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Preface 

The purpose of this book is to provide a basic coverage of the chemistry of 

organo-transition metal complexes and to set this in the context of their 
application in synthetic organic chemistry. I have tried to cover the basic 

chemical aspects in such a way that patterns of reactivity can be seen and I have 

tried to explain certain of these phenomena using a frontier molecular orbital 

approach, which at present is the most appropriate method. Hopefully, the 

organization of material will be useful to the advanced undergraduate, to 

graduate students of organic chemistry and to all synthetic organic chemists 

whose education has so far neglected organometallic chemistry. 

With the explosive growth of organometallic chemistry still continuing, it has 

been impossible to avoid omissions. To those experts who might see the subject in 

a different light I can offer no apologies for presenting what I perceive as the 

salient features. All omissions are entirely my own responsibility, and are due to 

an effort to keep the size of the book reasonable and yet give a clear and adequate 

coverage of the material. 

The first chapter gives a brief introduction to concepts of bonding in metal- 

olefin and related complexes designed to give the reader the necessary 
background to understand the later frontier molecular orbital descriptions. The 

second chapter gives a broad coverage of reactions and physical phenomena, e.g. 

oxidative addition, fluxionality and dynamic equilibrium, which crop up time 

and time again throughout organometallic chemistry, and are especially 

important for a general understanding of the subject. This chapter is rounded off 

by consideration of some catalytic processes which illustrate the importance of 

the chemical properties discussed. The remaining chapters are meant to give a 

fairly detailed account of the chemistry of coordinated ligands, arranged in 
chapters according to ligand type. Within each chapter I have tried to point out 

patterns of reactivity and the factors which control reactivity, where known. The 

potential usefulness of certain complexes to the synthetic organic chemist is 

illustrated at appropriate points by examples of, e.g., natural product syntheses 

chosen from the recent literature. 

I started writing this book whilst at Cambridge, during 1981-82, and the 

typescript was completed at Case Western Reserve University in 1982. Coverage of 

IX 



the literature is up to inid-1982, but much of the source material included review 

articles, etc. Hopefully, the audience for whom I have tried to cater will be happy 

with the presentation given. 

23 November 1983 

A. J. Pearson 



Introduction 

The explosive development of organo-metallic chemistry over the past 30 

years, and particularly within the last 20 years, has made it extremely difficult to 

keep abreast of all the literature. This is particularly so for the newcomer to this 

area, and it is now a major effort to gain a good working knowledge of basic 

organometallic chemistry. The result is that a large number of organic chemists 

are turned away from pursuing organometallic studies, since there appears to be 
such a diversity of reactivity and a multitude of odd, if interesting, structures. 

Consequently, only a few major developments have been made in the application 

of transition metal organometallics to complex organic synthesis. It is my hope 
that this book will provide a starting point, particularly for the organic chemist 

who is seeking new areas for research. With this in mind, I have attempted a 

broad coverage of organo-metallic chemistry, classified according to ligand type. 

In many cases I have tried to illustrate the chemistry of certain complexes by 

drawing attention to established, or potential, application to organic synthesis. 

Wherever possible, I have attempted to rationalize reactivity of organometallic 

complexes using frontier molecular orbital (FMO) arguments, which appears to 
be the most reasonable approach to mechanism at the molecular level. 

In Chapter 1 a brief account is given of bonding between unsaturated ligands 

and transition metal groups. There are a number of possible approaches to this, 

but I have tried to adopt a simple pictorial approach which is useful for the FMO 
descriptions later. Chapter 2 covers a wide range of basic reactivity patterns 

found in organometallic synthesis which are particularly important for under¬ 

standing homogeneous catalysis. Illustrations of a number of important catalytic 

processes are presented. The remaining chapters give a systematic description of 
reactions of organometallic complexes classified according to ligand type. Within 

each chapter I have first discussed in some detail the metal(s) most commonly 
encountered in association with the particular ligand, and this is followed by a 

less detailed account of other metal complexes. Therefore, the arrangement of 

material according to metal is not necessarily the same for each chapter. 

It is my sincere hope that this book will provide useful source material for 

advanced undergraduate and graduate students, as well as for experienced 

workers who are newcomers to the area. 

XI 
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CHAPTER 1 

Bonding in Transition Metal 
Organometallic Complexes 

The purpose of this chapter is to introduce the student to fundamental ideas of 

the ways in which orbitals of unsaturated organic molecules interact with those of 

a transition metal in the formation of a stable transition metal complex. Many 
descriptions have appeared in text books and the research literature, all evolving 

from the basic Dewar-Chatt-Duncanson approach and at various levels of 

sophistication. Currently much effort is being directed towards the development 

of molecular orbital techniques, and in this respect we may note particularly the 

work of Hoffmann. It is this approach which seems the most useful in trying to 

develop some kind of theoretical rationalization for reactivity of transition metal 

7c-complexes. It is conceptually simple and sets out to determine the shapes of 

orbitals available for bonding in various metal complex fragments, ML„. As a 

simple example consider the reaction shown in equation (i): 

CHg 
FefCOlg + CH2 = CH2 -► || — FaCCO)^ + CO (1) 

CHg 

A carbonyl hgand in pentacarbonyliron has been displaced by ethene, formally a 

two-electron donor, to give tetracarbonylethene iron. This probably occurs by 

prior dissociation of Fe(CO)5, an 18-electron species,* to give Fe(CO)4, a reactive 

16-electron species,* followed by reaction of this with the ethene ligand. It seems 

logical, therefore, to do the same thing in conceptual terms. Thus, we can imagine 
that bonding of ethene to the Fe(CO)4 fragment can be effectively described by 

determining the nature of the orbitals available on the Fe(CO)4 fragment which 

interact in an energetically favorable way with the orbitals of the alkene. As we 

shall see, it is the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of each entity which are important. These 

are the frontier molecular orbitals (FMOs), and interaction between them can be 

expected to lead to FMOs of the metal complex. First we shall consider the 

simplest system, the metal—carbonyl bond, and then go on to develop bonding 

models for more complicated systems. 

* See later for definition. 
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2 I 

THE M—CO BOND 

For this discussion it is convenient to consider a simple metal hexacarbonyl, 

such as W(CO)6, which has octahedral symmetry. The carbon monoxide molecule 
is taken to have a lone pair of electrons in an sp hybrid on carbon, and the six 

ligands lie along the Cartesian axes with these ‘lone pairs’ pointing directly at the 

metal. The initial result, in crystal field terms, is that the energy levels of the metal 

nd orbitals are split, the d^2 and d^2^y2 being raised in energy rather more than the 
d^y, d^j, and d^^ orbitals, giving two high-energy orbitals and three low-lying tjg 

orbitals. Since tungsten(O) has six valence shell electrons (d^), these can all be 

accommodated in the t2g set, whilst the orbitals together with the (n + l)s and 

three (n -I- l)p orbitals are formally empty. Hence there are six empty metal 

orbitals, of roughly equal energy, which are available to interact with the filled 

orbitals from six CO ligands. We could either combine these in the ‘raw’ state, 

thereby obtaining twelve MOs, six bonding and six antibonding, which describe 

the M—CO (T-bonding, or else we could first of all make a linear combination 

of metal orbitals, to give six equivalent d^sp^ hybrids which then interact with 

ligand orbitals. We shall adopt the latter approach. These effects on the metal d, s 

and p orbitals are shown as energy diagrams in Figure 1.1. The energy level 

diagram depicting the interactions between ligand and metal cr-bonding orbitals 
is given in Figure 1.2 

Thus, interaction between each CO orbital and a metal hybrid results in a net 

lowering in energy of the system, since the electrons enter the M—CO tr-bonding 

orbitals. This is not the complete picture, however, since the CO ligands also have 
some empty low-lying n* orbitals, which are of correct symmetry to interact with 

the metal t2g orbitals. This interaction, together with the energy level diagram, is 
shown in Figure 1.3. Of course, each t2g orbital can interact with two n* orbitals 

on CO ligands which are trans to each other, but this is not shown. 

In this way, even more stabilization is gained, since these electrons also are now 

in a lower energy level. A ligand which interacts in this way is called a c-donor n- 

acceptor or Tc-acid ligand. The overall effect is called a synergic interaction. Is 

there any way in which this type of interaction can be detected ? Inspection of the 

) (^ + l)p 

(/7 + 1 )S 

} 

> Bg 

} / 2g 

Metal valence In presence of 
orbitals octahedral ligand 

environment 

Figure 1.1 

S) 
hybrids 

^Zg 
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•^353 c=o 

Metal CT-Bonds Ligand 
sp orbitals 

Figure 1.2 Energy level diagram depicting interaction be¬ 

tween ligand and metal cr-bonding orbitals 

M CO 

Interaction Diagram 

Figure 1.3 Metal—CO 7r-bonding 

interaction depicted in Figure 1.3 reveals that the resulting molecular orbital has 

some character of the carbonyl n* orbital. Therefore, the electronic population of 

this MO is effectively a population of the n* orbital. This is expected to lead to a 

reduction in the bond order of the CO ligand compared with free carbon 
monoxide, and this is the kind of change which might be detected by infrared 

spectroscopy. It is in fact found that the CO stretching frequency of a variety of 

metal carbonyl complexes is appreciably lower than that of free carbon 

monoxide. Some typical examples are given in Table 1.1, supporting the above 

bonding scheme. 
Let us consider what happens when a CO ligand is replaced by, for example, a 

phosphine or arsine hgand, typical examples in organometallic chemistry being 

triphenylphosphine or triphenylarsine. Again, we have an atom (P or As) which 
can donate its lone pair into empty metal d^sp^ hybrid orbitals, and at the same 

time receive electrons by back-donations from the t2g levels, this time into empty 
phosphorus (or arsenic) d orbitals. However, the energy levels associated with 

these ligand orbitals will be different from those of the carbon monoxide. Since a 

higher quantum shell is involved we should expect that both the lone pair orbital 
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Table 1.1 v^o Values. 

Compound 

1 S
 0
 

CO 2143 

Cr(CO)e 2100, 2000, 1985 

Mn2(CO),o 2046, 2015, 1984 
Fe(CO)5 2022, 2000 
Fe(CO)3PPh3 1887 

and empty tt-acceptor orbital will be of higher energy. Hence the lone pair orbital 

is closer in energy to the metal set, and perturbation theory tells us that this will 

produce a better interaction. On the other hand, the ligand 7r-acceptor level is 

now much further away from the t2g levels and so a poorer interaction results, 

these being shown in Figure 1.4. The resultant MOs in both cases therefore are 

more metal-like. In other words, the metal has effectively received more charge 

from the ligand <T-donor levels, and has lost less charge by back-donation into the 
ligand Ti-acceptor levels. We call the phosphine ligand a better c-donor but 

poorer jr-acceptor. 
How will this effect manifest itself ? The easiest thing to examine is the effect on 

CO infrared frequencies. Imagine a CO and triphenylphosphine both interacting 

with the same metal ^2g orbital and compared this with two CO ligands 

interacting. We can illustrate this best by examining the bonding in a stepwise 
fashion. Since the MO resulting from interaction of the CO with metal is slightly 

lower in energy than the corresponding PPh3-based orbital, it is probable that a 

second CO ligand will have a stronger bonding interaction with the latter (see 

Figure 1.5). The result will be an elfectively greater population of the carbonyl n* 

orbital when the other ligand is a phosphine, which should result in a lowering of 

the CO infrared stretching frequency. Inspection of Table 1.1 reveals that this 

is indeed the case. An alternative explanation is that the presence of a poor 

7c-acceptor leads to an increased electron density on the metal with consequent 
increased donation into the remaining CO n* orbitals. 

M CO M PR 3 

Figure 1.4 Comparison between CO and PR3 ligands (schematic only) 
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ML CO 

L = CO L = PRj 

Figure 1.5 Comparison of ML fragment 7c-bonding interaction with CO ligand 

The effect of changing the a-donor strength of a ligand is extremely difficult to 

determine as an independent phenomenon since most changes in reactivity 

appear to be better explained using the metal ^2g levels, e.g. metal basicity, 

reaction with electrophiles (see later chapters). We shall not discuss these here. 

The above synergic interaction is the basis for bonding in most low oxidation 

state transition metal complexes, and indeed can lead to the formation of negative 
oxidation states as in, for example, Na2Fe(CO)4. The stabilization is mainly due 

to the transfer of charge from metal to the Tu-acid ligand. 

METAL-CARBENE (AND CARBYNE) COMPLEXES 

These will be discussed in more detail in Chapter 4. The bonding is similar to 
that encountered above for metal carbonyls. Hence we can picture a carbene 

ligand as having a pair of electrons in a carbon sp^ hybrid orbital, together with 

an empty p orbital, rather similar to a carbonium ion. Synergic interaction can 

then occur with metal orbitals as shown in Figure 1.6. 

There is an appreciable body of information consistent with this bonding 

formulation. The carbenoid CR2 unit is known from X-ray structure de¬ 

termination to be planar with only slight deviation from sp^ geometry. In the 

tantalum carbene complex 1 the metal—carbene bond distance is considerably 

shorter than the Ta —methyl distance. Also, rotation about the Ta=CH2 bond is 

d - bond TT- bond 

Figure 1.6 Metal-Carbene bonding 
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found to be slow on the NMR time-scale, both of these observations 

suggesting considerable double bond character. 

2.25 A 

('TT-Cp) CH, 

(dT-Cp) 

Ta • 

^ V 
I <^^2 

2.05 A 

(1) 

A large number of carbene complexes are known which contain heteroatom 

substituents on the carbene carbon atom, most commonly oxygen and nitrogen. 

The lone pair of electrons on these substituents will overlap with the formally 

vacant carbene p orbital, giving some ligand stabilization. However, a secondary 

effect is to weaken the metal-carbene back-donation and thus reduce the metal— 

carbon double bond character. In valence bond terms this is readily accounted 

for by the canonical forms shown below. 

-► 

+ 

In molecular orbital terms the interaction between heteroatom and carbon p 

orbital produces two new orbitals and net stabilization, but the vacant (tt*- 

antibonding) combination is now higher in energy and shifted further away from 

the metal ^2g orbitals, thereby causing a reduction in bonding interaction 

(Figure 1.7) and concomitant reduction in M—C double bond character. The 

evidence for this interaction comes from observation of restricted rotation about 
the C—N bond in alkylamino-substituted complexes such as 2, similar to that 

found in unsymmetrical amides. 

(COgCr 

Me 
C — N 

^r’ 

(2) 

The electron-donating power of the heteroatom is, as expected, N > O, and 
there is infrared evidence in favor of this. Thus the carbonyl ligand stretching 

frequency of a (CO)jj.M—C(X)R usually shows a slight decrease on going from 
X = OR' to X — NR'2 (see also Chapter 4). 

Transition metal carbyne complexes, exemplified by the chromium complex 3, 

have a similar bonding arrangement to carbene derivatives but with an extra dn- 

pn interaction. Formally, they are similar to acetylenes in which one of the 
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/ \ 
/ \ 

Carbon Heteroatom Carbon Metal 

(a) Carbon-heterootom TT 
interaction 

(b) Normal carbene — metal 
TT interaction 

C—X Metol 

(c) Metal-carbene interaction using 
modified orbital from (a) 

Figure 1.7 Interaction of heteroatom with metal-carbon system 

C - bond 

Figure 1.8 

Tl^ bond 

Bonding in metal-cai byne complexes 

TTy bond 

acetylene carbon atoms is replaced by a metal. The bonding scheme is shown in 

Figure 1.8. 

Me 

C 

oc,,. XO 

OC CO 

NEt, 

OC, 

-172 

V 
,CO 

"^Crf 

OC^ I ^co 

Br 

(3) (4) 

We might be led by this to expect an M—C—R angle of 180°, and this is 

observed in some cases. However, there are a number of examples of complexes 
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having slightly bent structures, e.g. 4. This indicates a small re-hybridization of 

the carbon from sp to sp^, but there is no clear rationalization of this 

phenomenon at present. There is ample X-ray structural evidence in support of 

the formal M—C triple bond character. For example, the tantalum complex 5 

has a metal —carbon bond length (1.849 A) approximately 0.2 A shorter than the 

carbene complex bond in 1. 

PMe3 

(5) 

j/^-ALKENE complexes 

We shall use a similar approach to that of Hoffmann to describe the bonding in 

these complexes. A simple example is tetracarbonyletheneiron [equation (1)]. We 
imagine that the metal—carbonyl a-bonds are formed by overlap between filled 

carbon sp hybrids and empty metal d^sp^ hybrids. This leaves two unused d^sp^ 

orbitals. Now, iron(O) is d®, so that six electrons enter the three t2g orbitals, the 

remaining two being accommodated in the spare d^sp® orbitals. We can now 
make the combination between ethene p orbitals and iron orbitals depicted in 

Figure 1.9. 

Figure 1.9 
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This gives two bonding orbitals and two antibonding orbitals, so that the four 

electrons, two from ethene and two from iron, can be readily accommodated in 

the bonding set. Also included in Figure 1.9 is a diagram of the LUMO (1/^3) which 

is, of course, the antibonding combination between ethene LUMO and metal 

hybrids. We shall find this very useful when discussing the chemistry of such 

complexes (later). The net result corresponds to the notion of synergic interaction, 

i.e. donation from olefin into empty metal orbitals (to give i/^ J, together with 

back-donation from filled metal orbitals into empty olefin orbital (to give i//2)- 
Olefins are therefore fairly good 7r-acid ligands, and tend to form complexes with 

low oxidation state metals. In a number of cases the interaction to give 1/^2 is so 
great that the n character of the complexed olefin is completely lost, the resultant 

complex resembling a metallocyclopropane. Substituents on the olefin which 

raise its HOMO and lower its LUMO energy levels will lead to stronger 

interaction with the metal orbitals. In this way, electron-withdrawing sub¬ 

stituents on the olefin give complexes which have a metallocyclopropane 

structure (compare complexes 6, 7 and 8). These may be compared with bond 

lengths for ethene (1.34 A). 

1.37 A 

CHg 

I-Ptcu 

PhsP.,, 

""'M- Ni 
1 ^ 

CHg PhjP^ 

(6) (7) 

CH2 

1.46 A 

CH, 

CO 

CN 110' 

VCN 

I X I o 
'"Iri 1.5 A 

,^[N 
Br 

PhjP'^ I "'C-CN 

CN 

(8) 

Variation of the metal produces similar effects, possibly owing to the size and 

energy levels of the d orbitals. 

Consistent with the expected loss of C=C double bond character on 

complexation, the infrared spectra of olefin ^-complexes show no absorption in 

the 1600cm“^ region expected for a free olefin. Most complexes have a weak 

absorption at ca. 1500cm“^ assignable to the coordinated olefin C=C 

stretching mode. 

;7UalLYL complexes 

A very similar bonding picture to that for olefin complexes can be built up for 

Tc-allyl derivatives, a simple example being the tetracarbonyliron cationic 
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derivative 9. Placement of charge in these systems in fairly arbitrary, but the 

BF, 

example quoted shows chemical properties more consistent with an allyl cation, 

so 9 is a convenient representation (see below). We can use the same metal 
bonding fragment as above, and make appropriate combinations as shown in 

Figure 1.10. Combination of the three allyl MOs with two metal AOs gives five 

complex MOs. With the arrangement used here the allyl 1/^3 is non-bonding. 

There are four electrons [two from Fe(CO)4 and two from allyl cation] which 
enter the two lowest MOs. This corresponds effectively to a synergic interaction 

whereby electrons are donated from the allyl cations HOMO {ij/ J to empty metal 

orbital, with back-donation from metal to allyl LUMO (1/^2)- For cationic 

complexes, the back-donation will be much more important than in neutral 
complexes, since with the charged ligand both \j/^ and ip2 are of lower energy, 

leading to a strong interaction with ij/2,now closer to the metal orbitals in energy, 

and a weaker interaction with ij/,, now further away. The effect of this, of course, is 

(b) 
Me 

175.0 

Fe(CO), 

Me 

274.0 47.6 + , 115.7 
^^Me ^Me 

146.0 93.7 

(10) (11) 

Figure 1.10 (a) Bonding interaction in metal-allyl Tr-complex; (b) NMR 

data—representative example (<5 p.p.m. down field Me^Si) 



to reduce the overall positive charge on the ligand. Also, the population of allyl 
LUMO leads to a selective decrease of charge at the terminal carbon atom, and 
both of these effects are shown by the NMR data for the free allyl cation 10 
compared with the complex 11. shieldings in conjugated systems are a useful 
guide to Ti-electron densities, in the absence of inductive effects.) 

