown here are reversible. The process is accompanied by side reactions in
which metallacycles are formed with the substituents in 1,3-positions, which do not lead to
productive olefin metathesis:

B

A A B A
B m + E = == M= + A
M M M 8 B ==

Olefin metathesis was discovered in the 1950s, and a variety of catalysts were used long
before the actual mechanism of this reaction became clear. These were mixed-component
catalysts such as WClg/SnMe, mixtures. In the Shell Higher Olefin Process (SHOP), ethylene
is oligomerized by soluble nickel catalysts, with the aim of producing terminal mid-range
alkenes suitable for the production of detergent alcohols (C;p~Cg). The unwanted lighter
and heavier oligomer fractions are converted into the desired products using a heterogene-
ous MoO;/Al,O; metathesis catalyst.

MoO,/AL,0,
C,~Cgalkenes + C,,, alkenes SE— Cy0~Cyg alkenes

The first examples of single-component metathesis catalysts were Cp,Ti metallacyclo-
butanes. Well-defined Mo and W complexes catalyse the living polymerization of cyclic
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alkenes such as norbornene. Living polymerizations are characterized by the fact that all
polymer chains have the same lengths (i.e. the polydispersity M ,/M , is close to 1).

The process is exemplified by the ring-opening metathesis polymerization (ROMP) of
norbornene:

But

But

cis or trans polymer isotactic, syndiotactic,
or atactic orientation of 5-rings

Bulky substituents on the imido-N as well as bulky alkoxide ligands are important design
features of these catalysts; their reactivity was found to increase with the electron-withdraw-
ing character of the alkoxide ligands. Some tungsten complexes (e.g. B) tolerate ester groups.
The Mo complexes are advantageous because of their high reactivity. The alkylidene ligand
can adopt two orientations: the major syn-isomer, with the Bu' group pointing towards the
imide, and the minor anti-isomer. As often happens in catalysis, the minor, higher energy
isomer is more reactive (by a factor of about 10* in ROMP reactions).

3
Br
t N
B, | i
N I/W :O = N“"'“MOQC
I >L 07 | Ve Y
RO m M= But Br 0
/ \ Ar Ar
H
RO™ A B c

M= Mo, W . /@ Pri )
R = CMes, CMe(CF,),, aryl R'=dipp, Ar= pr

prf

The orientation of the alkylidene substituent and of the substituents in the metallacy-
clobutane after alkene addition are responsible for the stereocontrol of the process and de-
termine the microstructures of the resulting ROMP polymers. Whereas the formation of
E- (trans) alkenes is thermodynamically favoured, small substituents on the imido ligand
and very large aryloxides, as in structure C shown in the previous diagram, favour the for-
mation of Z- (¢is) olefins:
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Q Q repulsion Q
__Z
N = N

%
C
%
|
%
_i_jg’:
E

2.12.2.3 Ruthenium Carbene Complexes

Ruthenium complexes L,ClRu=CHR (L = donor ligand) form a large family of alkene me-
tathesis complexes, which are widely used in organic synthetic applications due to their
stability to moisture and their tolerance of functional groups. Several types have been devel-
oped. While the PPh; derivatives show only modest activity, compounds with L = PCyy are
much more reactive. These complexes have square-pyramidal structure, and for high activ-
ity one ligand L has to dissociate; this is facilitated by the trans-influence of strong donors
like PCy;. The remaining L has a stabilizing function. Even more active systems are obtained
if this phosphine is replaced by a stronger donor, such as an N-heterocyclic carbene. These
classes of complexes have become known as Grubbs I and II type catalysts, respectively. The
Grubbs I catalyst has very high ROMP activity for norbornene, but does not give good
control over polymer molecular weight and molecular weight distribution. This problem
is addressed in Grubbs III complexes, which contain a strong NHC donor combined with
labile bromopyridine ligands and give living polymers with narrow polydispersities.

Another type of catalyst is based on benzylidene ligands with ortho-ether substituents
(reported independently by Hoveyda and Blechert). These are stable complexes in which
the OR substituent acts as a hemilabile ligand. The catalyst is re-formed at the end of the
metathesis reaction, so that catalyst recycling is facilitated.

CysP L L
;;u‘_ﬂ\a R; e {é% Nj%} RI ﬁ\Cl
= Y= U=
a’l en a’l e ’f!}ci _\ CI/(E):@
" K

PCy; PCys
Grubbs 1st Grubbs 2nd Ru indenylidene X Br Hoveyda,
generation generation Grubbs 3rd generation  Blechert

= G @F@
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The reaction with olefins follows the [2+2] cycloaddition pathway shown in Section
2.12.2.2 for d° complexes. It is likely that this step proceeds via a trigonal-bipyramidal struc-
ture (keeping in mind that trigonal-bipyramidal and square-pyramidal isomers are typically
close in energy). The precise stereochemistry of the intermediates and transition states will
be influenced by the ligands and the reaction medium.

L L R? L L
Rl W Y RI W =/ Rl U 242] eycloaddition Ri Ll
TESN B U=\ —— U= cl=—Ru
a” R! a” RY a” |‘§ he R? R2‘®_Rl
L =
R?
square-pyramidal, 14 VE ‘bottom-face’ tbp intermediate
carbene in apical position, olefin coordination ‘]l
16 VE L
L | W
| “\\\Cl R Ee—— R.u'
'side-face' olefin /RU—\ /3 R!
coordination = R? R? C
R””
potential ¢is-Cl, isomer
P
2+2] cyclo-reversion R
[242] cy —Ru - /
R?
Cl

The reactivity of catalysts and olefinic substrates is strongly subject to steric influ-
ences. For ring-opening polymerization with norbornenes, the reactivity decreases in the

sequence:

R R

exo, exo endo, exo endo, endo

Box 2.12.2.3 Applications of olefin metathesis

Olefin metathesis has many applications in synthesis and polymer chemistry. Some
examples are illustrated in the following diagram.

Ring-closing metathesis (RCM). The formation of 5-membered rings from terminal
alkenes is favoured, with the elimination of ethylene. Tetra-substituted alkenes are usually
difficult tosynthesize but can be made by a C=C metathesis coupling step, depending on a
suitably tailored catalyst structure.
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E

E
E_E Ru catalyst
M — + GH,

N @
T,‘\Ci RN
/RU—-— sterically less-hindered G + CoHy
Me Me €l é catalyst for formation of

tetra-substituted alkenes

£
\ £
E=CO,R + CH,

With chiral catalysts enantioselectivity may be achieved, i.e. only orie of the two
enantiomers reacts. The RCM example shown here illustrates this principle, with the (S)
enantiomer reacting 58 times faster than the (R). (The reaction is accompanied by about 40%
of dimer formation through coupling of the terminal C=C bonds)

OSiEt; OSiEt, OSikt,
L*Mo * E R
e e +
C.H,, 10 min, 22°C N ! Bu \LQ
3% e.e. | N
ke >99% e.e. O o /
L ~
OR PH OR L*Mo = /M%
/§ 07 N\
{*Mo | « O Ph
o=
Ph By!
98% e.¢e.

Cross-metathesis (CM) is a means of generating selectively functionalized internal
alkenes including nitriles, alcohols, and esters; for example:

Mo catalyst hydrogenation
ﬁ gt x\ R e R NH

o L oA, \/\ N \/\/ 2
Ru:catalyst

X R —GH, X X=0H,CO,R, B(ORY,
Ru catalyst

H
2 /\/0 . HO/\\/\\/ ont homo-dimerization
= Lally

Whereas formation of trans (E-)-alkenes is thermodynamically favoured, for many
syntheses cis (Z-)-alkenes are required. In these cases the catalyst must produce the kinetic
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product and prevent subsequent AH-driven isomerization. Once again, this is achieved by

tailoring the ligand structure of the catalyst:
R £
| | z/E=98:2 Q‘NTN@’
r

rR Ru(sAS) RUEAS)
u =

" s
ST
HO OH R=Cy,Ph, CH,F, C,H,0Me HO OH 0)\

£
G NN
7 / s L
Ru(CrO) RulCAhO) = 0/
) Of"&%é:@

RO =
FG = OAc, COOEt, NHBOC, RO OR
R=CH,Ph C.H,0Me, B(OR),

Ring-opening metathesis polymerization (ROMP) with selected catalysts gives a range of
polymers with different microstructures, and consequently different material properties. R
can be varied widely, including amino acid and peptide residues:

@ ROMP catalyst

R R
T F ROR R
endo, endo-cis-isotactic
i 1 y £
R R R R

R

R R R
5 =R __ R/~

R R R R

exo; exo-cis-syndiotactic
exo, exo-frans-syndiotactic

Enyne metathesis. Ruthenium carbene complexes react with alkynes under insertion to
give dienylidene derivatives. This reaction can be used to combine alkenes and alkynes to
give conjugated dienes:
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====--p? R? R2
IIQu __..L___; Ru ._....[ [ e O RY o
RI/J R l R?
R2
le - Rl
RZ R2
Ru .......\/\Rl Tu ﬂ
)____.  rsoemmieet Rl
R R!

Key points

Carbene complexes form three types:

(1) Fischer carbenes, in which the carbene is coordinated to a low-valent metal and the Cis
nucleophilic. In most cases the carbene carries an electron-donating heteroatom substituent,

(2) Schrock carbenes (alkylidenes), in which the metal is electropositive and in a high oxidation
state; the Cis electrophilic. Schrock carbenes are formed by o-H abstraction.

(3) Ruthenium carbenes (Grubbs catalysts). The carbene is coordinated to a Ru(ll} centre stabilized
by electron-donating ligands. These complexes tolerate a wide variety of functional groups. The
reactivity mirrors that of Schrock carbenes.

Olefin metathesis involves a succession of [2+2] cycloadditions and cycloreversions, via
successive M-carbene and metallacyclobutane intermediates.

Carbene complexes undergo a number of addition reactions with alkenes and alkynes, such
as the Dotz reaction. Schrock and Grubbs catalysts are highly effective metathesis catalysts for
the stereoselective formation of £- or Z-alkenes, ring closing, and ring-opening polymerization
metathesis.

) . Exercises
Dicyclopentadiene

= 1. Devise two different synthetic routes to (0C}sMo=CPh,.

2. Which chemical reactions could be used to indicate the nucleophilic or electrophilic character of
(i) (0C);Cr=CPh(OMe) and (ii) Cp,TaMe(CH,)?

/ 3. How many products can be formed if a mixture of R'CH=CHR? and R?*CH=CHR* is subjected to

olefin metathesis?

4. Aring-opening polymerization of a cyclic olefin gives initially a living polymer with narrow
molecular weight distribution. However, over time a broadening of the polydispersity is
observed. Account for this observation.

5. Which polymers are obtained in the ROMP of dicyclopentadiene?
6. Whatis the product of the enyne metathesis of 1-octen-7-yne?
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2.13 Complexes with M=C Triple bonds: Carbynes

Complexes containing M=C triple bonds L,M=C-R are referred to as carbyne or alkylidyne m=c—
complexes. The CR fragment could be considered as a trianion, [CR]*", similar to alky-

lidenes, or as a cation, [CR]?, in analogy to linear nitrosyl ligands. The cationic formulation

is more in keeping with its electron-acceptor capacity and susceptibility towards nucleo-

philic attack. The M=C bond consists of a o- and two m-bonds. The bond distances are very

short, in keeping with the high bond order. The *C NMR resonance of the carbyne-C is

found downfield of SiMe,, in the region of 200-350 ppm. Carbyne complexes are mostly

found for Group 5-7 metals.

2.13.1 Synthesis of Carbyne Complexes

From carbene complexes. This was the first discovered synthesis of M=C triple bonded com-
pounds, in an attempt to generate halide-substituted carbene complexes.

® ©
AlCl [(OC)swsz] [AICl;(OMe)]
:<0Me /
(00)W
BCl 0C o
R \ Cl \Wi—C R

R = atkyl or aryl /-
oc co

From metal acyl anions. Here acid chlorides can be used as electrophiles.

0
al
oc\ @ ,]° ct/u\r( oc\ <o
N 0 Cl—M==C -R
o /M “ 7810 -10°C /:
B ~78to-10° )
oc co R -C0,, - CO oC €0 M= Cr, Mo, W

From metal alkyls by a-H abstraction. There are numerous examples where alkylation
reactions proceed to give products resulting from multiple C-H abstractions.

RCH, RCH, ©

H .
— Buli
RCHy-Ta == C — | RCH,»Ta==C—R | Li*
AN

R

RCH, RCH,
AlMe, L\ L

WCl,L, Cl—W==C-H

- Me,AlCL, - H,
L=PMe, £ 18 VE
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Cp Cp
\  H Ph,P=CH, t
= s Ta==C—Bu
cl //Ta—<B . PMe; -’
a u - [Ph;PMe]Cl a

Depending on the alkyl group the reactions may lead to bridging carbyne complexes
[(RCH,),M(u-CR)], (n =2, M = Nb, Ta, Re; n = 3, M = Mo, W; R = Bu', SiMe3). The carbyne
bridges may be cleaved by donor ligands. The mononuclear tungsten carbyne shown in the
following diagram contains all three types of M-C linkages.

i
175° R
R C °
RCH, | CH3R 1.81 125/
o / ve: |2
Wl \ A dmpe p _226-CH,
6+ = RCHy*"W([ W -"CHR W3 108
12 LiCHBut ~ chb"g‘ \t’/ / \&
- . o
RCH | CH,R - p 150
2 2 R But Me2
R
From vinylidenes:
/H H* ©]
LM=C=C_ L,M=C—CH,R
R
L,M = e.g. ReCl(Me,PC,H,PMe,),, IrCl(PPris),
From dihalocarbenes:
0ocC L 11.
:_:‘ . 0oC .
a—os=ccl,  —2HA 05=C—Ar
5 - 2 Licl cl - l
o -~ ArCl

L
L = PPhs, Ar = o-tolyl

By M-M bond cleavage. Electron-deficient Group 6 complexes with M=M triple bonds
undergo metathesis-like reactions with alkynes to give metal carbynes:

RO OR RO

RO WS W OR + Me—===— Me 2 RO e WE=C—Me

RO OR R = But RO
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2.13.2 Reactions of Carbyne Complexes

With electrophiles. In analogy to metal alkyls, one might expect carbyne complexes to be
susceptible to attack by electrophiles. Carbynes can indeed be protonated to give carbenes,
and they undergo addition reactions with electrophiles such as CO, and SO,.

X R
! s
LM==C_
R
R HXT e
~ LM==C
LM=C 50, €0, I
I LMEC—R — _
0—¢C
4570 Y,
0

With nucleophiles. 18 VE carbyne complexes react on the carbyne-C atom, less electron-
rich complexes primarily on the metal.

R
® Nu~ /7
LM=C-R LM=C_
Nu
- , R
— Hy _ . 7
LXOW=C—R L,,\I\(:C—R LLW=C{
AT H

Alkyne metathesis. The most important reaction of carbyne (alkylidyne) complexes is the
metathesis of alkynes. The reaction proceeds along similar lines to alkene metathesis, via a
MC; 4-membered ring intermediate:

R R

LM=C-R Lm=c” Lm—c” LM !
. = = o=
R'—C=C—R" R"CZC\R" R'/C—C\R“ ] ¢
—_C=C— R ;"
metallacyclobutadiene R

The metallacyclobutadiene intermediate is isolable in some cases and has been structur-
ally characterized. The C-C bond length is similar to that in benzene [e.g. 1.43 and 1.44 A in
Et;CsW(OR); (R = CH(CF;),].

Apart from the productive sequence shown here, metallacyclobutadiene has been found
to undergo’side reactions which are associated with catalyst deactivation, including the for-
mation of cyclopropenyl complexes. With terminal acetylenes, deprotonation has been ob-
served to give isolable MC;R, complexes with a dehydrometallacyclobutadiene ring. The
formation of these products explains the difficulty of metathesis reactions with terminal
alkynes.
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R

- T propenylidene
R
R R"=H
L”M 122°? MLn
|f Me &) R
= L,M = WCly(amine),, W(OAC); O
R 1.43- R n3-cyclopropenyl But
1.44 " Me RO |
Z 1.94,C
R =H R _R DY t /200\\1 38
LM = Mo(OR LM =C LM —C o =%
»M = Mo(OR)s, N | el S | \C//
W(OR); c=¢ c=C PV oo S
R' R'

- But

dehydrometallacyclobutadiene R=CH(CFy),

Alkyne metathesis is a useful method for ring closure. Since H, delivery to such a C=C

triple bond in a subsequent hydrogenation step usually proceeds with syn addition, the se-

quence is equivalent to the formation of cis-alkenes. This principle has been applied, for
example in the synthesis of civetone, a perfume ingredient:

(CHy), —===—Me (CH)g H, (™ n
. é W catalyst o : ‘ ‘ Pt catalyst 0 < !
: - Me ——— Me H
(CH2)7 —_— Me (CH2)6 (CHZ)G
' civetone

Fischer-Tropsch
process: see Section
2.5.2.

2.13.3 Bridging Carbene and Carbyne Complexes

Carbene and carbyne ligands can bridge two or more metal centres. Complexes of this kind
have been primarily investigated in connection with understanding the intermediates and
reaction patterns of the Fischer- Tropsch reaction. In such compounds, bridging alkyls, car-
benes, and carbynes proved to be interconvertible by successive additions of H* and H™.
Heterogeneous ruthenium catalysts are used for the FT process, and organometallic Ru
complexes demonstrate steps in the alkane formation pathway.

H ® H ®

H\ /H H ~ | H !
2N N N
[Ru] Ry — [Ru] Rl | R 7 N ry

\/ \/ -H,
(6] (0] [¢]
ﬁ”z GHs © Ho_ CHs
C C

M e 2N _H Ry [Rul

[Ru} = Ru(CO)Cp
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Cobalt carbonyl clusters with triply-bridging carbyne ligands can be generated from acety-
lenes. They represent numerous such metal carbonyl clusters where the analogy between
cluster chemistry and the surface of heterogeneous catalysts is evident.

Me
H |

c H,S0, ¢
Co,(CO
0,(CO)g + / >CH MeOH / H,0 / \>C0(CO)3

—— - / /
PP 00);Co \\ / (OC)3C0\ /

Co Co
(CO)5 (CO)s

Bridging carbynes can be produced from alkyl species, or by the addition of coordina-
tively unsaturated metal centres to M=CR complexes. In this respect the L, M=CR molecule
coordinates like an alkyne.

(wi] ? C—R

ML
n ML
n [W] ——CR
[ML,], = M(C0),Cp, (Mo, W)
W] ==C—R ML, //\/\ M(C0)Cp, (Co, Rh, )

\ L,M ML,  Cox(CO)g NipCp'
M
W] ==c-R
\ S
M

[W] = W(C0O),Cp

AN
g —C==IW] M=Cu,Ag", Au", Ni, Pd, Pt, Mo(CO),

N
Key points
Complexes L,M=C-R are referred to as carbyne or alkylidyne complexes.
The CR fragment can be considered a trianion [CR]3™ or a cation, [CR]*. The cationic formulation is
more in keeping with its electron-acceptor capacity and susceptibility towards nucleophilic attack.
Carbyne and carbene complexes are in principle interconvertible.
Carbyne complexes are mostly found for Group 5—7 metals.
Some Mo, W carbyne complexes undergo metathesis exchange with alkynes. This reaction can be
used for ring closure to give cyclic alkynes.
\ J

Exercises

1. Describe a synthetic route to PhC=Cr(CO),Br.
2. What afe the products of alkyne metathesis of (i) cyclooctyne; (ii) 2,10-dodecadiyne.







Homogeneous Catalysis
with Organometallic
Transition Metal
Complexes

Catalysis is a means of accelerating chemical reactions by lowering the activation energy
barrier (AG¥). Catalysis is therefore a kinetic, not a thermodynamic phenomenon, and
relates to the energy and structure of the transition state (TS). Microscopic reversibility of
the reaction pathway means that educts and products are, in principle, in equilibrium (even
if this equilibrium is ideally strongly in favour of the products). Lowering AG* accelerates
the rate with which this equilibrium is reached and the product formed, but a catalyst cannot
shift the position of this equilibrium or alter the overall energy gain (AG) of the reaction.
In its simplest form, catalysed and uncatalysed reactions show the following energy profile:

TSuncatalysed

educts

AG

products

The Eyrihg equation relates the rate of a reaction—here k., of the catalysed transform-
ation—to the activation energy AG*

k.. = (kyT/h) exp(-AG?, / RT)

where T = temperature (in K), kg = Boltzmann constant, & = Planck’s constant, R = gas
constant.
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3 HOMOGENEOUS CATALYSIS WITH ORGANOMETALLIC TRANSITION METAL COMPLEXES

A catalyst is neither generated nor consumed in the reaction it catalyses. The chemical
species after completion of the catalytic cycle must therefore be identical (or closely equiva-
lent) to the species at the start of the cycle, and each cycle starts with the catalyst-substrate
interaction. This differentiates a catalyst from an initiator, which is involved in the first step
only (initiator-substrate reaction), where it is typically consumed and takes no further part
in the reaction.

Catalysis provides a means of achieving high product selectivity, minimizing waste
by-products by improving atom-efficiency, and cutting down the number of reaction steps
required for product synthesis. Catalytic processes are therefore of major economic import-
ance, and are capable of drastically reducing the energy and raw material consumption of
chemical reactions.

Catalysis can be achieved in many ways and by many reagents. In the simplest case, pro-
tons can catalyse reactions, e.g. esterification, while in others simple Lewis acids are in-
volved, such as AlCl;. Where C-C and C-X bonds are made or broken, metals are frequently
involved, and this is the area where knowledge of organometallic reaction pathways has the
most impact. Detailed understanding of the reaction mechanisms and the factors that limit
turnover rates is key to designing more highly effective catalysts, and has in many cases led
to dramatic improvements in catalyst productivity. Here, we are primarily concerned with
the mechanistic principles of reactions catalysed by homogeneous organometallic catalysts.
In homogeneous systems both substrate and catalyst are present in the same phase, i.e. in
solution. Similar reaction pathways operate in many heterogeneous catalysts, but here the
investigation of intermediates and mechanisms at solid/liquid and solid/gas interfaces is
much more difficult and is outside the scope of the present text. Heterogeneous catalysts are
typically applied in large scale gas phase reactions and offer the advantage of easy separation
from the product and long lifetimes. By contrast, homogeneous catalysts are typified by mild
reaction conditions and high product selectivity.
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3.1 General Considerations

A catalytic cycle involves several steps: formation of a catalytic species capable of binding the
substrate, followed by a series of steps leading to the product while regenerating the catalytic
species.

It is important to define what is meant by ‘catalyst. The succession of steps in a catalytic
cycle implies that several species are involved in the catalytic process—one cannot say that
any one of them is ‘the’ catalyst. Very often, however, the term catalyst is applied to the
storage form of the complex that is added to the reaction. Strictly speaking these are pre-
catalysts, which require some sort of activation step(s) to become active. Usually this acti-
vation step is ligand dissociation to give a coordinatively unsaturated species that is capable
of forming an association equilibrium with the substrate. The substrate may associate and
dissociate many times before a transformative step takes place. A simple catalytic cycle can
therefore be represented by:

L,M(S)
+S catalyst- K,
substrate k.4
complex
LL'M -l L,M activated intermediate A
precatalyst * species
k_
: ks y ky
product C B

Any one of the rate constants leading to the product, ky, k,, k3 could be rate determining.
The turnover frequency is therefore given by the step with the lowest k value, the rate-limit-
ing step. This is the rate that is accessible by reaction kinetic measurements.