^^-DIENE COMPLEXES 

The Fe(CO)4 fragment forms 18-electron complexes with monoolefin (two- 
electron) ligands, so we should expect that further loss of CO would give an 
Fe(CO)3 group capable of forming stable diene complexes. Both conjugated and 
unconjugated diene complexes are in fact known, but since the latter can be 
treated as diolefm ligands, we shall concern ourselves here with only conjugated 
diene complexes. Examples of both types will be found in Chapter 7. Conjugated 
diene complexes are particularly interesting since, as we shall see, the synergic 
interaction introduced above leads to certain effects which can be subjected to 
fairly rigorous experimental testing. Let us first examine the bonding properties 
of the Fe(CO)3 fragment. Assuming a d^sp^ hybridization, coupled with pseudo- 
octahedral symmetry of the diene-Fe(CO)3 complex, we can see that there will be 
three hybrids available for bonding, and these will contain two electrons. If the 
diene is arranged as shown in Figure 1.11 then we can imagine metal hybrid 
combinations which will interact with the diene MOs. For simplicity, we shall 
draw the interactions as though we were viewing the complex from above the 
metal, the tops of the diene p orbitals being seen. The shading represents the 
phase of the wave function (-I- or —) on the metal side of the ligand. This then 
leads to the combinations shown in Figure 1.12, for butadieneirontricarbonyl 
12. 

Again, this gives the (synergic) result of donation from occupied diene orbitals 
into empty metal orbitals, together with back-donation from metal into the 
empty diene LUMO. What is the result of this? We can see that this process 
corresponds effectively to partial removal of electrons from the diene HOMO, 
and partial population of the diene LUMO, similar to what happens when we 
form an excited state. Thus, we might expect that the Ti-bond order distribution in 
the complexed diene will resemble more that of the excited molecule than the 
ground state. The two are shown below. Since there is a correlation between n- 
bond orders and bond lengths in many olefmic systems, we should expect that the 

Figure 1.11 Pseudo-octahedral symmetry of butadiene“Fe(CO)3 (12) 
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terminal bonds of free butadiene will be shorter than the central bond, whilst the 

central bond in the complexed molecule should be shorter than, or of similar 

length to, the terminal C—C bonds. This is exactly as observed (see diagram 
below). 

0.45 // 0. 89 0.45 

Ground state : 
TT-bond orders 

Excited state : 
TT-bond orders 

1.48 

/ 
1.34 A 

Fe(CO) 
3 
1.45 A 

Bond lengths 

There is also evidence for population of the diene LUMO from carbon-13 

NMR substituent effects. It is fairly well established that for organic molecules the 
transmission of NMR substituent effects through unsaturated systems is 

related to the Tr-bond order of intervening bonds. If we examine the NMR 

spectrum of methyl vinyl ether 13 compared with ethene, we find that the 

carbon atom experiences a large upfield shift, owing to increased rr-electron 

density by the resonance interaction shown below. The upfield shift, obtained by 

taking the difference, is termed the ^-substituent effect. In the case of buta-1,3- 

diene, there is a distribution of 7r-bond orders shown above, so that if we compare 
+ 

(13) 

the NMR spectrum of 2-methoxybutadiene 14 with that of butadiene itself, 

we should expect an appreciable upfield shift of C-1 and a smaller upfield shift of 
C-3, and this is indeed observed (Table 1.2). When we examine butadiene- 

Table 1.2. NMR and y-methoxy substituent effects for 2-methoxybu¬ 

tadiene and its Fe(CO)3 complex (p.p.m.). 

Compound P{C-lf P{C-3)* y(C-4)* 

2-Methoxybutadiene (14) -31.1 -4.3 -3.4 

2-Methoxybutadiene-Fe(CO)3 (15) -6.4 - 19.2 -9.2 

* Negative values indicate upfield shift of the denoted carbon atom relative to butadiene or 
butadiene-Fe(CO)3.) 
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Fe(CO)3 derivatives, we now discover that the ^-effects produced by a 2-methoxy 

substituent on the diene are very different. Thus, comparison between 

tricarbonyl(2-methoxybutadiene)iron 15 and the parent complex 12 reveals a 

large upheld )8-effect at C-3 and only a small upheld effect at C-1. Therefore, it 

appears that the above notion of partial population of the diene excited state is 

correct. 

(15) (14) 

Another useful way of rationalizing the fi-effect is to examine the effect of the 2- 
methoxy substituent on the HOMO of each system. Comparing the HOMO of 14 
with free butadiene we see a large increase in relative coefficient at C-1 and very 

little change at C-3 (Figure 1.13). Now, from the above discussion we expect that 
the diene component in the HOMO of the complex corresponds roughly to the 

diene LUMO. Comparison of the coefficients for this orbital reveals a large 

coefficient at C-3 for 2-methoxybutadiene, but only a small coefficient for C-1. 

Also note that we expect a large coefficient at C-4 in the diene LUMO, but only a 
small one for diene HOMO. Compare this latter result with the ^^C NMR effects 

at this atom (y-effect) and it will be seen that the Fe(CO)3 complex shows an 
appreciable upheld y-effect whereas that for free diene is small. In fact, these effects 

are important in considering the reactivity of substituted diene complexes, as we 
shall see later. 

Before we leave this discussion, it is interesting to consider an alternative 

description which has been discussed in the literature. At one time it was thought 
that the bonding was a combination of o- and 7c-bonding as shown in structure 

16, which is a plausible explanation of the above data. However, it is found that 

the geminal ^^C-H coupling constants for the terminal carbon atom of the 

MeO 

LUMO 

MeO 

HOMO 

Figure 1.13 HMO coefficients for butadiene and 2-methoxybu¬ 
tadiene (Houk diagram, not to scale) 
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complexed diene are almost identical (158-161 Hz) with those obtained for sp^ 

hybridized carbon atoms in olefmic systems (ca. 160 Hz), and very different to the 

C-H couplings obtained for saturated (sp^) molecules {ca. 130 Hz). This appears 

to rule out a structure such as 16. 

(C0)3 

(16) 

^y^-DIENYL COMPLEXES (EXCLUDING METALLOCENES) 

These complexes are known as either cationic species, e.g. the tri- 

carbonyl(cyclohexadienyl)iron complex 17, which are stable, neutral species, 

e.g. 18, or anionic species, e.g. 19, the latter usually being formed as intermediates 

during the addition of nucleophiles to an arene complex (see Chapter 10). 

(19) (20) 

Again, the placing of formal charge is fairly arbitrary, since it is delocalized over 

the metal-ligand system, but usually the reactivity associated with that charge is 

found on the dienyl system. For example, nucleophile addition to 17 occurs 

specifically at the dienyl ligand (see Chapter 8). In this section we shall consider 

the bonding in the tricarbonylpentadienyliron cation 20, since we are by now 

familiar with the bonding properties of the Fe(CO)3 fragment. Whilst there are 

now several MO treatments in the literature, there are still a number of 

unanswered questions, which of course makes the discussion all the more 

interesting. We shall meet these as we proceed, and further in Chapter 8. The 

dienyl cation has four electrons accommodated in i/^j and 1/^2, and the Fe(CO)3 

fragment possesses three hybrids containing two electrons. The major in¬ 

teractions expected are shown in Figure 1.14, and involve the now well known 

synergic interaction, viz. donation from \]/^ and 1/^2 (the latter being the stronger 
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owing to its closeness in energy to empty metal d orbital) to the metal, together 

with back-donations from metal into dienyl LUMO (1/^3). It seems likely on 

energy level considerations that the latter will be the most important interaction, 

leading to a delocalization of positive charge on to the iron. 

We have only shown the bonding orbitals. In fact, probably the most 

important orbital from the point of view of reactivity of these particular 

complexes (nucleophile addition) is the LUMO of the complex. Unfortunately, 

calculations have not revealed the exact nature of this orbital, and indeed it is 
found that there are a number of contenders, all very close in energy. However, 

most have a nodal surface between the metal and the dienyl system, and an 

example ((/j^) is included in Figure 14. We shall consider the significance of this 

later. 

The evidence for back-donation into the dienyl LUMO again comes from 

infrared and NMR data. Thus it is found that the Fe(CO)3 group absorbs at 

ca. 2150 and 2050 cm “ ^ compared with the values of 2080 and 1970 cm" ^ found 

in neutral diene-Fe(CO)3 complexes. This is because the gain of positive charge 

by iron lowers the energy of the t2g orbitals which now, according to perturbation 
theory, will have weaker interaction with the high-lying carbonyl n* orbitals. The 

decreased population of the n* orbital leads to an increased Ti-bond order and 
therefore a higher stretching frequency. The population of dienyl LUMO is 

reflected in the NMR, shown below for uncomplexed and complexed 

systems. There is a general upheld shift of all carbons in going from free to 

complexed systems, presumably owing to paramagnetic screening by the metal, 
and also reflecting overall back-donations, but also the distribution of shifts 

Bonding (occupied) MOs 

Figure 1.14 Dienyl bonding to Fe(CO)3 fragment 
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NMR 
shieldings 

(p.p.m, downfield 
from Me^Si) 

resembles the coefficients of the dienyl LUMO. The chemical shifts in the 

uncomplexed system relate to total electron (or charge) densities. 

METALLOCENES AND ARENE SANDWICH COMPOUNDS 

There is in fact a choice of bonding a description adopted for these complexes. 

Since there is no reason a priori to use d^sp^ metal hybrids, or simple s, p, d 

orbitals, we could in principle use both the t2g and the orbitals for overlap with 

cyclopentadienyl ligands. In fact, the currently used textbook description does 
exactly this. Thus, we envisage overlap between the cyclopentadienyl ij/ j orbital(s) 

and d^2, p^ and s orbitals of the metal, as shown in Figure 1.15. Then the 

remaining orbitals interact with metal orbitals of appropriate symmetry, d,^^, d^,^, 

etc. Using this model there would appear to be very small overlap between ligand 

orbitals and the metal orbitals in the xy plane (d^^,, d,^2 _^2, p^,, Pj,), even though we 

have included these in Figure 1.15. 

The alternative description, using d^sp^ hybrid combinations, is shown using 

the Houk-type representation in Figure 1.16. We should keep in mind that, owing 

to the arrangement of these orbitals, the tjg set is essentially orthogonal, the 
cyclopentadienyl ligand no longer being parallel to the xy plane. For ferrocene, 

we can count iron as Fe" and the cyclopentadienyl anion is a six-electron donor. 

The iron hybrids are therefore nominally empty, so the twelve electrons go into 

duplicate pairs of the bonding MOs shown. 

In fact, the basic picture is the same, since the same orbitals are filled in the 

process, and there is no technique at present which will allow differentiation 

between these two alternative descriptions [the reactivities of these complexes do 

not permit differentiation either (see later)]. 

The same sort of bonding pictures can be built up for bis(arene)-metal 

complexes. This is left as an exercise for the student. 

THE 18-ELECTRON RULE 

The observant reader will have noticed in the preceding discussion that the 

arrangement of ligands around a particular metal remains fairly constant 

throughout a series of complexes. For example, conversion of Fe(CO)5 into {t]^- 
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Figure 1.16 Cyclopentadienyl—metal bonding using hybrid or¬ 
bital description 

ethene)Fe(CO)4 involves displacement of one CO ligand, which may be regarded 

as donating two electrons into the coordination sphere of the metal atom, with an 
olefin ligand, also a two-electron donor. Similarly, conversion of Fe(CO)5 into 

butadiene-Fe(CO)3 involves replacement of two CO ligands with a four-electron 

ligand, butadiene. Thus, the electronic environment of the metal atom remains 

constant. We can sum up the total number of valence shell electrons surrounding 

the metal as follows; 

Fe(CO)5: Fe(0) 8e 

5 X CO lOe 

18e 

ethene-Fe(CO)4; Fe(0) 8e 

4 X CO 8e 

C2H4. 2e 

18e 

butadiene-Fe(CO)3: Fe(0) 8e 

3 X CO 6e 
butadiene 4e 

18e 

Thus, for a stable arrangement we note that the combination of metal and ligand 
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electrons results in a valence shell configuration of 18 electrons, exactly that for 

the next rare gas, in this case krypton. During the reaction which leads to 
displacement of CO ligand by olefin, the first step is loss of carbon monoxide: 

FeCCOg W Fe(CO)^ + CO 

The initial product, Fe(CO)4, is a 16-electron species, termed coordinatively 

unsaturated, and has only fleeting existence at normal temperatures, although it 
may be trapped and characterized spectroscopically at low temperature. It adds 

on an olefin, or another ligand, to regain the stable 18-electron configuration, 

becoming coordinatively saturated. 
Addition of a further two-electron donor ligand to Fe(CO)5 would result in the 

formation of a complex which contains formally 20 electrons in the iron valence 

shell. Since there are only five non-occupied orbitals in the available metal set for 
interaction with ligands, a sixth ligand would have to interact with orbitals in the 

next quantum shell of iron, obviously of higher energy. Consequently, 20- 

electron complexes of this type are unknown. Suppose that instead of trying to 

attach a further ligand we simply try to add more electrons to the complex, e.g. by 
electrochemical reduction. Since all of the bonding and non-bonding orbitals of 

the complex are fully occupied, any extra electrons must populate an antibond¬ 

ing orbital, leading to considerable destabilization of the complex. As a 

consequence, such complexes are extremely rare. 
In summary, it can be seen that for first-row transition elements, a rule of 

thumb is that 18-electron complexes are favored, but that complexes containing 
fewer electrons can be formed as reactive intermediates. Complexes with more 

than 18 electrons in the valence shell are unstable and therefore not formed under 
normal circumstances. Second-row elements tend to form more stable 16- 

electron complexes than do first-row elements, some of these being isolable. 

This rule has important consequences in organometallic chemistry. It is useful 

to remember that a vacant coordination site is an exceedingly important property 

of a homogeneous catalyst, and that coordinatively unsaturated complexes are 

especially reactive in migration and oxidative addition reactions. These processes 

are very common steps in a catalytic cycle, as will be seen later. 

It should be pointed out that as d orbital energies are reduced, leading to 

increased nd-^(n -F l)p promotion energies, there is a tendency for 18-electron 

molecules to be less favorable. This is most noticeable towards the end of the 

transition series, and in particular 16-electron compounds are common for 

nickel, palladium and platinum. This again has important consequences for 
catalytic reactions. 

REFERENCE 

For a detailed account of bonding of unsaturated organic molecules to transition 
metals, see D. M. P. Mingos, in Comprehensive Organometallic Chemistry (Ed. G. 
Wilkinson, F. G. A. Stone and E. W. Abel), Pergamon Press, Oxford, 1982, Vol. 3, Ch. 1. 



CHAPTER 2 

Some Common Properties and 
Reactions of Transition Metal 

Organometallic Complexes 

In this chapter we discuss the common processes which occur in transition 

metal complexes and which account for many of the fundamental steps in 
catalytic sequences. 

FLUXIONALITY AND DYNAMIC EQUILIBRIA 

Fluxionality can be loosely defined as the continual reorganization of ligands 

around a transition metal which does not involve discrete ligand dissociation. 

By a dynamic equihbrium we mean a ligand reorganization which involves either 

partial or total dissociation of the ligand from the metal, followed by a re- 

complexation in a different manner. We can draw an analogy between these and 
conformational equilibrium (fluxionahty) or configurational change (dynamic 

equilibrium) in organic compounds. This will become clearer as the discussion 

proceeds. Both of these processes manifest themselves during NMR spectro¬ 

scopic investigation, and both are important as a basis for understanding 

catalytic reactions. They both provide the means by which ligands which are 

initially non-adjacent, and therefore not suitably disposed for reaction on the 

metal template, become suitably juxtaposed for a reaction to occur. The obser¬ 

vation of dynamic processes provides evidence for partial dissociation of certain 

ligands which is usually necessary before coordination can occur with another 

molecule involved in a reaction. We shall now consider examples of each 

phenomenon. 

FLUXIONALITY IN TRICARBONYL (DIENE) IRON COMPLEXES* 

The X-ray analysis of butadiene-Fe(CO)3 shows a rigid structure in which two 

of the CO ligands are in equivalent environments, while the third CO is unique 

(see Chapter 1). Consequently, if this conformation were adhered to in solution, 

* See Chapter 1 for structures. 

21 
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we should expect the NMR spectrum to show two peaks with an integrated 

intensity ratio of 2:1, corresponding to these ligands. In fact, when the ^ NMR 

spectrum is measured at room temperature, only one peak is observed 

corresponding to the CO ligands, at 212.8 p.p.m. (downfield from Me4Si). 

However, on cooling to 195 K, the single peak splits into the pattern expected for 

the idealized structure. It is found that whatever process is leading to equivalence 

has an activation energy of 9.5kcal moP\ The line spectra are shown in 
Figure 2.1. 

There are two possible explanations for this phenomenon: either dissociation, 

followed by reassociation of one CO hgand at normal temperatures, or a process 
of rotation of the Fe(CO)3 which results in averaging of the magnetic 

environments experienced by each carbonyl. The former seems unlikely. If it were 

the case then we might expect that incorporation of, say, triphenylphosphine into 
a solution of the complex at room temperature would result in rapid replacement 

of a CO ligand by the phosphine, for such a low activation energy dissocia¬ 

tion. This is not the case. While the conversion of butadiene-Fe(CO)3 to 

butadiene-Fe(CO)2PPh3 can be achieved, it will only occur at elevated 

temperature {ca. 120-150 °C) and very slowly, or under irradiation with 

ultraviolet light. 

The mechanism of this process of fluxionality, i.e. apparent rotation without 

bond rupture, is not well understood. It does not appear to be a case of 

pseudorotation, since this is normally prohibited by chelating ligands which form 
a small ‘metallocycle’ ring (the diene in this case). Pseudorotation is in fact an 

appropriate mechanism for the equivalence shown by Fe(CO)5. This compound 

has a trigonal bipyramidal structure, so we should expect a ‘^C NMR spectrum 

to distinguish the two axial from the three equatorial ligands. In fact a singlet 

272 K 
212. 8 ppm 

216.9 210.1 p.p.m. 

Figure 2.1 ^^C NMR spectra of 

butadiene-Fe(CO)3 at 272 and 195 K (CO 
region only) 

D D 
A 

A 

E E C 

Figure 2.2 Pseudorotation of trigonal bipyramidal system 
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is observed. The pseudorotation mechanism proposed for this process, shown 

in Figure 2.2, involves vibrational deformations of the axial and equatorial 

ligands, so that they become exchanged. 

FLUXIONALITY IN f/^.QLEFIN COMPLEXES 

At ambient temperature, the proton NMR spectrum of CpRh(C2H4)2 in 

chloroform solution shows three peaks; ^ 5.15, doublet (coupled to rhodium) (5H) 

corresponding to the cyclopentadienyl protons, and two broad absorptions at 

2,77 (4H) and 1.12 (4H) corresponding to the ethylene protons. Cooling the 

solution to — 20 °C causes the absorptions at 2.77 and 1.12 to be each split into 

two pairs of doublets, while on heating to 57 °C, the ethene bands collapse to a 
single peak at ^1.93. Thus, at higher temperature, there is rapid proton 

equilibration (NMR spectra shown schematically in Figure 2.3). The activation 

energy for the process is 6.2kcal moP^ 

In trying to establish the mechanism for this equivalence, several alternatives 

were considered 
(a) simple proton exchange involving C—H bond breakage but not ethene—Rh 

bond rupture; 

(1) 

Figure 2.3 Variable temperature NMR spectra for CpRh(C2Hj2 (sche¬ 

matic only) 
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(b) proton exchange by non-classical tunnelling mechanism; 
(c) rapid dissociation of ethene molecules followed by re-association either on a 

different complex or in different orientation on the same complex; 

(d) exchange of ethylene between two complexes without dissociation; 
(e) rapid rotation of each ethene about its C—C bond axis; 

(f) rapid rotation of each ethene about the ethene—^rhodium bond axis. 