There are cases where the product C is the local rather than a global minimum structure.
In such cases a second catalytic reaction may ensue, such as an isomerization to a follow-on
product D. Compound C would be the kinetic product while D is the more stable thermo-
dynamic product, and the C/D ratio will be given by the energy difference between the two
(providing none is removed from the equilibrium). If a product is poorly soluble or volatile,
so that it can be removed during the reaction, the process becomes irreversible.

As stated, the success of catalysis depends on the structure of the transition state, not
the ground state precursors. The concentration of the transition state is zero, i.e. such
transient species are not directly detectable. The question then arises of how such mecha-
nisms can be investigated. The practice, although frequently adopted, of determining the
ground state structures of pre-catalysts (usually solid state) and discussing the steric or
conformatibnal features in terms of their relevance to catalysis is rarely helpful. However,
in many instances there are resting states, which are structurally related to the TS and
can be observed. These resting states may be catalytic intermediates (A or B in the present
case), or they may be species A" or B’ in equilibrium with A or B. The catalytic cycle may
then be represented as:

Note that rate
constants are
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L,M(S)
+S catalyst- k
substrate k4 '
complex

intermediate A A’ resting state of A

L,M activated
species

ks ky
product € B

B' resting state of B

The species A” or B are in principle spectroscopically observable and allow conclusions
to be drawn about the likely structures of A and B.

Apart from spectroscopic identification of intermediates and resting states, insight into
the mechanisms of catalytic reactions is provided by kinetic methods. A typical rate law for
catalysed reactions is first order in both catalyst (C) and substrate (S) (i.e. k is a second-
order rate constant):

—d(s)/dt = k[C][s]

If [S] is so large that in effect it does not change during the reaction, the process is said to
be pseudo-first order. This facilitates the determination of the reaction order in [C]:

—d(S)/dt =k, [C]

The determination of the reaction orders for both [C] and [S] should precede any kinetic
investigation.

There are also cases where second order dependence on the substrate or broken orders
[CI*[S]® (a # b # 1) have been reported. In such cases equilibria are involved which may
not have been recognized. A detailed discussion of catalysis reaction kinetics is beyond the
scope of this text.

In some cases the resting state of the catalytic cycle is the substrate adduct itself, L, M(S).
In such a case the concentration [L,M(S)] is constant and the reaction becomes independent
(zero-order) of the substrate concentration [S] (saturation conditions).

When devising reaction mechanisms based on kinetic measurements, it must be borne in
mind that kinetics provide information on the composition of the transition state, but not on
the manner in which this composition was arrived at. This means there may be various alter-
native pathways for TS formation, but these are kinetically indistinguishable.

Dissociative and associative mechanisms. Chemical processes including catalytic trans-
formations are often described as dissociative or associative pathways. In such descriptions
the role of the solvent is typically neglected. While dissociative pathways play a role in gas
phase processes, in solution phase catalysis truly vacant coordination sites are not created
and ligands do not simply dissociate. Rather, ligand ‘dissociation’ is a process where a ligand
has been displaced by a solvent molecule—so that strictly speaking this is an associative
process. In homogeneous catalysis, the solvent plays a major role in stabilizing transition
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states and intermediates and can influence the course of the reaction (e.g. by stabilizing or
destabilizing charged or polarized TS structures).

The processes considered here will deal with transition metal catalysts (as well as some
cases of rare earth compounds). This is because the chemistry of these elements involves
d-orbitals, which offer sufficient symmetry options to provide facile kinetic pathways for ca-
talysis. Although for Lewis acid catalysis Main Group compounds are typically used, p- and
s-orbitals are not optimal for most catalytic transformations.

Several catalytic reactions have been described in previous sections where they seemed
more appropriate. This part outlines briefly several major catalytic reactions, the general
mechanistic aspects, and some applications.
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L dissociation

X abstraction

3 HOMOGENEOQUS CATALYSIS WITH ORGANOMETALLIC TRANSITION METAL COMPLEXES

3.2 Key Reaction Steps in Homogeneous Catalysis

Homogeneous catalytic reactions with organometallic catalysts contain a limited number of
fundamental reactions which may be combined to construct plausible, self-consistent cata-
lytic cycles. These key steps are:

(1) catalyst activation;

(2) substrate coordination;

(3) oxidative addition;

(4) reductive elimination;

(5) nucleophilic attack on substrate;

(6) product dissociation/substitution.

3.2.1 Catalyst Activation

Catalyst activation converts a coordinatively saturated, storable catalyst precursor into a
coordinatively unsaturated species. This can be achieved in various ways:

By dissociation of a ligand L. In the simplest case catalyst activation may be ligand dis-
sociation. Bulky, moderately strongly bonded ligands like PPh; often dissociate in this way.

MX, L, MXLo_g + L

It is often necessary to shift the equilibrium in favour of the coordinatively unsaturated
species. This can be done by a substance that scavenges the ligand L.

MX, L, + M MX,L,_; + M'-L
For example, adding Ni(COD), to phosphine complexes of metals like rhodium is some-
times used to assist with the removal of PPh;. Ni(COD), is transformed into Ni(COD)-
(PPhs), or Ni(PPhj); 4, with COD as non-competitive side product.
By Lewis acids. Of course, suitable choice of reagent (such as adding a strong Lewis acid
LA) can also lead to abstraction of X instead of L:

MX,L, + LA === [MX,,_,L,]* [X-LA]"

Some catalyst activation processes involve more than one reaction. For example, in order
to achieve catalysis, it may be necessary (1) to convert a stable metal halide complex MX,,L,,
into a compound containing a metal-alkyl bond, and (2) to convert this product into a co-
ordinatively unsaturated species. In some cases the product thus formed is a resting state (in
which case it may be isolable or spectroscopically identifiable) which is (3) in equilibrium
with the active species. This dissociation equilibrium may be assisted by the solvent, or by
the substrate which displaces the bound anion (by an associative interchange I, mechanism)
to enter the catalytic cycle.
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Step 1
R
MX,L, + M'-R L,M < + M'-X
m-1
Step 2
R 8+/R 5
LM + LA == | X, M. _-lA
m-1
Step 3:
& R &
v ® ©
Lnxm—-ZM\X/LA R [Lnxm—2M*R] [X_LA]

By reductive elimination. In the presence of alkylating agents, a metal dialkyl (or diaryl)
may be generated which is prone to reductive elimination. This generates a coordinatively
unsaturated metal species in an oxidation state two units below the precursor complex. This
form of activation is common for palladium.

2 n/R 0
m L,Pd ~g — |,Pd® + R-R

Pd(OAc), + 2L — L,Pd(0Ac),
L = phosphine

By hydrogenation. In the specific case of hydrogenation catalysis, the precursor complex
is frequently an olefin complex, such as 1,5-cyclooctadiene. In such a case the place-holder li-
gand is removed by hydrogenation, to generate a solvent-stabilized intermediate, for example:

L \ H L solv R L \/R
\M/ solvént \M/( ) = \M/
L/ \\ L/ \(solv) L/ \(solv)
O solvent-stabilized substrate coordination
complex

Substrate Coordination

The substrate in most cases will be an alkene or an alkyne, but may also be a saturated hy-
drocarbon, ether, or ester. In any case, it needs to occupy a coordination site. Very often the
substrate will displace a solvent molecule; substrate association is therefore a ligand sub-
stitution reaction. However, since the solvent concentration is 1 by definition, this is not
apparent in the kinetics.

3.2.2 Oxidative Addition

Many catalytic cycles involve changes in the oxidation state of the metal, when reaction
partners A-B are introduced that are sufficiently electron accepting and possess a bond that
is weak enough to be cleaved under the given reaction conditions. Since A and B, as ligands
with a higher electronegativity than the metal, are formally ascribed negative charges, in
such a process the metal changes its oxidation state by two units. For transition metals, the
d-electron count is reduced by two.
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Oxidative addition delivers two potentially reactive ligands A and B in ¢is position to one
another.
AL

LnMZ+2

L,M? + A-B 2.

g

There may be subsequent ligand rearrangement to a thermodynamically more stable iso-
mer, for example:

H—y
H H
C P, €0 H, C P! €O C P \E oH — (P - lr”m\\co
P N P N P/lr\u P H
cis addition co cl
kinetic product thermodynamic product

Reagents that are frequently introduced into the catalytic cycle by an oxidative addition
reaction are H,, for hydrogenation and hydroformylation reactions, and more generally a
range of H-X molecules, notably HX = HSiR; (hydrosilylation), HCN (hydrocyanation).
Other oxidative addition substrates are alkyl halides R-X (e.g. Mel in methanol carbonyla-
tion to acetic acid, Section 3.4.2.1), as well as benzyl, vinyl, and aryl halides R’-X (for C-C
cross-coupling reactions, see Chapter 3.6).

For completeness it is worth mentioning that oxidative addition may not always lead to
complete bond scission. For example, O, adds to Pt(0) to give the O, complexes which show
a reduced O-0 bond order:

’ 0
(R3P),Pt + 0y ——> (R3P)2Pt<(|)

Oxidative addition:

# Requires a coordinatively unsaturated metal centre ML, and is accelerated if this metal
centre has energetically high-lying, occupied d-orbitals. This is the case if the ligands L
are strong donors.

& Is favoured by sterically bulky ligands which support low coordination numbers
and therefore coordinative unsaturation; this increases the reactivity towards small
molecules such as H, and HX. On the other hand, the donor strength and bulkiness
must not be pushed to the extent that the oxidative addition product becomes an energy
sink: in such a case the reaction would stop and the catalytic cycle could not be closed.

& Is common for 16 VE square-planar complexes of metals with d® and d'’ electron
counts: ML; (M = Ni, Pd, Pt), XML; [M = Rh, Ir, such as the well-known Vaska’s
complex, IrCI{CO)(PPhs),].

e Islimited by the stability of the higher metal oxidation state. For example, whereas
Pt(II) may undergo oxidative addition to Pt(IV), the analogous oxidation of Ni(II) to
Ni(IV) is not energetically accessible under most catalytic conditions.
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® Becomes more favourable down a metal triad, in the sequence first < second <
third row transition metal, following the general trend in the stabilities of the higher
oxidation state.

Oxidative addition may involve more than one metal centre, as for example in the reac-
tion of H, with [Co(CN)s}*"; the resulting [HCo(CN);]*" anion is a water-soluble hydro-
genation catalyst.

2[Co"(CN)51" + H, ——= [Co-H,~-Co] — 2[HCo"(CN)5I>"

The occurrence of oxidative addition says little about the detailed mechanism of
the reaction. While in most catalytic reactions the product appears to be formed by
a concerted process, Sy2 and 1-electron-transfer (radical) pathways are also occasion-
ally observed. Polar media favour polar transition states, such as those involved in Sx2
reactions:

LM

3.2.3 Reductive Elimination

The reverse of oxidative addition is reductive elimination. It generates a metal fragment in an
oxidation state two units lower and is frequently the terminating reaction of a catalytic cycle.

L,M? + R* —R?

The trends that favour reductive elimination are the opposite to those of oxidative
addition.
Reductive elimination:

# Is most facile for first row transition metals, since these form the least stable M—-C bonds
and are smaller, so steric pressure is most pronounced;

# Requires the two ligands R' and R? to be in cis position;

¢ Is favoured by steric crowding and high coordination numbers, so that the reaction can
be induced by additional ligands L;

& Proceeds faster for electron-poor complexes (which are more easily reduced) than for
electron-rich ones; '

e [Is most facile if one of the ligands is H;

# Is favoured for metals where the low oxidation state is energetically readily accessible.
Reductive elimination for late transition metals (high d-electron count) is facile whereas
for early transition metals, with their high-lying d-orbitals, high oxidation states and d°
configuration are preferred;
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& Is faster for complexes with odd coordination numbers: 3- or 5- coordinate > 4- or

6-coordinate.

Since the ligands forming the C-C or C-X bonds must be cis to one another, trans com-
plexes must undergo an isomerization step:

R? RY
| I +L
1 2
L—M—L —/~ L=—M — L—M—R! — LM+ R'—R
B |
@ @ @

Apart from this dissociation and isomerization sequence, the addition of donor ligands
can also accelerate reductive elimination. Note that in either case intermediates with an odd
coordination number are generated.

PEL,
Ph, Ph, Ph,
1 1
P\ R PEt, P\ R PEt, P\ .
L — NI —_— NiPEL;); + R —R?
P R? P R? P
Ph, Ph, Ph,

Reductive elimination from complexes with chelating ligands depends on the size and
stability of the chelate rings. In Ni-catalysed C-C coupling reactions, for example, 5-rings
are too stable, while rings with 7-membered rings and higher are too flexible.

elimination rate:

/\
RZP 2 PRZ 3 RZ Rl RZ Rl RZ Rl
LR NI/R [P\N,/ . N s CP\N/
P i < i i i
re
R | R p” N2 < p” \R2 p” \R2
RP~ PRz R, R, R,

While there are many instances where reductive elimination reactions are induced by
light irradiation (e.g. the formation of coordinatively unsaturated metal compounds L,M
from the corresponding L,MH, dihydrides), photolysis is rarely applied to catalytic systems.

Reductive elimination from metal alkyl hydrides to give R-H is particularly facile and is
the final reaction step in hydrogenation and hydroformylation reactions. Reductive elimina-
tion involving alkyls with B-H atoms is sometimes preceded by p-H elimination, so that a
1:1 mixture of saturated and unsaturated products results:

R R R"
e -H elimination e
LM p o PHelimination LM + =
N R'
% H .
R* reductive
R elimination l

L,M + R-H
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3.2.4 Nucleophilic Attack on Coordinated Substrates

Having bound a neutral unsaturated substrate as well as a nucleophilic anionic ligand X,
the next productive step for a catalytically active complex is the transfer of X to the neutral
substrate. This generates a new C-X bond. In the most important catalytic reactions, the
neutral unsaturated substrate is CO or an alkene. The reaction constitutes an intramolecular
nucleophilic attack on a coordinated ligand; it is the basis of hydrogenations, olefin poly-
merizations, HX addition reactions, and carbonylations. For unsaturated substrates with no
or little polarity, the success of nucleophilic attack depends on the induction of polarity on
coordination:

5
&
L"me+ :_\ LrIM\ \ — LnM\/\R

&

Alkynes and dienes react similarly, giving metal vinyl and allyl products, respectively. X
may be H, alkyl, aryl, amide, OH, or OR. As with oxidative addition and reductive elimina-
tion reactions, the two ligands must occupy cis coordination sites.

The nucleophilic attack on coordinated CO (‘CO insertions’) has been discussed in
Section 2.5.3.3 and particularly in Section 2.11.4.9.

In the following chapters, some important homogeneously catalysed reactions will be
presented, with emphasis on reactions that have gained importance in industrial processes.
The catalytic cycles illustrate the principal reaction steps. While the reaction mechanisms
presented will be self-consistent and follow the mechanistic principles outlined in the pre-
ceding discussion, it is often possible to construct equally plausible alternative reaction
sequences and catalytic cycles. In such cases only detailed mechanistic investigations can
provide arguments in favour of one or the other.

s N
Key points
Catalysis accelerates the transformation of a substrate via a sequence of intermediates, which
lead to product formation and regeneration of the catalyst. The turnover frequency is limited by the
slowest of these steps. The catalyst is not consumed.
A catalyst lowers the activation barrier but does not alter ground state energies and equilibrium
positions.
Kinetics provide information about the transition state (TS) composition. ATS is not observable
and its concentration is zero.
Kinetics do not provide information on the pathways by which the TS is reached.
Homogeneous catalytic cycles consist of a number of key steps: (i) substrate coordination;
(if) oxidative addition; (i) nucleophilic attack on substrate; (iv) reductive elimination.
Catalysts are usually introduced as stable storage forms (pre-catalysts). Catalyst activation leads
to coordinatively and electronically unsaturated species.
\ J
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4 ) ™
Exercises

1. Achemical reaction in the presence of a catalyst is 1000 times faster than the uncatalysed
reaction. What is the difference in energy barriers in these two cases?

2. Many catalytic reactions have an initiation period, during which the catalyst concentration
increases. This reaction phase therefore operates under non-steady-state conditions. It can
be shown that in such cases the formation of a product P from a substrate S in the presence of
catalyst C follows the rate law:

d[P/dt =k, [S][C]+ (k, — k)[S][Clexp(~k [S]t)

Three different substrates give the following three conversion vs. time curves (a), (b), and (c).
What do these curves tell us concerning the kinetic behaviour of the catalyst? In each case,
determine the initial and the steady-state slopes of the reactions and identify which information
these slopes provide.

(Pl
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3.3 Catalytic H-H and H-X Additions

3.3.1 Hydrogenation
3.3.1.1 General Hydrogenation Catalysis

The catalytic hydrogenation of unsaturated organic substrates is a widely applicable re-
action. The most important of these is the hydrogenation of alkenes. Hydrogenation is a
structure-insensitive reaction that can be carried out with heterogeneous as well as homo-
geneous catalysts. In some cases metal nanoparticles are involved. An early application of
hydrogenation catalysis was the partial hydrogenation of doubly unsaturated vegetable oils
with heterogeneous nickel catalysts, to give saturated and mono-unsaturated derivatives of
butter-like consistency for the production of margarine.

During the hydrogenation step, H, is added to the same m-face of unsaturated substrates
(syn addition); in the hydrogenation of C=C triple bonds this generates cis-alkenes as pri-
mary products.

R R R R
D D D H D
H H
H \M/ H syn addition
\ R R

This stereoselectivity implies a concerted H-transfer mechanism. There are instances
where trans-hydrogenation products are formed; in such cases a radical mechanism is in-
volved or there is a subsequent isomerization step to the more stable frans product.

The general reactivity of alkenes towards hydrogenation decreases with increasing substi-

tution of the C=C bond:

R\:>©> R/%> R\:/R .
R
R R R R R R
— > [j( >R>—J*— >R>—<—“R

The first homogeneous hydrogenation catalysts were based on first row metal complexes
such as HCH(CO), or nickel cyanide, which were unstable and required high H, pressure.
Compounds of second and third row metals offer much more convenient handling and
higher activity and stability. The most widely applicable homogeneous hydrogenation
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Table 3.3.1 Relative activity of some homogeneous catalysts for 1-hexene hydrogenation

Catalyst precursor Temp. [°C] Relative rates
RhCI(PPh3); 0 1

RhCl{(PPh3); 25 11
Ru(H)Ct(PPh3); 25 150
[Rh(COD)(PR3),]* 0 70

[Ir(COD) (py) (PCy I 0 110

catalysts are based on noble metal phosphine complexes, not least because of their tolerance
to air, water, and functional groups. Best known among these is RhCI(PPh;);, also known as
Wilkinson's catalyst. This catalyst is highly selective for terminal alkenes, i.e. the sterically
least hindered C=C bond in a molecule, Ru(H)CI(PPh,); also reduces terminal C=C bonds
and is even more active. Cationic complexes like [M(COD)L,]" (M = Rh, Ir; L = phosphine)
are also highly active (Table 3.3.1); here, as a first step, the COD ligand is hydrogenated to
provide two coordination sites for substrate binding. [Ir(COD)(py)(PCy;)]" even hydrogen-
ates tetra-substituted internal alkenes such as tetramethylethylene, which the neutral Rh
and Ru PPh; complexes will not touch.

Another class of catalysts are water-soluble cyano complexes, notably [HCo(CN)s]*".
This catalyst is selective for the hydrogenation of conjugated dienes to alkenes. It also hy-
drogenates conjugated enones.

[HCo(CN)sI?~ main product at high CN~
FN concentration

AN tH

The mechanism of catalytic hydrogenation illustrates several of the key reaction steps
that constitute a catalytic cycle. At least two variants exist: one where oxidative addition of
H, precedes alkene coordination, and one where alkene coordination comes first. The latter
tends to be favoured with substituted alkenes and if cationic Rh catalysts [L,Rh(solvent),]"
are used, which have two coordination sites.

These catalysts are inhibited by the addition of excess phosphine. Loss of phosphine from
RhCI(PPh;); gives an equilibrium concentration of a T-shaped three-coordinate 14 VE
intermediate (stabilized by solvent) that undergoes oxidative addition of H, 10* times faster
than the four-coordinate precursor complex. This is therefore the entry into the catalytic
cycle. In this cycle rhodium oscillates between Rh(I) (d®, square-planar) and Rh(III) (d5,
octahedral) species.
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H R
‘Dihydride’ cycle H Lo, RRM H e/
2 a” I
(solv) substrate
oxidative coordination
addition H
IT B L L thH
. —Rh! =
L—Rh-Cl === L-Rh-dl a” | ™

L {solv)

:_—\
16 VE precursor activa.ted " " R
complex; species |
L=PPhs Lo b —

H H a” > R

rgdyctiye (solv)
’\ elimination

R

The cycle shown in the diagram above applies to dihydride complexes L,MH,. Catalysts
like Ru(H)CI(PPh;);, where one hydride is already present in the precursor, follow a slightly
different ‘monohydride’ cycle. The product is released by M-C bond hydrogenolysis, which
may involve either oxidative addition of H, (likely for Rh') or a process akin to o-bond me-
tathesis (more likely for Ru"). Since the acidity of H, increases drastically on coordination
(see Section 2.10.1), H* transfer to the alkyl ligand is plausible to give the alkane product.

H
‘Monohydride' cycle R M] 7
=/ S
= ZTR
substrate
H coordination

R
/ HZ
L= PPh, ” (M] M

[M] = RuCl(PPh,),,
Nl M~C bond H
Rh(CO)(PPh) o hydrogenolysis

A different type of hydrogenation catalysts is based on bis-Cp lanthanide complexes. The
precursors in this case are alkyls, preferably mononuclear ones like Cp*,MCH(SiMe;),,
which under H, are converted to in situ generated Cp*,MH (M = e.g. La, Nd). These com-
plexes are extremely active for the hydrogenation of 1-alkenes. However, they do not tol-
erate functional groups and are very sensitive to air and moisture. The mechanism differs
from the onk outlined for Rh, since the lanthanide is in oxidation state +1II and unable to
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314
react with H, under oxidative addition. Here, 6-bond metathesis is observed to release the
product:
R
—
/—\ R
H
Cp*,Ln-R ———= Cp*,Ln-H Cp*,Ln /S

metal alkyl precursor ’K /

R
/S R
H Cp*,ln —/—
. o-bond metathesis

H---H step

3.3.1.2 Arene Hydrogenation

The hydrogenation of arenes is considerably more difficult than that of alkenes and alkynes.
Arene hydrogenation is of interest in the context of coal liquefaction, i.e. the production of
liquid fuel from coal. Heterogeneous and surface supported molecular catalysts have been
found to be effective. For homogeneous systems, many metals from niobium and tantalum
to ruthenium and rhodium are active. A key feature is that the hydrogen is delivered stereo-
selectively to one ni-face of the arene only, so that in deuterations one isomer results:

D,
catalyst

Catalyst precursors that hydrogenate arenes under mild conditions are, for example, (n*-
allyl)Co[P(OR);]5, [L,Rh(p-H)}, {L = P(OPr');}, and Ru(C¢Mey),. The latter is a fluxional
complex with one n° and one n*-bound C¢Me, ligand (see Section 2.9.1.1); it hydrogenates
arenes to a mixture of cyclohexanes and cyclohexenes:

1-3 bar H,

80- 90 °C Q Q
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3.3.1.3 Asymmetric Hydrogenation
Substituted olefins are prochiral, i.e. they have n-faces that can be approached from oppo-
site sites, and consequently delivery of H, to one side or the other results in enantiomeric

products.
from si face:

HOOC . H (0
Lo NH-COMe Hooc NH-COMe HooC N
H, Me
Sim=) || 4 S -~ H &
CH
H H 3 CH3 (L)-S
prochiral olefin from re face: 0 H 7N
HOOC \_  NH-COMe >N COOH
Me
H )
D)-R

CH,

Asymmetric hydrogenation is a convenient way of generating chiral compounds, e.g. in
medicines where only one enantiomer is active. One of the first applications was the synthesis
of L-dihydroxyphenylalanine (L-DOPA), an amino acid required for the treatment of Parkin-
son’s disease. The precursor is a cinnamic acid derivative with an acyl protected NH, group.