The first four mechanisms were excluded experimentally. Thus, it was found 

that heating solutions of 1 in CH3OD gave no H-D exchange under conditions 

where rapid equilibration in the complex occurred, ruling out mechanism (a). 

Also, mechanism (a) is ruled out by the observation that no equivalence of the 

olefinic protons of CpRh(CH2 =CHCH2CH =CH2) is observed even at 100 °C. 

The tunnelling mechanism (b) was excluded by deuterium NMR studies on 
CpRh(C2D4)2, when it was found that equilibration of the deuterium was as 

rapid as the proton equilibration in 1. Since no exchange between coordinated 
C2H4 and free C2D4 occurred at 100 °C, this rules out (c), while (d) is ruled out by 

the lack of dependence of equilibration rate on complex concentration. 

It is expected that the rupture of both a- and ^-coordination between olefin and 

metal, which must accompany mechanism (e), would have an activation energy 

considerably higher than that observed (compare with the bond energy of silver- 

olefin complexes of 20-30 kcaP) and it was therefore concluded that rotation of 

ethene about the coordination bond, i.e. mechanism (f), with almost continued 

overlap between rhodium d orbitals and ethylene MOs, is the actual mechanism 
of equilibration (Scheme 2.1). 

Scheme 2.1 Rotation of coordinated ethene about Rh—C2H4 bond 

FLUXIONALITY AND DYNAMIC EQUILIBRIA IN tt-ALLYL 

COMPLEXES 

A large number of 7t-allyl complexes show equivalence by ligand protons in the 

NMR spectrum and both fluxional (ligand rotation) and dynamic (7c-allyl/cr-allyl 

interconversion) processes have been characterized. When the activation energy 

for these processes is very high, we often observe simple conversion of one 

rotational isomer to a more stable one at elevated temperature. For example, the 

TT-allyl molybdenum complexes 2 and 4 can be obtained almost pure (85:15 

mixture of endo and exo complexes), but on standing at ambient temperature the 

NMR spectrum shows a gradual change due to slow conversion of the endo to the 

exo complex. At equilibrium the latter, more stable, compound predominates.^ 
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(2) endo (3) exo 

(4) endo (5) exo 

The homoleptic complex Zr(allyl)4 may be prepared from anhydrous ZrCl^. 

and CjH^MgCl under nitrogen at — 80 °C. The proton NMR spectrum has been 

studied over the temperature range — 74 to 0 At low temperature the 
spectrum is of the AM 3X2 type, typical of a fixed rr-allyl complex having different 

signals for H-la, H-lb and H-2. As the temperature is raised the spectrum changes 

to the AX4 type, i.e. a process is now occurring to effect rapid exchange of the 
terminal allyl methylene protons. The spectra are shown schematically in Figure 

2.4. 
The mechanism of equivalence of H-la and H-lb cannot be simple rotation of 

the allyl ligand, since in such a process these protons maintain their stereo¬ 

chemical integrity. The most plausible mechanism for the process is a partial 

dissociation of the 7i-allyl ligand to give a a-allyl complex, followed by rotation 

of the allyl ligand about the carbon—carbon tr-bond and reformation of the 
TT-allyl complex, as shown below. This effects the exchange of the terminal 

methylene protons a and b. The absence of a concentration dependence for the 

equilibration process rules out any intermolecular exchange of allylic ligands. 
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The NMR spectrum of trisallylrhodium, Rh(7r-allyl)3, shows a slightly more 

complex temperature dependence. At — 74 °C three distinct AM2X2 patterns are 

observed, but on warming to 10°C the spectrum obtained consists of two 

equivalent AM2X2 patterns and one unique AM2X2 pattern. This is interpreted 

as being due to fluxional rotation of one allyl group about the allyl—Rh axis, 

making the other two allyl ligands equivalent. At still higher temperature further 

averaging occurs which is consistent with cr^^Tc-allyl interconversions. ^ 

Diallylnickel shows a slightly different behavior, in that it does not undergo a 

change to the AX^ spectrum. At low temperature there are two AM2X2 species 

visible in a ratio of 3:1, and as the temperature is raised this ratio simply changes 

to ca. 2.2:1. Thus, there is no a- to 7r-allyl interconversion and it is suggested that 
the following (conformational, or fluxional) equilibrium is involved: 

It is possible that the position of equilibrium is temperature dependent. The 

H-2 

H-I0 + H-1b 

H 

lL 

-2 

} * j-^^— ——-1-1-—-1-1-.—I 

5.19 2.63 6 

0 “C 

l/=8.5Hz 

Figure 2.4 Schematic variable temperature ^HNMR spectra of (allyl)4Zr 
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presence of ligands or solvent which may act as a ligand can affect the 

equilibration process involving formation of a a-allyl complex, since this 

electron-deficient species is stabilized by coordination. Obviously, the only way 
in which added ligand can affect the fluxional process of 18-electron complexes is 

by replacement of an existing ligand, thereby leading to a different complex which 

has a low energy barrier to 7r-allyl rotation. There do not appear to be any well 

characterized examples of such a phenomenon. 

Another consequence of the dynamic equilibrium of a- and Ti-allyl complexes is 

loss of stereochemical integrity in the allyl group. This is best shown by the 

following example, where a single diastereoisomeric complex is obtained by 

crystallization from carbon tetrachloride at — 72°C. The optical rotation 

remains fairly stable at — 72 °C, but on warming the rotation changes. Since the 

optically active amine ligand is unchanged, this indicates epimerization of the n- 

allyl-metal system.^ 

Asymmetric 7c-allyl complexes of type 6 have also been found to exhibit 

dynamic *H, and NMR spectra indicative of intramolecular rearrange¬ 

ment barriers of the order 12kcal mol“\ although an added complexity is 

observed. At low temperature non-equivalence of the two ends of the allyl group 

is indicated by an ABCDX pattern for the protons in the ^ ^ P-decoupled 

spectrum. When the temperature is raised this changes to an A2B2X pattern of a 

symmetrical ^rj-aWyl complex, owing to rotation of the allyl ligand, which places 
the A, B and X protons in their averaged environments. In the diphos complexes 

the diphos methylene protons appear as an ABCD pattern at — 100 °C, but on 

warming to 30 °C they become an A2B2 set. This does not occur for all chelating 

phosphorus ligands, and is probably due to an interconversion of structures 6a 

and 6b. ^ 
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(6a) (6b) 

Thus, a range of effects of varying complexity may occur in the NMR spectra of 

TT-allyl complexes, but these are usually explicable in terms of relatively simple 

motions of the Ti-allyl and/or other ligands. 

TRICARBONYL CYCLOOCTATETRAENE (COT) METAL COMPLEXES 

(METAL = IRON, RUTHENIUM, OSMIUM) 

The first of these to be prepared was (cot)Fe(CO)3. In the crystal the Fe(CO)3 

unit is bonded in a 1,2,3,4-tetrahapto fashion, but the NMR spectrum shows only 

a single line, suggesting rapid movement of Fe(CO)3 around the ring somehow. A 

single line remains down to very low temperatures owing to the small activation 
energy. Activation energies for M = Ru and Os are higher, so that as the 

temperature is lowered a spUtting becomes apparent. For M = Ru a spectrum 

consisting of the four multiplets expected for a tetrahapto structure is observed 

at ca. — 145 °C. For M = Os the limiting spectrum is obtained at — 1(X)°C. It is 

assumed that the equivalence mechanism is the same for all three. From analysis 

of the line shape changes with temperature, it is concluded that the equivalence 
occurs by a series of 1,2 shifts of the M(CO)3 group around the ring. 

For (cot)M(CO)3 complexes (M = Cr, Mo, W), sharp complex spectra are 
observed for all three compounds at — 40 °C, which broaden and collapse as 

temperature is raised, giving a single line at 50-100 °C. Because of complexity due 

to spin-spin coupling dynamical analysis is not possible. However, line shape 

changes for l,3,5,7-tetramethylcyclooctatetraene-Cr(CO)3 as the temperature is 

raised are very selective. Between —23 and +50°C, two of the ring-proton 

resonances collapse and coalesce, while the other tv/o remain unchanged. At the 

same time, all of the methyl resonances broaden and then coalesce pairwise. 

Either a 1,2 or a 1,4 shift mechanism can be invoked to explain the data, but the 
1,2 shift is considered more plausible. 
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OXIDATIVE ADDITION REACTIONS 

Oxidative additions of transition metal organometallic complexes are exceed¬ 

ingly important in that they provide methods for the synthesis of certain types of 

complex, e.g. a-alkyl derivatives, and they frequently occur as key steps in 

catalytic cycles. Discussions of the reaction have appeared in several reviews.® 

The reaction may be defined as follows: reaction of a metal complex in which 
the formal oxidation state of the metal is n, with an addendum X-Y, to give a 

new complex, X-M-Y or similar, in which the formal oxidation state of the metal 
is increased to n -I- 2. There are some slight variations on this, as will become 

apparent during the discussion. The reactant X-Y is commonly a halide 

derivative,e.g. HX (X = Cl, Br, I), RX (R = alkyl, vinyl, aryl; X = Cl, Br, I), and in 
some cases molecules such as H-H and Ar-H are involved. Examples of each will 

be found throughout the text. 

Since the addition of the species X-Y to the metal results in the formation of 

two new bonds, M-X and M-Y, this leads to an increase in coordination 

number, and so the reaction invariably does not occur for coordinatively 
saturated complexes (see Chapter 1). 

Some examples of typical reactions are given below which suffice to illustrate 
this. The reactions are given in general schematic terms first, followed by specific 

examples. 

(a) MLg -► ML4 -► MLg 

(14e) d® (16e) d® (18e) 

eg. ptO(pp^^)^ -^ Pt'TPPhjlglXlCY) -► Pt'^CPPhjlgfXl^tYlg 

X-Y = CH3I, PhCH2Br, PhjSnCI, etc. 

(b) ML4 -► MLg 

d® (16e) d® (18e) 

e.g. Ir'CCOCPPhjlgCI - - Ir’"(X) (Y) (CO) (PPh3)2CI 

X-Y = H2, CI2, HCI , CH3I, RSO2CI, RHgCl, RjSiH, etc. 

(c) ML5 --► MLg 

d^ (17e) d® (18e) 

e.g. 2[Co”(CN)5]^' ► [Co'”(CNIgX]+ [Co^'lCNlgY 

X-Y = H2 , Br2 , HOH, H00H,CH3l, etc. 

[The last example is peculiar in that a one-electron oxidation of the metal is 
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involved, as opposed to the usual two-electron process. There is evidence to 

suggest that this occurs by a free radical mechanism (see later)]. 
Thus, it can be seen that the final result of the oxidative addition is usually the 

formation of an 18-electron complex, or a 16-electron complex for metals 

preferring this (e.g. Pt, Pd). Consequently, if a coordinatively saturated complex 

(18-electron) is subjected to oxidative addition conditions, it will not react in a 

concerted fashion with the addendum X-Y unless there is prior loss of a ligand to 

give a 16-electron complex. Alternatively, the 18-electron complex may react in a 

non-concerted manner to give 18-electron intermediates which subsequently 

undergo loss of an existing ligand and gain of the new ligand. In schematic terms, 

these alternatives may be represented as shown below: 

ML^ ML^.i - - - » L^.|M(X)(Y) 

18e 16e 18e 

or ^ 

L^Mt'^X-Y L^M+X + Y- L^.,M + X + Y" -t L 

18e 18e 

We now consider the reactions of d^°, d® and d’ complexes, in that order. 

• Oxidative Addition Reactions of d^° Complexes 

Compounds having a formal d^° configuration have been found to undergo 

unusually facile oxidative addition reactions. The most extensively studied are 

complexes of Pt(0), notably Pt(PPh3)3 and Pt(PPh3)2C2H4. These react with a 
variety of molecules (X-Y = CH3I, PhCH2Br, Ph3SnCl) to give adducts of type 
Pt(PPh3)2(X)(Y). 

The actual addition occurs to Pt(PPh3)2, a 14-electron species formed by 

ligand dissociation, except for hydrogen halides which appear to first protonate 

the PtL3 to give HPtL3’^Cl“. Palladium complexes undergo similar reactions 

which turn out to be very useful for organic syntheses involving carbon—carbon 
bond formation (see Chapter 3), e.g. 

H Cl H Cl 

Note that 16-electron complexes of Pt and Pd are stable. 

Oxidative Addition Reactions of d® Complexes 

These are by far the most commonly encountered examples of oxidative 

addition reactions, resulting in the formation of octahedral d^ complexes by 

addition of a covalent molecule to the coordination sphere. Coordinatively 
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unsaturated d® complexes, usually square planar, reversibly add RX, RCOX, 

MX, X2,02, R—C=C—R, and RR'C=CR^R® (X = halogen). Coordinatively 

saturated d® complexes, which are usually trigonal bipyramidal, react with highly 

polarizable addenda, e.g. HX, HgX2, X2, in a two-step mechanism (see above). 

Most extensive studies have been made on square-planar iridium(I) complexes 

of the type Ir(CO)L2Y [Y = C1, Br, I; L = PPhj, PPh2CH3, PPh(CH3)2], 

commonly known as Vaska’s complexes. The reactions are often stereospecific; 

both cis and trans modes of addition have been observed, depending on the 

reagent and the medium. Some examples are given below. 

H 

L 

Cl 
CO 

OCOCO2H 

L//, I .>\\'C0 
cr 

COMe 

Cl 'L 
Cl 

S02Me 

Cl-^ I 
Cl 

SnClg 

'-XJ 
C1^[^L 

Cl 

W 

▼ 

Cl 

The addition of H2 appears to be a concerted process, as shown by the negative 

entropy of activation (AS^ = — 23e.u.; AH^ — 10.8kcalmol"^), and results in 

the formation of the cis adduct. Such a concerted addition probably involves 

frontier orbital interactions of the type shown below, i.e. interaction of the H2 

bonding MO with empty metal d^sp® hybrid orbital, together with interaction 

between H2 antibonding MO and a filled metal d orbital. 

and 

HOMO LUMO 
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This type of HOMO + LUMO interaction is very reminiscent of concerted 

organic reactions, e.g. cycloaddition, and is consistent with the requirement of a 

low-lying unfilled metal orbital of the type found in coordinatively unsaturated 

complexes. 
There still appears to be some confusion regarding the exact mechanism of 

oxidative addition of alkyl halides. In fact, there is no reason to suppose that all 

alkyl halides react by the same mechanism, since it is well known from organic 

chemistry that concerted (Sp.j2) or non-concerted, dissociative (S^l) mechanisms 

can be followed depending on the nature of the alkyl halide. Indeed, there are 

cases where oxidative addition occurs in a cis, and probably concerted fashion, 

and others where the trans product is obtained, probably by dissociation 

processes. This may depend on both the alkyl halide and the metal complex. A 

third mechanism involves homolysis of the C—halogen bond, followed by a free 

radical reaction. The three possible mechanisms are summarized below. 

Concerted; d o 

L„M^| -► L„M 
* I 

cis 

Non - concerted: 

L^Mr 
, rv 
‘R-I L„M*R + I 

cis or trans 

slow 

L^M -1- RX „ ' L„MX -1- R» 

• fast 

L^MX -I- R« -► L„M(R)(X) 

cis or trans 

In recent years, increasing evidence has accumulated for the occurrence of the 

free-radical reaction for a number of metal complexes. Such evidence includes 

(a)initiation by Oj, AIBN, benzoyl peroxide, etc.; (b)retardation by radical 
scavengers, e.g. duroquinone, hydroquinone, galvinoxyl; (c) racemization of the 

alkyl halide; (d)increase in rate for halide having electronegative substituents; 
(e) spin trapping experiments with BuNO. 

The rationalization of all the possible mechanisms is still incomplete, and 
clearly different mechanisms may be adopted by different complexes, and even by 

the same complex reacting with different addenda X-Y. The propensity of d® 

metal complexes to undergo oxidative addition follows the familiar pattern of 

transition metal chemistry, increasing on descending a triad or passing from right 

to left in the Periodic Table. For example, it is easier to oxidize Pt(II) to Pt(IV) 

than Ni(II) to Ni(IV), but oxidation of Os(0) to Os(II) is more facile than that of 
Pt(II) to Pt(IV). 
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The other ligands in a metal complex may also have a dramatic effect, better a- 

donor or poorer Tr-acceptor ligands leading to enhanced oxidative addition 

owing to increased availability of metal d electrons. Compare the following, 
which illustrate different metal and different ligand effects. 

As might be expected, the ease with which ligand dissociation can occur from 

coordinatively saturated d® complexes also affects the ease of oxidative addition 

reactions. On ascending a triad or passing from right to left within Group VIII, 

the trend is for a d® complex to become coordinatively saturated. For example, 

the stabilities of M(CO)5 complexes towards dissociation decrease in the order 
Fe > Ru > Os, as shown by the conditions necessary for oxidative addition of 

>160 °C 
FefCOlg + Hg -► HgFefCO)^ 

80 °C 
OsfCOlg + Hg -► HgOsCCO)^ 

On these bases we expect the most reactive d® compounds to be found in the 

lower left-hand corner of Group VIII among four-coordinate complexes 

containing activating ligands. 

Oxidative Addition Reactions of d^ Complexes 

With the exception of reactions with H2 and H2O, most of these proceed 

through a stepwise free-radical mechanism (see above). For the coordinatively 
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saturated derivatives, e.g. Co(CN)5^ , this clearly avoids the formation of 19- 

electron complexes: 

L^M + CIR -► L/7MCI + R* 

17e 18e 

L;,M 4- R» -► L/,MR 

17e 18e 

Evidence for the radical mechanism comes mainly from the observation that 

the reactivity patterns are similar to those for halogen radical abstraction by 

other atoms and free radical reagents (e.g. Na atoms and CH3 radicals), i.e. the 

order of reactivity is RCl < RBr < RI and CH3I < C2H5I < IVte2CHI < PhCH2l. 
Interest in the study of oxidative addition reactions of low-spin cobalt 

complexes, notably reactions leading to organocobalt products, is enhanced by 

certain parallels with corresponding reactions of vitamin B12 derivatives and 

consequently by their possible relevance as vitamin B12 model systems. 

REDUCTIVE ELIMINATION FROM TRANSITION METAL 

(t-COMPLEXES 

Reductive eUmination has been discussed in the review by Braterman and 

Cross. ^ For a considerable time it was widely believed that transition metal— 

carbon cr-bonds were inherently unstable in the absence of tt-acceptor ligands. 

The M—C bond was considered to be stabilized by increasing the energy gap 

between filled and empty d orbitals on the metal, a function of ligand 7r-acceptor 

strength. However, it is now recognized that transition metal—carbon tr-bonds 

are thermodynamically of similar strength to main group metal—carbon bonds, 

and that the lability of the transition metal derivatives is entirely due to the 

existence of low activation energy pathways for their decomposition owing to 

availability of variable oxidation states denied the main group metals. Thus, the 

instabihty is a kinetic phenomenon, and if steps are taken to prepare complexes in 
which the decomposition pathways are eliminated or restricted, stable com¬ 

pounds result. 

In general, reductive elimination is the opposite of oxidative addition, being 

the elimination of two ligands with concomitant reduction by two units of both 

the formal oxidation number and the coordination number of the metal. 