HO HO

HO COOH HO COOH

chiral catalyst *
B CH

0
HN —-< L-DOPA NH2

The first asymmetric catalysts were based on chiral phosphines where the P atom was the
centre of chirality. However, the synthesis of such compounds is laborious. It was subse-
quently recognized that provided the preferred ligand conformation generates a C, symme-
tric ligand framework, chiral information is transferred from the ligand to the catalytically
active site. Cationic Rh complexes of chelating chiral phosphines proved particularly effec-
tive for enantio-differentiation. Importantly, the cinnamic acid substrate binds in chelate
fashion: both the C=C and the C=0 bond of the acyl protecting group are involved. With the
ligand imposing a C,-symmetric complex geometry, coordination of the two C=C n-faces
generates two diastereomers that are sufficiently different in energy to give high enantiose-
lectivity. Enantiomeric excesses of >90% are now routine.

¥
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C,-symmetric ligand system:
One enantiomer only

/ less hindered

ligand quadrant irf}oredhindzred
CH, CH, igand quadrant

COOH HOOC /“\
C=C in different environments:

N
f H Me
different energies
One diastereomer will react faster

Qi Nttt

A

o

The key to high enantioselectivity is therefore the construction of a stereo-differentiating
ligand environment. A large number of suitable ligands have been synthesized. The DI-
PAMP ligand (W. S. Knowles) was developed for Monsantos L.-DOPA synthesis; it contains
two chiral P atoms. Much more common are ligands where the chiral centres are incorpo-
rated in the bridge, as in DIOP (H. Kagan), one of the first and most successful examples of

this type.

OMe H <'H
P.

MeO
Ph Ph—Pp P Ph
DIPAMP Ph Ph

95% e.e. for L-DOPA synthesis (R R-DIOP

In ligands with chiral bridges, the chiral information is translated by the conformation of
the P-aryl substituents, which create sterically hindered and unhindered quadrants in the
coordination sphere and thus impose C, symmetry:

vl B, o

P\M"' @/P\*—?M,P
% Mw@

DIPAMP:
Chiral centres directly attached to the metal
Possible conformational influence of aryl

Chiral bridge:

Locked in one conformation

Translates into C,-symmetric geometry around M
Shaded areas indicate crowded ligand quadrant
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The asymmetric hydrogenation of amidocinnamate derivatives proceeds by a chelating
‘olefin-first’ dihydrogen mechanism. There are two interconverting catalyst-substrate dia-
stereomers. It was initially surprising that the minor diastereomer gives rise to the major
product isomer. This arises because in the next step, the oxidative addition of H,, the ener-
getically slightly higher-lying minor isomer experiences a lower activation barrier than the
more stable isomer. The two diastereomers lead to two different transition states for H, ad-
dition, and since catalysis is a kinetic phenomenon, it is the energy difference between these
transition states (and not between the spectroscopically detectable precursor complexes)
that controls the enantioselectivity of product formation.
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The energy profile of such a situation illustrates this behaviour: there is a rapid
equilibrium between the two diastereomeric catalyst-substrate adducts A (major) and
B (minor), with the further reaction (oxidative addition of H,) to the less stable adduct
B being favoured.

This is a general principle in catalysis: in cases where the educt exists as two conformers
A and B, which exchange more rapidly than the subsequent formation of the products P,
and Py, the P /Py ratio is determined by the energy difference of the two transition states
AAGF(A,B) = AG¥(TS NE AGi(TSB), not by the difference in activation energies AGH(A) -
AG*(B). This has become known as the Curtin-Hammett Principle.
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318 3: HOMOGENEOUS CATALYSIS WITH ORGANOMETALLIC TRANSITION METAL COMPLEXES

TSmaior

Product P,
Product Py A, B = conformers of the metal-substrate adduct

Numerous ligand systems have been developed for asymmetric hydrogenations, in an ef-
fort both to widen the range of substrates (asymmetric hydrogenation of unfunctionalized
alkenes is challenging) and to achieve high enantiomeric purity. Some examples:
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A particularly successful ligand is BINAP (R. Noyori), an axially chiral chelating phos-
phine that owes its enantio-discrimination to the fact that the two naphthyl-halves are un-
able to interconvert by rotation about the connecting C-C bond due to steric hindrance.
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Box 3.3.1.3 Applications of asymmetric hydrogenations

Rh and Ru BINAP complexes have been widely applied to enantioselective catalytic
reactions, including the reduction of acrylic acids and allylic alcohols. Applications of
asymmetric hydrogenation include the synthesis of citronellol, a perfume constituent, and of
the anti-inflammatory drug Naproxen:
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Another important application is the asymmetric imine hydrogenation in the synthesis of
metolachlor, a widely used herbicide:
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The asymmetric hydrogenation of alkenes without any directing functional groups
is difficult but has been achieved in high enantioselectivity using chelating PHOX-type
oxazoline-phosphine ligands, for example:
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More recently, chiral monodentate phosphine ligands have also been found to be effec-
tive in asymmetric hydrogenation. They are attractive in some cases because of their easier
synthesis. The stereoselectivity can match that of the bidentate systems, for example:
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3.3.1.4 Transfer Hydrogenation

Most hydrogenations require hydrogen, often under pressure. An alternative is transfer hy-
drogenation, where an alcohol solvent is used as the H, source. Since such hydrogenations
do not require the use of hazardous hydrogen gas or pressure, they are particularly conveni-
ent for laboratory scale reactions. The reaction is driven to the right by using the H-source
in excess or as solvent.

Y \ / catalyst \\C c /

C===(C B e  —
TN A
OH H H

Isopropanol is easily dehydrogenated to acetone. Another storage form of H, is formic
acid, HCO,H, which is readily converted to H, + CO,. Transfer hydrogenation is catalysed
by Ru and Rh catalysts, and partnered with suitable ligands these catalysts give high enan-
tiomeric excesses.

COOH  HCOOH/NR;5:3 . ./ COOH
*
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\ PPh, NEt, 82
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Chiral chelating amido complexes of Ru, Rh, and Ir catalyse the asymmetric transfer hy-
drogenation of ketones and imines to chiral alcohols and amines, respectively.
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Box 3.3.1.4 Hydrogen storage molecules and H, release

The ability to cleave substrates like formic acid into CO, and H, also implies that such
compounds can be used as H, storage media for energy generation in fuel cells. Of a
variety of catalysts; Ru and Fe complexes supported by chelating phosphines have proved
particularly effective for the release of H, from formic acid under mild conditions:

catalyst
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PPh
J . cl al o ! . 1
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‘The reverse reaction, the hydrogenation of CO; to formic acid, is catalysed by a similar
polydentate complex; [P(o-C.HPPh,};FeH(H,)]* under 30=70 bar pressure.

Chelating phosphine complexes of Ru are also effective in the dehydrogenative coupling
of ethanol to ethyl acetate. The reaction is co-catalysed by NaOEt and requires only very low
catalysts loadings.
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3.3.1.5 Outer-Sphere Hydrogenation of Ketones

Rather remarkably, it was found that polar substrates like ketones can be effectively hy-
drogenated with Ru catalysts containing chiral chelating primary amines. The substrate is
thought to be bound via H bonds to the amine, and reduction takes place without the usual
oxidative addition / insertion / reductive elimination sequence on the metal. The addition
of base assists with the heterolytic cleavage of H, in the Ru hydride regeneration reaction.
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0 OH
/U\/X H,, Ru cat.
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3.3.2 Hydrosilylation

The hydrosilylation of unsaturated substrates is used in applications ranging from fine
chemical synthesis to cross-linking to give polymer coatings for surface treatments. The
asymmetric hydrosilylation of ketones is an alternative to asymmetric hydrogenation to give
chiral alcohols. The mechanism of hydrosilylation resembles in principle that of hydrogena-
tion, except that the addition of Si-H to C=C bonds gives two products, in Markovnikov and
anti-Markovnikov fashion:

R3Si SiR;

RSi—H + == = —— \ . <
R R

R

Platinum catalysts are highly effective and give extremely high turnover numbers,
often at elevated temperatures. Chloroplatinic acid, H,Pt"Clg-xH,O (Speier’s catalyst)
has been used industrially; another is a Pt{0) adduct of vinyl siloxanes (Karstedt’s cata-
lyst). Under the reducing conditions of hydrosilylation, the active species is Pt(0). Ni,
Pd, and Rh complexes such as RbhH(CO)(PPh;); are also active for the hydrosilylation of
C=C and C=0 bonds.
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The asymmetric hydrosilylation of ketones closely follows the pathway outlined for hy-
drogenation. Suitable enantioselective ligands are chelating diphosphines, like DIOP.
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More recently, iron(0) catalysts have also been found to be highly active for the anti-
Markovnikov hydrosilylation of alkenes:

23°C RS R

N 4 RysinH —

3.3.3 Isomerizations

Metal hydride complexes capable of catalyzing C=C bond hydrogenations can also lead to
C=C bond isomerizations, if instead of the second H-transfer step, p-H elimination occurs.
Terminal C=C bonds can therefore be converted into less reactive internal ones. If, however,
the terminal alkene is trapped by forming a metal complex or a subsequent reaction, internal
alkenes can be isomerized to give terminally functionalized products.

H
MV\/R \
/ —H + \ R
M—H + / <M release of
internal alkene
R H further chain

H walking
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Metals not carrying a hydride ligand, such as Pd(0) complexes, can isomerize olefins via
nt-allyl intermediates:
\ S | R /

pde Pd” —H pPd°

Such reaction sequences enable some metal complexes to shift from one C atom to an-
other, a process referred to as ‘chain walking’.

In hydrogenation catalysis, the formation of less reactive, internal olefins may lead to un-
desirable side products and lower yields; in other applications, isomerization is a desirable
process. For example, the formation of primary alkyls from internal alkenes and Schwartz’
reagent Cp,ZrHCl has been mentioned (cf. metallocene hydrides, Section 2.8.2.3). Another
example of favourable C=C bond isomerization and trapping of the most reactive isomeriza-
tion product by a subsequent reaction is the palladium-catalysed carbonylation of a deriva-
tive of rape seed oil, which is turned into a long-chain diol for polyester applications:

Pd(0AQ),
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Hydridocobalt carbonyl catalyses the isomerization of allyl alcohol to acetaldehyde, via
Markovnikov-type insertion:

A HCo(CO, [/\/OH} — A

The isomerization of internal alkynes has also been observed and can lead to synthetically
useful allenes:

R R
( 0-PBu
LM — | |
|| —— IL L= T
0-PBU
R H R ?

3.3.4 Hydfocyanation

The addition of HCN to C-C double and triple bonds creates a new C-C bond and at the
same time introduces functional groups into the product: ~CN, -C=NR, ~CHO, -C(O)NH,,
~COOH, or ~CH,NH,. Nickel catalysts have proved most successful. A large scale applica-
tion of hydrocyanation is the conversion of butadiene into 1,4-adiponitrile, the reduction of
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which to 1,6-diaminohexane (‘hexamethylenediamine’) gives a precursor for nylon-6,6. In
the laboratory, HCN addition has found less use because of the toxicity of HCN, atthough in
some cases acetone cyanohydrin, Me,C(CN)OH, can be used as the HCN source.

Like other HX additions to C=C, both Markovnikov and anti-Markovnikov products are

obtained:
Rl R1
R
X-H
HCN
RV R RT R
R R RZﬁ_jLR“ . Rz%__(/R“
R? R4 H CN CN H

Regarding catalyst design, the main problem is that HCN is acidic and CN™ is a very
strong ligand, so that catalyst deactivation due to formation of stable and poorly soluble
metal cyanide salts is to be expected. Since HCN oxidative addition would be aggravated by
electron-rich donor ligands, soluble catalysts require ligands that are bulky (to restrict co-
ordination numbers) as well as adequately electron withdrawing to make oxidative addition
products sufficiently labile for further reactions. Phosphites P(OR); fit these requirements.
A Lewis acidic co-catalyst is also required.

The mechanism of the hydrocyanation of ethylene has been studied in some detail and
illustrates the key steps:
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@ - @ were spectroscopically observed

Styrene and other aryl-substituted alkenes react readily. Since they give branched com-
pounds, there is potential for the generation of chiral hydrocyanation products.
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HCN
S 3
Me 4

Diene hydrocyanation. The majority of the world’s adiponitrile [NC(CH,),CN] is pro-
duced by butadiene hydrocyanation. The reaction proceeds in the following stages:

—— CN
o 7 _oNiLen | Nk

(1) the addition of HCN to 1,3-butadiene to a mixture of Cs products, catalysed by a
nickel phosphite complex;

(2) isomerization of the Cs-nitriles to linear 4-pentene nitrile, catalysed by a Ni/ Lewis
acid catalyst;

(3) second HCN addition, catalysed again by a Ni/ Lewis acid catalyst.

The Lewis acid binds to CN, making the Ni-CN moiety more labile and generating [LA~
CN]" anions. Typical Lewis acid additives are ZnCl, and in particular BPh;, which increases
the selectivity to adiponitrile (ADN) to >90%.

Step 1: Oxidative addition of HCN to the relatively electron-poor Ni(0) phosphite complex
generates a nickel hydride, which inserts the butadiene to give an n’-allyl intermediate. As is
typical for rt-allyl reactions, intramolecular nucleophilic attack can occur on C-1and C-3, giving
alinear and a branched isomer. For adiponitrile production the branched isomer is unwanted.

HCN  100°C I

H——Nu——~CN *{\

ANF

o), |
L
oxidative addition 13-aliyt
product intermediate

|

/\N““'J\CN+/\/

3-pentene nitrile, 3-PN CN
70% 30%

Step 2: Isomerization of branched to linear nitrile and double bond shift from 3-pentene
nitrile (3-PN) to 4-PN are catalysed by a cationic nickel hydride. 4-PN is needed for the
second HCN addition.

NiL, / LA

3-PN [HNiL,]* [NC-LA]- /\/ . /\/\CN
CN

+ /\/ 103 4-PN
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Step 3: Generation of a more acidic, cationic nickel hydride paired with a weakly coord-
inating anionic Lewis adduct. Insertion of 4-PN gives a terminal nickel alkyl, and reductive
elimination generates ADN and closes the cycle.

N
4-PN L CN
[HNiL;]* [NC-LA] \\\ i NN
" Nen—ta
HCN . CN
NIL2 NC/\/\/
LA =ZnCl,, BPh, +lA adiponitrile (ADN)

Box 3.3.4 Applications of asymmetric hydrocyanation

Norbornene adds HCN stereoselectively and with chiral ligands gives enantioselectivity, for

example:
Catalyst: Yield
HCN
catalyst CN NilP ‘{O @)3} 77%
Me 4
Pd[P(OPh)3], 83%
Ph,P
L,Pd-1*
p*= Pphz 68% 20% e.e.
N
BPPM
07 oy

Asymmetric hydrocyanation also provides an alternative route to the analgesic drug
Naproxen (see also Section 3.3.1.3). The reaction is very sensitive to the steric and electronic
characteristics of the chiral ligand—a sugar phosphinite derivative in this case—as well as to
the solvent. The highest e.e. is obtained in hexane,

] Me
e CN :
HEN H,0 COOH
NiL*, H
MeO MeO MeO

(S)-(~)-Naproxen nitrile (S)-Naproxen

Me CF;
=0 OPh
Me CF,

} 40%ee. 16%ee.  85-99%e.e:
PR, inhexane
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Hydrocyanation of aldehydes and ketones.

The hydrocyanation of aldehydes and ketones requires different catalysts: a Lewis acid metal
complex: Chiral Lewis acids give enantioselectivity; they can be generated in situ by reacting
metal alkoxides suchas Ti(OPr'), with chiral diols:

OH
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1) 1-DIPT / Ti(OPFY),

20°C, CH,Cl,

y + MesSi-CN

2)HCl i
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Me,SiCN + M binaphthol OH
TiOPr), NN H

upto 82%e.e.

3.3.5 Hydroamination

The addition of an H-N bond across C-C double and triple bonds is called hydroamination.
The reaction is catalysed by a number of Lewis acidic metal centres and can be carried out
intramolecularly to give cyclic amines, or intermolecularly to introduce ~NHR fanctions.
The general catalytic cycle for the intermolecular hydroamination of alkenes and alkynes is
shown in the following diagram. The key step is the nucleophilic attack on a metal alkyl or
metal vinyl intermediate.
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Many metal complexes can be used. Bis-Cp lanthanide complexes are powerful catalysts,
while Pd, Pt, Rh, and cationic gold(I) complexes are more tolerant of functional groups. Cal-
cium amide complexes have also been found to be effective:

>
=
o
o
>
=

g

Many applications are directed at the asymmetric intramolecular cycloamination to give
5-ring amines, many of which are precursors for pharmaceutical use. Chiral lanthanocene
complexes achieve good stereoselectivities. A metal bis(trimethylsilyl)amide acts as conveni-
ent, hydrocarbon-soluble precursor which is protolysed by the -NH, group of the substrate.

Cp*,Ln —N(SiMe;), precursor

R R Examples of chiral catalysts:
H,N \M
initiation
HN(SiMe,), \ R*-Cp =
Me,Si Ln ~NR, ;O
/—\ " % A
H R N (-)-menthyl
N Cp*,Ln
cprtn R P /\Q R*
\ R
/ >< R
H T
SN

N R R
A (+)-neomenthyl
R up to 99% regioselective
N
Key points

Hydrogenation is the catalysed addition of H, to unsaturated substrates. H; is usually delivered in
syn fashion.

Hydrogenation is catalysed by a large variety of metal centres, electron-rich and electron-
deficient. Ru, Rh, and Pd are most widely applied. The reaction can follow a dihydride and a
monohydride mechanism. Non-oxidizable lanthanide catalysts involve a o-bond metathesis step.

Asymmetric hydrogenation is of particular synthetic importance. It operates by generating a C,
symmetric ligand framework. Most chiral chelating phosphines transfer chiral information via the
conformation of their P-substituents.

The addition of HX (X = SiR3, CN, NR,) leads, respectively, to hydrosilylation, hydrocyanation, and
hydroamination.

HX additions to C=C give Markovnikov and anti-Markovnikov products.

The hydrocyanation of butadiene to adiponitrile is the industrially most important HCN reaction.

Lewis acid catalysts are effective for the hydrocyanation of ketones and alkene and atkyne
hydroaminations.
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fd Exercises

. Which n-face of Z-acetamido cinnamic esters (re or si) leads to the desired L1-DOPA on
hydrogenation?

. Calculate the energy difference in the formation of p- and L-DOPA (at T= 298 K) that would
correspond to an enantiomeric excess of (i) 90% and (ii) 99%.

. Draw a catalytic cycle for the hydrocyanation of styrene with Ni catalysts. Why does this
preferentially lead to a Markovnikov addition product?
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3.4 Catalytic Carbonylations
3.4.1 Hydroformylation

Hydroformylation, also known as the ‘oxo reaction); is the reaction of terminal alkenes with
a mixture of CO and H, (synthesis gas) to extend the carbon chain by one C atom and intro-
duce a formyl functional group. Hydroformylation is a large-scale industrial process, domi-
nated by the hydroformylation of propene to n-butanal, to produce a number of essential
commodity chemicals such as alcohols, diols, and carboxylic acids. The hydroformylation
of long-chain alkenes is the basis for the production of detergent alcohols. Another major
outlet is the production of dioctyl phthalate, 1,2-CsH,(CO,CgH;5),, a plasticizer for PVC.

0 o]
/\ +CO+H, ————> /\/J\ bt YJ\H
linear (normal) aldehyde  branched (iso) aldehyde

(anti-Markovnikov) (Markovnikov) \

H aldol condensation, HO%/OH
: | b
PN 7k Y e

n-butanol \)/ 2-ethylhexanol = plasticizers

The first hydroformylation catalysts were based on HCo(CO), and this is still a widely
used catalyst. The cobalt catalyst demonstrates the key steps of this reaction. Each is in prin-
ciple reversible. CO competes with the alkene for a coordination site and retards substrate
association, but at the same time higher [CO] drives the reaction forward and prevents H,
elimination from HCo(CO), and formation of inactive Co,(CO)s. Increasing CO pressure
also increases the linear:branched (n:iso) ratio of the product (to ca. 4.4:1 at 90 bar).

alkene
coordination

o ] o

s

+C0 Co -Co

H
T ?"I“
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Co,(CO)y +H,

side reaction:H, dissociation

suppressed by CO pressure o \ j/ %\
)\A —co

co —*Co

H, addition and CO

reductive elimination
of product

The reaction rate is proportional to [alkene][CO]

CO co ““Co

Co alkyl formation;
reverse reaction retarded
by CO pressure

migratory CO insertion;
reverse suppressed by CO pressure

~1,i.e. the process is retarded by CO since

CO dissociation is required to generate the active species. In order to achieve acceptable
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rates, the reaction has to be conducted at elevated temperatures, 110-180 °C. At such tem-
peratures, cobalt carbonyls decompose unless there is sufficiently high CO pressure. The
Co-catalysed process therefore requires both high temperatures and high pressures (ca.
200-300 bar for H, and CO combined), and while cobalt is a cheap catalyst, conducting
large scale reactions under high pressure requires expensive reactors.

The addition of a trialkylphosphine stabilizes the catalyst against decomposition, so that
the pressure can be dropped to 50-100 bar, while the temperature can be increased for
faster turnovers. However, since trialkylphosphines greatly increase the hydridic character
of the hydride ligand, HCo(CO);(PR3) is a much stronger hydrogenation catalyst, so that
the aldehyde product is reduced to the alcohol. The alkene can also be hydrogenated, to give
unwanted alkane side products. Overall the hydroformylation with phosphine-modified
cobalt catalysts is an order of magnitude slower than with HCo(CO),; however, the n/iso
ratio is higher. PBu”; gives about 90% linear products as a 1:1 mixture of aldehyde and
alcohol.

By contrast to the forcing conditions required for Co catalysts, rhodium complexes oper-
ate even at ambient conditions. Suitable precursors are Rb(CO),(acac) and, more specifically,
Wilkinson's HRh(CO)(PPh;),. Dissociation of a PPh; ligand is facile. The resulting 16 VE
HRh(CO)(PPhy), readily coordinates olefins, produces no hydrogenation or C=C isomeri-
zation by-products, and gives high selectivity for linear aldehydes (n/iso = 20:1 at 25 °C, 1
bar). For these reasons rhodium catalysts have become dominant in industrial processes.

In order to prevent the formation of less selective HRh(CO);_,(PPhs), species (x = 0, 1),
an excess of PPh; is beneficial for commercial applications. The Rh hydroformylation cycle
is closely analogous to the cobalt reaction. In contrast to trigonal-bipyramidal 18 VE Co
intermediates, the Rh cycle is thought to involve both square-planar 16 VE and tbp 18 VE
Rh(I) intermediates.

R H R
-L 0oC ., '_‘\\\L =/ Lo, I } 0Ca,. ook H
HRh(CO)L — -Rh Rh ~— E— “Rh \/k
3 sl L/ \H L/ } L/ R
co
16 VE 16 VE
18 VE
H
)\/\ - CO +CO
[¢] R
R
H
N
I Hl //O +H, Lo, wCO +CO ol
H——Rh"—C — Rh CO —Rh "
/ R ~ Rh ~
. -H, -co | ™
co R 4] o
16 VE
18 VE -CO | CO 18 VE
co
. L=PPh 0
¥ 3 . : /
0C —Rh—C

A number of bis-phosphine ligand systems have been developed to generate more
n-selective or more active catalysts. Hydroformylation processes in water have also been
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developed, based on rhodium complexes of water-soluble phosphines, such as sulfonated
PPh;. These, too, have led to industrial applications.

O PPh, OO PPh,
P
0
o hy (S QT w

highly water-soluble PAr; BISBI Naphos Xantphos
“ But Bu' OO
e m (1)
0 0 O = O \Y
L (6 "o 0 <
P P—
e o T 0
0 0 t
But Bu (R.R)-

BINAPHOS

Chiral phosphite ligands have been developed for the asymmetric hydroformylation of
vinyl arenes. For example, enantioselective hydroformylation followed by oxidation is an
alternative route to the analgesics Ibuprofen and Naproxen.

COOH COOH

CHO COOH

Ibuprofen Naproxen

3.4.2 Carbonylation Reactions

Carbonylations insert a CO into a C-X bond. The typical catalysts are late transition met-
als, mainly second row transition elements. This is a general and atom-efficient route
to carboxylic acids and esters. Alcohols, alkenes, and alkynes can be utilized as starting
materials.

3.4.2.1 Alcohol Carbonylations

The carbonylation of alcohols leads to the production of carboxylic acids:

0
catalyst i

J— B e C
R—OH + CO R oH

The industrial process involves the conversion of methanol to acetic acid. Since the
only feedstocks for this are CO and H,, it can rely equally well on coal, petroleum, or
natural gas as carbon sources. Like hydroformylation, this process was first discovered
using cobalt catalysts. However, rhodium proved to be ~10* times more active, and oper-
ates at much lower CO pressures (30-40 bar for Rh vs. 500-700 bar for Co) and at lower
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temperatures (180 vs. 230 °C). Rhodium catalysts are the basis of the so-called Monsanto

acetic acid process.
The process involves two reaction cycles: (i) the conversion of methanol to iodomethane,

and (ii) the carbonylation cycle.

©
o Me

oxidative R«

addition _h W

rate limiting | — ~C0 migratory

step | ] insetzrtion
I fas
18 VE,
cis~fac geometry (solv)
oc co © | €O e °
HI H,0 N i
Rh o I Rh
ycle
|/ ~, / !
16 VE { | Y
16 VE
co o o
o Me
Me \H/OH N\e\[‘rI i f\f’hm
reductive / substrate
0 0 elimination | | ’ 0 coordination
i

18 VE

The process requires both a metal and iodide. HI converts methanol to methyl iodide. The
oxidative addition of Mel to the cis-[RhI,(CO),] anion is the rate-limiting step; the reaction
is therefore independent of the CO concentration. The Rh(III) methyl thus formed is con-
verted to the metal acetyl complex, which undergoes reductive elimination of acetyl iodide,
MeC(O)L In a separate cycle, this primary product is hydrolysed to acetic acid and HI.

The original Rh-based process required relatively high concentrations of water to reacti-
vate any catalyst lost through precipitation of Rhl; and formation of [RhI,(CO),] ™. However,
in the presence of water rhodium can catalyse an undesirable side reaction, the water-gas
shift (WGS): CO + H,0 — CO, + H, (which lowers selectivity by methane formation). High
water concentrations also imply high concentrations of HI, which is highly corrosive and
leads to engineering problems. These problems can be reduced by using Lil and similar ad-
ditives as iodide source. This allows the water concentration to be reduced while maintain-
ing overall rates (Celanese Acid Optimization Technology).

An alternative to the rhodium catalyst is the iridium-catalysed methanol carbonyla-
tion, commercialized by BP (‘Cativa Process’). Highest activities are obtained with a ru-
thenium-based promoter, although simple iodide salts such as Znl, are also effective. The
major advantage is that this process can be operated at low water concentrations (5 % w/w
water compared to 8~10% for rhodium). The Ir catalyst is more stable and does not lead to
precipitation of inactive Irl;, and the water-gas shift reaction is reduced. This is a rare case
where a third-row transition metal catalyst outperforms a second-row metal.

The catalytic cycle for the Ir-based reaction is more complex. At low iodide and water
concentrations, a neutral species, Ir(CO)I; is the resting state. As was the case for Rh, the
oxidative addition of Mel is rate determining. At higher iodide concentrations, on the other
hand, anionic species predominate, and the carbonyl insertion of [Ir(CO),I;Me]™ to the
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acyl complex becomes rate determining, via iodide dissociation. By contrast, the oxidative
addition of Mel to [Ir(CO),1,] ™ is facile, about 100 times faster than with [Rh(CO),1,]". The
negative charge strongly favours Mel addition.

-
1r(CO)5! 11(C0),1,1°

TS

1r(CO),|(solv) Ir(CO)3!2 Me lr(CO)2I3 [Meir(CO),l5]
Mel | rate-limiting

step amomc
cycle

Melr(CO),l, lr(c0)2|2 rate—timiting Melr(CO),1;
step

Cco co

Melr(CO);l,

Apart from these large industrial processes, there are numerous applications of carbon-
ylation reactions to fine chemical synthesis, usually using palladium catalysts. Prominent
examples are carbonylations as alternative routes to the pharmaceuticals Ibuprofen and
Naproxen. Similar carbonylations are achieved using vinylarenes as starting materials, with
Pd catalysts under acidic conditions.

CO pressure ) COOH

OH
PACL,(PPh5),
aqu. HCl / MeC(O)Et

biphasic system

3.4.2.2 Alkene and Alkyne Carbonylations

Alkenes and alkynes can be carbonylated to give carboxylic acids and esters.

R 1
==\ +CO +ROH R

R 0

R
=R +C0+ROH — /'\H/OR
0
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Palladium catalysts are most commonly used. The key reaction step is the formation
of a Pd-C bond. This can be achieved using alkenes and alkynes under acidic conditions.
Similarly, aryl halides that are capable of oxidative addition to palladium give carbonyla-
tion products. The reaction is most frequently used to give esters, using CO and alcohols
(hydroesterification).

There are several mechanistic possibilities to explain C=C carbonylations and hy-
droesterifications. The preferred mechanism, supported by spectroscopic detection of
the relevant intermediates in some cases (including L = PPh;), envisages protonation
of Pd under acidic conditions to generate a hydride which inserts the unsaturated sub-
strate (hydride mechanism). The rate-limiting step is usually the alcoholysis of the Pd-
acyl intermediate:

H* ® == ®
L,pd — L,Pd—H > L,Pd M\-H
/\”/OR
0 co
H ~0 ~R

L ;di:fzfi—_;*ufﬁﬂi___ L,Pd —-léi___

The analogous carbonylation of alkynes involves Pd-vinyl species, preferably with the
substituent R in a-position. The product is an a-substituted acrylate ester:

® = R @
L,Pd—H LPd
n
R

The first such alkyne hydroesterifications were carried out by W. Reppe (BASF) in the
1940s using Ni(CO), (production of methyl methacrylate); however, catalysts based on
Pd(OAc), / 2-pyridyl-PPh, mixtures were found to be much more active.

With internal aliphatic alkenes the reaction is often preceded by C=Cbond isomerization,

resulting in terminal esters.

, PBu)
PBu

1-, 2+, 3-, or 4-octene

P N NP
COOMe

CO, MeOH
MeSO;H
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The hydroesterification of vinylarenes gives the branched products with very high regio-
selectivity. With chiral phosphine ligands these carbonylations give chiral products, al-
though they do not reach the high enantioselectivities of asymmetric hydrogenations.

CO pressure COOMe ~

©/\ PdCl, / L* .- Ph,P A
MeOH / acetone, 50 °C 100% branched \(P
COOH
CO+H,0
Pd catalyst /HY OO
MeO

Carbonylation of organic halides. The carbonylation of activated organic halides pro-
ceeds in a similar way, again using palladium catalysts in most cases. Since the oxidative
addition step is usually rate limiting, the reactivity decreases with increasing C~X bond
strength; for this reason using the generally very unreactive (but cheap) aryl chlorides re-
quires catalysts activated by bulky, strongly electron donating trialkylphosphines. This is a
general route to carboxylic esters and amides:

Naproxen

0

R
€O, R'OH or R'NH /7o AN 0 0
R—X : Lpd —= LPd R — | p— or R—
Pd(0AQ), / PPh, X . R NR,
HZ
X = CL, Br, I, OTs, OTf R= —®\ -\ —C
R, R,

CO/alkene copolymerizations. The alternating copolymerization of CO with alkenes
gives polyketones.

R catalyst
0

The copolymerization of CO with ethylene was first discovered in the 1940s using Ni(CN),
catalysts (well before the metal-catalysed ethylene polymerization), although palladium
catalysts are much more active. Polyketones have tough, nylon-like properties that make
them desirable for engineering applications, and the product was produced commercially
for some years. Palladium catalysts with bidentate phosphines or phenanthroline ligands
give alternating copolymers. The chemoselectivity is dictated, on the one hand, by the ther-
modynamically unfavourable insertion of CO in the Pd-acyl bond, and on the other by the
higher rate of CO vs. C,H, insertion into a Pd-alkyl bond. The mechanism is closely related
to the carbonylation and hydroesterification of alkenes and involves a five-membered metal
acyl-chelate ring that acts as resting state (at low [CO]).
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® N ® o
L,Pd_ O €O+ L,pdl O Lpd= <j b
5 7 ,
- E
N . N
o rate-limiting step ~ pd
N
6] g
@ co ® @ = polymeryl residue
L,Pd T L,Pd
N\
co \O/
Termination:
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With other ligands, notably Ar,P-0-C4H,SO57, non-alternating ethylene/CO copolymers
are obtained, i.e. products where CO insertion is followed by one or more ethylene inser-
tions. Again Pd complexes are the most active catalysts. This anionic sulphonated phos-
phine also allows the alternating copolymerization of CO with polar functionalized alkenes
CH,=CHX (X = C(\)OMe, COOH, OAc, CN, F, CONR,):

| AI’Z Me
P—
d\
so/ . 2
X o\
./ €O 0 S

Key points

Hydroformylation is the addition of CO and H, to alkenes to give aldehydes. After olefin
polymerization this is the second-largest industrial process based on organometallic catalysts.
Co catalysts require high pressures and temperatures.

Rhodium catalysts work under milder conditions and give higher selectivity for linear aldehydes.
Alcohol carbonylation is a process for the production of carboxylic acids. The carbonylation of
methanol to acetic acid is catalysed by rhodium (Monsanto process) or iridium (BP Cativa process).

The carbonylation cycle is coupled with a water/HI cycle.
Hydroesterification is the addition of CO and alcohols to alkenes and alkynes, to give carboxylic esters.
Palladium catalysts are most commonly used.
With suitable ligands, palladium complexes are also the catalysts of choice for the alternating
co-polymerization of CO and 1-alkenes to give polyketones.
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' ™
Exercises

1. Explain the role of PBu"; in Co catalysed hydroformylation. Why is this ligand not used in the Rh-
catalysed process?

2. What is the consequence of high PPh; concentrations in the Rh-catalysed hydroformylation
reactions? Explain the effect.
3. Show the main reaction steps for the conversion of 3-hexene into 1-heptanal.

4, Explain the differences in rate-limiting steps in the Rh and the Ir catalysed carbonylation of
methanol. In particular, what are the reasons for the different reactivities of the iodo anions
[MI1,(CO),]” (M =Rh, 1n?

5. Draw catalytic cycles for the Pd-catalysed carbonylation of (i) styrene; (ii) iodobenzene. Why is
the addition of base beneficial in this case?
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3.5 Alkene Oxidations

The oxidation of 1-alkenes is a route to aldehydes, ketones, as well as vinyl and allylic ace-
tate and ethers. The oxidation of ethylene to acetaldehyde is an industrial process; most of
the product is oxidized to acetic acid, as an alternative to methanol carbonylation (Wacker
process). The process is catalysed by PdCl, / CuCl, mixtures in an aqueous solvent in the
presence of HCL. The process can be described by a sequence of reactions:

CH, + PAClL, + H,0 ~— >  CH5CHO + Pd(0) + 2 HC
Pd(0) + 2 CuCl, e PdCl, + 2 CuCl

2CuCl +1/20, + 2HCL  ——  2CuCl, + H,0

Overall: C,H, + 1,0, ——> CHyCHO

The mechanism has been studied intensively and the detailed steps seem to depend on the
reaction conditions. They all have in common the formation of a Pd-CH,CH,-OH inter-
mediate, by either intramolecular or intermolecular nucleophilic attack by OH™ on a coor-
dinated ethylene ligand. This intermediate undergoes -H elimination to give vinyl alcohol,
which isomerizes to acetaldehyde.

— H20 cl-
AN °
U Cl _&_Z» c—_ Gl
PdCl, pd 1 Pd
a0 ho~ 0 ’\_ H*

0.50,+
2 HCl 2 CuCl )
Cl~— _ Cl
—pd
HO '
N
H,0 2 CuCly
cl a®
Cl~ _H ~ -
Pd(0) Pd e _-Pd 1 H,0
H,0™ \l —c H0 \L ?
OH OH

0

)J\ +HCl+ H,0
H
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Ethylene oxidations in the presence of acetic acid give vinyl acetate, while the oxidation of
propene leads to allyl alcohol:

PdCl,, CuCl,, NaOAc

=== +AcOH + 1/20, =\ + H,0
OAc

Pd(0OAc), / Cu(OAc), OH-
N +ACOH + 120, ANOA = N 0N

gas phase, 160 °C

o]
PdCl,, CuCl, PN

/\R + 120, R

Key points

The oxidation of ethylene by Pd(11)/Cu(ll) catalysts is known as the Wacker process. It gives
acetaldehyde which is oxidized to acetic acid.

Pd/Cu catalysts oxidize alkenes to aldehydes or, in the presence of carboxylic acids, to vinyl
acetates. :

Oxidation of the alkyl substituents in alkenes CH,=CHR in the presence of carboxylic acids leads
to allylic esters; otherwise the products are ketones.
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3.6 Coupling Reactions

C-C and C-N coupling reactions represent very versatile protocols in organic synthesis. In
most cases these reactions are catalysed by palladium, not least because of the tolerance of
this metal to moisture and functional groups. Most of these reactions involve C-C bond for-
mation to an arene derivative, and depending on the coupling partners, these reactions have
become known by a number of different names. However, they follow very similar catalytic
mechanisms. Key to catalysis is the oxidative addition of the arene reaction partner Ar-X to
a suitably reactive Pd(0) species (X = halide or tosylate, or occasionally H). The success of
this step is strongly dependent on the type of ligands bonded to palladium. Less basic phos-
phines like PPh; are less successful here, while bulky di- and tri-alkyl phosphines enable
even the very unreactive aryl chlorides to be utilized. The general catalytic cycle is based on
the familiar key steps of oxidative addition, nucleophilic attack, and reductive elimination:

M-Nu Coupling reaction
L N Ar R-B(OH), Suzuki-Miyaura
i
Ar—X Pd\ M—ny  RSTRG Stille
L X R-ZnX Negishi
L,Pd° R-MgX Kumada
R-C=CH / Cul Sonogashira
MX
L\ AT R-SiR’; Hiyama
pd" .
Ar —Nu . / \N HNR’, Buchwald-Hartwig
u
Zn(CN},, Cyanation
K[Fe(CN)¢]

The reactions can be catalysed by generating the catalyst in situ, e.g. by combining
Pd(OAc), or Pd,(dba); and the appropriate ligand, although superior results have some-
times been found with pre-formed complexes PdL,, many of which are now commercially
available. Bulky, strongly donating phosphines, both monodentate and bidentate, as well as
N-heterocyclic carbenes are widely used, for example:

Y Y
PR, p (77 Pphz N_ _N
R=Buf, Cy , Ph,P PPh, e C
Y Y

n=1,2 @
) PPhs  y=Me,pr

t
Bu‘zP—@X @’PB” 2 O A\
Fe PR, /
X = H, NMe, Ph Ph R RsP—Pd 0
Ph /@Ph O R = Cy, Bu! \//“/
Ph

R' = H, NMe,
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For Pd,(dba)s, see
Section 2.6.1.1.
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There are several storage forms for the catalyst, either as Pd(0) or Pd(II) complexes. Cyclo-
metallated Pd(IT) compounds are convenient and thermally stable catalyst precursors, but
require a reductive elimination step to generate the active species.

3.6.1 C-C Cross-Coupling Reactions

Some combinations of transition metals and nucleophiles are better than others; e.g. Ni cata-
lysts often work well with Grignard reagents, whereas for Pd less basic and more covalent
Main Group components are more successful. Coupling reactions with boronic acids Ar-
B(OH), are particularly popular since these reagents tolerate most functional groups and are
not water-sensitive. The addition of some water as well as base is usually required for boronic
acid coupling; OH™ assists with substitution of X~ and the reductive elimination step. A very
wide range of boronic acids is commercially available, including vinyl boron reagents.

L /\Q
Rl/\/B(OH)2 * : base Rl AN

RI’I

The phosphine may dictate the chemoselectivity:

“~ )~
Pd(PCys), 83%

Cl—@OTf + —Qi}e‘(om2
(PBUS) 76%

The Stille coupling involves tin reagents which, although tolerant of functional groups
and water, are toxic. A non-toxic alternative are zinc reagents which are easily prepared by
transmetallation from the Grignard reagents, e.g. with anhydrous ZnCl, which is soluble in
dry Et,O.

In the presence of chiral ligands C~C coupling reactions can be conducted enantioselec-
tively. An example is the synthesis of axially chiral binaphthyls:

Pd/2L OO L= <= "
COL- OO -2 =,
base, 50 °C Fe
Br B(OH), OO @H Me

C-H coupling. With electron-rich arenes, the direct C-C coupling by oxidative activation
of C-H bonds has also been realized, assisted by microwave heating. An organometallic
nucleophile is not required.
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H Pd(0,CCF), Ph H
Ccuo
N Cs0,CBut N N
O//\.\ . )\ S

major 0" minor

The coupling of aryls to acetylenes usually involves the addition of catalytic quantities of
Cul and a base (NEt; or piperidine, for example) to generate the copper acetylides in situ.
However, variants free of copper and amine additives have also been developed, such as:

Pd /2 Bu,P—(_)-NMe,
@—Cl + H———R @*R
C5,C05, DMF, 120 °C

R= —( )» CeHis

3.6.2 C-N Cross-Coupling Reactions

The arylation of amines is possible with Pd complexes of a variety of bulky, electron-rich
phosphines, but also chelating PPh, derivatives such as dppf, BINAP, and Xantphos (Buch-
wald-Hartwig amination). Again the reaction sequence is initiated by oxidative addition
of the aryl halide, followed by substitution of the halide ligand by the amine nucleophile,
followed by reductive elimination of the product. ‘

Pd/2L
@—x + HNRR' @'NRR'
R base, RT to 80 °C R,
PBut,
Pd/L L=
Br + NH NH, ! -
@' ’ NaOBu' or LiNH, R@— Fe  PCy;
n

Ry DME, 80 °C

3.6.3 Coupling Reactions with Carbonylation

Following the formation of a Pd-C bond by oxidative addition of an aryl or vinyl halide, CO
insertion reactions may take place before the product is released. Under such conditions

ketones are formed:

0

% Li R L| R

4 Pd/2L

RI—X + CO + RZ—M L—Pd—R! — L—Pd—( — L—pd—( |
l ) b2 0 R? R2
X X R

- M-X

Br

PdCl,(dppf)
NG + Br @ OTf Ph A
\/\SnBua €O, DMF

0
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3.6.4 HeckArylations

The insertion of an olefin into Pd-aryl bonds can lead to alkene arylation. This C~C coup-
ling method has become known as the Heck reaction. It is a widely applicable method for
coupling aryl or vinyl halides (or triflates) with activated olefins such as styrene or acrylates.

Pd catalyst
<: :>—-X + = < >—\
\ base \ R

R - base.HX

Since these alkenes carry an electron-withdrawing substituent, the insertion proceeds
preferentially with 2,1-regiochemistry since the substituent stabilizes the branched Pd-altkyl
species, so that 1,2-disubstituted olefins are formed.

Ar—X T ® @
\ L A \ R L /Ar‘l L A
0 1 pd't NN -
L,Pd L/Pd \X " [_/ ~ H\ L/Pdll Ar
R
I | R
\e + Hbase*

R

Ar base R=H, CN, CO,R, aryl

The coupling of acrylic acid with aryl bromides is a route to cinnamic acid derivatives. It
is catalysed by palladium without the need for supporting ligands:

PdCl,
MeO ~®— Br + T\ MeO m
COOH COOH

KOH / K,CO5 / H,0
150°C 90%

Box 3.6.4 Mechanistic aspects of the Heck reaction

The oxidative addition of PhI + Pd(0)L, gives an isolable product, L,Pd(Ph)I (L = PPh;). This
does not, however, react with styrene. On the other hand, the reaction with styrene proceeds
readily if mixtures of Pd(OAc), + 2PPh; +Phl are used.

The reason is that under such conditions PPh; is a reducing agent, while acetate acts
as'a chelating ligand and gives an anionic Pd(0) species. This will readily add Phi to form
Ph-Pd(1I). The iodide is partially displaced by acetate, which, as a labile anion, can itself be
displaced by styrene: The result is the formation of kinetically relevant concentrations of a
cationic alkene complex with the correct stereochemistry for alkene insertion:
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PPH,
Pd(OAc); ——— PdL, +2 HOAc+ O=PPh;

. s

- N
Pd?” D e gl == _Pd +0AC
g  eh L7 en
®
/K Ph \/
L 000 _/ |L_. ~X-Ph © Ph
~ ol py OAC . LPd +HOAc + ==
L/ \Ph [_/ \Ph fast Ph

Key points

The formation of C-C bonds from two different molecules in the presence of metal catalysts is
called C-C cross-coupling. The reaction is typically catalysed by nickel and particularly palladium
complexes.

Aryl, vinyl, and benzyl halides can be coupled with organometallic reagents M-R, where M= Mg,
Al, Zn, Si, Hg, or B.

Coupling reactions with boronic acids RB(OH), are synthetically particularly important (Suzuki--
Miyaura coupling).

Coupling reactions involve the oxidative addition of R-X as the first step, generating a metal-C
bond.

The Heck reaction involves the insertion of an alkene into the Pd-aryl bond to give arylated trans-
alkenes.

Pd-aryl intermediates can also be coupled with prim- and sec-amines to give aryl amines
(Buchwald-Hartwig amination).

Exercises

1. Explain why in the reaction

Pd/2L
Me@ﬂ + Ph(B(OH), Me Ph

different ligands L give the coupling product in the following yields (%): L= PPh; (0); dppf (0);
PCy; (75); PBu'; (86).

2. Show thte mechanistic steps for the transformation of A into B. Although A contains two (=C
bonds, product B is formed selectively. Give your reasons.

347



348

3; HOMOGENEQUS CATALYSIS WITH ORGANOMETALLIC TRANSITION METAL COMPLEXES

-

o

A

OMe

Pd /(R)-BINAP

B

base, 50 °C

OMe

3. The Heck arylation of cyclohexene by iodobenzene gives the non-conjugated product Cand

not the thermodynamically expected conjugated alkene D. Give your reasons and discuss the

mechanistic intermediates.