Illustrative examples are as follows: 

(PhjPlAuMej -► (Ph3P)AuMe -I- CgHg 

(PhMegPlgPtMejI -► (PhMegPlg PtMe (I) -I- CgHg 

In both of these reactions two methyl groups are split off the complex in a 
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carbon—carbon bond-forming process to give ethane. The concerted nature of 

these reactions has been confirmed by various studies, including labelling 

experiments, which show the reaction to be intramolecular, and kinetic studies, 

which show a first-order reaction with an activation energy of about 
31kcalmol“h Thus, bond making accompanies bond breaking, and no free- 

living high-energy intermediates such as free radicals, carbanions or carbonium 
ions are involved. It is a well established process of (1,1) elimination of two groups 
at the same metal center. 

Reductive elimination frequently follows oxidative addition, and many well 

known catalytic cycles depend on the interplay of both phenomena (see later). 

Some examples of non-catalytic processes are as follows: 

M6l r 

(PhjPlAuCHgSiMej -► [{PhjPlAuIMe (CHgSiMej)] -► 

(PhjPlAuI + EtSiMej 

Mel 
(PhjPlAuOSiMej -► [(PhjPlAuIMelOSiMej)] -► 

(PhjPlAuI + MeOSiMej 

(EtjPlgPtClg ^-► (Et3P)2Pt(H)2Cl2 -► 

(Et3P)2Pt(H)CI + HCI 

The spontaneous loss of alkene from a metal coordination sphere, dimerizations, 

polymerization and ring closures may be formally regarded as equivalent to 
reductive elimination processes: 

It is readily appreciated that the number of electrons formally donated to the 

metal is reduced by two in these elimination reactions, e.g. 18-electron complexes 

are converted to 16-electron complexes. Consequently, the reaction most easily 

occurs for coordinatively saturated complexes of metals which will form 16- 

electron species. The less favorable the latter become, the more difficult will be 

reductive elimination. Alternatively, compounds in which the orbital occupation 

is higher than usual for the metal concerned will be more prone to undergo 

elimination reactions, and any reaction or change in conditions which increases 
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orbital occupation is likely to be followed by a counter balancing elimination. 
Such effects are most noticeable towards the end of the transition series (see also 
Chapter 1). The formal oxidation number is less important than electron 
availability at the metal. The following example serves to illustrate these remarks: 

+ C4H10 

£g = 65. 5 Real mol'' 

H2C = CHX 

▼ 

(bipy)NiEt2(CH2==CHX) -► (bipy)Ni(CH2 = CHX) + 

'8e = 15. 5 Real mof’ 

Ready explanation of a wide range of useful chemical transformations 
employing transition metal catalysts is possible using a reductive elimination 
step. An appreciation is also gained as to why some metals catalyse reactions 
involving this process whilst others which are less prone to reductive elimination 
do not. The selective cross-coupling of alkyl halides and Grignard reagents 
catalyzed by Ni(II) phosphine complexes involves reductive elimination from a 
transient 18-electron nickel complex: 

r'mqX , r^x 2 
(cliphos)NiCl2 -► (diphos)NiR2 -► (diphos)NiR X -H R'R' 

R'MgX 

In the coinage group, stable 14-electron complexes are common, and it is found 
that even 16-electron species undergo facile eliminations. Also, because of the 
lanthanide contraction, elements of the second row, such as Ru, Rh and Pd, show 
a greater tendency to form 16-electron complexes, and third-row elements show 
an even more pronounced ease of formation of such compounds. Consequently, 
we might expect more facile reductive elimination from 18-electron complexes of 
these elements than their first-row counterparts. Fairly often, however, identifi¬ 
cation of a reductive elimination from a stable complex is difficult, since 

(bipylNiEtg -► bipy + Ni 

I6e 
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invariably other modes of decomposition can, and do operate. This is particularly 

apparent for osmium complexes.^® For example, cis-Os(CO)4Me2 is extraor¬ 

dinarily stable and does not undergo simple reductive elimination. Similarly, 

Os(CO)4H2 and Os(CO)4(H)Me are both found to undergo elimination (of H2 

and CH4, respectively) which is complex and, at least in the latter case, 

bimolecular. In considering the possibilities for the occurrence of simple 

intramolecular reductive elimination, it must also be borne in mind that the 

reaction becomes disfavored as the energy of the remaining fragment increases, 

and that in such cases other elimination processes become predominant. In 
support of this, it may be noted that the Os(CO)4 fragment has been found to be of 

high energy, and consequently does not form complexes which undergo reductive 

elimination as readily as might have been expected. 

a- AND iS-ELIMINATION REACTIONS 

Of these two modes of decomposition of transition metal a-alkyl complexes, 

both involving initial hydrogen transfer from ligand to metal with the concomi¬ 
tant creation of an unsaturated derivative of some type, the better characterized 

is the )8-hydride elimination. a-Elimination has been recognized more recently. 

Discussions of ^^-elimination have appeared in reviews.The reaction 

follows the course outlined in the following scheme: 

H 

M—CHg —CH — R 

MH + H2C=CHR 

The overall result is analogous to £2 ^1 elimination, found in organic 

chemistry, the metal taking the place of a leaving group. The major differences are 

that the olefin formed in the reaction often forms an initial >/^-alkene complex 

with the metal which then dissociates, and that the sequence of events is often 

reversible. 
Deuterium labelling studies have confirmed the above mechanistic concept, i.e. 

transfer of the ^-hydrogen to metal, e.g. 

(Bu3P)CuCH2CD2Et -► (BUjPlCuD + H2C = CDEt 

However, when a rapid reverse reaction operates there is effective mixing of H 

and D. We shall consider in more detail the thermal decomposition of di-n- 

butylbis(triphenylphosphine)platinum(II). ^ ^ 

Ph3P^ ^CH2CH2CH2CH3 

,Pt 
Ph3P CH2CH2CH2CH3 
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During this reaction, it was found that no butenes other than but-l-ene were 

formed, and also no octane was observed. The latter observation excludes the 

possibility that butane and but-l-ene are formed by disproportionation of free n- 

butyl radicals produced by homo lysis of the Pt—C bonds. The rate of reaction 

was found to be depressed by the addition of triphenylphosphine, suggesting that 
dissociation of the phosphine ligand is a necessary occurrence prior to the rate¬ 

determining step. This was surprising because at the time three-coordinate 

platinum intermediates were not commonly implicated in platinum chemistry, 
although both two- and three-coordinate platinum compounds are well known. 

It was also found that dibutylplatinum derivatives containing chelating diphos¬ 

phine ligands were stable to decomposition, in support of this conclusion. 

In fact it is found that in general ^-elimination is suppressed by the presence of 

strong TT-acceptor ligands in a complex because these are less prone to dissociate 

and give a vacant coordination site. 
Mechanistically, the study of deuterium-labelled butyl-Pt derivatives does not 

give clear evidence for the ^-elimination mechanism since scrambling of the label 

occurs, giving butene and butane with deuterium in all positions. This was taken 

as indicative that the elimination of platinum hydride from butyl complexes and 

its readdition to coordinated but-l-ene are both more rapid reactions than the 

reductive elimination of n-butane from intermediates containing hydride and n- 
butyl groups a-bonded to platinum. The proposed mechanism is as follows; 

label scrambling, etc. + BuH 
reductive 
elimination 

/ - butene ^ 

[ LgPt ] [ L2Pt ] + BuH 

This type of process is featured in many reactions of great synthetic value, such as 
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the formation of transition metal hydrides from alkoxides, etc. It also features 

prominently in such catalytic reactions as olefin isomerizations, and is frequently 

encountered as a termination step in polymerization reactions. 

Elimination is effectively prevented in complexes where the alkyl ligand has no 

j5-hydrogens, e.g. CH3, CH2Me3, CH2CMe3. 

a-Ehmination is a more recently characterized process. It involves transfer of 
hydrogen from the a-carbon atom of the alkyl hgand to the metal with 

concomitant formation of a hydride-metal carbene complex. The reaction can 

and often does occur for complexes in which j8-elimination is prohibited, e.g. 

those containing CH3 and CH2SiMe3 ligands, and it has been discussed in a 
review by Schrock.^^ It may be represented by the equation 

What happens next depends on what other ligands are present in the complex. 

In Cooper and Green’s initial observation on this reaction the following sequence 

of events was characterized, using deuterium-labelled compounds. 

isolated 
product 

The fundamental step of a-elimination, hydride transfer to metal, is exactly 

analogous to the 1,2-hydride shifts commonly associated with carbonium ion 

chemistry. Compare 

1 + 
(CH3)2C-CHCH3 -► (CH3)2C-CH2CH3 
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with 
i V 
+ I 
M — CHg 

Viewed in this way, we can see that the possible driving force for the reaction is the 

resultant delocahzation of charge, at least in the above case, over metal and 

carbon atoms, as shown by the canonical forms A and B. 

In complexes where a hydride-metal carbene complex is produced which 

contains a ligand such as cr-alkyl, reductive elimination of, e.g. alkane, is often 

observed, e.g. 

[M]^ 5=t [M]-h" -► 
^CHgCMej '^CHCMej 

+ Me,C 
'^CHCMej 

Examples of this behavior are found in Chapter 4. This therefore represents a 

decomposition mode for transition metal alkyl derivatives since by this 
mechanism an alkyl ligand departs as alkane. 

OLEFIN METATHESIS 

Two very good reviews on the olefin metathesis reaction have recently 

appeared.^ ^ The overall conversion in the reaction is the transformation of two 

olefins to two new olefins arising from cleaving the original molecules in half, 
through the double bond and perpendicular to it, and rejoining the separated 

halves to new partners. The reaction occurs in the presence of a transition metal 

catalyst, commonly containing W or Mo, and it can be readily appreciated that, 
depending on their structure, two olefins may be combined to produce at least 

eight new olefins together with the starting compounds, in equilibrium, e.g. 

+ + 

+ 

d 

d 

4- + -1- 
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This does not include the various possible geometrical isomers of each product, 

so we can see that a mixture containing twenty olefins can be produced from the 

appropriate precursors. However, the reaction is often used with alkenes which 

give fewer products. For example, the first metathesis reaction, described in 1957, 

was the conversion of propene to a mixture of ethylene and but-2-ene: 

molybdenum oxide/ 

alumino / Bu'j Al 
-► 

Various cyclic olefins produce polymeric olefins, having cis and trans double 
bonds in a ratio dependent on the catalyst used, e.g. 

O 
The product of this reaction resembles natural rubber, so the metathesis process 

has considerable commercial significance. 

As a result of considering the overall transformation, i.e. 

the first mechanism put forward involved the formation and decomposition of a 

cyclobutane-metal complex of some sort. The metal was supposed to be 

instrumental in circumventing orbital symmetry restrictions on the olefin 

cycloaddition: 

However, no cyclobutanes are observed as by-products in the reaction, and 

since a metal-cyclobutane complex of the type shown above is expected to have 

extremely weak bonding, if any, we would expect to see considerable amounts of 

free cyclobutanes. 
The currently accepted mechanism involves prior formation of a catalytic 
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amount of metal-carbene complex, say by a-elimination from a metal alkyl, 

followed by its reaction with olefin to form a metallacyclobutane derivative. This 

then expels olefin to regenerate a metal carbene, which continues the cycle: 

a 

b 

C = M > 

a 

b 

+ 
M 

b 

Evidence for the proposed mechanism comes mainly from single-cross and 

double-cross experiments, as well as from deuterium labelling studies. 

Single-Cross Experiments 

The product distribution at the beginning of the reaction is examined during 

the following metathesis: 

+ 

catolyst 

= CHMe 

= CHMe 
-I- 

'12 '14 ■16 

Now, if the cyclobutane-metal complex formation is operative (i.e. direct olefin 
dimerization), we should expect to see only diene in the initial stages. On the 

other hand, if the mechanism is via a metallacyclobutane, we would expect to see 

aCi2:Ci4:Ci6 distribution of 1:2:1 in the initial stages. While this ideal value is 

not actually observed, significant proportions of C12 and compounds are 

obtained, suggesting the metallacyclobutane mechanism. Naturally, the actual 

ratio observed will not be the ideal value, since the preferred pathway for 
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reactions of carbene complexes with olefin will depend on steric factors, e.g. the 
following reactions will have different rates; 

M = CHR + CH3CH = CHC3H7 *■ 

M-^ 

-V 
Me 

R 

Pr 

M = CHR + CH3CH = CHC3H^ -► 

/-\ 
Pr 

R 

Me 

The ratio of product is also expected to be dependent on the exact 

nature of the acyclic olefin, i.e. whether internal or terminal alkene, and this is 
indeed found to be the case. 

Double-Cross Experiments 

In this investigation the initial product ratio is investigated for the following 

reaction involving the metathesis of three alkenes. Again, we would not expect to 
obtain ideal ratios of products, for the reasons outlined in the previous section. 

catalyst 

+ MeCH = CHMe + PrCH = CHPr -► 

It is found that in the initial stages the Cj 4 diene is formed in greater amount than 

C12 or Cjg dienes. The ideal Cy2-Ci4:Ci^ ratio for a metallacyclobutane 

mechanism is 1:2:1. However, if the first mechanism, cyclobutane-metal 

complex formation, is correct we should expect no formation of C14 diene at the 

start of the reaction. 

These experiments therefore support (but do not prove) the metallacyclo¬ 

butane mechanism. 
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Typical Metathesis Catalysts 

Olefin Metathesis Induced by Carbene Complexes 

Since the metallacyclobutane mechanism requires the initial formation of a 
metal-carbene complex, it is reasonable to suppose that isolated complexes of 

this type will act as initiators for olefin metathesis. This has been found to be the 

case, as shown by the following examples. 

Ph 

Ph 
^c=w(co)5 

high molecular weight polymer (97 % c/s) 

Ph,C=W (CO). 

+ 

polynorbornene 

It is interesting that cis to cis and trans to trans olefin conversions are observed 

with high stereoselectivity using Ph2C=W(CO)5, but the selectivity is poorer 
with Ph(MeO)C=W(CO)5. The reasons for this are at present unknown. 

In fact, the diphenylcarbene complex is an inefficient metathesis catalyst, 

possibly owing to the slow rate of displacement of CO ligands. This speculation is 

partly supported by the observation that (CO)5W=C(OEt)C4H9, a highly stable 
complex, shows no catalytic activity for the metathesis of cyclopentene. However, 

when this complex is mixed with titanium tetrachloride in the absence of light, 

one equivalent of carbon monoxide is evolved. Subsequent thermal or photo¬ 

chemical activation leads to an extremely efficient catalyst. The role of the 

titanium tetrachloride is not well understood, but CO displacement appears to be 

essential. 

Catalysts Activated by Organometallic Co-catalysts 

Typically a high oxidation state transition metal salt is mixed with a main 

group metal alkyl, e.g. WC16/R„A1C1„, WCl^/RLi, WClJR^Sn or WCl6/R2Zn. 

These catalysts function via the formation of the transition metal alkyl c- 

complex, which presumably undergoes a-elimination to give the active carbene 

complex. 
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Catalysts Without Organometallic Co-catalysts 

Some transition metal salts, e.g. MoCl^, sometimes combined with a Lewis 

acid, e.g. AICI3, will catalyze olefin metathesis in the absence of a co-catalyst. The 

route to carbene initiation in these systems is not well established and will not be 
discussed here. 

Stereochemical Aspects of the Olefin Metathesis Reaction 

It was noted above that, at least in relatively simple cases, there is a 

considerable degree of stereospecificity regarding the geometry of the product 

olefins. In order to explain this it has been proposed that the metallacyclobutane 
intermediate has a puckered ring structure. This is probably confirmed by the X- 

ray structure determination of the stable platinum complex 

Cl 

which indicated a slightly folded ring having a 12° angle between the planes.^® It 

should be remembered that experimental difficulties with the measurements 

made this value barely significant. However, this assumption enables analogies to 

be made with the chemistry of cyclo butanes, and is helpful in rationalizing some 

of the results. Basically, reaction pathways appear to be favored which provide 

conformations of the metallocyclobutane possessing the fewest number of axial 

substituents on the a-carbon atoms in the ring, e.g. 

R 

It should be noted that the ds->ds olefin conversion cannot be properly 

explained on the basis of a flat metallocyclobutane structure. When i-Pr or t-Bu 

substituents are present in cyclobutanes, these groups now command an 

exclusively equatorial orientation. This can lead to marked changes in the 
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stereochemical course of olefin metathesis, shown by the following example. 

Of course, there are deficiencies in this theory, but on the whole it is a useful 

working model. 

Metathesis of Functionalized Alkenes 

This is a relatively new venture, and most metathesis catalysts are unable to 

withstand the poisoning effects of electronegative atoms (O, N, S). The area has 

been reviewed, and has significance in perfume chemistry, insect pheromone 

chemistry and the preparation of flame- and oil-resistant elastomers and 

speciality plastics. Most work has been done on readily available olefinic esters, 

such as methyl oleate, olive oil (mainly triglycerides of oleic acid), linseed and 

soybean oils (triglycerides of linoleic and linolenic acids). Examples are shown 

below. 
WCIg/Me^Sn 

CH3(CH2)7CH=CH(CH2)^C02Me ^ 
methyl 70 °c 
oleate 

Me(CH2)-7CH = CH(CH2)7Me + Me02C(CH2)7CH = CH(CH2)7C02Me 

(1) metathesis 
olive oil -► 

(2) OH" 

-(CH2).7C02H 

^(CH2)7C02H 

'(CH2)7 

-(CH2)7 

:c=o 

wci. 
CHp=CH(CHp)7CHpOAc -► 

R^Sn 

AcOCH2(CH2)7CH=CH (CH2)7CH20Ac + CH2 = CH2 + CHjCH (Cl) (CH2)7CH20Ac 
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WCIg /EtjB 

CH3(CH2)7CH = CH(CH2)7CH20Ac ^. 
or 

(EtOzMoCls/EtjB 

178 °C 

Ac0CH2{CH2)7CH = CH(CH2)7CH20Ac + CH3(CH2)7CH= CH (CH2)7CH3 

A particularly interesting application of the metathesis reaction, using a 

catalyst prepared from WOCl^ or WClg and dimethyltitanocene, (Cp2TiMe2), is 

the intramolecular reaction leading to macrolide formation. The yield is low but 
it is possible that further refinement of catalyst would lead to very respectable 
yields.^® 

0 

catalyst 
-► 

0 

It may be anticipated that development of new metathesis catalysts will allow 

application to highly functionahzed molecules with important consequences for 

organic synthesis. 

INSERTION REACTIONS^! 

The term ‘insertion reaction’ is, in most cases, an incorrect description, at least 
in mechanistic terms. It is simply meant to describe the overall stoichiometric 

result, and is amply illustrated by reference to the following general equation: 

X + M-L -► M-X-L 

Thus, the species X is apparently inserted into the M—L bond. The classical 

example is the conversion of methylmanganesepentacarbonyl to cr-acetyl- 

manganesepentacarbonyl, first discovered in 1957.^^ 

0 
II 

l\/!eMn(C0)5 + CO ^ MeCMnCCOlg 

While the mechanism of this particular insertion reaction is now known, there 

are very few other examples with a comparable detailed knowledge. The most 

widely studied insertion reactions are those of carbon monoxide, although other 

unsaturated molecules, e.g. SO2, exhibit similar behavior in many cases. Carbon 

monoxide insertion reactions have considerable potential for organic synthesis. 
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since breakage of the acyl—metal bond can lead to aldehydes and acid 

derivatives corresponding to homologation and functionalization of an alkyl 

derivative. It may be noted that only a few metals are not yet known to give 

insertions of CO into M—C cr-bonds. Relatively few kinetically stable CO 

inserted products are known for Ru, Co, Rh, Ni and Pd, so it is not surprising to 
find that these metals are usually effective catalysts for the carbonylation of 

organic substrates. Indeed, CO insertion is a key step in many industrial-scale 

catalytic processes (see later). It is found that 5d metals are normally less inclined 

to undergo CO insertion than 3d or 4d metals of the same subgroup. This has 

been attributed to the greater strength of the M—C bond for the later metals (e.g. 

dissociation energies: Mn—Me 27.9 kcal mol“^; Re—Me 53.2 kcal mol“^ 

In this section we shall consider in some detail the insertion and de-insertion 

reaction of CO and SO 2- 

Carbon Monoxide Insertions 

The general reaction is: 

M + L 

*A variety of ligands L can be used, e.g. alkylphosphines, which at once gives a clue 
to the mechanism, e.g. 

The reverse of CO insertion is termed decarbonylation and proceeds as follows: 

II 
0 
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PPh3 

In fact, decarbonylation also proves to be a synthetically useful operation, since 

carbon—carbon bond formation sometimes involves the use of anion-stabilizing 

groups which are not required in the final product. For example, in an approach 

to chlorothricolide synthesis, Ireland’s group produced just such a compound, 

which required decarbonylation of an aldehyde. This was readily effected using 
chlorobis(triphenylphosphine)rhodium(I) (Wilkinson’s catalyst): 

Decarbonylation of aldehydes in this way involves prior oxidative addition of the 

aldehyde C—H bond to the metal, followed by CO deinsertion and then 

reductive elimination of the alkane derivatives: 

R — cC + M 
^0 

H 

♦* RH + MCO 

Naturally, appropriate ligand dissociations in each step ensure an adherence to 

the 18-electron rule. Decarbonylation can, therefore, be effected under both 

thermal and photochemical reaction conditions. 

Kinetic studies of CO insertion indicate the following general mechanism: 

intermediate 
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Reactions which are both dependent on and independent of the nature of the 
solvent are known. For example, the reaction between MeMn(CO)5 and aniline is 

10"^ times faster in dimethylformamide than in mesitylene. In general, polar 
coordinating solvents are found to enhance the rate of CO insertion. This suggests 

that the above intermediate is a 16-electron species formed by migration of the 

alkyl group onto a CO ligand, in many ways analogous to organic counterparts 

such as the Wolff rearrangement, etc., e.g. 

Mn ◄-C = 0 <-► Mn = C = 0 -► Mn — C = 0 

R 

16e 

/ 
Mn —C = 0 

L R 

18e 

The reverse of this reaction, i.e. 

.a 
Mn — C = 0 -► Mn — C=0 -► Mn = C = 0 

II VI 1 
L R ^R R 

18e 16e 18e 

in which an electron-deficient species is produced by a dissociative process, and 

then undergoes alkyl migration to complete the required electron complement, 
compares very well with the Wolff rearrangement, and similar alkyl migrations to 

electron-deficient centers: 

+ 
R — C — CH—N = N 

II 
0 

0=C=CH—R 

With this analogy in mind we might expect similar trends, and these are often 

observed. For example, the migratory aptitude of the R group usually follows the 

trend i-Pr > Et > Me in both the CO insertion/deinsertion and the related 

organic reactions. 
Detailed studies of the mechanism and stereochemistry of the alkylmanganese- 

pentacarbonyl insertion reaction have been made, and we now consider these. 

The use of ^^C-labelled carbon monoxide gives the following result, readily 
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Me 

\ 
C = 0 

MeMn(CO)^ + 
o 

oc 

oc 

CO 

Thus, the incoming CO occupies a position cis to the acetyl group. No label is 

found in the acetyl group, supporting the alkyl migration mechanism, and the 

above result indicates that the occupies the coordination site vacated 

during the migration step. The same result is obtained when the insertion is 

induced by a phosphine or phosphite ligand, e.g. 

Me 

The alkyl migration concept is also supported by studies of both CO insertion 

and the reverse reaction using labelled complexes. For example, the following 

results are all consistent with alkyl migration, as opposed to direct CO 
insertion/deinsertion into the M—C cr-bond. In particular, note that during 

decarbonylation of the acyl complex the migration can only occur consequent 

upon dissociation of a ligand cis to the acyl group. 

Me 
\ 

C=0 CO CO 

CO CO CO 

A B 

CO 

for alkyl migration: 

Theoretical probabihties: A 0.5; B 0.25; C 0.25 

Found: labelled product ratio A:B = 2:1 

+ 

CO 

c 
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Me CO 
1 « 

OC^ 1 ,,x\CO 
-► 

oc^ 1 
-Mn 

o
 

o
 \ / o
 

o
 

O
 

O
 \ / 

CO CO 

-*■ 

>\\C0 

-COMe 

+ 
Me 

OC. 

— C 

0 

CO 

Mn'^ 

CO 

CO 
* 1 * 

,\\'C0 

+ 
OC ^ ,,sNCOMe 

'^CO o
 

o
 \ / 8
 

CO 

for alkyl migration: 

Theoretical ratio: 2:1:1 

Observed ratio: 2:1:1 

It has also been found, using complexes containing optically active alkyl 

groups, that there is no loss of optical activity after prolonged time during the 

equilibrium: 

{+)p-PhCH2CH(Me)C0Mn(C0)5 ^ {+)□ - PhCH2CH (Me) Mn (COlg + CO 

•Also, the following decarbonylation is found to proceed without loss of optical 

activity: 

* 
+ RhCPPhjljCI 

-► (+)54g-CpFe(C0)2CH(Me)Ph + Rh (CO) (PPhj )2CI + PhjP 

However, neither of these results tell us whether complete retention or inversion 

occurs at the asymmetric center. Some very elegant NMR experiments in fact 

demonstrate that the reaction proceeds with complete retention of configuration 

at the a-carbon, shown by examining the ^H-^H coupling constants of starting 

material and product during the following reaction: 

Similarly, a large number of decarbonylations of optically active aldehydes, 

promoted by Wilkinson’s catalyst, proceed with retention of configuration. These 

observations are again analogous to the counterpart organic migration 
reactions. 
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Interestingly, during the following reaction, only partial epimerization occurs 

at the asymmetric metal center. 

CO 0 CO 

I II ..I 
CpFe — CCHpCHPh -► CpFe—CHpCHPh 

I ^ I benzene | ^ | 

PPhj Me PPhj Me 

This observation indicates that the stereochemical integrity of the coordinatively 

unsaturated intermediate is maintained for at least the lifetime of reassociation of 

the incoming ligand, and any fluxional changes occur relatively slowly. 
A recent illustration^"^ of the potential utility of carbonyl insertion reactions 

involving functionalized substrates is provided by the palladium-catalyzed 

conversion of acetylenic alcohols to the a-methylenebutyrolactone grouping in a 

number of biologically important molecules (e.g. vernolepin, frulhanolide, 

eriolanin) so this method could prove very useful, e.g. 

Pd- PPhj 

OH catalyst 

\_/ ^0 ' 
100% 

Proper development of a range of CO insertion reactions of this type might well 

result in a number of extremely powerful synthetic methods. 

Sulphur Dioxide Insertion Reactions^ ^ 

Insertion of sulphur dioxide into a transition metal—carbon cr-bond is now a 

well known process. The overall reaction is 

M—R + SO2 -► M — {SO2) — R 

However, unlike CO insertion reactions, there are several possible structures for 

the final product, viz. 

0 

II 
M—S —R M — S — OR M —0 — S— R 

/\ 
M S—R 

II II II \ / 
0 0 0 0 

5-sulphinate 0-alkyl-5- (9-sulphinate 0, t?-sulphinate 

The assignment 

sulphoxylate 

of structure to the actual product is readily achieved using 

infrared and NMR spectroscopy. In fact, the most common product is the S- 

sulphinate complex, although the 0-sulphinate complex can be detected during 
reactions which produce the 5-sulphinate, and it is widely recognized that this is 
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an intermediate in a two-step reaction: 

M—R -t- SO2 -► M — 0 — S — R 

0 

The last step can be thought of as a migration of the metal moiety on to sulphur. 

This observation, together with stereochemical considerations (see below) 
suggest that SO2 insertion is mechanistically different from CO insertion, at least 

in some cases, in that there appears to be a direct concerted insertion into the 
M—C bond. In many cases, precoordination of SO2 to the metal appears 

unlikely. However, there are examples where SO2 does act as a ligand (but does 

not then undergo insertion). In fact, SO2 can undergo the following reactions as 

well as insertion. 

(i) Addition to the metal, usually occurring for coordinatively unsaturated 

complexes with strong M—C bonds, e.g. 

MeC = C — Ir(CO)(PPh3)2 + SO2 -► MeC = C — Ir (C0){S02) (PPh3)2 

(ii) Addition to another coordinated ligand: 

MePt(PPh3)2l + SO2 -► MePt (PPh3)(IS02) 

(iii) Cycloaddition to the hydrocarbon fragment: 

SO- 
CpFe (00)3 CHg — C = CMe -► Cp — Fe 

Me 

Sulphur dioxide insertion is not limited to M—L tr-bonds (although this is the 

most common substrate), there being a number of examples of insertion into M— 
C 7r-bonds (also of polyhapto ligands), M—M, M—O and M—H bonds. The 

reverse of SO2 insertion, desulphurization is also found, i.e. 

M(S02)R -► MR + SO2 

As with carbon monoxide insertion, a number of mechanistic studies have 

been attempted. Some of the important results are as follows. When steric effects 

are unimportant, the reactivity of complexes CpFe(CO)2CH2X increases with an 

increase in the electron-releasing tendency of X, i.e., X = C^Fj Ph 

< CgH40Me-p, and X = CN < OMe < i-Pr. This appears to indicate an 

electrophilic nature of the insertion of SO2 into the M—C bond. There is a 

dependence on the steric requirements of the R group in CpFe(CO)2R, i.e. rates 

are R = Me > CH2CHMe2 > CH2CH2CMe3 > CH2CMe3 > CMe3. This is 

indicative of a backside approach of SO2, a proposition which is confirmed by 
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studies using complexes with centers of asymmetry, e.g. 

(+)546 -CpFetCOlgCHtMelPh 

II 
(-)546 -CpFe{C0)2-S-CH(Me)Ph 

0 

0 

The first of these experiments indicates stereospecificity of the reactivity, but 
tells us nothing about whether inversion or retention occurs at the a-carbon, 

whilst NMR studies on the second reaction confirm that the reaction proceeds 
with inversion. These results have been well rationalized using frontier molecular 

orbital concepts by Inagaki et 

A more sophisticated mechanism than the originally postulated intermediacy 

of a contact ion pair was presented. Thus, Inagaki et al. described the process as 

an initial interaction between the bonding orbital of the Fe—R bond and the 

LUMO of SO2 (which has the largest amplitude at sulphur) which leads to a 
weakening and lengthening of the Fe—R bond. This causes charge separation 

between the iron and the carbon, and the resulting transition state is stabilized 

by sequential interaction among the HOMO of the anionic carbon, the LUMO 
of the cationic iron and the LUMO of SO2. This can be represented 

diagrammatically: 
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Indeed, we could even suppose that the whole process corresponds to a concerted 

antarafacial (a2^ + n2J process, as is indicated by the above diagram. 

IMPORTANT CATALYTIC PROCESS BASED ON CARBONYL 

INSERTION 

Hydroformylation (the ‘oxo’ reaction) 

This is extremely important industrially for the preparation of aldehydes from 

olefins. The basic reaction is 

catalyst 
CH2=CH2 + H2 + CO --► CH3CH2CHO 

CH3CH=CH2 + H2 + CO -► CH3CH2CH2CHO 

Butyraldehyde is an extremely versatile chemical intermediate (giving plasti¬ 
cizers). Originally Co catalysts were used, but more recently Rh catalysts have 

been investigated. 

The cobalt catalyst is octacarbonyldicobalt produced by reductive carbonylac- 

tion of cobalt oxide in situ. 

Accepted mechanism (usual temperature ca. 150 °C, pressure CO 4- > 300 
atm). 

Co2(CO)g ^ CoglCO)^ + CO 

Co2(CO).7 + H2 ^ HCo(CO)3 -I- HCo(CO)^ 

16e 18e 

Then: 

HCo(CO)3 + RCH = CH2 H-Co (00)3 

18e 

4 

reverse p-elimination 

▼ 
Me^ IVIC 

RCHpCHgColCO), -h > -Co (CO) 
R ^ 

16e 16e 

(A) (B) 

Note that at this point the cycle can produce either linear (from A) or branched 
(B) products: 
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Linear: 

CO r 
CO 

insertion 

RCHgCHg—Co (00)3 

18e 

RCH2CH2COCo(CO)3 

16e 

RCH2CH2CHO + HCo(CO), 

T 

. oxidative 
^ addition 

H 
reductive 

- RCH„CH„CO-/Co(CO), 
elimination ^ ^ / I ^ 

H 

return to cycle 

Branched: 

CO 

CH, 

CO 

^CH —00(00)3 :CH —CO—Co(CO), 

CH, 

os obove 

RCHCHO + HCo(CO), 

CH, 

From the above, it can be seen that a better linear/branched ratio can be obtained 

by using bulky ligands on the Co (therefore disfavoring B on steric grounds).* 

This is observed when HCo(CO)3(PBu3) is used as catalyst. This also leads 

directly to hydrogenation: 

H 

RCH2CH2COCo(CO)2PBu3’ -► RCH2CH2CH2OH 

H 

Rhodium catalysts have several advantages over the Co systems, e.g. use of 

HRh(CO)(PPh3)3. The mechanism has been studied by Wilkinson and co- 

workers.^^ 

Use of this catalyst gives excellent selectivity for linear aldehydes, and is 

effective at 10-20 atm and ca. 100 °C. Little or no hydrogenation of the aldehyde 

is observed. 

* This effect might also be due to the increased electron density on the metal, altering the polarization 

of the Co—H bond from CoH in HCo(CO)4 to CoH in HCo(PBu3XCO)3. 
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Mechanism: 

HRh(CO)(P03)3 

18e 

HRh(CO)(P03)2 

16e 

i 

CH2 = CHR 

f 

CO insertion 

LgRh R 

CO 

18e 16e 

Ha 

r 

reductive 

HRh(CO)(P0,) Z'2 

elimination 

For steric reasons (03P)2Rh 

I 
CO 

is disfavoured 

Acetic Acid Synthesis via Carbonyl Insertion 

Methanol is a readily available feedstock for the chemical industry, so its 

conversion to acetic acid and acetic anhydride, both important over a range of 

industry (polymers, pharmaceuticals, dyestuffs, pesticides), represents an ex¬ 

tremely important process. 
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Currently, a commercial synthesis of acetic acid uses a rhodium catalyst to 

effect the carbonylation of methanol. Usually a rhodium iodide complex is 

employed, this serving as a source of HI, which converts methanol to methyl 

iodide, which is the actual reactant. The process occurs as shown in the following 
equations; 

CO 

▼ 

CH3OH + HI - 

CO, r 
RhClj -► 

CH3I j oxidative addition 

T 

-► CH3I + H2O 

[Rh (00)212]' 

16e 

CO 
insertion 

CH3C0Rh (00)13" -- CHjRh (00)213“ 

16e 18e 

OHjOORh (00)213" 

18e 

reductive 
-► 
elimination 

OH3OOI 

HgO 

+ [Rh (00)2)2] 

—► OH3OO2H + HI 

Conversion of Alkenes to Carboxylic Acids and Esters 

The basic process is similar to the hydroformylation reactions (above) but the 

acyl-metal complex is intercepted by H2O, ROH or R2NH to give hydrolytic 

breakdown and formation of acids, esters or amides, e.g. 

O2H4 + MH 

Et002H 

Et002R 

t 

EtOONR2 + MH 

Most commercial processes use Co2(CO)8 [giving HCo(CO)3] as catalyst. 

Palladium catalysts are useful, especially on the laboratory scale, because they 

can be employed at lower pressures. Similar mechanisms probably operate for 
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both Co and Pd complexes. The mode of cleavage of the acyl-M bond is possibly 

interesting, e.g. 

0 OR 

II ROM I 
CH3C —ML^ -► CH3C—ML„ 

0—H 

OR 

I 
+ ML„ 

^0 / 
H 

analogous to ^-elimination. A similar application of Pd-catalyzed carboxylation, 

forming the Pd-aryl cr-complex by oxidative addition of Arl, is well known and 

has recently been employed by Tsuji’s group in a synthesis of zearalenone, an 

important veterinary compound, and other interesting macrocyclic lactones,^ ^ 

e.g. 

OMe 

The carboxylation of terminal acetylenes catalyzed by PdCl2 may not always 
proceed analogously to olefin carboxylation. The acetylene has an acidic proton 

which enables it to form an acetylene-Pd cr-complex directly:^® 

Pd" ,, CO 

RC = CH -► (RC = CPd ) —^-► RC = CC0pR' 
R OH ^ 

The ‘normal’ mode of alkyne carboxylation, however, may be obtained using Ni 
or Pd catalysts under appropriate conditions, e.g. 

HC=CH + HgO 
Ni(C0K 

150 °C, 130 atm 
CHg^CHCOgH 

PdClg / thiourea 

-► MeO,CCH = CHCO.,Me 
0-2 2 

HC = CH + CO + MeOH 
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STABILIZATION OF REACTIVE OR UNSTABLE MOLECULES 

Whilst it is conceivable that a range of transition metals may be utilized for 
stabilization of formally unstable systems, by means of complexation, we shall 
concentrate here mainly on the application of iron(O), since this is probably the 
most widely used, and the complexes are readily available. The general principles 
are applicable to other metals. 

Cyclobutadiene 

Longuet-Higgins and Orgel predicted that the ‘antiaromatic’ molecule cyclo¬ 
butadiene might be stabilized as its metal complex. This synthesis of 
tricarbonylcyclobutadieneiron 1 was accomplished some years later by Emerson 
et al. as outlined below.Diironnonacarbonyl acts to dechlorinate a vicinal 
dichloride and also to complex to the resultant diene. 

FeaCCO)^ 
FelCOlj 

(1) 

The analogous compound benzocyclobutadienetricarbonyliron (2) has also been 
prepared by a similar method from dibromobenzocyclobutene. 

FelCOlj 

The complex 1 may be crystallized as pale yellow, low-melting prisms from 
pentane and shows the usual infrared absorptions at 1985 and 2055 cm' ^ due to 
the Fe(CO)3 group (see below), whilst the proton NMR shows a single resonance 
at d 3.91. Evidence for the proposed structure, rather than the alternative 
bis(acetylene)iron-tricarbonyl complex, was obtained from the mass spectrum 
where no peaks corresponding to the loss of C2H2 fragments are observed. 

Tricarbonylcyclobutadieneiron is a readily available source of cyclobutadiene 
and this, together with the intrinsic interest in the effect of Fe(CO)3 com¬ 
plexation on the chemistry of the ligand, prompted further investigation. It 
appears to undergo reactions associated with aromatic molecules. Thus, 
electrophilic substitution, such as Friedel-Crafts acetylation and Vilsmeier 
formylation, occur readily at room temperature, and the resulting carbonyl 
compounds undergo the usual conversions with, for example, Grignard reagents, 
sodium borohydride and in the Wittig reaction, as outlined below. 
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Fe(C0)3 

] CHjCOCI 

AICI3 ^ 

HCONMeg 
POCI3 

▼ 

Fe(CO)3 

^CHO 

Fe(CO)3 

RMgX 

-► 

^C0CH3 

Fe(CO)3 

C—CH, 

II 
CH2 

OH 

Fe(CO)3 

Fe(CO)3 

^CHCH 

I 
OH 

The real synthetic potential of 1 lies in its use as a source of cyclobutadiene, 

which is very reactive in cycloaddition reactions. Thus, treatment of 1 with 

cerium (IV) ammonium nitrate disengages the ligand which in the presence of a 

suitable dienophile, e.g. methyl propiolate, produces the ‘Dewar benzene’ 

derivative 3. 

C02Me 

i 
1 + III 

^002 Me 

(3) 

The complex has in this way been employed in an elegant synthesis of cubane 
derivatives, shown below. 
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More recently, a simple synthesis of 9-hydroxyhomocubane was reported, in 

which the cyclobutadiene is liberated using lead tetraacetate as oxidant 

An interesting variation of the intermolecular cycloaddition reaction is the 
intramolecular reaction described by Grubbs et shown below, but no 

exploitation for, e.g. natural products synthesis, appears to have been under¬ 
taken. 