R
C D

\

/
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3.7 Alkene Polymerizations

In this chapter we will discuss the polymerization of 1-alkenes. For the oligomerization and
polymerization of conjugated dienes, see Section 2.7.1.3.

In the polymerization of ethylene, one C=C double bond is replaced by two C-C single
bonds. This is an exothermic process (AG =~ —20 kcal mol ™). However, although polymeriza-
tion is thermodynamically favourable, polymerization cannot proceed spontaneously since
there is no kinetically accessible reaction pathway. Under drastic conditions (1000~3000
atm pressure and temperatures of 150-230 °C) in the presence of traces of O, as radical
initiator, ethylene can be polymerized to a soft, highly branched material, the so-called low-
density polyethylene (LDPE). This material is light and has excellent insulating properties,
which makes it suitable for electrical insulation applications; it still constitutes about 20% of
total world polyethylene (PE) production.

The polymerization of 1-alkenes under less forcing conditions requires a catalyst and
metal alkyl activators. Several conditions must be fulfilled for a metal to be an active alkene
polymerization catalyst:

(1) As explained in Section 2.6.1.2, the alkene must be able to coordinate to the metal, and
this coordination must induce polarity in the C=C bond.

(2) There must be no significant back-bonding, i.e. the metal must not have high-lying
occupied d-orbitals.

(3) The catalyst must be sufficiently Lewis acidic to form at least transient adducts with
alkenes.

(4) The catalyst must possess two sterically accessible coordination sites cis to one another.

(5) The catalyst must contain a metal-alkyl bond.

(6) The rate of B-H elimination (or §-H transfer to monomer) of the alkyl (polymeryl)
ligand must be slow compared to the rate of alkene insertion into the M~C o-bond.

The production of polyethylene and polypropylene is probably the world’s largest-scale
application of organometallic chemistry, with an estimated combined output of about
100-150 million tons of polymers annually worldwide (2012). Applications include numer-
ous products of daily life, such as packaging materials, tubes and pipes, bags, bottles, house-
hold goods, toys, carpets, ropes, but also car bumpers, fuel tanks, and even bullet-proof
vests. In the last 2-3 decades, catalyst development has significantly expanded the range of
polyolefin-based materials.

3.7.1 Ziegler Catalysts

3.7.1.1 Catalyst Composition

The first effective ethylene polymerization catalyst to be discovered was a mixture of TiCl,
and AIEt; (Ziegler catalyst). The polymer this produced was linear and much less branched
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than LDPE; it contained a high degree of crystallinity and has become known as high-density
polyethylene (HDPE). The same catalyst also polymerizes propene stereoselectively to give
isotactic polypropylene (i-PP).

Tick, / AtEts ._{_C H <}_ linear 'high density' polyethylene
20-50 °C A0 HpPE
1-10atm
:\ TiCl, / AlEt, /K/K/U\/[ ______

isotactic PP

Although it is now known that under such conditions monomeric TiCl, is reduced to
give finely divided crystallites of polymeric [TiCl;],, and the catalyst is therefore hetero-
geneous, the reaction mechanism nevertheless follows organometallic reaction principles,
which also apply to the homogeneous polymerization catalysts discussed in the following
section. Subsequently, highly effective heterogeneous Ziegler catalysts were developed by
ball-milling TiCl; with MgCl,; both these metal chlorides have solid state layer structures
and intercalate to give a material with a high concentration of surface defects. It is on these
coordinatively unsaturated surface defect sites that catalysis takes place. These catalysts
can be further improved by adding various organic additives; details are beyond the scope
of this text.

Apart from titanium-based Ziegler catalysts, chromium salts supported on silica repre-
sent another important class of ethylene polymerization catalysts (Phillips catalysts). These
heterogeneous Cr catalysts produce a very linear high molecular weight polyethylene with
very few methyl side chains. As a consequence, this material is hard and rigid and mainly
used for structural applications such as water pipes. Mechanistically, the Cr catalysts are less
well understood than the titanium system.

Box 3.7.1 Polymers and polymer structure

Whereas most catalytic reactions produce small target molecules of well-defined structures
and properties; polymerization catalysts can convert a simple starting material like ethylene
or propylene into a multitude of products with very different physical and materials
propetties, suitable for many different applications. The challenge to the catalytic chemist

is to translate the demands of engineers and polymer processors for desirable material
properties into the design of catalysts capable of achieving these properties. The main
parameters are:

(1) Polymer molecular weight. For example, low molecular weight PE (e.g. MW 10%-10°
g/mol} tends to form brittle films and has low tensile strength; even lower MW gives
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waxes. By contrast, PE with molecular weights of well over 10° g/mol (VHMWPE =
ultra-high molecular weight polyethylene) can be formed into high tensile strength
fibres for mountaineering ropes and bullet-proof vests. The usefulness and commercial
success of a polymer therefore strongly depends on the molecular weight.

(2)  Molecular weight distribution. Most polymers consist of an assembly of chains of
different molecular weights. The broadness of this molecular weight distribution, also
called polydispersity, impacts on how easily the polymer can be processed. Polyolefins
are thermoplastics and form processable melts. In melt extrusion, the shorter chains act
as lubricants, while longer chains provide strength. Polydispersity is expressed in terms
of two numbers: the number-average molecular weight M., and the weight-average
molecular weight M. The latter takes more account of the contribution longer chains
make to the physical properties of the polymer. The ratio M./ M, is the molecular
weight distribution or polydispersity, and its value provides a short-hand characteriza-
tion of a polymer. For heterogeneous Ziegler catalysts, which have a diversity of active
sites, M/ M is around 5. For soluble metallocene catalysts (also referred to as single-
site catalysts) the value is ~2. So-called ‘living’ polymerizations have no chain termina-
tion and all active centres produce polymer chains of the same length; the Myl M
value is therefore close to 1.

(3) Branching. Polyethylene can be free of branches (‘polymethylene’: linear, highly crys-
talline, rigid) or have long-chain and short-chain (mostly methyl) branches. Branching
reduces the van der Waals interactions between chains and creates amorphous, flexible
polymers. Long-chain branches increase the strength in the melt and are useful for
extrusion processing into films, for packaging applications. Information on branching
can be gathered from infrared and NMR spectra, as well as from polymer rheology.
Adding co-monomers like I-hexene and 1-octene generates PE with controlled degrees
of branching (linear low-density PE, or LLDPE); this is an area where metallocene-type
catalysts excel.

Polypropylene

The structure of a polymer chain is like a videotape of its formation: it provides mechanistic
information about the chain growth process, and each error is recorded. This is particularly
obvious for polypropylene.

‘The polymerization of propene is more complicated than of ethylene, since the methyl
substituents along the chain can adopt many different relative orientations. The most
important isomer is isofactic polypropylene (i-PP); it has high tensile strength and a melting
point that increases with stereoregularity (up to 165 °C). Ropes made from stretched i-PP
fibres are stronger weight-for-weight than steel ropes. By contrast, atactic PP (a-PP), with
irregular Me orientations, is soft and much less useful. There are therefore many different
forms of polypropylenes, each with their own set of property combinations (tensile strength,
toughness, impact resistance, melting point, elasticity). These polymers are generated
by monomer insertion with 1,2-regiochemistry; there is of course the possibility of
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stereo-errors, as well as the incorporation of a monomer ‘the wrong way round’ (regio-error
by 2,1-insertion).

3 2 ! ° )\/‘\)\)
- ,2-insertion
M7 M/\( .

X
/2\ linear atkyt repeated 1,2-insertion

1
chain'termination/
M-—H o <\\ transfer
R 2,1insertion / R
M\f\ = M
4 1 R }*
branched alkyl o

polymer with regio-error:
1;2-insertion after.2,1-misinsertion

This leads to a family of compositionally identical polymers which exhibit very different
properties, from extremely strong fibres to rubber-like elastomers and waxes.

isotactic PP Fischer projection:

hemi:isotactic PP

There is also the possibility of building polymer chains that consist of blocks of polymers
with different characteristics, and of incorporating regio-errors, e.g. to convert a tough
polymer with a high concentration of crystalline domains and high melting point into a soft,
amorphous elastomer.

isotactic blocks
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soft atactic block [ hard isotactic block

--------

isolated stereo-error

isolated regio-error

PP microstructure. For polypropylene, very detailed information has been obtained
by °C NMR spectroscopy. The chemical shift of a given methyl side chain is sensitive to
its nearest neighbours and their relative orientation. With high-field NMR spectrometers
the influence of at least the nearest two other methyl groups to the left and the right of
the observed Me substituent can be determined (i.e. the segment structure of five methyl
groups, ‘pentad level). In favourable cases the structure over a segment with 7 or 9 methyl
groups can be resolved (heptad or nonad level). In polypropylene, every second C atom
is chiral. The methyl substituents on these € atoms can be in either a meso (m) or rac (r =
racemo) relationship to one another (racemus (Latin) = bunch of grapes, referring to grape
acid where rac and meso isomers were first identified). The structure of PP can therefore be
described by m or r diads. Several of these combined give the pentad structure, e.g. mmmm
for an isotactic pentad. Highly isotactic PP may display an mmmm pentad intensity of >90%,
with the remaining Me signals spread over other types of pentads;

| mmmm:pentad |

L
| mmmr pentad |

[ 3
|- mmrrpentad i

[
| mrrm pentad i

The distribution of pentads is a measure of the stereo- and regioselectivity of a given catalyst.

3.7.1.2 Mechanism of Ziegler Catalysts

The key for polymerization catalysis, from the point of view of mechanistic understanding,
is the formation of a Ti-alkyl bond on the edges and corners of the [TiCl;], crystals, by
alkylation of a coordinatively unsaturated Ti-Cl site by AlEts. This is followed by ethylene
coordination and intramolecular nucleophilic attack by the ethyl ligand on the alkene. Alkyl

353



354 3: HOMOGEREQUS CATALYSIS WITH ORGANOMETALLIC TRANSITION METAL COMPLEXES

migration to the alkene vacates a cis coordination site, which is occupied by the next mono-
mer molecule. Chain growth therefore happens by the movement of the growing polymeryl
chain between these two coordination sites in ‘windscreen-wiper” fashion. This chain growth
model has become known as the Cossée—Arlman mechanism.

Reduction:
L b, g ey~ ricy
TiC > i i i
“CEpAll Y —Ha 2 3
- C,H,
Activation: ~ | ~ coordinative
E ;Ti!'——Cl AlEt, \CCll;Ti‘_Et unsaturation
i | C‘] ~EAcl  TT | Cl[
Ti site on
edge of crystal
Chain growth:
~
cl- S SN
Ti—CH,R = T
:C,« ;I R cH,=cH, \T'/ E)H A i
Ti C — i—CHR Ti — CH,R
l I / / 2

! transition state:

monomer coordination ©
bond formation starts

intramolecular attack

CH,R
e T AL
/Tlt ~~H \R /Til \// e etC.
bond formation complete: monomer coordination
agostically stabilized resting
state

Fortunately the original Ziegler catalyst proved to generate i-PP with excellent stereo-
regularity. The reason is thought to be the rigidity of the crystal surface structure and steric
hindrance provided by chloride ligands. The growing polymer chain is forced into a spe-
cific orientation relative to the crystal surface. This in turn determines the coordination of
propene, a prochiral alkene, in such a way as to minimize steric interactions between the
polymeryl chain and the methyl substituent of propene. With the chain orientation shown
in the following diagram, this is the case if the si face of propene coordinates, whereas co-
ordination from the opposite face encounters steric interactions with the p-Me group on
the chain. This small repulsive interaction is enough to ensure that successive propene mol-
ecules always bind via the same n-face, leading to an isotactic polymer.
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repulsive

Cl/[ /éi-’.§
i interactions
cl Cl /TI | cl

re

favoured conformation disfavoured conformation

3.7.2 Metal Complexes as Polymerization Catalysts

Whereas detailed mechanistic information on heterogeneous polymerization catalysts is
difficult to obtain, soluble catalysts suffer no such drawbacks. Since these are coordination
complexes, their ligand environment can be tailored to optimize performance in terms of
activity, polymer molecular weight, co-monomer incorporation, and stereoselectivity. The
polymer molecular weight distribution is usually much narrower than that obtained with
heterogeneous catalysts (M /M =~ 2-3), since all active sites are identical.

Early studies focussed on Group 4 metallocenes Cp,MCl, as catalyst precursors, mainly
M = Tiand Zr. Attempts were initially made to activate these with AlEt; or Et, AlCl, and although
they showed some activity, they were far from competitive with Ziegler catalysts. This changed
when it was found that a hydrolysis product of AlMe;, called methylaluminoxane (MAO, see
Section 1.5.2.3), activated Cp,ZrCl, to give catalysts with excellent ethylene polymerization
activities. The structure of MAO, an amorphous, toluene soluble glassy substance, is a matter of
conjecture, but it remains the industrially preferred activator for metallocene catalysts, both in
solution and for silica-supported catalysts for solvent-free gas phase polymerizations.

With few exceptions, for convenience catalysts are generated in situ from stable metal
halide precursors and an aluminium alkyl activator. Some representative catalyst precursors
for ethylene polymerization are:

Bu"
\ /T

Zr TiCl, Ti..,
~a messis_ a”’|
cl
I
Bu" But

Zirconocene catalyst, 'Constrained-geometry’ Ti half-sandwich complex, Cr catalyst, capable of
high PE activity, catalyst (CGC). The more open best for syndiotactic producing UHMWPE
standard for PE, structure gives very high activity ~ styrene polymerization

and high comonomer incorporation.
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Ar
/

/\o —N
N\ A
I\Cl < °

R
‘Post-metallocene' Ti catalyst, with a highly Hf catalysts for ethylene / 1-atkene copolymerizations
variable NAO chelate with butky Ar and R, for high-temperature solution phase processes (Dow).
for ethylene homo-and copolymerizations. An example of a catalyst discovered by high-throughput
technology.
X
| R R
=
f o 7\
~— _—N
/Fe_ N ~N 7 N
7 Ni
a® a VAN
Br Br
Iron catalyst, Nickel catatyst, gives highly
highly active for ethylene polymerization. branched soft PE by ‘chain walking'.

The sterically hindered N-aryl substituents
prevent chain transfer.

The catalysts shown here all have high ethylene polymerization activity. The so-called
‘constrained-geometry’ titanium catalysts (CGC), which contain a chelating Cp-amido li-
gand, are particularly effective for incorporating 1-alkenes (hexene, octene) to give copoly-
mers with controlled amounts of evenly distributed branching. This is an area where soluble
catalysts excel: whereas heterogeneous Ziegler catalysts usually give mixtures of high molec-
ular weight chains with low co-monomers content and low molecular weight components
of high co-monomer incorporation, metallocene catalysts, by contrast, are able to produce
homogeneous, high molecular weight copolymers with improved properties.

3.7.2.1 Catalyst Activation and Active Species

The activation of metal halide precursor complexes consists of two steps:

(i) alkylation, i.e. the substitution of at least one halide by an alkyl ligand;

(ii) creation of a vacant coordination site. This involves abstraction of an anionic ligand
by a Lewis acidic activator (there are also rare cases where a neutral catalytically active
species is generated by abstraction of a phosphine ligand).

The most important class of soluble catalysts are based on Group 4 metallocenes. Here, the
active species is a cationic 14-electron species, [Cp,M-R]". Other types of metal halide pre-
cursors show an analogous chemistry.

As was shown in Section 2.8.2.2, a 14 VE metallocene cation [Cp,M~R]* has a vacant
d-orbital d,;, capable of accepting electron density from the n-orbital of an olefin. There is
also a d,; orbital of the correct symmetry to overlap with the m* orbital of the C=C bond.
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However, if M is a d° metal such as Ti, Zr, or Hf, this orbital is not occupied and there is no
back-bonding stabilization, which would strongly retard any subsequent reaction. The same
holds for neutral lanthanide complexes Cp,LnR. This contrasts with isostructural d* com-
plexes such as Cp,NbEt(n*-C,H,), where strong back-bonding blocks any alkene insertion.

Orbital of d, symmetry.
Absence of back-bonding for d° systems

d, acceptor orbital
for alkene binding

Alkylation is achieved most commonly by adding aluminium alkyls like AlMe; (a con-
stituent of MAO) or AlBu';. Alternatively, pre-formed metal alkyl complexes can be used.
The second step requires a strong Lewis acid or a Brensted acid, paired with an anion that
is so weakly nucleophilic that it does not out-compete the olefin monomer for a coordin-
ation site on the metal. Commonly used so-called ‘non-coordinating’ anions like BF,", PF",
BPh,~ or the triflate anion (CF5S0; ") do not give active catalysts since they bind to metals far
too strongly. Perfluoroarylborates, on the other hand, give extremely active catalysts. Activa-
tion can be achieved using a neutral Lewis acid like B(C¢Fs); or CPhy* (trityl) or HNMe,Ph”
salts of [B(C4Fs),]™ or related tetraarylborate anions. The process has been studied in detail
using metal methyl complexes:
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These processes are spectroscopically observable. It is evident that high-energy 14 VE cat-
ionic species are not detected but are stabilized in a number of ways:

(i) by reacting with a neutral Cp,MMe, molecule to give homo-binuclear outer-sphere
ion pairs (OSIPs) of structures Al and A2;

(ii) by forming inner-sphere ion pairs (ISIPs) of type B with the more coordinating
[MeB(C¢Fs);]™ anion;

(iii) by forming aniline adducts C if aniline is the by-product;

(iv) by forming an ion pair D;

(v) by adduct formation with AlMes, to give a heterobinuclear ion pair E.

Importantly, in the presence of alkene monomer these various associated ion pairs are in
equilibrium with the propagating species:

/R N
® _R
~ " ————\ J— L.M x@ — polymerization
LM o AN -

X R /\R‘

M, /Me ® - AlMe, /Me ® o
S Al + \ —_— LM X —> polymerization

LM ~N N , +AlMe, AN

Me Me R /\R'

Starting with Group 4 metal dihalides L,MCl,, very high alkene polymerization activities
can also be obtained using an AlBu'; / CPh;*[B(C4Fs),]” mixture as activator.

Distributing the negative charge of an anion over as large a volume as possible reduces
the ability of this anion to coordinate to the catalytically active site, and the polymerization
activity increases as a consequence. One method for increasing the size of the anion is to
bridge two borate centres (e.g. with CN or NH,). Accordingly, the activity of a given catalyst
ion pair [L,M~R]"X™ increases in the series:

O [T (o] @ 6]

Tl [TE R [

Catalyst activation with MAQ. Methylaluminoxane (MAO) acts both as an alkylating agent
and as the source of the counter-anion. MAO is a mixture of oligomeric species [MeAlO],,
together with associated and free AlMes; the average composition is typically [Me; 4; sA104 g0_
o-751n- Recent studies suggest that MAO consists of species with an average molecular weight
of around 1800 g mol™* and about 30 Al atoms, (MeAIO),,(AlMe;),,, with 1 ~ 23 and m = 7 for
the primary component. Because MAO is a poorly-defined mixture of different species, and
because only a small fraction of these oligomeric species are capable of activating a catalyst,
high Al/metal ratios have to be applied for high activity, typically 1000-3000:1.
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The alkylation of metallocene dichloride pre-catalysts with MAO proceeds stepwise,
via chloro-bridged cationic complexes which are alkylated much faster than neutral com-
plexes. At sufficiently high Al/M ratios the onset of polymerization activity corresponds to
the formation of both a heterobinuclear AlMe; adduct and of another, poorly character-
ized ion pair, [Cp,MMe"---Me-MAO™]. It is also plausible that MAO acts as a source for
the highly reactive and Lewis acidic AIMe," cation, which in turn can abstract a chloride
or a methyl ligand from the metallocene to generate a catalytically active cationic metal-
locene species.

MAO @ M @
Cl e
Cp,Tict, V%% % o |2 %
Al/Ti=10 \Ti —Cl—Ti Me-MAO + \Ti —C—Ti Me-MAO

% \Me W % \Me
® ©]
Amzsoo | P " N o, [& e, e

Ti—Me—Ti Me-MAO  + e Me-ma8’

N 70
\ y % Me Me
%\ Me

stepwise methylation
all observable species are dormant states

©
@ 5
. P me  me o _me—a
AY/Ti = 90-100 \Ti" N Me-MAS  + \Ti e .
% \Me/ \Me ~ poorly defined tight ion pair

- v
N

main species at higher Al/Ti ratios

3.7.2.2 Alkene Polymerization Reactions

General polymerization cycle. Alkene polymerization proceeds by intramolecular nucleo-
philic attack of the growing polymeryl chain on the coordinated monomer. The process
is a 1,2-insertion step, as shown in the following diagram for propene. With metallocene
catalysts, which are typically non-living, there are several resting states, such as agostically
stabilized ion pairs as well as products of 2,1-misinsertion, which give branched alkyls and
are slow to react with further monomer for steric reasons. These resting states mean that in
most polymerization catalysts only 10-20% of the total metal species are actively engaged
in chain growth at any one time. Dormant and active species are in equilibrium, so that all
metal centres can carry a polymeryl chain.
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Alkene polymerizations follow the rate law:
—-d[M]/dt =k [C][M]

where M = monomer, C = catalyst, and k, = propagation rate constant. Higher-order de-
pendence on [M] is sometimes found; this is indicative of unrecognized equilibria such as
incomplete initiation. The degree of polymerization is given by the ratio of the rate constants
for propagation and chain termination, k,/k. In many instances these rates are strongly
dependent on steric factors.

Propene polymerizations with high activity metallocene catalysts can produce in excess of
10% g PP molcyqarysry” - ™" bar™, with about 10*-10° monomer insertions per second which,
in the case of propene, proceed with high regio- and stereoselectivity.

Chain transfer. Chain transfer proceeds at a slower rate k,, which is typically 2-3 orders
of magnitude smaller than the rate of propagation. In 1-alkene polymerizations chain
transfer has three primary pathways: p-H transfer to the metal, -H transfer to monomer
(the energetically preferred pathway in most cases), and, if AIR; is present, chain transfer
to aluminium. The first two pathways generate terminally unsaturated polymers, while
transfer to Al gives, after hydrolytic workup, a completely saturated polymer. This latter
pathway is common in MAO-activated polymerizations. It has been found that both the
catalyst activity and the polymer molecular weight are controlled by the AlMe; concen-
tration in these systems.
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‘Chain walking. Suppression of k, by sterically highly hindered N-aryl substituents is the
key to success with nickel diazadiene catalysts: enclosing the active site with bulky Pr' sub-
stituents reduces the rate of chain transfer. Here, f-H elimination becomes competitive with
monomer insertion, so that chain growth is frequently interrupted by elimination/re-inser-
tion reactions, which allow the metal to ‘chain-walk’ and initiate numerous side branches.
The resulting polymer therefore resembles radical-generated LDPE.
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N DA
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Cyclopolymerization. Non-conjugated dienes undergo insertion in 1,2-fashion. The in-
sertion of the second C=C bond tends to be faster than insertion of a new monomer, so that
acycle is formed, as in the case of 1,5-hexadiene. Since each 5-ring has potentially two chiral
C atoms and rings can be mutually cis and trans as well as isotactic and syndiotactic, with
suitable ligands many different stereoisomers can be produced.
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Styrene polymerization. Unlike most other alkene insertions, the polymerization of sty-
rene catalysed by Ti mono-Cp complexes involves chain propagation by 2,1-insertion, since
the a-phenyl substituent helps to delocalize the negative charge on the metal-bound C atom,
and there is some n-interaction with the metal. This polymerization produces syndiotactic

polystyrene (s-PS).