.CH20(CH2)2C=CMe 

1 Ce‘'' 
--> 

Fe (C0)3 

A number of spectroscopic properties of 1 and analogues have been 

investigated. Both carbon-13 and proton NMR spectra indicate a quadratic 

structure for the four-membered ring with uniform C—C bond order. Gas-phase 

electron diffraction studies of tricarbonylcyclobutadieneiron reveal that all Fe— 

C (2.063 A) and C—C (1.456 A) bond lengths are equal, indicating the diene to be 

square, but some authors consider that this is not inconsistent with a model in 

which alternating C—C bond lengths differ only by a few hundredths of an 

angstrom, owing to the errors involved. 

Measurement of the Fe(CO)3 Ir stretching frequencies and ^^C-H and H-H 

coupling constants indicates that no conjugative interaction occurs between the 

TT-electron systems of the cyclobutadiene ligand and a phenyl substituent in 

complexes such as 4.^^ 
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R 

Fe (00)3 

(4) 

Fe (00)3 

COgH 

Fe (00)3 

(5) p/Cg 5.01 (6) pA'a 5.56 

On the other hand, the values for the two carboxylic acid derivatives 5 and 6 

have been interpreted in terms of electron withdrawal by induction and electron 

release by resonance for the C4H3Fe(CO)3 moiety.^"^ These conclusions are 

consistent with the ability of the group to stabilize adjacent carbenium ions as 

evidenced by solvolysis studies of the chloromethyl-cyclobutadiene complex 7. 

CH2CI 

FeCCOlj 

(7) 

Trimethylenemethane 

^ Trimethylenemethane is a theoretically interesting molecule, but it is unstable. 

Evidence for its existence at low temperatures has been obtained, but no source 

had been produced which might facilitate its further study until the stable 

tricarbonyliron derivative 8 was prepared.The preparation used a similar 
dechlorination of chloromethallyl chloride by Fe2(CO)9 to that employed above, 

and gave 8 as a pale yellow solid, m.p. 28.4-29.6 °C. 

The compound obtained shows the usual infrared absorptions for the Fe(CO)3 

group at 2061, 1995 and 1966 cm“ ^ these being at slightly higher energy than 

their identically substituted diene-Fe(CO)3 complexes, indicating that 

a greater metal-ligand back-bonding occurs. The proton NMR spectrum 

consists of a sharp singlet at 3 2.00 p.p.m. and mono-substitution leads to the 

expected non-equivalence of all protons, together with the observation of W 

couplings of 1.9-4.5 Hz. The carbon-13 NMR spectrum shows a singlet at 6 211.6 
p.p.m. for the Fe(CO)3 group, a singlet at 3 105.0 p.p.m. due to the central carbon 

of the trimethylenemethane hgand and a triplet (J^h ± 10 Hz) at 3 53.0 p.p.m. 

for the methylene carbon atoms. Gas-phase electron diffraction studies showed 

that 8 has an antiprismatic structure with the methylene groups bent towards 

the Fe atom. Treatment of the trimethylenemethane complex with electrophiles 
results in addition or substitution as shown below: 
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8 

Me 

Fe(C0)3 

Attempts have been made to liberate the trimethylenemethane from 8 and study 

its chemistry. Treatment of the complex with cerium (IV) ammonium nitrate in 

the presence of tetracyanoethylene (tcne) gave a small amount of the correspond¬ 

ing Diels-Alder adduct 9. 

(9) 

The free ligand may also be obtained photochemically and used as a diene 
component in a thermal cycloaddition reaction, or as a dienophile in a 

photochemical reaction, as outlined below. However, the low yields and high 
multiplicity of products indicates that a considerable amount of work is still to be 

done before the complexes will be synthetically useful. 

0 
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Trost and Chan^^ found that the reaction of 2-acetoxymethyl-allyltriniethyl- 

silane 10 with a dienophile in the presence of tetrakis(triphenyl- 

phosphine)palladium results in good yields of the cyclopentane derivatives 11. 

The intermediacy of a trimethylenemethane-palladium complex is strongly 

implicated in this reaction. 

5,6- Di methylenecy clohexa-1,3-diene 

This unstable ort/io-quinodimethane 12 has been trapped as its maleic 
anhydride cycloadduct during the zinc reductions of a,a'-dibromo-o-xylene. 

A very low yield of the stable tricarbonyliron derivative 13 has been obtained by 

treating the above dibromo compound with Fe2(CO)9. Use of the appropriately 

substituted dihalo compound leads to substituted complexes.^® An improved 
yield (35%) of the parent complex may be obtained by treatment of the dibromide 

with disodium tetracarbonylferrate, Na2Fe(CO)4.^^ 

(13) 

The proton NMR spectrum of 13 is similar to that of butadienetricarbonyliron 

(see later) showing H-7 and H-8 as a doublet (Tge^ = 2.5 Hz) at 3 2.2 p.p.m., 



67 

whilst H'-7 and H'-8 occur as a doublet {J = 2.5 Hz) SLt S — 0.05 p.p.m., thus 
confirming the structure. The remaining protons are found in the aromatic region 

at S12 p.p.m.. The complex appears to behave as a normal aromatic compound 

rather than a diene, undergoing facile acetylation to give 14, although it behaves 

as a diene in its reactions with pentacarbonyliron (see chart below). Treatment 

with aluminum chloride results in a carbonyl insertion reaction to give 2- 

indenone. The aromatic character of the ring in this complex is understandable in 
view of the synergic interaction of the complexed diene with Fe leading to fairly 

high Tc-bond order in the 5,6-bond (see Chapter 1). 

13 
CHjCOCI 

-► 
0 °c 

Fe(C0)3 

There does not appear to have been any use of the liberated ligand in Diels-Alder 

reactions. A more rigorous study of the chemistry of this system would be useful 

in view of the current applications of similar (uncomplexed) systems in steroid 
synthesis.'*^® Usually the o-quinodimethane derivative, e.g. 15 carrying an olefinic 

group to act as dienophile, is generated by thermolysis of a benzocyclobutene 

derivative, and undergoes stereoselective cyclization to give an estrone deri¬ 

vative. This has become a very popular method of constructing aromatic A-ring 

steroids. 

X 
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Cyclopentadienone 

Owing to polarization of the carbonyl group, cyclopentadienone is analo¬ 

gous to the cyclopentadienyl cation and therefore shows antiaromatic character. 

The free dienone cannot be isolated at normal temperatures. Tricarbonyl- 
cyclopentadienoneiron 16 is obtained as a yellow crystalline air-sensitive 

solid, m.p. 114-115 °C, by reaction of acetylene with Fe(CO)5 under pressure 

in light petroleum or benzene solution.The complex is readily soluble in 

polar organic solvents and water. 

0 

(16) 

Substituted acetylenes react with Fe(CO)5 to give substituted derivatives of 16. 

Thus, reaction of Fe(CO)5 with phenylacetylene gives 17. Similarly, a number of 
other acetylenes, e.g. PhCjMe, PhC2SiMe3, Me3SiC2H, BrC6H4C2H, 

CF3C2CF3 and PhC2Ph, give the appropriate complexes. 

0 

(17) 

The ketone carbonyl group of these complexes tends to be very unreactive in 

comparison with normal ketones. Thus, 2,4-dinitrophenylhydrazones cannot be 

prepared by reaction with the hydrazine. This is not due to problems of stability 

of the desired products, since cyclopentadienone phenylhydrazones react readily 
with Fe(CO)5 to give the appropriate complexes."^^ 

Undoubtedly the stabihty of cyclopentadienone complexes is due to synergic 
interaction with the metal which leads to electronic population of the LUMO, 



69 

presumably leading to an electronic structure resembling the cyclopentadienyl 

anion, which is well known to possess aromatic stability. 

Fulvene Complexes"^^ 

The ready polarizability of fulvenes leads to facile formation of complexes 

formally containing cyclopentadienyl anions. This usually can arise by synergic 

interaction between canonical form B with zerovalent metal, in which an extra 

pair of electrons is pushed into B. 

(A) (B) 

Reaction with metal carbonyls in general gives complexes with symmetrical five- 
membered ring Ugands, e.g. 

These are not fulvene complexes. It is possible to prepare iron carbonyl 

derivatives containing unchanged fulvene as a ligand. 

Fe(C0)3 

R = Ph, ^-CICgH^ , 

R, R = 

Me 
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The products show IR spectra fairly typical of diene-Fe(CO)3 complexes, e.g. 
2049, 1988, 1972 cm"^ for R = Ph. The complexes show appreciable dipole 

moments, suggesting the importance of the canonical forms shown below: 

M-► 

Indeed, treatment of the diphenylfulvene complex (R = Ph) with HCl in benzene 

leads to protonation exactly as expected from this formalism to give 

FeCCO)^ 

cone. HCI , acetone (-CO) 

Heptafulvene 

Von Doering and Wiley"^'^ first prepared heptafulvene and found it to be 

unstable even at — 180°C, although the Diels-Alder adduct with dimethyl- 

acetylenedicarboxylate could be obtained. The molecule may be stabi¬ 
lized by coordination of a tricarbonyliron group, but close inspection of the 

conjugated 7r-system reveals that there are two ways in which the metal can bond, 

leading to either a trimethylenemethane (TMM)-like complex or a typical diene 

complex. Both types of compound have been successfully synthesized, and some 

of their chemistry studied. The TMM-like derivative 19 was prepared in 25% 

yield by reaction of 7-hydroxymethylcycloheptatriene with Fe2(CO)9, and was 

obtained as a red crystalline solid, m.p. 38-41 °C. 
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(19) 

The proton NMR spectrum of 19 is in agreement with the TMM-type structure 

[<5 5.87 (4H, m, free diene), 3.70 (2H, dd, J = 6, 1 Hz), 1.40 p.p.m. (2H, s)]. The 

complex shows low reactivity, the free diene moiety undergoing no cycloaddition 

reaction with tetracyanoethylene. Thermolysis in the presence of dimethyl- 

acetylenedicarboxylate gave rearranged tricarbonyliron complexes and an 
organic product which, on dehydrogenation with Pd/C, gave a purple pro¬ 

duct with a UV spectrum similar to that reported for dimethyl- 

azulene-l,2-dicarboxylate. If a tricarbonyliron complex of an appropriately 

substituted cycloheptatriene is used as a source of the heptafulvene system, 

substituted analogues of the diene-like complex 20 can be obtained, some 
examples being shown below. 

(20) 

OH 
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Attempts to prepare the parent complex 20 by this route led mainly to a dimeric 

species [C8H8Fe(CO)3]2, the monomer being produced in only 1% yield. 
Similarly, attempts to deprotonate tricarbonyl(methyltropylium)iron tetra- 

fluoroborate 21 with triethylamine gave only the dimer assigned as 22, which 

contains two trans double bonds in an eight-membered ring! 

Me 

(00)3 Fe BF^- 

(21) (22) 

A proposed mechanism for dimer formation is by addition across the exocyclic 

double bond of 20, the formally non-allowed [8 + 8] cycloaddition being 
promoted by the Fe(CO)3 fragment. This proposal is not consistent with the fact 

that the complex 20, prepared from tricarbonyl(6-methylenecyclohepta- 

dienyl)iron tetrafluoroborate as shown below, undergoes dimerization extremely 

slowly. 

CHp 

The proton NMR spectra of 20 and its substituted analogues are different from 

that of 19 and are consistent with the diene-Fe(CO)3 structure proposed, e.g. 20 

showing a multiplet (4H) at S 5.44 p.p.m., two singlets (1 H each) at S 5.19 and 4.89 

p.p.m., a doublet (1H) at S 3.63 p.p.m. (7 Hz) and a triplet (1 H) at S 2.93 p.p.m. 

Deuterium labelling shows the signals at 3 5.19 and 4.89 p.p.m. to be due to the 

exocyclic methylene group, the remainder of the spectrum being entirely 

consistent with the presence of a cyclic diene-Fe(CO)3 group (see later). 

CycIohexa-2,4-dien-l-one 

Cyclohexadienone is a non-isolable, unstable tautomer of phenol, stabilization 

of which is readily achieved by complex formation with Fe(CO)3. This has the 

effect of locking the diene so that tautomerization is prevented. The complex 25 is 

readily prepared by the acidic hydrolysis of tricarbonyl(l-methoxycyclo- 
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hexadienyl)iron tetrafluoroborate 23 (see below), or by the chromium trioxide 

oxidation of tricarbonyl(5-hydroxycycIohexa-l,3-diene)iron 24. 

OMe 

(24) 

There has been only a limited amount of work reported on this complex and 

consequently few useful synthetic applications. The carbonyl group may be 
reduced with sodium borohydride stereospecifically from the face opposite that 

occupied by the Fe(CO)3 group, undoubtedly due to the steric effects, to give 26. 

NaBH4 

25 -► 

OH 

(26) 

The ketone group also reacts under Reformatsky conditions to give the ester 27, 

and reaction with amines results in iV-phenylation. 

25 

(i) BrCH2C02Et, Zn 

(ii) -HgO 

(27) 

PhNHR 
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POLYMERIZATION AND OLIGOMERIZATION^'’ 

Ziegler-Natta Polymerization of Alkenes 

Ziegler and Natta found that rapid polymerization of ethene and a-olefins 

occurs using catalysts prepared from, e.g. titanium trichloride and an alkyl 

aluminum derivative, AIR3. Using a-olefins, such as propylene, there are many 

possible stereoisomeric products, but in practice regular polymers are obtained: 

isotactic: 

Me H Me H Me H 

Syndiotactic: 

Me H 

Some catalysts are found to produce isotactic and some syndiotactic polymers. A 

typical laboratory catalyst is a slurry of violet crystalline TiCl3-l/3AlCl3 which 

is treated with diethylaluminum chloride in the presence of propylene at room 

temperature and 3-4 atm pressure. Rapid polymerization occurs to give highly 
isotactic polypropylene. Ziegler-Natta polymerization now represents a major 

industrial process (more than 2 million tons per year of polyethene and 
polypropene). Most of the catalyst systems are heterogeneous, but some 

homogeneous ones are known. 

In the original Ziegler-Natta process ethene, a monomer which is normally 

difficult to activate, was polymerized at atmospheric pressure and room 

temperature in a glass vessel using petrol as the solvent and TiCl4/Al2Et3Cl3 as 

catalyst. This gives a product containing appreciable catalyst residues, and 

modern polymer research is aimed at developing catalysts which produce so 

much polyolefin that the amount of such residue is negligible. This then avoids 
difficult purification steps. 

In very rough terms the basic mechanism is as follows: 

Chain propagation: 

.CHg. 
'CH, 

M 

CH. 

CHj = CHg 

M CH, 

\ / 
CH^CH2 

m; 
-CH^R 

CHo 
V 
CH 

■CH2 —R 
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Possible chain terminations: 

ia) li-elimination / reverse B-elimination \ 

H2C 

R — CH=CH2 

M—H 

=CHo 
M—CH2CH3 

{b) hydrogenation. 

-CH2CH2R 
M 

H —H 

M 
I 

H 
+ CH3—CH2 

The propagation step shown above appears to be an insertion of alkene into 
the M-C a-bond. If such a step does occur directly, then we must somehow 

account for the stereoregularity of the product polymer. It has been proposed that 

approach of the monomer to the reactive metal carbon bond, or vacant 

coordination site, should occur from the less hindered side. If the metal has very 

bulky substituents the second insertion step is impossible, but with smaller 

substituents the monomer always approaches the reactive M—C bond from the 

same side, resulting in an isotactic polymer. Consider the following: 

Me 

(A) 

(B) 

It can be seen that the insertion step requires a four-membered ring transition 

state, and the trans system (A) would appear to be favored on steric grounds over 

the cis arrangement; this would lead to a syndiotactic polymer. 
Isotactic polymerization requires an intermediate C shown below, in which the 

metal—polymer c-bond is formed at the unsubstituted carbon. It is difficult to 
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rationalize the stereoregularity using this model, but presumably conformational 

effects in the four-center transition state are important. 

(C) 

Green and co-workers have proposed an alternative mechanism for stereoregular 

polymerization which involves the formation of a carbenoid intermediate and its 

reaction with alkene monomer to give a metallocyclobutane intermediate, as 
encountered in olefin metathesis."^^ It was pointed out that, at that time, there 

were no unambiguous examples where a characterized metal-alkyl-olefin 

compound could be induced to give the desired insertion product. The following 

alternative mechanism was proposed. 

(E) isotactic 
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The factors influencing the stability of metallacyclobutanes D and E are expected 

to be the same as those found in the metathesis reaction. In a buckled ring we 

might expect the largest substituents to occupy equatorial positions, i.e. 

We can then see that D in fact has a diaxial Me-Me interaction, which is absent in 

E, so that isotactic polymerization is favored. 

More recently, however, an unambiguous example of olefin insertion has been 

found."^® The following reaction was observed; 

>■ 

This initial result can be explained either by an insertion or a metallacyclobutane 

mechanism. However, deuterium labelling studies (below) clearly established that 

this process proceeds by insertion, rather than a-elimination, as the critical step in 
the mechanism: 

Co-11 + CD3H + CD3CH = CH2 

X CH 
PhjP 

'2 



78 

+ CD2=CD2 -► 

+ CD^ + CD3CD=CD2 

Whilst it is still possible that Ziegler-Natta polymerization takes place by the 

metallacyclobutane mechanism, ‘those in favor of this mechanism must now 

shoulder the burden of proof for establishing it.’ 

1,3-Diene Polymerization 

Butadiene and isoprene have long been feedstocks for synthetic rubbers. 

Natural rubber, an isoprene polymer, has the structure given below: 

/Me 

^C = C 
CHg 

A number of catalyst systems are found to effect diene polymerization. The 

standard Ziegler-Natta systems are found to convert butadiene to a polymer 

containing a high proportion of cis double bonds. A better proportion of cis 

product is obtained using a modified catalyst consisting of Til4/R,^AlIy. In 
addition to these systems, catalysts based on cobalt and nickel are effective. 

Organocobalt Catalysts 

These seem to be true homogeneous catalysts. Used in combination with 
alkylaluminum halides they give 96-98% cis-polybutadiene. The mechanism is as 

follows: 

t 

◄-- etc. 
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Nickel Catalysts 

Catalysts based on 7r-allyl nickel complexes, although less used, have been 
well studied. Usually a Tc-allyl complex is formed in situ as follows: 

The double bond geometry of polybutadienes produced using these catalysts is 

largely dependent on the nature of the ligand attached to the metal. This is 
explained as being due to coordination of butadiene as either or rj^ ligands, as 

shown by the following examples. 

CIS 

16e 

•Ni — P(OR). 

OCOCF 3 

■n 
2 

18e 

TRUA/S 
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Oligomerization 

The self-addition of alkenes, dienes or alkynes to form dimers, trimers and low 

polymers is termed oligomerization. The mechanisms are essentially the same as 

for polymerization except that chain termination occurs much more frequently. 
We shall consider in this section the dimerization and trimerization of olefinic 

and acetylenic compounds. 

Olefin Oligomerizations 

During Ziegler’s studies of ethene oligomerization to long-chain terminal 

olefins using alkylaluminum compounds, it was found that traces of nickel from 

reactor corrosion caused a change from oligomerization to formation of but-1- 

ene, and this led to the invention of catalysts for a number of processes. Effective 
catalysts for olefin dimerization are based on nickel and rhodium, and a 

reaction of alkylaluminum compounds with cobalt salts and titanium(IV) 

complexes. Combinations of 71-aIlylnickel halides with phosphines and Lewis 

acids (e.g. AICI3, EtAlCl2) or Ni(cod)2, Ni[P(OPh)3]4 and Lewis acids are also 

commonly employed. In the case of nickel, and probably other metals, the active 

catalyst is thought to be a metal hydride species formed by )8-ehmination, a 
mechanism being as follows (ancillary ligands omitted): 

Ni — CHgCHgR -► Ni — H + RCH=CH2 

Ni — H + 
•H 

Ni^ CH^ 

CHo 

Ni— C2H5 

Ni — C2H5 + C2H^ 
■* 

CH, 

Ni —CH2CH2CH2CH3 

^-elimination 

C2H5CH=CH2 + Ni —H «<- m: 
^2*^5 

With propene a number of products are possible, the major one being determined 

to a large extent by the types of hgand (steric crowding) on the metal: 

Me 

I 
M—CHCH2CHMe2 -► . 
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Me 

M —CH2CHCHMe2 

Me 

I 
M —CHCH2CH2Et 

Me 

M —CH2CHCH2Et 

Co-dimerization of ethene and butadiene to give hexa-1,4-dienes is also 

successfully achieved in the presence of a number of Ziegler-Natta catalysts 

based on rhodium, nickel, iron and cobalt. The trans-hexa-1,4-diene isomer, used 

in synthetic elastomer production, is obtained using Rh or Ni catalysts, whilst Fe 

and Co give cis product: 

Again, the mechanism of the reaction appears to involve prior formation of a 

metal hydride (ancillary ligands omitted): 

RhClj -►' HRhCl2L3 

With cobalt catalyst an anti-allyl complex is formed, leading to cis- 

hexa-1,4-diene. 

% 
H — Co — 

etc 
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It is not certain whether the rhodium catalyst forms the syn-allyl derivative 

directly via an >/^-butadiene to a-allyl transformation or whether an initially 

formed anti-allyl complex rapidly rearranges to the syn complex: 

The dimerization of butadiene, using a modified Ziegler catalyst, usually nickel- 

based, can be used to produce cycloocta-1,5-diene (cod) or octa-l,3,7-triene, 

depending on the ligands and reaction conditions chosen, e.g. 

Ni (cod)2 
-► 
(Ar0)3p 

Addition of an acidic component, such as ROH, R2NH or HCN, results in the 

production of linear dimers. However, linear dimers are best obtained using 
palladium catalysts, e.g. 

Pd(PPh3)2(MA)2 
-► 
(MA = maleic anhydride) 

The mechanism of the nickel-catalyzed reaction reveals the conditions necessary 

for preferential formation of linear or cyclic dimers. 
(a) Linear: 

L—Ni -f- 
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(b) Cyclic: 

Thus, the formation of linear dimers requires the formation of the secondary 

cr-allyl complex F, whilst cyclodimerization involves production of a primary 
c-allyl derivative G. Consequently, we might expect that bulky ligands L 

will disfavor the first pathway and lead to cyclization, as is indeed observed. 

A useful dimerization of butadiene, in which an acetoxy group is also 

introduced, has been developed by Tsuji’s research group."''^ The product is used 

as source of octa-l,7-dien-3-one, which is useful as a building block for steroid 

synthesis 

Yet further variation of the Ziegler catalyst, already so useful, allows the 

conversion of butadiene to various cyclic trimers. These reactions are very 

sensitive to the nature of the catalyst, different double bond geometries being 

accessible using different catalyst systems. 

3 
TiCI, 

AI.CIjEt, 
-► 

c/Sj irons, /r(7/?5-cyclododecatriene 

Ni (acac)2 / 

AKOEDEt, 

or Ni(cod), 

irons, irons, //■r7/?5-cyclododecatriene 
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Alkyene Oligomerization 

Conversion of acetylene to cyclooctetratraene is readily achieved using nickel 

salts as catalysts, e.g. Ni(CN)2 in anhydrous THF at 60-70 °C and 15-20 atm. 

4 HC=CH 

HC^CCHgOH -f HC = CH 
(excess) 

NKCO)^ 
or 

NKcod )2 

Wmerization 

A useful method for the preparation of aromatic compounds involves catalytic 

acetylene trimerization; 

s t 

catalyst 
-► 

e.g. 

3 HC = CH 
Ni(C0)2(PPh3)2 

3 HC^CCHgOH 

CHgOH 

CH2OH 



Cobalt catalysts have more recently been found extremely useful,®^ e.g. 

85 

R 

1 
C 

111 
C 

I 
H 

Co catalyst 

This can be applied to the synthesis of polycyclic compounds by means of further 
reactions of the benzocyclobutene:^^ 

This has been applied to the synthesis of (+ )-oestrone:^^ 

0 

0 

luiiii X
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The mechanism of these reactions is via a metallacyclopentadiene inter¬ 
mediate,^"^ e.g. 

(stable compound) 

The third acetylene may add in a number of possible ways: 

R 
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Dimerization of acetylenes to give cyclobutadiene-metal complexes may also be 
obtained, e.g. with Pd catalysts; 

Ph 

PdCU 
PhC = CPh 

Ph> 

Ph' 

-Ph 

-Ph 

+ 

PdCI- 

The aromatic product is major in non-hydroxylic 

Ph 

Ph 

THE WACKER PROCESS 

This reaction represented a major contribution to manufacturing organic 
chemistry, and is even now becoming obsolete. Its discovery meant that 

acetaldehyde could be obtained from ethene, thus displacing the dependence of 

industry on acetylene as a feedstock. Very similar processes are used to produce 

related compounds, e.g. vinyl acetate, but only the basic Wacker oxidation will be 

presented here. 

The basic process is 

CH2 = CH2 + PdCl2 + H2O -► CH3CHO + Pd° + 2 HCI 

Of course the Pd° produced is useless and so for an efficient catalytic cycle it must 

be re-oxidized to Pd“. This is readily achieved by incorporation of CuClj in 

the reaction mixture. In fact, only a catalytic amount of CUCI2 is required, since 

the product of its reduction, CuCl, is reoxidized by atmospheric oxygen in the 

system. Thus the overall process is 

catalyst 
C2H4 + -->> CH3CHO 

The overall mechanism (schematic) is 

Pd 
2 + 

C2H4 ■Pd 
.2 + 

CH3CHO -I- H30'^ + Pd° 

Then 

Pd° + 2 Cu” -► Pd*^ 4- 2 Cu' 

H 
HO, 
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Terminal olefins may be subjected to Wacker oxidation to give methyl ketones. 

Good use is made of this in Tsuji’s work on steroid synthesis 

0 

PdClg 
-► 
CuClg , O2 

0 

A modified catalyst system, replacing oxygen with t-BuOOH or H2O2 has been 
found useful for the conversion of a,)3-unsaturated esters to ^-keto esters:®^ 

-COgMe 

0 
NOjPdCI^ 
-► 
50% AcOH, 

/-BuOOH 
60-85% 

. OLEFIN EPOXIDATION 

Fairly recently it has been discovered that alkenes may be converted to 
epoxides in good yield using t-Butyl hydroperoxide in the presence of a transition 

metal catalyst. Simple olefins, e.g. propylene, can be converted using Mo(CO)g as 

catalyst. This represents a potentially important industrial synthesis of the 

important propylene oxide. Furthermore, allylic alcohols can be epoxidized 

stereospecifically and selectively using VO(acac)2 as catalyst, e.g. 

The vanadium-catalyzed reaction is also effective for some homoallylic alcohols, 
e.g.®^ 

The reagent, now commonly termed the Sharpless reagent after its main 

developer, is one of the choice for such epoxidations. More recently. Sharpless 

has developed reagents based on titanium tetra-iso-propoxide in the presence of 
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tartrate esters, which effect asymmetric epoxidation, e.g. 

Ti (OPr'K 
4 -► 

(+)-dimethyl tartrate, 

/-BuOOH, CHzClz ,-20 °C 
then NaF work-up 

79% yield , >95% e.e. 

45% yield, >95% e.e. 

The products are precursors for the total synthesis of a range of interesting and 

important natural products, e.g. erythromycins and leukotrienes, and the 

availability of the optically active epoxy alcohols leads to a useful entry into 
asymmetric synthesis. 

CATALYTIC HYDROGENATION 

This subject is extensively treated in a number of authoritative texts,®® so we 
shall content ourselves with a brief discussion of the salient features of 

homogeneously catalyzed reactions, and an introduction to asymmetric 
hydrogenation. 

There are basically three modes of activation of hydrogen and three 
mechanisms for hydrogenation: 

1. Oxidative addition of Hj to complex: 

M + H2 -► MCT 

2. Heterolytic addition: 

M + H2 -► M — H + H'^ 

3. Homolytic addition: 

2M + H2 -► 2M—H 

These three processes lead to different overall mechanisms and also differences in 

the nature of the substrate which can be reduced. 

Activation by Oxidative Addition—Wilkinson’s Catalyst 

Two independent reports appeared in 1965 that the complex tris(triphenyl- 

phosphine)chlororhodium(I), RhCl(PPh3)3, in organic solvents is an active 

catalyst for reduction of alkynes and alkenes at ambient temperature and 
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atmospheric pressure This compound has subsequently become known as 

Wilkinson’s catalyst. The currently flavored mechanistic schemes are shown 

below. 
There is a subtle dilference between the two possible mechanisms, being the 

point at which solvent acts as a ligand. This depends, of course, on the presence of 

a suitable solvent. 
(a) Not incorporating solvent until a late stage 

H 

(PhjPijRhci 

16e 

PhjP. 

Cl 

PPh3 

18e 

H 

PPh, 

-PPh3 +olefin PhjP, M 

Cl^ ^PPh3 

18e 

reverse PhjP. 1 .C—C 
^ 

li -elimination Cl^ >PPh, 
+ solvent 

Solvent 

18e 

alkane 

PhjP, 

cr 
:Rh. 

16e 

-Solvent 

■PPh, 

(Ph3P)3Rh Cl 

16e 

(b) Incorporating solvent at an early stage 

(Ph3P)3Rh Cl 

+ solvent, 
- PPhj 

Rh 

Solvent 

H 

PhsP 

Cl 

Rh 

Solvent 

+ olkene 

- Solvent 

etc. 

The rate-determining step might be expected to be the oxidative addition of Hj or 

ligand migration (reverse j8-elimination) and the importance of path (b) is shown 

by the observation that the rate of hydrogenation of cyclohexene in benzene- 

ethanol is ca. twice that in pure benzene. In any case, there is no prior disso¬ 

ciation of Ph3P from the 16e (Ph3P)3RhCl to give a 14e complex—either 
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solvent adds first (18e) followed by PhjP dissociation, or oxidative addition 

occurs directly to the trisphosphine complex. The more usual pathway, starting 
with (Ph3P)3RhCl, appears to be (a). 

It can be readily appreciated that since the intermediates along either 

mechanistic pathway contain triarylphosphine ligands, these tend to be sterically 

congested. Consequently, we should expect the reaction to be susceptible to steric 

effects in the olefinic substrate. This is indeed the case, and it can be put to good 

use in achieving selective reduction of less hindered double bonds in a 

polyolefinic substrate. Some examples are given below. 

The general trend in reduction rates is alk-l-enes > ds-alk-2-enes > trans-alk-2- 

enes > trans-alk-3-enes. Exocyclic double bonds are generally reduced more 

rapidly than endocyclic ones. A number of functional groups, e.g. C=0, C=N, 
NO2, Ar, CO2R, are unaffected. Thus, Wilkinson’s catalyst is an extremely 

selective hydrogenation catalyst with excellent potential for use with complex 

organic molecules. 

Heterolytic Addition of Hydrogen 

Hydrogenation of olefinic double bonds conjugated with carbonyl groups, e.g. 

a,jS-unsaturated carboxylic acids or ketones, is readily achieved using 
ruthenium(II) salts. Unactivated olefins are not so readily reduced by these 

systems. The basic mechanism, outlined below, involves heterolytic addition of 

H2 to a Ru complex, typically ruthenium(II) chloride in dilute hydrochloric acid. 

C Hg 

Ru” + c=c ^ — Ru” — II 
c 

Ru 
II + ^CH—CH 

/ \ 

H'’’ 

- 
Cleavage 

of Ru alkyl 

C 

Ru” — II + 

I c 
H 

Ru — C — CH 
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The last two steps of this sequence can occur only with olefins that are highly 

activated towards nucleophilic attack. 

A very useful catalyst^^^ for a range of hydrogenations, including terminal 

alkenes, nitro compounds (-^NH2) and aldehydes (-^alcohols), is the tri- 

phenylphosphine derivative Ru“Cl2(PPh3)3. This complex reacts by the 

mechanism shown below; it should be pointed out that heterolytic addition of 

H2 is formally identical with oxidative addition, except that subsequent loss of 

occurs from the M 
/H 

complex. 

RuCl2(PPh3)3 + Hg ^ ** RuCI (H) (PPhjlj + HCI 

(PhjPljtCDRu —C—CH 

H 
I 

(PhjPlgtCDRu 
C 

-II 
C 

Ph3P. 

Ph3P^ I >C —CH 

Cl 

reductive 
-► 

elimination 

Ph3P 

Ph3P 

/ 
XH —CH 

\ 

PPh, 

I 

RuCI(H) (PPhjlj 

This reagent has been used to reduce selectively the less substituted double bond 
of, e.g., steroidal dienones:®^ 

> 90 % selectivity 

The anionic platinum complex Pt(SnCl3)53~ also appears to react by 
heterolytic cleavage of H2; 
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3- 
H2 + Pt(SnCl3)5 + HPtCSnClj)^ + SnCl3~ 

RCH2CH3 + Pt(SnCl3)^ <♦- Pt(SnCl3)4 

Homolytic Addition of H, to Metal Catalyst 

This type of behavior is typically ascribed to pentacyanocobalt(II), which 

readily absorbs hydrogen, and will catalyze the hydrogenation of conjugated 

double bonds, but not isolated C=C double bonds, e.g. 

3- 
Co(CNL -► 

5 H, 

There are two catalytic mechanisms for the action of this system, differing in 

whether or not homolytic dissociation of an intermediate alkyl complex occurs. 
Both involve prior reactions of the cobalt salt with H2: 

2 Co(CN), 
3- 

+ H, 2 HCo(CN), 

Mechanism 1; 

HCo(CN), 
3- 

H 
-I* 

(NOg Co —[1^ 

transition state 

RCH2CH3 + 2 Co (CNlg 

Mechanism 2: 

3- 

HCo(CN), 
3- 

H Co{CN)5' 

%- 
reduction 

H -I* 

(NOgCo--!!^ 

(NOgCo 

RCH2CH3 Co (CNlg" 

HCo(CN) 
3- 

'CH' 
-CH, + Co(CN) 

3- 
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Buta-1,3-diene is reduced according to mechanism 1 and in fact the product ratio 

of but-2-ene to but-l-ene is changed according to the reaction conditions. For 

example, in the presence of excess of cyanide ion, but-l-ene is the major product. 
However, when excess of CN~ is absent, trans-but-2-ene becomes the major 

product. This is caused by dissociation of CN“ from the intermediate secondary 

(7-allyl complex, giving a 7c-allyl which can convert into the primary cr-allyl, as 

shown below: 

The second pathway, involving release of a substrate free radical, which is 

evidenced from kinetic studies®^ and radical trapping experiments,^^ most 
commonly occurs for substrates capable of stabilizing the radical, e.g. cinnamic 

acids.^"^ 

The free radical is subsequently reduced by CoH(CN)5^“ : 

PhCH2CHC02' + CoH(CN)5 PhCH2CH2C02 + CoCCNlg 

Asymmetric Hydrogenation* 

In general terms asymmetric synthesis, whereby only one enantiomer of a 
chiral molecule is produced from an achiral precursor, is extremely important in 

industries such as pharmaceutical and agrochemicals, since two optical isomers 

of the same molecule usually exhibit markedly different pharmacological 

properties. Indeed, often only one enantiomer shows the required biological 

activity (e.g. l-DOPA for the treatment of Parkinson’s disease). 

Asymmetric catalytic hydrogenation has become an extremely elegant and 

♦Definition: ee = %R — %S (enantiomeric excess). 



95 

important means of producing, e.g., a-amino acids with the natural handedness. 

Normally one aims to utilize an optically active catalyst, based on the assumption 

that coordination with a prochiral olefin favors a particular orientation of the 

olefin, thereby leading to the formation of only one diastereoisomeric c-alkyl 
complex during the reduction step. An optically active transition metal complex 

used for this purpose is commonly based on the use of some form of optically 

active phosphine ligand, which in turn can be derived either from asymmetry at 

the central phosphorus atoms, or asymmetry in the groups attached to the 

phosphorous. To date the latter approach has been the more successful. 
Rhodium complexes, RhCl3L3, using S-( + )-methyl-phenyl-u-propyl- 

phosphine, PMePhPr, as ligands were initially used to effect asymmetric 

hydrogenation.®^ This complex effected the reduction of saturated acids, but in 

low optical yield. 

15-28% e.e. 

Better results have been obtained using the chiral ligand 2-methoxyphenylcyclo- 

hexylmethylphosphine, although the mechanism of its action is still uncertain,®® 

e.g. 

^/C02H catalyst 

RCH = CC^ -► RCHgCH. 
^NHCOR' ^NHCOR' 

77-90% e.e. 

The main drawback of this approach is in the preparation of the optically active 
phosphine derivatives, usually only available by multistep processes. 

Use of phosphines containing optically active alkyl substituents has proved to 

be extremely useful in recent years. Some examples are given below. 

Me H [Ph (CHa^CHg 0
 

1
_
1

 
ro

 
r 

Me 

\_/ 

^C02H 
L, 

Ph 

L = Meiiiiii^^ 

PPhg 

(+)-neomenthyl diphenyl phosphine 

H 

CH2CO2H 

61% e.e. 
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Ph NHCOCH, 

^COgH 

L 

[Rh{C8H,4)301]^ 

Et,N, PhH, EtOH, 

L 

H 

(-)-diop 

NHAc 

/ 
PhCHg — CH 

\ 
COgH 

72% e.e. 

The chelating diphosphine systems are extremely useful and easy to prepare, and 

their use as ligands with rhodium catalysts is very common. 

EFFECT OF TRANSITION METAL COMPLEXATION ON THE 

STEREOCHEMICAL COURSE OF ELECTROCYCLIC REACTIONS 

At this point it is worth discussing briefly the effect of complexation on the 

outcome of pericyclic reactions involving coordinated polyenes, since some 
understanding of the frontier orbital controlling factors is currently being 

obtained. One example is provided by the ring closure of cyclooctatetraene- 
Fe(CO)3 which occurs by formal disrotatory closure of a butadiene.®^ The 

thermal ring closure of butadiene (to give cyclobutene) is normally conrotatory 
(Woodward-Hoffman rules) so the synergic interactions between cot (two double 

bonds) and Fe is in some way causing the ‘free’ diene to behave as the excited 
state. The exact details are not understood at present. 

H 

(C0)3Fe ■ 

An attempt has been made to rationalize the disrotatory ring opening of a 

16-electron cyclobutene-Fe(CO)3 complex using frontier molecular orbital 
approach, e.g. 

\ 

The highest occupied MO (HOMO) of the complex is described as a bonding 

interaction between an antisymmetric metal orbital (or hybrid combination) and 
the alkene n* orbital. The Woodward-Hoffman rules for ring opening demand 

that the antibonding cr* orbital mixes in a bonding manner with this HOMO. For 
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maximum overlap to occur (including metal orbitals) the a-bond breaking must 

occur in a disrotatory sense and towards the metal, as is indeed observed 
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CHAPTER 3 

<7-Alkyl Complexes 

The most progress has been made in preparing a-alkyl complexes which do not 
contain ^-hydrogen, thereby preventing decomposition by a )8-ehmination 

pathway.^ It was originally thought that all transition metal alkyls were unstable, 

until it became generally recognized that the apparent instability was kinetic 

rather than thermodynamic, by virtue of the low activation energy pathways 

available for their decomposition. It was also thought that stable metal alkyls 

must be diamagnetic or else be coordinatively saturated. Some striking examples 

now known are WMe^, containing an obvious abundance of M—C o bonds, 

Ti(CH2SiMe3)4, which grossly violates the 18-electron rule, and the para¬ 
magnetic derivative V(CH2Ph)4. The groups Me, CH2SiMe3 and CH2Ph are 

therefore alkyl ligands which do not undergo ^-elimination. Other obvious 

choices are t-butyl and (bridgehead) norbornyl, the latter giving rise to anti-Bredt 
olefins from elimination. Bulky ligands are also useful in suppressing bimolecular 

decomposition pathways, although these are sometimes prone to a-elimination. 