3.7.2.3 Stereoselective Polymerization

1-Alkenes like propene are prochiral. If in successive polymerization steps the alkene co-
ordinates to the metal centre always through the same nt-face, an isotactic polymer results.

H,C
I 2%,Me ’ H\@;’CHZ\‘ e
P S RO A S
| o R

'Me down'; same
n-face addition

isotactic PP
Me

Conversely, if every second monomer binds via the opposite n-face to the first, a syndio-
tactic polymer is formed:

H,C Me
CH,
“~&

.y

| )
Swl H— M ¢ \]/ e
<o GV A

syndiotactic PP
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These situations can be realized by appropriate tailoring of the ligand symmetry of coor-
dination catalysts: ligands that impose C, symmetry will lead to isotactic polymers, whereas
C, symmetry enforces syndiotactic stereochemistry. For example, connecting the two Cp
ligands in a metallocene with a bridging group prevents their rotation, so that C,- or G-
symmetric environments result. It is evident, particularly in the schematic view, that the
C,- symmetric ligand creates diagonally related less and more crowded quadrants in the
coordination sphere of the complex, whereas the C,- symmetric complex has a mirror plane
and less crowded quadrants on the ‘upper’ side of the ligand. This ligand geometry controls
the conformation of the growing polymer chain, and this conformation in turn determines
which n-face of a prochiral olefin will coordinate preferentially.

The synthesis of ansa-metallocenes of the type Z(1-Ind),MCl, can lead to two types of
products: the C,-symmetric complex shown in the following diagram, which exists as a ra-
cemic mixture of two enantiomers as indicated by the prefix rac, and its meso isomer. The
latter has much lower activity and is not stereoselective.

C,-symmetric ligand framework: Schematic front view Cs-symmetric ligand framework:

M =Ti,Zr,Hf circles indicate more open circtes indicate more open
-G quadrants of the ligand sphere quadrants of the ligand sphere
Z = SiMe,, CMe,, CH,CH,, etc.

In the C,- symmetric ansa-metallocene, the methyl substituents of propene, for example,
will be directed into one less hindered quadrant, while the growing polymer chain occupies
the other. Since the chain growth involves migration of the polymeryl chain to the coordi-
nated ligand, that site becomes vacant and ready to bind the next monomer, again with the
Me group pointing into the less hindered quadrant. Isotactic polypropylene is generated.
The polymerizations are conducted in hydrocarbon solvents where these compounds exist
as tight ion pairs; the counter-anion must therefore be in the immediate vicinity but does not
influence the stereocontrol process.

favoured

disfavoured
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An analogous sequence can be formulated for the C;- symmetric Cp-fluorenyl catalyst.
Here the polymeryl chain always occupies the empty quadrants. The methyl substituent of
propene fits neatly into the groove of the fluorenyl ligand moiety, so that stereocontrol is
ensured.

s-PP

disfavoured

Ligand development allows control of stereoregularity, of 2,1-misinsertion and of chain
termination; e.g. an alkyl substituent in 2-position on the Cs ring of an indenyl ligand greatly
increases the molecular weight, and bulky substituents in 4-position increase chain length
and tacticity (Table 3.7.2.3). These modifications turn an interesting laboratory observation
into a commercially viable product.

Table 3.7.2.3 Structure~property relationships in iso-specific propene polymerization catalysts

Complex 2-R 4R Mw PPmp mmmm%
H H 36,000 138 °C 81.7%
Me Ph 729,000 157 °C 95.2%
Me 1-naphthyl 875,000 161 °C 99.1%
Et Ph 930,000 162 °C 299%

Similar developments have led to highly syndiospecific catalysts. Syndiotac-
tic polypropylene (s-PP) is desirable because of its excellent optical transparency
(due to small, uniform crystallites), its resistance to y-radiation and very high impact
resistance.
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Yet other ligand structures provide for two very different coordination sites to be involved
in propagation, such as one stereoselective and one non-stereoselective site. This is realized
by C,-symmetric catalysts. Swinging of the polymeryl chain from one to the other without
monomer incorporation allows for the construction of atactic and tactic blocks, provided
this chain swinging is fast compared to the rate of monomer insertion. Although such cata-
lysts seem to give a polymer full of stereo-defects, these polymers can in fact be the most
interesting, since they give rubber-like elasticity that is atypical of polypropylene. The Hf
complex shown here is an example of a C;-symmetric metallocene that gives high molecular
weight elastomeric PP:

site epimerization
equilibrium

aspecific

site
.

Me, MeiMeA Me, Me, Me, Me, Me, MeMen

i

PP with block structure

Box 3.7.2.3 Chain-shuttling polymerization

Usually, transfer of a growing polymeryl chain from the catalytic site to-a Main Group metal
is slow and undesirable. However, this process can also been utilized to construct polymer
architectures that cannot be made otherwise, by shuttling the polymer chain between two
different catalysts with very different polymerization characteristics.
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The Hf pyridine complex A gives soft ethylene/1-octene copolymers, whereas the
Zr iminophenolate B gives hard; highly crystalline linear polyethylene without octene
incorporation. Adding ZnEt, as chain shuttling agent allows the polymer chains to be
exchanged between the two catalysts at a sufficiently slow rate to obtain a polymer with
hard-soft-hard block structure. This material has properties that cannot be obtained by the
mechanical mixing of hard and soft polymers. In the polymer, the hard and soft domains
phase-segregate. If these domains are large enough to be commensurate with the wavelength
of light, they refract light like the wing scales of some butterflies and give red or green
polyethylene (‘photonic polyethylene’).

SZ 9 R

R

ML/

E:> soft Neaiinl |:> ha{d
polymer 7 (f) z_i_g polymer

A, good octene incorporation B, forms non-branched
PE blocks

ErZns hard block

monomers:
CAT1 ‘—&j‘ CATI {Rard Block] | v CATE @ RardBlock] . ~——w chain shuttling etc.

CAT2 SRad bloik CAT2 T carz JRardblock @ i Chain stuttling

£t7n = hard block

 eri ety vt @ tiard block @ hard block @ hard block

3.7.3 Alkene Oligomerizations

The oligomerization of ethylene is a cheap route to a-olefins. These are valuable as co-mono-
mers (1-hexene, 1-octene) for the production of linear low-density polyethylene (LLDPE)
for stretchable films and packaging applications, for the production of plasticizers (C4-Cy)
or as precursors for surfactant alcohols (C;,~C,, range).

Catalysts can oligomerize ethylene by two mechanisms: (i) the selective trimerization (or
even tetramerization) via metallacycles, or (ii) oligomerization to give a statistical Schulz-
Flory distribution of 1-alkenes via an insertion mechanism. The reactions are highly de-
pendent on the choice of ligand.

Mono-Cp titanium complexes with pendant benzyl substituents trimerize ethylene to
1-hexene with good selectivity. Similarly, Cr complexes of P-N-P chelate ligands RN(PAr,),
show high activity and selectivity, whereas C-bridged diphosphines CH,(PAr,), have poor
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activity and are unselective. For both the Ti and Cr complexes the evidence supports a met-
allacycle mechanism, presumably involving MM species.

Catalysts:

Me
h MeQ
/\ OMe e

M — N\“+2 CrC13/( p/ \p / MAO

\/ oxidative 2
addition
insertion
/ M@ S|Me3
N nct / MAO
reductive M"+2 B-H elimination
elimination

M" R=H, 4-Me, 3,5-Me,

Iron complexes catalyse the polymerization or oligomerization of ethylene, depending
on steric factors: bulky N-aryl substituents like 2,6-Pr',C¢H; give high molecular weight PE,
whereas smaller aryls with only one ortho-substituent, such as 2-MeCgH,, allow faster chain
termination and give ethylene oligomers. The process follows an insertion (Cossée-Arl-
man) mechanism.

N/ l
MAQ, toluene I MAO, toluene
linear PE . N | /|N\ /\M;
pri Ar Fe’ Ar Ar=
{ r= high activity for
Ar= a a M ethene oligomerization
€ to a-olefins

The longest-established commercial ethylene oligomerization reaction is the Shell
Higher Olefin Process (SHOP), catalysed by nickel complexes with chelating phosphines.
A range of oligomers is produced by an insertion/B-H elimination sequence. The heavier
fraction (>C,g) is isomerized to internal alkenes, followed by olefin metathesis with short-
length alkenes over heterogeneous MoO;/AL,O; catalysts to produce more medium-
length a-olefins.

N'/ — W Catalysts:
I — Ni(COD), + Ph,P~CH,CO,H
N\ n 2 2 2€0,
b N
/
. ghz 1 E/g\i‘ Ph
¢ S
W / n L \N| /“\ /NI\
n Ni o d X P~ "0  PPh
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-
@ Key points

The polymerization of 1-alkenes is catalysed by Lewis acidic metal centres with no or very limited
capacity for back-bonding. Catalysts based on TiCl, activated with aluminium alkyls (Ziegler
catalysts) are used commercially for the production of high-density polyethylene (HDPE) and
isotactic polypropylene (i-PP). Phillips catalysts (Cr on silica) are also used industrially for linear
polyethylene.

Group 4 metallocene, half-sandwich, and N-O chelate complexes are highly active soluble
catalysts.

The activation process consists of the formation of a metal-alkyl bond and a vacant coordination
site. The polymerization follows an insertion (Cossée—Arlman) mechanism.

The copolymerization of ethylene with higher 1-alkenes gives linear low-density polyethylene
(LLDPE).

Cr, Fe, Co, and Ni complexes are also active. Nickel catalysts give branched polymers through a
‘chain walking’ process.

Ligand design controls activity, stereoselectivity, molecular weight, and co-monomer
incorporation.

Steric protection of the active site is important to achieve high molecular weights. Sterically less
hindered Ti and Ni complexes lead to ethylene oligomerization (SHOP process).

P
é Exercises

1. Show the likely mechanistic steps in the activation of rac-Me,Si(ind),ZrCl, with AlBu'; /
CPh;[B(C4Fs)4l.

2. Show the structure of meso-Me,Si(Ind),ZrCl, and explain why propene polymerization with this
complex is not stereoselective.

3. Which of the following ansa-metallocenes A-D is likely to show (a) the highest
stereoselectivity in propene polymerizations and (b) the highest polymer molecular weight?
State your reasons.

4. Show the Fischer projections for the following polypropylene pentad structures: mmmm, mrrm,
rrrr, mrmm. What mechanistic information can be obtained from the observation of mrrm and
mrmm pentads, and why are these not observed in the same polymer?

5. The polymerization of cyclopentene with a zirconocene catalyst was originally thought to
produce a polymer of type . However, it was subsequently discovered that in fact the polymer
has 1,3-connectivity (Il). Give the mechanism of the formation of this polymer.

O

6. With some metallocene catalysts some H, is added to control the molecular weight of
polyethylene. What type of polymer would result if PhSiH; was added instead of H,?




APPENDIX 1
Commonly Used Solvents
and Their Properties

Dielectric
Name Formula constant,&  Properties, uses
Acetone Me, (=0 20.7 Highly polar solvent, good

solvent for both lipophitic
\"/ and ionic compounds,

0 miscible with water in any
ratio. Attacked by bases and
acids, reacts rapidly with
many M-C bonds. Dried with
anhydrous K,CO3;
bp 56 °C, mp -95 °C.

Acetonitrile CH3;C=N 37.5 Highly polar, non-protic
solvent, misc. water, attacked
by bases. Coordinates to Lewis
acidic metal centres, often
forms isolable complexes.
Capable of inserting into M—C
bonds. Good solvent for ionic
and polar compounds;
bp 82 °C, mp 45 °C.

Acetic acid CH3COOH 6.20 Acid, pK, 4.76; bp 118 °C, mp
+16 °C.
Benzene CeHs 2.28 Non-polar, higher dissolving

power than alkanes, high

mp, so not for low-temp.
reactions. Long-term exposure
to vapours is accumulative
and may cause leukaemia;

bp 80 °C, mp +5.5 °C.

Chlorobenzene CeHsCl 5.69 More polar aromatic solvent,
higher boiling;
bp 131.7 °C, mp -45.2°C.

Chloroform CHCl5 4.81 Moderately polar non-

protic solvent, excellent for
dissolving non-polar and polar
substances, may produce
Clradicals under some
conditions, cancer suspect
solvent; component of some
cough mixtures, vapour may
cause drowsiness; bp 61.2 °C,
mp -63.5°C.
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Name

Formula

Dielectric
constant, €

Properties, uses

Cyclohexane

CeMia

2.02

Non-polar solvent, high mp;
bp 80.7 °C, mp +6.5 °C.

Cyclopentane

C5H10

1.97

Non-polar low boiling solvent,
bp 49 °C, mp —94 °C.

1,5-Cyclooctadiene,
CcoD

Commonly used as ligand or
reagent;
bp 150°C, mp ~69 °C.

Diethyl ether

Et,0

Moderately polar non-protic
solvent, coordinates to
Lewis acidic metal ions,
good solvent for polar
organometallic reagents,
can take up water and needs
drying with Na metal under
N, highly flammable;

bp 34.6 °C, mp -116.3 °C.

1,2-Dichlorobenzene
(o-dichlorobenzene)

CeHaCly

cl

o

10.12

High boiling, polar aromatic
solvent, used for liquid
chromatography, dissolves
polyethylene at high
temperatures; bp 180 °C,
mp -16.7 °C.

Dichloromethane
(methylene chloride)

CH,CL,

8.93

Polar non-protic solvent,
excellent for dissolving
non-polarand some ionic
compounds, also used
as paint stripper and dry
cleaning fluid; bp 40 °C,
mp -95.1 °C.

Diglyme

7.23

High boiling potentially
chelating ether, good for
coordination to alkaliions;
bp 162 °C, mp —-64 °C.

Dimethoxyethane

MeOC,H,OMe

AN

7.30

High boiling alternative

to Et,0, less prone to
polymerization than THF, can
form chelate complexes;

bp 85 °C, mp -58 °C.

Dimethylformamide,
DMF

Me,NCHO

0
/ H

Polar solvent, dissolves
jonic compounds, misc. with
water, may act as formylating
reagent;

bp 153 °C, mp-61°C.
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Name

Formula

Dielectric
constant, €

Properties, uses

Dimethy! sulfoxide,
DMSO

Me,SO

\\\‘7S =0

4.7

Moderately polar aprotic
solvent, miscible with water,
dissolves polar and non-polar
compounds, penetrates skin;
bp 189°C, mp +19°C.

1,4-Dioxane

oﬁ

o}

2.21

High boiling ether, forms
insoluble coordination
polymers with Mg halides,
miscible with water;

bp 101.1°C, mp +11.8 °C

Ethanol

CH5CH,0H

24.30

Polar protic solvent, less
polar than methanol or water,
dissolves ionic compounds;
bp 78.2°C, mp ~114.1 °C.

Ethyl acetate

CH,CO,Et

6.08

Polar non-protic solvent;
bp 77.1°C, mp-83.8°C.

Fluorobenzene

CeHsF

5.47

Polar, non-coordinating
aromatic solvent;
bp 84.7 °C, mp —-42.2°C.

n-Heptane

CrHyg

1.92

Non-polar saturated
hydrocarbon, used when
higher boiling than hexane
is needed; bp 98.5 °C,

mp -91°C.

n-Hexane

CeHus

1.89

Non-polar saturated
hydrocarbon, dissolves
substances with no or very
low dipole moment, good
for separation from salt
by-products; bp 68.7 °C,
mp ~94 °C.

Light petroleum

CoHane, =6

ca. 1.9

Saturated hydrocarbons,
mainly mixture of C6 isomers;
bp range 40-60 °C, non-
polar, non-protic, dissolves
compounds with no or only
small dipole moments, does
not dissolve salt by-products.

Isopropanol

Me,CHOH

e

OH

18.3

Polar protic solvent, less
polar than MeOH, misc.
water, used for base baths
for cleaning flasks and low
temperature mixtures;

bp 82.5°C, mp -89 °C

Methanol

CH,0H

32.63

Polar protic solvent, misc.
water, dissolves ionic
compounds, reacts with M—C
bonds; bp 65 °C, mp -98 °C.
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Name

Formula

Dielectric
constant, £

Properties, uses

Methylcyclohexane

Me

}

2.02

Non-polar solvent with very
wide liquid range, suitable for
low temperature reactions;
bp 101 °C, mp -126.3°C.

N-Methylpyrrolidone,
NMP

Me

Polar aprotic solvent,
miscible with water,
dissolves polar and non-polar
compounds; bp 202 °C,

mp —24°C.

n-Pentane

C5H12

1.84

Non-polar, low boiling
solvent, suitable for low
temperature reactions;
bp 36 °C, mp -130 °C.

Pyridine

CsHsN

13.26

Strongly coordinating
aromatic solvent, basic,
hygroscopic, miscible

with water, forms stable
complexes with metal ions;
bp 115 °C, mp —41.7 °C

Tetrahydrofuran (THF)

C4Hg0,

Polar non-protic solvent,
coordinates very well to Lewis
acidic metal centres and often
forms isolable complexes,
excellent solvent for ionic
compounds, miscible with
water in any ratio. Dry with Na
metal or Na/benzophenone
underN2; bp 66 °C,

mp -108.4 °C.

Toluene

CeHsCH;

Aromatic non-polar solvent,
with higher dissolving power
for non-polar substances
than alkanes;

bp 110.6 °C, mp ~94.9 °C.




APPENDIX 2
Number and Symmetry of Infrared-Active
Vibrations of Metal Carbonyl Complexes

Number of
IR bands Numberof IR
Complex Symmetry (mode) Complex Symmetry bands (mode)
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APPENDIX 3
Answers to Exercises

Chapter 1.1
1. Order according to increasing polarity of the M-C bonds: ZnMe,, LiMe, MgMe,, BMe;, SiMe,.
Use EN scale p. 6: BMe; < SiMe, < ZnMe, < MgMe, < LiMe.
2. Draw the structures of the compounds shown in question 1 and determine the electron counts of the metal centres.
Which of them achieve an electron octet?
BMe; trigonal-planar, 6 electrons in valence shell; SiMe, tetrahedral, 8 el.; ZnMe, linear, sp hybrid, d'%sp)*;
MgMe, 2e3c bonded polymer, 4 el; LiMe cube with triply-bridging Me, 2e4c bonding, 2 el. per Li. Only SiMe,
has an electron octet.
3. Why are CsHs™ (Cp™) and benzene said to be isoelectronic?
Both contain 6 -electrons (Hiickel 4n+2 rule).
Chapter 1.2
1. Show how lithium reagents can be made from lithium metal. Which solvent should be used? Give the chemical
equations.
R-X+2 Li— LiR + LiX. Li reagents are usually generated in hydrocarbons, except LiMe which is not soluble.
2. Does BuLi react with iodobenzene, and if so, how? Give the chemical equation and show the mechanism in detail.
BuLi undergoes alkyl-aryl exchange via an intermediate with 2e3c-type bridging aryl and alky! ligands.
Ph-I+BuLi — LiPh + Bul. Ligand exchange is possible because of vacant orbitals on Li*.
3. Butyllithium is a hexamer [RLijs in hexane but a dimer when tetramethylethylene diamine (Me,N-C,H,-
NMe,, TMEDA) is added. What is the structure of the product? Does the lithium ion achieve an octet electron
configuration?
TMEDA is capable of delivering two electron pairs to each Li*. Therefore the electron-deficient cluster structure
of (BuLi)g is broken down to give a butyl-bridged dimer with 1 TMEDA per Li. The last Bu™ anion is not
displaced because of strong electrostatic attraction to Li* cation. Each Li is tetrahedrally coordinated, 6 el.
4. Show how sodium hydride reacts with cyclopentadiene. Show structures and equations. Does the product contain
ionic or covalent metal-carbon bonds? Which solvent should be used, and why? Give your reasons.
NaH + CsHg — Na*CsH;™ + H,. Ionic product, stabilized by non-protic solvents that coordinate well to Na*, such
as THE
Chapter 1.3
1. Show how PhCH,Cl reacts to give a Grignard reagent. Which solvent should be used, and why?

R-Cl reacts with a magnesium atom on the surface of an Mg crystal. The process goes via a polar transition state
and is stabilized by polar ether solvents, as is the product. Benzyl chloride contains an activated C-Cl bond in
benzylic position which is particularly susceptible to nucleophilic attack, here by Mg:

PhCH,Cl+ Mg + 2 Et,0 — PhCH,MgCl(OEt,),

2. What are the oxidation states of Mg before and after formation of the Grignard reagent? What type of reaction is this?

3.

0 and +I1, so this is an oxidative addition.
Draw the mechanistic steps involved in the Schlenk equilibrium.

See p. 21-22.
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4. How can the Schlenk equilibrium be used for the preparation of magnesium dialkyls?
Adding 1,4-dioxane gives insoluble MgX,(dioxane), which precipitates and thereby removes itself from the
reaction equilibrium. The halide-free magnesium dialky! stays in solution and can be separated.

5. What type of bonding is present in [MgPh,],?
2e3c like Li and Al aryls. Infinite chain, each MgPh, link perpendicular to its neighbour.

6. Which structure would you expect for CpMgBr and why?

In Et,0, a dimer with 1°-bound Cp and bridging Br. With more strongly coordinating solvents the bridge may be
cleaved.

Chapter 1.4

1. Show synthetic routes to ZnMe;, and [ZnMe,]™ and give balanced chemical equations.
3 Zn(OAc), + AL,Meg — 3 ZnMe, + 2 Al{OAc),
ZnMe, + 2 LiMe ~> Li,[ZnMe,] (linear to tetrahedral).

2. Whyis ZnEt, 2 monomer but EtZnCl a polymer?

Fach alkyl ligand has a strong positive inductive (+I) effect and makes the metal centre more electron rich. This
pushes up the energy levels of acceptor orbitals and reduces Lewis acidity in Et,Zn. ‘The metal centre in EtZnCl
on the other hand is a much stronger Lewis acid, and each Zn will bind to three CI” anions to give a tetrahedral

coordination geometry.
3. Draw the mechanism and intermediates for the mercuration of benzene with mercury(ll) acetate.
See p. 34 for details.
4. What is the structure of Zn(CsMes),, and why does the 'H NMR spectrum at room temperature show only one
signal?
In the solid, one Cp* is pentahapto, one monohapto. Both ligands undergo rapid 1,2-metallotropic shifts, which
generates a time-averaged signal for 10 equivalent Me substituents.
5. Whatis a ‘Reformatsky reagent’?

Bromomethylcarboxylic esters oxidatively add to zinc metal to give zinc alkyls carrying a functional group, to
give a product known as the Reformatsky reagent. It adds to organic carbonyl compounds in the fashion of a
Grignard reagent.

6. How can mercury compounds be useful for the preparation of di-Grignard reagents?

Electron-rich arenes can be attacked twice by electrophilic mercury compounds such as Hg(O,CCFs)y, to give
dimercurated products. Transmetallation of these with MgBr; is a selective route to aromatic di-Grignard
reagents (cf. Section 1.4.3).

H~—R—H + HgX, — XHg—R-—HgX + 2HX

XHg —R—HgX + MgBr, —= BrMg-——R—MgBr + 2 HgXBr

7. What is ‘solvomercuration’? Give the reaction scheme and intermediates.

Electron-rich alkenes can react with electrophilic mercury salts HgX, in a reactive solvent HY to add HgX and Y
across the C=C double bond, via a cyclic cationic intermediate. This addition of both mercury and a nucleophile
Y to a double bond has become known as solvomercuration.

HgX

X
HgX* Hg nucleophile Y~
: (el | T oK

HY v
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Chapter 1.5

1

Discuss the structures of (a) ALMe, and (b) Al,Cl,Me,, and show which orbitals interact to form the bridges. What is
the electron configuration of Alin each case?
See details in Chapter 1.1, p. 5. 2e3c bonding in Al,Me, and octet configuration in [Me,AlCl],, with each Cl
contributing three electrons.

2. Show the mechanism and reaction product of the hydroboration of 1-hexene with 9-BBN.
9-BBN is a monoborane [R,BH],, see p. 40. Cleavage in ether into monomeric R,BH(OE,) is necessary for
reactivity. It adds to the C=C bond of 1-hexene in anti-Markovnikov sense, to give R,B-1-hexyl.

3. How does AlMe; react with B(C4F5)3, showing the structures of the intermediates and the end product.
Ligand exchange via 2e3c-intermediates. Since one component of the equilibrium, BMe;, is very volatile and easy
to remove, the equilibrium is shifted to the product AC4F5),.

4. Show all reaction steps of the reaction of GaMe; with AsHj, comment on the intermediates and the end product.
Stepwise thermal protolysis, eliminates methane:
GaMe; + AsH; — Me,GaAsH, + CH,
Me,GaAsH, —> MeGaAsH + CH,
MeGaAsH — GaAs+ CH,
The intermediates Me,GaAsH, and MeGaAsH oligomerize, which can give rise to side reactions in the gas phase.
The reaction kinetics must be controlled for the reaction to happen on the target surface.

5. ‘What is meant by the ‘Aufbau’ reaction and how does it work?
Successive insertion of ethylene into Al-H and Al-C bonds, to give Al with long alkyl chains, AH(C,H,),H}s
where n = about 4~10. First step in the synthesis of surfactant alcohols. Initial reaction step is the formation of an
ethylene adduct of AlH,, followed by H-transfer (‘ethylene insertion’).

6. Why does Ph(Cl)B-NMe, show two methyl signals in the "H NMR spectrum at room temperature?
"The B-N bond shows strong double bond character due to r-donation of electron pair on N into vacant p-orbital
on B, see p. 42.

Chapter 1.6

1. Show two routes for the synthesis of Me;SiCL
Rochow process: Si + 3 MeCl, oxidative addition, gives product mixture that needs to be separated
Also cleavage of Si,Meg by halogens.
The alkylation with Grignard reagents is not successful since it does not proceed cleanly and separation from
ether is difficult.

2. The "H NMR spectrum of Me;SiCp at —10 °C shows four signals in the ratio 1:2:2:9. On warming to 130 °C the

spectrum is simplified and shows only two signals in the ratio 5:9. Explain this observation.

At low temperature 1,2-metallotropic shift of SiMe, to all Cp carbons is slow on the NMR time scale but fast on
heating.

3. Ph;SnBr reacts with sodium metal in a 1:1 molar ratio to give A. Product A reacts with two further equivalents of Na

to give B. Show the chemical equations and products.

2 Ph3SnBr + 2 Na —> Ph;Sn~SnPh; (A) + 2 NaBr
Ph;Sn-SnPh; + 2 Na — 2 Na*SnPh;™ (B) pyramidal, Sn(Il).

4. Al,Me, reacts readily with water and oxygen but SiMe, and SnMe, do not. Explain this observation.
Lack of low-lying vacant orbitals on Siand Sn, and low polarity of the Si~C and Sn-C bonds, even though the
Sn-C bond is much weaker than the Al1-C bond. The lack of a low energy reaction pathway means the Group 14
compounds are kinetically stabilized against oxidation and hydrolysis.

5. Show why and how stannylenes R,Sn can act as both Lewis acid and Lewis base.

R,Sn has a lone pair but only an electron sextet. It also has a vacant orbital which can bind 2-el. donors.
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6. What is a polysiloxane? What are its structure and properties, and what are its applications?

Hydrolysis product of Me,SiCl,, [-Me,Si-O-] polymers, flexible, elastomers with low conformation barriers.
Thermally very stable, low flashpoint, chemically inert. Depending on molecular weight and degree of cross-
linking, used as silicone oils, rubbers, sealants, gaskets, medical implants.

7. Anindustrial method for the synthesis of PbEt, is the alkylation of PbCl, with LiAlEt,. Only three of the four Et
ligands of the aluminate are exchanged, and one of the products is LIAIEtCl;. Give the balanced equation for this

process.

Since Pb(II) is the starting material, the Pb(IV) product must arise by disproportionation of Pb(II) into Pb(IV)
and Pb(0). Since each PbCl, requires two ethyl ligands but each Al delivers three, PbCl, reacts with LiAlEt, ina
3:2 molar ratio. The rest is an exercise in balancing equations:

6 PbCl, + 4 LiAlEt, ~> 3 PbEty + 3 Pb + 4 LiAIEtCl,.

Chapter 2.3
1. Give examples of (i) a metallocene complex, (ii) a half-sandwich complex; (iii) an arene complex.
(i) Metallocene complexes contain two n°-bonded Cp ligands, Cp,M or Cp,MLy, as in Cp,Fe, Cp,TiCl, or
Cp,TI(CO),.
(i) half-sandwich complexes contain one Cp or one n°-arene ligand, as in CpTiCls, CpMn(CO)s, or (benzene)
Cr(CO)s.
(iii) examples are (n°-CgHe),Cr, (n°-arene)Cr(CO)s, [(n®-arene)FeCp]*.
2. Assign the number of electrons donated to metal centres by the following ligands: (i) hydride; (ii) bridging chloride;
(iii) CO; (iv) a phosphine PRg; (v) ethylene; (vi) 1,3-butadiene; (vii) cycloheptatriene; (viii) cyclopentadienyl.
@) 1, (i) 3, (iii) 2, (iv) 2, (v) 2, (vi) 4, (vii) 7, (viii) 5.
3. What is the electron count of the metal centre in the following complexes: (i) Cp,Co; (ii) [Cp,Col*; (iii) Cp,Ni; (iv)
CpMn(CO)3; (v) Fe(CO)(1,3-butadiene),; (vi) Co(NO}CO);; (vii) CpNi(n>-allyl); (viii) Ni(C,H,),(PPhs).
(1) 19, (ii) 18, (iii) 20, (iv) 18, (v) 18, (vi) 18, (vii) 18, (viii) 16.

4. What are the formal metal oxidation states in the complexes in question 37

(i) 11, (i) ITL, (iid) I0, (iv) 1, (v) O, (vi) 0, {vii) I, (viii) 0.

Chapter 2.4
1. Order in sequence of increasing n-acceptor strength: NO*, P(OMe)s, N=CR, PBu's, PCls, PPh;, CO, NH;.
NH; < N=CR < PBu'; < PPh;, < P(OMe); < PCl; < CO < NO*.
2. Why are Tolman cone angles calculated using Ni-PR; complexes and not just for the free phosphines PRy?
The C~P-C angles vary little between different phosphines and do not take into account how bulky substituents,
such as those in ortho position, shield the metal centre.
3. Why can both alkynes and imido ligands be said to act as 4-electron donors? Describe the structural indicators that
justify this description.
Alkynes form many complexes where a 16 or 18 electron count can only be achieved assuming a 4-electron

contribution from the alkyne. This leads to a reduction of the R~C-C angle to values as low as 140° and an
elongation of the C-C bond, as well as characteristic shifts in the 13C NMR signals.

Imido ligands NR have 4 electrons on N available, including a lone pair which can act as n-donor towards a metal-
based acceptor orbital, The result is a shortening of the M—N distance and a linear M-N-R arrangement. For the
same reason, metal alkoxides and aryloxides of electron-deficient metal centres are typically close to linear.

4. Explain whly the stretching frequency of CO coordinated to strongly electrophilic metal cations is often higher than
that of free CO.

The C-centred lone pair in CO is weakly C-O antibonding. Binding to an electrophile (in the simplest case to HY
removes this antibonding interaction. Metal cations without other donor ligands are very strong electrophiles
and form complexes where the CO ligands act purely as o-donors. Any occupied d-orbitals are energetically too
low to be available for effective back-bonding.
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Sections 2.5.1-2.5.2
1. Account for the absence of a Co-Co bond in solid Co,(CO), = [(OC);Co(u-CO)],. Does this compound obey the
30/34 VE rule?

One can envisage Co,(CO); to consist of two (OC);Co moieties that form ketone-like 6-bonds to a bridging CO,
giving an electron count of 16 per Co. The lone pair of the second bridging CO can then form an 2-el-3-centre
bond. Alternatively, each Co(CO); fragment can be considered as a 34 VE binuclear cluster where the two CO
ligands form a delocalized 4-electron bridging unit.

o] 0
ﬁ o L! ICI
TN PPN
00,007 co(co, = (00)4Co Co(C0), (00,007, ColCO)
N A ¢
C

It o
6+d°+4+d+6=34

2. Describe the bonding in [CpFe(CO)],(n-CO)(u-CH,).
Here, too, CO acts as a delocalized bridge:

o

|

oc\F /,C%F e
e €

Cp/ A \co

74+ d® + 242 +d% 47 = 34

Cp

3. Discuss the electron count and bonding in (Cp*Re),(-CO)s.
The structure is shown in Section 2.5.3.2. The complex belongs to the 30 VE triple-decker class with delocalized

Re,(11-CO); core.
AL
'@g Rei/Re -
(o]

5+d7 +6 +d”+5=30

4. How many electrons are contributed to cluster bonding by the following fragments: Fe(CO);, Mn(CO)s, u-CO,
p-CH,BR, u-CgHg, u-CR, p-CH,.

Fe(CO);: 8+ 6~ 12 =2; Mn(CO)3: 1; p-CO: 25 u-CgH,BR: 4; p-CgHg: 6; p-CR: 3; u-CH: 2.

Sections 2.5.3-2.5.8

1. Metal carbonyl alkyls R-M(CO)y insert CO to give the corresponding acyl complexes. By contrast, treating metal
carbonyl hydrides HM(CO), with CO fails to give the formyl complex, (CO),M~CHO. Rationalize this observation.
M-H bonds are stronger than M-C bonds. The formation of M—~CHO is endothermic, while CO insertion into
metal-alkyl bonds is exothermic: the M—C bond to an electron-withdrawing acyl ligand is stronger than the
M-Cbond in an electron donating metal alkyl. However, metal formyl complexes can be made by intermolecular
hydride attack on a coordinated CO ligand.
2. Irradiating CIRe(CO)s under an atmosphere of *CO gives a '*C-containing product. Show the stereochemistry of
this reaction.
CO dissociation takes place cis to the Cl ligand, so that *CO is incorporated in cis and not trans position.
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Identify the products and write the chemical equations for the following reactions of Mn,(CO)yg:
(i) treatment with an excess of pyridine to give product A;

(ii) reaction with 1 Br, to give B;

(iii) reaction with sodium amalgam to give C.

(iv) Treatment of product C with Mel gives D and an inorganic salt. Exposure of D to CO gives product E which
shows C-O stretching modes in the IR spectrum at 2115, 2011, 2003 and 1664 cm™. Identify products A-E and
draw the reaction pathways.

These reactions exemplify (a) disproportionation of Mn(0) into Mn(II) and Mn(-D), driven by effective
complexation of Mn?* by pyridine, the cleavage of a metal-metal bond with electrophiles (Br,) as well as electrons
(supplied by Na), followed by oxidative addition to a metal centre with formal oxidation state —1.

i {Mn(py)<]>*IMn(CO)s], A disproportionation
excess pyndV

Br
(00 sMn—Mn(0Q)s 2 2 Br—Mn(C0); B oxidation of Mn—Mn bond by Br,

2 Na 2 Na[Mn(CO)s] ¢

Mel 1 oxidative addition of Me! to give metal methyl complex

H;C—Mn(CO)s D ——— Hac\n/Mn(CO)s E COinsertionto

+Nal o metal acyl product.

PtCL{CO),, a carbonyl of a third row M metal, shows vgo = 2175 cm™. Cp,W(CO),, another third row Ml
carbonyl, shows veo = 1872 and 1955 cm™!. What do these differences indicate in terms of M-CO bonding?

The Pt(11) halides are electron-poor, i.e. do not have diffuse high-lying d-orbitals for back-bonding. The Pt(II)
CO complex falls into the category of non-classical CO bonding.
Cp,W(CO), is only apparently a 20 VE compound—it is in fact fluxional with one 1’- and one n*-bonded Cp.
Since W is an early transition metal with high-lying d-orbitals and the complex is electron rich, back-bonding to
CO is extensive, lowering the C-O stretching frequency.
Why is the rate of CO substitution of Co,(CO)g much faster than that of Ni(CO),, even though the latter has fewer
ligands?
Co,(CO)g can dissociate into the 17 VE radical Co(CO),. Substitution reactions in odd-electron complexes are

much faster than in even-electron complexes. NiCO),, although only 4-coordinate, is an 18 VE species; ligand
substitution must involve CO dissociation and therefore has a higher barrier.

What is the water-gas shift reaction and how is it catalysed?

The WGS reaction generates H, from CO and water: CO + H,0O — CO, + Hy. It is an equilibrium but the forward
reaction is thermodynamically favourable. It is catalysed by many metals, most prominently Fe and Ru, by
nucleophilic attack by OH™ on coordinated CO to give surface-bound M-COOH species. These decompose to
M-H and CO,. The M-H species reacts with H" to generate H,.

Chapter 2.6

1.

Explain why the addition of catalytic amounts of SnCl, facilitates the synthesis of Zeises salt K[PtCl;(C,H )] from
K,[PtCly} and ethylene.
This is an application of the #rans effect. SnCl, inserts into the Pt-Cl bond forming Pt-SnCl; which labilizes the
Pt-Cl bond in trans position to facilitate its substitution by C,H,. The SnCl, insertion is reversible.
Order the fé)llowing compounds according to increasing rotational barriers of the alkene or alkyne ligands:
(i) (PhsP),Ni(C,H,), (i) Fe(C,H)(CO)y, (ifi) [PLCl(CH T, (iv) CpoZr(CyH ) (PMes, (v) Ni(1,5-COD)y, (vi)
(Ph4P),Ni(C,Ph,). Provide reasons for this ordering.
"The barrier of rotation is a measure of back-bonding which increases from right to left of the Periodic Table

with decreasing oxidation state, strength of donor ligands, n-acceptor capacity of alkene/alkyne ligands:
[PtCL(C,H,)]™ < Ni(1,5-COD), < (PhsP),Ni(C,Hy), < (Ph;P),Ni(C,Ph,) < Fe(CH(CO),, CpoZr(CoH,y)(PMes).
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3. Show the reaction sequence and intermediates in the transformation

=
(— Fe(CO)y  ——> ? /——\\——<
X 0

Acylation of (butadiene)Fe(CO); with MeC(O)Cl/ AICl;, followed by oxidative removal of the Fe(CO),

fragment.
\D/Cl
= 5 /f\\/ base /__\_<
—Fe(C0); ——> \® { I /I 3
N AlCl3 Fe_——O AlCl,, Fe(CO), 4]
(CO)3

4. Discuss the bonding in Pt(C,Ph,),. Which electron count best describes the complex, and why is it not planar?

Pt(0), d'°, can assume a trigonal-planar 16 VE geometry with three 2-el. donor ligands, or a tetrahedral 18 VE
structure. Alkynes are able to act as 4-el. donors, so that a tetrahedral structure is favoured, which minimizes
steric repulsion.
5. Draw the reaction steps and intermediates in the Co(I) catalysed formation of pyridines from internal alkynes and
nitriles.

The reaction is catalysed by CpCo(C,Hy), and proceeds by C-C coupling of alkynes and nitrile via metallacycles:

R
R
\ R R ?
R - R R R
/ R == R'CN =
CpCo —=  (pCo > CpCo — P
\ R oxidative = reductive o N R
/ addition R N =, elimination
/ R R
R
Chapter 2.7

1. What is the product of the reaction of [(n*-C;Hg)PdCl,], with a base?
Base deprotonates the propene ligand to eliminate HCl and form [(n>-allyl)Pd(u-Cl)},.

2. Nickel(0) complexes catalyse the dimerization of 1,3-butadiene to 4-vinylcyclohexene (VCH), which can be oxidized
to produce styrene. Draw all intermediates of VCH formation and describe each reaction step.

The reaction sequence is shown in Box 2.7.1. VCH formation is favoured by the presence of L = phosphite. The
dimerization of butadiene coordinated to Ni(0) amounts to an oxidative addition to give an n',n -bis(allyl)
complex. The reductive elimination step to VCH is facilitated by coordination of L.

3. Draw the reaction steps and intermediates in the following transformation, mediated by PdCl, in the presence of a

nucleophile HNu:
—————
= ==
0 0
Nu

PdCl, coordination to the C=C bond is followed by loss of HCl and formation of an (*-allyl)Pd intermediate.
This is attacked by Nu™ in 3-position to give the product, Pd(0) and CI".
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Section 2.8.1

1. Calculate the oxidation state, valence electron count and magnetism of Cp,V, Cp*,TiH, Cp,Z1(CO),, Cp,NbCl,,
[CpaWH]", (CsHMe),Mn, Cp,Ru, [Cp,Ni]*, Cp;Co. Which of these obey the 18-electron rule?

Cp,V: V(II), 15 VE, high-spin &3, paramagnetic; (CsH Me),Mn: Mn(I1), 17 VE, d°, paramagnetic;
Cp*,TiH: Ti(1Il), 15 VE, d', paramagnetic; Cp,Ru: Ru(1l), 18 VE, diamagnetic;
Cp,Zr(CO)y: Zx(11), 18 VE, d, diamagnetic; Cp,Co: Co(Il), 19 VE, &, paramagnetic.
Cp,NbCl,: Nb(IV), 17 VE, d!, paramagnetic; [Cp,Ni]*: Ni(1II), 19 VE, &7, paramagnetic;

[Cp,WHS]*: W(V1), 18 VE, d° diamagnetic

2. Describe the reaction of Cp,TiCl, with AlMe; and explain the formation of the Tebbe reagent, Cp,Ti(u-CH,)(u-Ch
AlMe,. How does this reagent react with ketones R,C=0?

The reaction proceeds first with mono-alkylation, followed by C-H activation.

HZ
AiMe; _Me AlMe, C

Cp,Ticl, ———=  Cp,Ti —— p,Ti SAlMe,
- MeAlCt & e, a

3. Give chemical equations for the following reactions, show the structures of the products and explain these reasons for
this reactivity:
(i) Cp,TiCl, + 2 CpMgBr; (ii) Cp*,ZrH, HCE; (iii) Cp,WH, + HBF,(OFEL,); (iv) (CsH,SiMe;),ZrH, + CPhy™s (v)
Cp,HfCl, + 2 LiEt; (vi) Cp,ZrCl, + 2 EtMgBr + 1-hexene; (vii) [CpyZrMe(THF)]" + 1) H, and 2) 1-hexene.

Cp,TiCl, + 2 CpMgBr ———  CP2TI

Cp*,ZrH, + HCl > Cp*,ZrHCl+H, protonation of hydridic Zr-H releases H,

+2 MgBrCl alkylation

Cp,WH, + HBF,(OEty) ———— [Cp,WH;]*BF,~ Wis d? and acts as base. Electron pair is protonated.

(C5H4SiMe;);ZrH, + CPhy*  ———> [{(CsH,SiMes),Zr},Hs]" + HCPhy  Example of H™ abstraction by CPhs™*.
The cationic hydride adds neutral Cp',ZrH, to give dinuclear
hydride-bridged cation.

Cp,HFCl, + 2 LIEt ——= Cp,HfEL, + 2 LiCL alkylation. Hf alkyls are relatively stable against
B-H elimination and can be isolated.

Cp,ZrCl, + 2 EtMgBr + T-hexene ———= Cp,Zr—|| Lhexene Cpﬂr(l route to alkyl
-2 MgBrCl "} C,Hg reduction gy magnesation
l EtMgBr
BrMg product of 1-hexene
CpZZr—” + carbomagnesation
Bu
H 1-hexene ® . .
[Cp,ZrMe(THR}* —2—= [Cp,ZrH(THR* szzr-./_)/\/ alkene insertion,
= CH, hexene o may be stabilized
¥ hydrogenolysis insértion by 3-agostic
interaction

4. Explain the fluxional processes observed in the product of reaction 3(i).

See Section 2.8.1.
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5. What is an ansa-metallocene and what are the characteristics and applications of this type of compound?

Ansa-metallocenes are metallocene compounds where the two Cp ligands are connected by a linker. This
prevents rotation and changes the tilt angle of the Cp ligands, which in turn influences the frontier orbital energy
levels. Ansa-metallocenes are widely applied as polymerization catalysts for 1-alkenes.

Section 2.8.2
1. Give synthetic routes and equations for the synthesis of mono-Cp complexes starting from (i) TiCly; (ii) Mo(CO)g;
(iii) Fe(CO)s; (iv) [RhCH(C,H )15

() TiCi, + CpSiMe; — ™ (pTiCl; + Me;SiCl Silyl-Cp as Cp~ equivalent
(i) Mo(CO)4 + NaCp > Na*[CpMo(CO);]” + 3 CO CO substitution by Cp~ anion

(i) Fe(CO); + CpH > [CpFe(CO)(u-CO)], + Hy CO substitution by Cp; formation
5
of CO-bridged dimer.
For structure, see Section 2.5.2.

(iv) RhCI(C,H,),1; + NaCp ——> CpRh(C,H,),], + NaCl halide metathesis

2. Devise synthetic routes to and discuss the structure and bonding of (i) [CpNi(CO)]; (ii) CpNi(NO); (iii)
[CpNi(PPhy)]; (iv) [CpNi(PPhy),IBE; (v) [CpNi(PELs)],.

(i) Ni(CO), + Cp,Ni ——  [CpNi(n-CO)], +2CO Comproportionation of Ni(ll) + Ni(0) to 34
VE binuclear Ni{l) compound.

For discussion of the structure, see Section 2.5.2.

(i) Cp,Ni + NO —  (pNi(NO) +0.5(Cp), Ni nitrosyl compound, NO as 3-el.
donor, 18 VE "pogo stick™ structure

Ph,
P
@ii©) [CpNi(u-CO)l, + Ph,P~PPh, oo CeNi < >NiCp oxidative addition of P,Ph,;
- P 18 VE complex
Ph,

2 AgBF,, 2 PPh; .
(iv) Cp,Ni + NiCl(PPhs), —> 2 CpNiCl(PPhy) ~—————————— 2 [CpNi(PPh;),]+BF,
2 2 3/2 3.

-2 AgCl cationic 18 VE compiex
Cp PEt3
icl \N' N'/ Reduction of Ni(H) chloride with Na
(v} 2 CpNICI(PELy) + 2 Na > ! \ There are 2 structural possibilities: a Ni())
Et;P Cp dimer with unbridged

Ni—Ni bond, or formation of Cp bridges.
In this case a compound with unsupported
Ni—Ni bond is formed.

3. Explain why the substitution of ethylene ligands by CO in (n*-indenyl)Rh(C,H,), is orders of magnitudes faster than
in (1°-CsHg)Rh(C,H,y),.

This is an example of the kinetic effect of n°n’ indenyl slippage: the 16 VE intermediate is accessible only for
indenyl.
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Chapter 2.9
1. Draw the structures and determine the oxidation states and electron count for (i) [Cr(CgHg),J"; (i) Cr{CsHsMes),;
(iii) Cry(CgH3Mes)y; (iv) (C,H7)Mo(CO),Br; (v) U(CgHg),.
The structures are given in the main text. (i) [Cr(CgHyg),]*: Cr(I), 17 VE. (ii) Cr(CsH;Mej),: Cr(0), 18 VE. (iii)
Cr,(CeH3Mes)s: Cr(0), 15 VE per Cr, avoiding double-counting of bridging arene. In total 2 30 VE binuclear
structure. (iv) (C,H,)Mo(CO),Br: could be Mo(0) assuming C;H;", or Mo(IV) assuming C;H,*, in either case
18 VE. (v) U(CgHg),: Us?d'f +2x8 =22 VE.
2. Using (arene)Cr(CO), synthesis strategies, devise a route for the synthesis of 2-benzylanisole, MeOCgH,-2-CH,Ph,
from chlorobenzene.

Li
Cr(CO) MeO™ Buli
@-cx—-———ﬁ—» /‘\ a — /‘\ OMe—-——"‘*/‘\ OMe
Cr(CO)s Cr(CO)5 Cr(CO),
Ph Ph
|
M / \ OMe L OMe
- LiBr —=
Cr(CO)5

3. Why is the COT ligand planar in CpTi(COT) but non-planar in CpCo(COT)?

CpTi(COT) contains Ti(III) bound to the aromatic COT? anion, giving an electron count of 16. In the Co
complex coordination to two of the 4 C=C bonds is required to achieve 18 VE, Co(I).

Chapter 2.11

1. Devise the most appropriate synthetic routes to
(i) Zr(CH,Ph) g (ii) TiBrs(CH,Ph); (iii) Cp,TiMeCl; (iv) (Me;P),CINi-C(O)Me.
(i) Zr(CH,Ph), is prepared by alkylation of ZrCl, with benzyl Grignard reagent: ZrCl, + 4 RMgCl > ZrR, +4
MgCl,. (i) Mixed-ligand alkyls like TiBr3(CH,Ph) are best prepared by comproportionation: TiRy + 3 TiBr, > 4
RTiBr;. (iii) Whereas LiMe gives complete alkylation, AlMe; is more selective: Cp,TiCl, + AlMe; > Cp,TiMeCl
+ Me,AlCL (iv) Oxidative addition of MeC(O)Cl to NiL, or treatment of NiMeCIL, with one equivalent of CO
gives (Me;P),CINi-C(O)Me.
2. Both TiPr', and Ti(1-norbornyl), contain six B-H atoms per alkyl ligand and have the same electron count. Explain
why, in spite of this similarity, TiPr'y is very unstable whereas Ti(1-norbornyl), is an isolable compound.
Ti(1-norbornyl), is a bridgehead alkyl. Although there are 6 §-H atoms, §-H elimination would result in a highly
strained bridgehead alkene which makes this decomposition pathway inaccessible. There are no such constraints
for TiPr',, and $-H elimination is facile.

3. The mono-’élkyl TiEtCl, is unstable but an isolable complex is obtained on adding the diphosphine 1,2-C;H,(PMe;),
(dmpe). Discuss the alkyl bonding in this compound.

The phosphine addition stabilizes the Ti-alkyl by forming a 6-coordinate complex. However, the metal centre is
still electronically unsaturated (12 VE), and there is one C-H bond on the B-carbon of the ethyl ligand agostically

383



APPENDIX 3

bonded to the metal. This bonding is fluxional, i.e. there is exchange between all three methyl H atoms even at
~90 °C. This is one of the classical examples of this type of bonding.

4. Suggest appropriate synthetic routes that lead selectively to
(i) Cp(COY(P*CO)Fe-C(O)CH, and (ii) Cp(CO),Fe-**C(O)CH; and (iii) Cp(CO),Fe-C(0)*CH,.

'This question exemplifies (a) the migratory insertion process, (b) oxidative addition and (c) nucleophilic
intermolecular attack on a coordinated ligand.

Cp Cp
0 Peo
! Fe ——CH, ———> Fe —13CO
e 3 \
oc / oC C/CH3
ocC <
0
3 CH
(i) Na'[CpFe(CO),l- + C1~PC—CHs __ _ cpco)fe—C " +Nacl
1l 2 Q
0
13 CH, ;3CH3
(i) either; Na"[CpFe(CO),]" C‘\ﬁ/ ————> p(COFe—( ] +NaCl
0 0
13CH
or: [CpFe(CO)I*X™ + Lit3CH, e Cp(CO)ZFe-———C +LiX
%

5. Suggest the expected product of the reaction of 2-phenylpyridine with PdCl, and show the reaction mechanism.

This is a typical example of ortho-metallation, where the pyridine N atom directs the position of electrophilic
attack by the Pd** ion. Chloride acts as base to abstract H* from the carbocationic intermediate.

— PdCl2
L O—@ )
N

N
@

5

Pd Pd
6

\
~N
Oz

\

~od

6. The reaction of [Cp,YCl], with NaAlMe, gives a hydrocarbon-soluble compound A. Treatment of A with pyridine
gives B. Measurements by freezing point depression in benzene give the molecular weight of B as 450 + 40, and the
elemental analysis shows that it contains no nitrogen. Adding a little THF to B gives C. Identify A, B, and C, give the
chemical equations and explain the structures of the products.

Alkylation of Cp,YCI (and other related lanthanide complexes) with [AlMe,]™ gives a heterobinuclear complex
Cp,Y(p-Me)AlMe;, (A). Treatment with pyridine abstracts AlMe; as the AlMe;(py) complex, leaving binuclear
[Cp,Y(u-CH,)1, (B). The methyl bridges in both A and B give 2e3¢ bonds, akin to Al,Meg. The molecular weight
determination shows that B is a dimer. THF cleaves the dimer, giving Cp,YMe(THF) (C).
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Chapter 2.12
1. Devise two different synthetic routes to (OC)sMo=CPh,.
Possible routes:
(i) from carbene precursors:
OMe o ,OMe H* Ph
(OC)5M0—_—< +PhLi —> (OC)5M0-—-<—Ph —_— (OC)sM°:<
Ph low temp. Ph
Ph - HOMe
(ii) from PhCHN
Ph
MO(CO)5(THF) + N,=CPh, ————> (oc)SMoa/ +THF + N,
Ph
(iii) from imine: _
NMe, H Ph
[Mo(CO),J2" + Me,N=CPh;* ——» | (0C);Mo—&—Ph | ————= (00sMo =
low temp. Ph
Ph - H,NMe,*

2. Which chemical reactions could be used to indicate the nucleophilic or electrophilic character of (i)
(OC)sCr=CPh(OMe) and (i) Cp,TaMe(CH,)?
For Fischer type carbenes, the exchange of the carbene substituents is possible by nucleophilic attack, e.g. with
lithium alkyls or aryls. By contrast, Cp,TaMe(CH,) is made by deprotonation of [Cp,TaMe,]*; this reaction is
reversible. Similarly; the Ta carbene adds AlMe; to the carbon, whereas Fischer carbenes (OC)sCr=C(OMe)R
would bind AlMe; via OMe, not C.
3. How many products can be formed if a mixture of R"CH=CHR® and R*CH=CHR®* is subjected to olefin metathesis?
In a metathesis reaction, each terminus R"CH= can be combined with every other terminus (n=1.....4).
1+1,2,3,4
2+2,3,4
3+3,4
4+4
There are therefore ten possible olefin combinations. Each may be formed as the cis and trans isomers.
4. A ring-opening polymerization of a cyclic olefin gives initially a living polymer with narrow molecular weight
distribution. However, over time a broadening of the polydispersity is observed. Account for this observation.

The polymer of a ROMP reaction contains C=C bonds. Over time the catalyst may ‘back-bite’ and react with
a C=C bond of the polymer chain, extruding a cyclic olefin and starting a new polymer chain. This may occur
towards the end of a polymerization reaction, when the monomer is depleted, or with olefins that are not
very strained, so that the reactivity of the cyclic monomer differs little from that of the C=C bond of the linear

polymer.

N

"
B +
M

Of coutse, it is also possible for a M=CHR catalyst terminus to react with a C=C bond of a neighbouring polymer
chain. This, too, would result in cleavage of that chain and a degradation of the polymer molecular weight.
However, back-biting is kinetically preferred.

1385
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5. Which polymers are obtained in the ROMP of dicyclopentadiene?

4

The C=C bond in the bicyclic ring is more strained and more reactive than the second C=C bond and will be
opened in the ROMP process. If the catalyst is sufficiently active, and when all more reactive C=C bonds are
consumed, the C=C bond in the bicyclic linker may also react:

x
/ o ' m
y

6. What is the product of the enyne metathesis of 1-octen-7-yne?

The enyne metathesis of CH,=CH~(CH,),~C=CH leads to ring closure:

Ru == N
Ru - RU ===
Chapter 2.13

1. Describe a synthetic route to PhC=Cr(CO),Br.

The synthesis proceeds via the Cr carbene complex by the Fischer protocol:

1) PhLi Me BB,
2) Me 0%
Cr(CO)g 2 {00)Cr _—_—< e B1(€0),,Cr ===~ Ph
ph - Br,BOMe

2. What are the products of alkyne metathesis of (i) cyclooctyne; (ii) 2,10-dodecadiyne.

The first is a case of ring-opening metathesis alkyne polymerization. The second is an acyclic alkyne metathesis.
Both lead to the same product:

——\\- (CHZ) ‘/::T — %

Chapter 3.2

1. A chemical reaction in the presence of a catalyst is 1000 times faster than the uncatalysed reaction. What is the
difference in energy barriers in these two cases?
According to the Eyring equation, the difference in activation energies of the two reactions is given by AAG* =
AGE pcat — AG* e = RT In(ca/ Kucar)- With Keqe/ Kunear = 1000:1, it follows that AAG* = 17.1 kJ/mol (or 4.0 keal/
mol). This is comparable to the rotational barrier in ethane (11.5 kJ/mol). It demonstrates that even very small
energy differences lead to drastic increases in reaction rates.
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2. Many catalytic reactions have an initiation period, during which the catalyst concentration increases. This reaction
phase therefore operates under non-steady-state conditions. It can be shown that in such cases the formation of a
product P from a substrate S in the presence of catalyst C follows the rate law:

[P}/ dt=k; [S] [C]+ (ki— kp) [S [C] exp (~k; [S] 1)

Three different substrates give the following three conversion vs. time curves (2), (b), and (c). What do these curves
tell us concerning the kinetic behaviour of the catalyst? In each case, determine the initial and steady-state slopes of
the reactions and comment what information these slopes provide.

(Pl @

t

Curves (a) and (c) show the behaviour of a catalyst with an induction or initiation period, characterized by rate
constant k;. Tn curve (a) the rate of initiation k; is faster than the rate of propagation k; (a rare situation), and in
(¢) k; <k, which is the more usual case. In curve (b) k;= ky, i.e. there is no initiation phase. For the initial phases
of curves (a) and (c) one can draw tangents with the slope k;[S}{C]. Under steady-state conditions (k; = k,) all
three curves show a slope k,[S][C]. Curves (a) and (c) therefore allow both k; and k;, to be determined.

[P]

initial slope = K
1

final slope = ky[SIIC
KISIC] k,  final slope = k,[SIIC]

Chapter 3.3
1. Which n-face of Z-acetamido cinnamic esters (re or si) leads to the desired L-DOPA on hydrogenation?

The assignment of re or si prochirality follows the usual substituent priority rules:

Newman projection:

N H .
MeCONH COOR MeCONH COOR view down C-H bond
K ) /-\
— ROOC NHCOMe
\‘ ) ©
Ph H
Ph H- H
Ph

clockwise: re n-face:
(S)-product: L1-DOPA

.
3

AN H
ROOC . NHCOMe ROOC NHCOMe —
. ’ MeCONH COOR
— oL
H” eh gl ¥
H Ph

anticlockwise: si n-face:
(R)-product: p-DOPA
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2. Calculate the energy difference in the formation of p- and L-DOPA (at T'= 298 K) that would correspond to an
enantiomeric excess of (i) 90% and (ii) 99%.

It follows from the Eyring equation that AAG*L,D =—RT In(rp/r.). (i) An enantiomeric excess of 90%
corresponds to a rate ratio of 95:5. With T'=298K and R = 8.31441 J/(mol K) it follows: AAG* 1 =7.3 kJ/mol. (ii)
The same calculation gives AAG*;p = 13.1 kj/mol.

As pointed out in Exercise 1 of Chapter 3.2, these energy differences are similar to the rotational barrier of
ethane. This means that very small energy differences lead to very high enantiomeric excesses.

3. Draw a catalytic cycle for the hydrocyanation of styrene with Ni catalysts. Why does this preferentially lead to a
Markovnikov addition product?

The entry in the catalytic cycle is again the oxidative addition of HCN to a Ni(0) phosphite complex. This can
occur in a Markovnikov and anti-Markovnikov sense. The reaction is reversible. The Markovnikov product is
stabilized by n-bonding to the phenyl ring, and this electron delocalization stabilizes this alkyl intermediate, so
that the reaction is predominantly channelled towards the branched reductive elimination product.

~_NiL,CN - NiL, CN
/ main pathway
L /H ©/\ Lo
Ni + pPh h
" Nt N
o4)
L/ CN 3
Me
Chapter 3.4

1. Explain the role of PBu”; in Co catalysed hydroformylation. Why is this ligand not used in the Rh-catalysed process?

The metal centre in HCo(CO), is comparatively electron-poor due to four electron-withdrawing CO ligands, and
the Co-H bond is labile, so that decomposition with H, elimination is facile. PBu"; coordinates more strongly
than CO and allows the CO pressure to be lowered without catalyst decomposition. However, since PBu"; is

a strong electron donor, the hydride in L,CoH becomes more hydridic and more strongly reducing, so that
aldehyde is reduced to the alcohol.

None of these effects are required in Rh catalysts, where PPh; gives a better balance of coordinative stabilization,
ligand dissociation and control of M~H acidity.

2. What is the consequence of high PPh; concentrations in the Rh-catalysed hydroformylation reactions? Explain the
effect.

The insertion of an alkene into the Rh-H bond can give linear and branched alkyl complexes. In the presence of
high [PPh;], sterically crowded species prevail in the equilibrium. Branched alkyls are more crowded than linear
alkyls. To reduce steric repulsion, the equilibrium is shifted towards the linear Rh alkyl, which leads to a higher
selectivity for linear aldehyde.

R R
OC“"'Rh'i/\ FL L KL more
- R === CO—RhD  ===== L—RhD_  favourable
R - [ ~ -L ~

Rk R R
= TH ol
OC".,,Rh.‘- L L L more
- \',/ [P— . U E L crowded,
L co th\ ot R'h\ lose

favourable



APPENDIX 3

3. Show the main reaction steps for the conversion of 3-hexene into 1-heptanal.

3-Hexene contains an internal C=C bond. The hydroformylation must therefore be preceded by several
isomerization steps. Since hydroformylation catalysts contain Rh-H bonds and are therefore capable of double
bond isomerization, the thermodynamically favoured Rh-n-hexyl intermediate is formed prior to CO insertion.

4. Explain the differences in rate-limiting steps in the Rh and the Ir catalysed carbonylation of methanol. In particular,
what are the reasons for the different reactivities of the iodo anions [MI,(CO),]” (M =Rh, Ir)?

In the Rh system, oxidative addition of Mel to [RhI,(CO),]" is rate limiting. Since for third row metals the
higher oxidation states are more stable, Ir prefers oxidation state +I11. [IrI,(CO),]" is a stronger nucleophile
than [RhI,(CO),]™, and therefore the reaction with Mel is more facile. For the Ir system, the rate-limiting step is
therefore elsewhere in the catalytic cycle.

5. Draw catalytic cycles for the Pd-catalysed carbonylation of (i) styrene; (if) iodobenzene. Why is the addition of base
beneficial in this case?

Styrene carbonylation: assumed to involve Pd(Il)-H species:

Ph

Pd—H l
} L\ R (4]
'\ @
5] )\/ pd/l\l:(

The iodobenzene reaction starts with oxidative addition to Pd(0). The reaction produces HI, which needs to be

neutralized by base.
L co
| co
L—Pd—Ph L~—Pd—Ph
Ph-—1 | |
I I
L,Pd(0) u .
] ]
R'OH Ph
Ph OR | Ph
N L—pd—( 7 L—pPd—(
0
OR' HI |
Chapter 3.6

1. Explain why in the reaction

Me OC[ + Ph(B{OH), —-—-—EEL—Z—L——-—» Me —@Ph

different ligands L give the coupling product in the following yields (%): L = PPh; (0); dppf (0); PCy;3 (75); PBu'; (86).

The aryl halide is a chlorobenzene derivative which is very unreactive and will undergo oxidative additions only
with very electron-rich Pd(0) centres. This is the rate-limiting step. Only trialkylphosphines generate sufficiently
reactive metal centres, in the order PCy; < PBu',.
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2. Show the mechanistic steps for the transformation of A into B. Although A contains two C=C bonds, product B is
formed selectively. Give your reasons.
O OMe

O 0 Pd /(R)-BINAP ‘ ‘

base, 50 °C
A OMe B
The tosylate oxidatively adds to Pd to give a Pd aryl. Insertion of one or the other of the C=C bonds leads to

either 5- or 6-membered rings. Since each C=C bond has two n-faces, there are in principle four possibilities for
insertion. Six-ring formation is most favourable:

H H
W
@:3 C=C insertion ,’ -H elimination .
OMe OMe B OMe

3. The Heck arylation of cyclohexene by iodobenzene gives the non-conjugated product C and not the
thermodynamically expected conjugated alkene D. Give your reasons and discuss the mechanistic intermediates.

O O 7 00

Insertion of cyclohexene into the Ph~Pd bond gives a Pd alkyl as expected. H-H elimination can take place

only from periplanar C-H bonds, i.e. C-H bonds that are in the same plane as the Pd-C bond. This precludes
elimination of the H atom in a-position to the phenyl ring, so that a conjugated product cannot be formed in this
step. It could however be generated by subsequent C=C bond isomerization.

Chapter 3.7
1. Show the likely mechanistic steps in the activation of rac-Me;,Si(Ind),ZrCl, with AlIBu's / CPhs[B(C4Fs),l.

The activation involves (a) alkylation and (b) alkyl abstraction. With alkyls carrying -H atoms, the trityl
cation usually reacts by abstraction of the kinetically accessible $-H, with alkene elimination, rather than alkyl
abstraction. The result is the formation of an ion pair of a 14 VE metallocene alkyl cation.

H H
a  TBA /—< CPhy*
/

Figf + HCPh, + Me,C=CH,

TIBA = AlBu';
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2. Show the structure of meso-Me,Si(Ind),ZrCl, and explain why propene polymerization with this complex is not
stereoselective.

In the meso isomer both indenyl ligand parts point in the same direction. Therefore neither offers
stereoselectivity. Approach of the monomer from the indenyl side is hindered, so that monomer binds less
readily, with no possibility for preferential orientation of the methyl substituent of propene. The result is a low

yield of an atactic polymer.

rac: 7 meso: 7 Froncl

\ .
E ézq‘é‘il Gé;: ~a

3. Which of the following ansa-metallocenes A-D is likely to show (a) the highest stereoselectivity in propene
polymerizations and (b) the highest polymer molecular weight? State your reasons.

Structure B is the meso isomer of A and has no stereoselectivity. D is C;-symmetric and offers stereo control at
only one coordination site. C has the most stereoregulating ligand framework. The sequence is therefore B<D <
A < C, both for stereoregularity and polymer molecular weight.

4. Show the Fischer projections for the following polypropylene pentad structures: mmmm, mrrm, rrrr, mrmm. What
mechanistic information can be obtained from the observation of mrrm and mrmm pentads, and why are these not

observed in the same polymer?

The Fischer projections are:

m m m m m r r m r r r r m r m m

llllllllllljill

mmmm and rrrr correspond to isotactic and syndiotactic PP, respectively. The mrrm and mrmm pentads

are indicative of stereo-errors. The mrrm pentad indicates a stereo-error that has been corrected in the next
insertion step, as would happen with a stereoselective catalyst, such as a racemic C,-symmetric ansa-metallocene
(enantiomorphic site control). The mrmm indicates a stereo-error that has not been corrected: the error is
propagated. This indicates a catalyst where the stereoselectivity derives from the chirality of the p-C atom of the
polymer chain, not the ligand framework (chain end control). Once a misinsertion has occurred, there is no
ligand framework to enforce its reversal.
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5. The polymerization of cyclopentene with a zirconocene catalyst was originally thought to produce a polymer of type
1. However, it was subsequently discovered that in fact the polymer has 1,3-connectivity (II). Give the mechanism of
the formation of this polymer.

Polymer I would follow the normal 1,2-insertion process. A polymer with 1,3-connectivity can only arise if each
insertion is followed by an isomerization step, i.e. f-H elimination followed by re-insertion.

o F ° 1
CPQZI’\©~———> CPZZr\G % :

isomerization
o °
Cpy2r R CpyZr R \Q/Q\O/
\O/ —_— I

6. With some metallocene catalysts some H, is added to control the molecular weight of polyethylene. What type of
polymer would result if PhSiH; was added instead of H,?

Hydrogen terminates a polymer chain by o-bond metathesis, i.e. a hydrogenolysis step. This limits the molecular

weight and a saturated polymer results. PhSiH; reacts in principle in a similar way; however, since there are three
H functions per Si, three polymer chains can be transferred from the catalyst to the Si atom. The result would be a
star-polymer, with a PhSi unit as the bridge: PhSiR'R*R? (R*** = polymer chains).
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Titanocene 149, 182, 186-8, 194-6,
198, 201
fluxionality 184
Ti(II) 148, 186-7, 188
Trans-effect 120
Trans-influence 120, 288
Transfer hydrogenation 321
Transition state 43, 119, 120, 122,
289, 299, 301, 302, 307, 317
Transmetallation 9, 20, 22, 29, 31,
33-34, 39, 68, 2023, 260
Trimerization 162, 164, 165, 175,
366
Triple-decker complex 90, 116, 117,
191, 213,226
Tungsten
alkyls 87,230, 236,243,263
alkylidenes 94,275,277
alkylidynes 293ff
carbonyls 120,126, 131,184
half-sandwich complexes 123,
206
hydrides 123, 133, 195,228
n-complexes 160

Uranocene 89, 224

Vacant coordination site 118, 208,
228,302, 356,
Vanadium
carbonyls 93, 97,110, 116, 128,
205,223
n-complexes 181, 185-188, 196,
213-214,223
Vaska’s complex 132, 248
Vinylidene complex 164, 276, 281
Vitamin B12 272

Wacker Process 144, 341

Water-Gas Shift 125, 335

Weakly coordinating anions, 30, 36,
45, 48, 70, 258, 328, 357

Wilkinson’s catalyst 312-313

Wurtz coupling 19

Z(cis) alkenes 287,290
Zeises salt 100, 139, 142143
Ziegler alcohols 46, 51
Ziegler catalyst 349-50, 353ff
Ziegler-Natta polymerization 52
Zinc alkyls 3, 17, 28ff, 235
in coupling reactions 31
transmetaliation 202, 344
zinc superbases 17
zinc(I) 30
Zirconium
alkyls 87,236, 241-2, 245, 246-7,
259, 260,
arene complexes 212
carbonyls 126, 134, 183, 197-8,
266
ionic radius 181
mono-Cp complexes 205, 208,
225
Zirconocene 93,94, 134, 141-2, 147,
161,181, 195,197, 199, 202,
259, 261, 266, 277
alkene carbometallation 201,
203,271
catalyst 50, 53, 69, 196, 355,
357-366
hydrides 69, 197,200, 202, 261
Zr(I) 94,141,142, 147, 150, 151,
158,163-4, 201, 249