The most common synthetic approach to transition metal alkyls involves 

reaction of a Grignard or organolithium reagent with a transition metal halide, 

although the experimental conditions employed are often critical, e.g. 

EtgO 
4 PhCH2MgCI + ZrCI^ -► Zr(CH2Ph)4 

The complexes may be subdivided into neutral, anionic and cationic complexes of 

both homoleptic alkyls, and those containing other ligands, e.g. nitrogen ligands 
and ?/®-cyclopentadienyl. 

HOMOLEPTIC COMPLEXES—PREPARATION AND REACTIONS 

These complexes are prepared almost exclusively by the Grignard method. 

Neutral Complexes. 

The bright yellow complex TiMe^ was first prepared in 1959 by Clauss and 
Beermann:^ 

100 
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EtgO 

TiCL + 4 MeLi -TiMe. + 4 LiCI 
^ - 78 °C ^ 

The desired product and ether are co-distilled from the reaction mixture at 
ca. — 30 °C, and decomposition occurs near room temperature to give mainly 

methane, together with traces of ethene and ethane. The complex may be 

obtained crystalline by removing ether from an ether-hexane solution at 
— 78 °C, but it is not stable above this temperature. Preparation of other methyl 

complexes are summarized below; 

ether— toluene 

ZrCI^ + 4 MeLi -► ZrMe^ + 4 LiCI 
- 45 °C 

TaMejClg 

WCL 

MeLi/EtgO 

TaMep 

Mnl. 

-78 —► 0 °C 

3 MeLi 

-► WMe^ 
EtgO 6 

- 20 °C CO 40% 

MeLi 
-► MnMe2 

The stability characteristics of these complexes show wide variation. For 

example, TaMeg can be isolated as volatile, pale yellow needles which melt ca. 

10°C to a yellow oil, decomposing smoothly at 25°C to give methane. The methyl 
groups occur at 3 0.82 in the NMR spectrum (toluene-dg, — 10 °C). The complex 

of TiMe^ with dioxane, TiMe4 (diox), explodes at 0 °C, while other TiMe^L 

complexes are more stable in the order L = diox < NMeg < PMcg < py. A 

number of complexes of other metals, e.g. TiMeg and CrMe^ are only apparently 

formed in solution at low temperature and are too unstable to allow isolation. 

Whilst phenyl complexes were believed for sometime to be inherently more 

stable than alkyl complexes, this in fact applies only to those alkyls possessing 

)8-hydrogen. Neutral phenyl complexes are, however, difficult to prepare, 

since reduction of the metal and biphenyl formation are common, and the diffi¬ 
culties may also be ascribed to a low-energy decomposition route involving 

ortho-hydrogen abstraction, analogous to j9-hydride elimination. Some 

examples of preparation and decomposition of these complexes are given below. 

EtjO 25 °C 
4 PhLi + TiCL -► Ph.Ti -► Ph^Ti + PhPh 

^ -70 °C ^ 

A convenient method of testing for the persistence of any unreacted 

phenyllithium in this reaction is to add carbon dioxide. Phenylithium gives 

benzoic acid, whereas Ph4Ti is unreactive.^ The Ph2Ti complex is a black, easily 

characterized crystalline material. Similarly: 



102 

EtgO 
ZrCL + 4PhLi --► Ph4Zr + 4UCI 

^ - 40 °C ^ 

TiCI^Cpylg + 4PhMgBr 
EtgO 
--► 
-16 °C 

TiPh^ 

CrCljdHDj 
PhMgBr 
--► 

THE 

-20 °C 

(1) A 

CrPh (THF) -► 
■ C2) HgO 

PPhEtg 

♦ 

CKPhljlPPhjEDg 

crystalline, stable 

CrPh3 

PhLI 
Cr(CHPh,)CU{THF)5 -► 

^ ^ THF 
CrPh2(CHPh2)(THF)2 

Alkyl ligands such as neopentyl, trimethylsilylmethyl and benzyl are similar in 

that they have no j?-hydrogens; the former two are also rather bulky ligands. The 
benzyl complexes, in addition to their scientific interest, also have practical 

potential as olefin polymerization catalysts. Examples are shown below, and it 
may be noted that Ti(CH2Ph)4, a red solid, m.p. 70 °C, is much easier to prepare 

than TiPh4. 

MCI4 

PhCH2MgCI 
-► 
EtjO 

MlCH^Ph)^ 

M = Ti, Zr, Hf 

PhCHjMgCI 

VCI4 -► V(CH2Ph)4(EtpO) 
pentone, ether c. ^ 

Some reactions of the titanium group tetrabenzyl derivatives are given below. 

M(0CH2Ph)4 

PhCHj 

M(CH2Ph)3CI + PhCHj 
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Examples of neopentyl, Me3SiCH2—and other bulky alkyl group complexes 
are shown in the following examples: 

EtgO 
MCI^ + AMejCCHgLi -► M{CH2CMe3)4 

MejSiCHgLi 

MCI4 -► M(CH2SiMe3)^ 

M = Ti, Zr, Hf 

Usually the neopentyl derivatives of Group IV are pale yellow to colorless, low- 

melting solids which sublime without decomposition in vacuo, whereas the 

corresponding trimethylsilymethyl complexes are all liquids at room 
temperature. 

pen lone 
-► (1-norbornyl )^M 

M = Ti , Zr, Hf, V , Cr from CrCl3 

All of these 1-norbornyl complexes are pentane-soluble, monomeric and can be 
passed through an alumina column unchanged. Their decomposition by the 

normal ^^-elimination is disfavored since this would produce a bridgehead double 

bond (anti-Bredt). The t-butyl ligand is normally very susceptible to ^- 
elimination but ^(CMeg)^ can be prepared in 60% yield from Cr(OCMe3)4 and 

LiCMe3 in pentane. Its stability is probably due to the tight packing of the methyl 
groups, thereby preventing a proper orientation for ^^-elimination. 

Anionic Complexes 

Most anionic metal alkyls contain one or more alkali metal counter ions, 
usually lithium, owing to the method of preparation. In fact, Li ^ usually attaches 

itself in some way to the ‘bridging’ alkyl group, resulting in an Li—R—M 
arrangement. Perhaps the best known examples of anionic alkyl complexes, from 

the organic chemist’s standpoint, are the lithium dialkyl cuprates. These 

compounds are discussed more fully later. Some examples of preparation of 

anionic methyl complexes are given in the following equations. 

TiMe4 
RLi 

EtgO 

then dioxane 

Li[TiMe4R] ■ 2diox 

R = Me, Ph, CHgPh 

>6 MeLi 

ZrCl4 -► 
Ef20 — toluene 

Lig [ ZrMeg ] 

6 MeLi 

CrCU -► 
EtgO, -18 °C 

Li3[ CrMeg ] 



104 

Again, there is a variety of stability associated with these complexes. The titanium 

derivatives Li[TiR5]-2diox all decompose at —20 to 0°C, while LijCZrMe^] 

may be isolated as bright yellow crystals which are stable under nitrogen at 0 °C 
for several hours. The chromium complex LigCCrMeg) • 3diox is isolated as blood- 

red crystals on addition of dioxane to the complex shown above. It is insoluble in 

hexane and benzene, but soluble and stable in ether and dioxane, in which it is 

monomeric and undissociated. The crystal and molecular structure of this 

compound have been determined by X-ray analysis and low-temperature IR 

spectroscopy. The six methyl groups are arranged in an octahedron at a distance 
of 2.30 A around the chromium atom. Weak distortion of the octahedron occurs 

by the interaction of three Li atoms (Li —Me = 2.17 A) at three edges and each Li 

atom is surrounded tetrahedrally by two oxygen atoms of two different dioxane 
molecules and by two methyl groups. The dioxane molecules connect the 

chromium complexes in the solid state, so the overall structure can be written as 

{Cr[(Me)2—Li —2(diox)iy2]3}n- This structure is shown below:'^ 

.Me 
/ 

/ 

Li—^Me 

Me 

Cr' 

Li 

-Me 

'Me 

Slow decomposition of LijCrMCg in ethers gives a dimeric Cr(II) complex whose 

reduced paramagnetism (// = 0.57) suggests a Cr—Cr bond. The X-ray structure 
has been determined and is shown (partial) below. ^ 

Me 

Li 

Me 

.0.'' 
Me 

Me " 
Me 

Cr 

Me 
/ 

■Cr" 

Me Me 

Cr—Cr = 1.980 A 

Cr-Me = 2,I99 A 

A number of anionic a-phenyl transition metal complexes are also known. 

Treatment of CrClg with Grignard reagents normally leads to reduction to Cr(0), 
but reaction with PhLi produces a complex of formula (LiPh)3Cr(Ph)3(Et20)2.5. 

It is obtained as an orange crystalline material in high yield. Preparations of other 
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phenyl complexes are shown below; again the types of complex produced depend 

on the reaction conditions. 

NaPh + CrClg -► Na2CrPh5(Et20)3 

4 Na2CrPh5 + CrClj -► 5 NaCrPh^ + 3 NaCI 

2 LijCrPhg + CrClj -► 3 LiCrPh^ + 3 LiCl 

2 Li3Cr'“Phe(Et20)2.5 + CrCljdHFlj -► 3 Li Cr"Ph3{Et20), 5 + 

1.5 Ph2 + 2 LiCl 

10 equiv. PhLi 

M0CI5 -*■ (LiPh),MoPh,(Et,0), 
^ EtgO, - 30 °C ^ 3 2 3 

20 % 

10 PhLi 
VCIjCTHF), ► {LiPhl^VPhgdHF)^ 

7 PhLi 

EtgO 
8 PhLi 

EtjO 

9 PhLi 

EtgO 

(LiPhlgVPh^tEt 

(LiPh)3NbPh4(Et20)3 

(LiPh)^NbPh2(Et20)3 ^ 

TaClg 
(1) 5 PhLi, benzene, 20 °C 
-► 

(2) THF 
[LitTHF)^]^ [TaPhg] 

As with the electroneutral alkyl complexes discussed above, the preparation of 

anionic derivatives containing neopentyl and trimethylsilylmethyl groups has 

Li'^[Cr(CH2CMe3)4]” 

Li'*' [ Cr{CH2SiMe3)4]" 

The neopentyl complex is dark blue and the silyl derivative is blue-green. Both 

are stable only in thf, and attempts to isolate crystalline salts by addition of large 

cations have been unsuccessful. 

been popular. Some examples are 

CrCl3(THF)3 
LiCHgCMej 

THF 

LiCHgSiMe, 

THF 

NON-HOMOLEPTIC COMPLEXES 

Most commonly, transition metal alkyls containing halide, CO, olefins and rj^- 

cyclopentadienyl ancillary ligands are encountered. There is a greater range of 
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methods for the preparation of these complexes than for the corresponding 

homoleptic alkyls. Thus, preparations based on the Grignard method, reactions 

of alkyl halides with metal anions, oxidative addition, insertion and ehmination 

(or de-insertion) reactions are all well characterized. The following discussion is 

subdivided according to these methods. 

Preparation by the Grignard Method 

Halides. 

Modification of the Grignard approach described above results in the 

preparation of halide-alkyl complexes MR^X^. Examples are given below 

NaCI 

TiCl4 -t AlMe2Cl ~T:~- TiMeCl3 + AlMeCle -► AJMeClj 

TiCU 
MeMgCI 

or MegZn 
TiMeCIs 

(deep violet solid) 

As with the foregoing complexes, much lower stability is found for complexes 

containing alkyl groups other than methyl. TiRCl3 complexes have been 

prepared where R = Et, Pr, i-Pr, CjM^, using the alkylaluminum or zinc 
reagents, but they are stable only at low temperatures. Pure TiEtClj can be 

obtained as a violet low-melting solid by vacuum distillation. 

NbCIs 

Tads 

VCI4 

TqCIs 

MCI5 

Me2Zn 

pentane 

MegZn 

BMej 

BEt, 

—► 

3 MejCCHgMgCI 

EtgO 

ZnlCHjSiMejlg 

NbMe2Cl3 

TaMe3Cl2 

VMe2Cl2 + VMeClj 

VEt2Cl2 

To (CH2CMe3)3Cl2 

M(CH2SiMe3)3Cl2 

+ M {CH2SiMe3)3Cl3 

+ M(CH2SiMe3) CI4 

e.g. M = To, Mo 

THF 

CrCl3(THF)3 + AIR3 -► CrRCl2{THF)3 

R = Me , Et, Pr, /-Bu 
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A number of phenyl complexes have also been prepared; 

TiCl4 

WCIg 

PhgZn 
-► TiPhCU 
pentane, -20 °C ^ 

SnPh^ 
-► WPhCI, 
pentane, reflux 

The above types of alkyl metal halide complexes offer some possibilities for 
synthetic application. For example, it has been shown that tertiary halides are 

successfully methylated using MeTiCl3. The same type of conversion may also be 

achieved using Me2Zn-ZnCl2, e.g.^ 

80 - 90 % 

rj^-Cyclopentadienyl and Group Vdonor complexes 

It is widely accepted that f/^-cyclopentadienyl (Cp) and phosphine ligands 

stabilize the M—L cr-bond by occupying coordination sites which would 
otherwise be used in decomposition pathways. We shall concentrate on the 

Cp complexes, for which there are similar methods of preparation to those 
discussed above, e.g. 

CpgZrOlg 
MeLi 

or MeMgX 
Cp2ZrMe2 

PhLi 
-► Cp2ZrPh2 

Thermal stabilities vary, usually R == Me < CH2Ph < Ph < CH2SiMe3 and 

Ti < Zr. Whilst the colorless complex Cp2ZrMe2 sublimes with little decom¬ 

position at 100 °C, the analogous orange-yellow Cp2TiMe2 blackens in the 

solid state at 40 °C and decomposes in solution at 0 °C. 

Other complexes are as follows: 

PbClg LiAIH^ 

Cp2ZrMe2 -► Cp2 ZrMeCCO 

Cp2ZrCl2 
EtjAl 
-_► 

CHgClg , 0 °C 
Cp2ZrEt(C0 

CP2TiCl2 
1 mol RMgX 
-► CP2TiR(C0 

CP2TiCI 
RMgX 
-► CP2TiR 

CP2Zr(H)Me 
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CP2VCI2 
RMgX 

CP2VR 

N_ CP2VR2 (steric factors prevent 2 x R) 

CpCr(NO)2l 
MeMgl 

CpCr(N0)2Me 

EtAICIg 

CP2M0CI2 ^ CP2lV10Et(CI) 

A range of alkyl complexes containing auxiliary ligands other than those 
presented above are also known. A number of isopropoxytitanium alkyls have 

been prepared. For example, the methyl complex (i-PrO)3TiMe is a distillable 

viscous yellow liquid. Preparations of some of these complexes are shown below. 

♦ 

Ti(0Pr'')4 

TilOPrMjCI 

2 TiMeCORlj 

ZrPh2(Et20)2 

LiPh 0.25 TiCL 

-► -► PhTi(0PrM, 
LiBr, Et20 3 

MeLi 
-► MeTKOPrOj 

CH2CI2 
+ TiMeClj -► 3 TiMe(OR)2CI 

A 
-► ZrPh(OEt) 

Other Ancillary Ligands 

Another counter ligand which has been used is the 0x0 group, an example 

being V(0)PhCl2, which is a red crystalhne compound. The reaction conditions 
are often critical.’ 

VlOlClj 

VlOKOPrOj 

PhgHg 
-► 
or PhgZn 
-25 °C 

Me2Zn 

Me Mg I 
Nb(0)CU --► 

toluene — Et20 

-15 °C 

CP2W(0)CI2 
RMgl 

Et20 or THF 

Re(0)Cl4 
MeLi 

V(0)PhCl2 

V(0)Me (OPr')^ 

[Nb(0)MeCl2] 

not isolable 

OPMej 
-► 

NbMe (0) Cl2(OPMe3)2 

CP2W{0)R2 

R = Me, Et , Ph, CH2Ph 

RelOlMe^ 
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Various other similar complexes are summarized below. 

R'MgX 

Ti(NR2)3X —► TilNRgljlR) 

(COT) ZrCl2 
RMgX 

(CODZrRg 

NbClg 
(1) 

2 + 2— 
kI {COT) 

R = Me, Et 

{COT)2NbR 
(2) LiR 

Me3TaCl2 

(COT^') 

(COT) Ta Me 3 

Preparation Using Insertion Reactions. 

Formation of a transition metal—carbon (r-bond by this approach most 

commonly involves the insertion of some carbon-containing species into a 

metal—hydrogen bond. No mechanistic significance is meant to be implied by 

the name ‘insertions reaction,’ which merely describes the outcome of the 

reaction. The reaction is of considerable significance in that it is often implicated 

in transition metal-catalyzed reactions of olefins such as Ziegler-Natta polymeri¬ 

zations, carbonylations, dimerization or hydrogenation (see Chapter 2). The 

inserting species may be a carbene, olefin, acetylene or epoxide. Examples of these 

follow. The first sub-section deals with hydrozirconation, a reaction which allows 

the isolation and characterization of a range of interesting and useful insertion 

products. 

Hydrozirconation and its synthetic applications 

The above M—H insertion reaction, using zirconium complexes and resulting 
in hydrozirconation, has been extensively studied by Hart and Schwartz, e.g.® 

/ 
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As can be seen, hydrozirconation of alkenes always occurs to give the 

alkylzirconium complexes in which the metal is attached to the sterically least 
hindered, accessible position of the olefin as a whole, in many cases via double 

bond migration. The reaction is of some potential for organic synthesis, since the 

product (T-alkyl complexes react with a range of electrophiles. Also, the reagents 

are inexpensive, easy to prepare, and require only moderate care in their 

handling. Some reactions are as follows 

CpgZrCCDR RH 

RBr 

RCOCH3 

RCHO 

RC02Me 

The reaction and subsequent manipulation also proceed smoothly with con- 

jugated dienes 
(1) CO 

—^ CHO 

81 % 

\—Zr(CI)Cp2 (2) 

// _w 

y \—CHO ^ZrCCDCp^ 

98 % 

The alkylzirconium derivatives can be converted to alkylaluminum compounds 

by transmetallation: ‘ ^ 

Cp2Zr 

-Cl 

■Cl 

+ AlCI, 
CH2CI2 

0 °C 
Cp2ZrCl2 + (RAICl2)^ 

?'coci 

R'COR 

The stereochemistry of cleavage of the Zr—C bond in the product a-alkyl 

complexes, by a number of electrophilic reagents, has been studied using the 

diastereoisomeric complexes shown below, coupled with NMR spectroscopy. 
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Cleavage with Bfj, I2 and M-bromosuccinimide (nbs) gives the halide with 
retention at the carbon atom, CO insertion proceeds with retention, and reaction 
with molecular oxygen to give an alcohol proceeds with some loss of stereochemi¬ 
cal integrity. 

Hydrozirconation also proceeds using acetylenes to give a-vinyl zirconium 
complexes, this time without movement of the double bond. Treatment of these 
with various electrophiles leads to a convenient preparation of, e.g., vinyl 
halides 

Terminal acetylenes invariably give a single complex by attachment of metal to 
the unsubstituted carbon, and this gives rise to a number of useful synthetic 
applications, such as the preparation of a vinyl iodide required in Grieco et aVs 
synthesis of the macrolide antibiotic methynolide:*^ 

methynolide 

Whilst the alkenyl zirconium complexes obtained in this way do not undergo 
direct reaction with a,jS-unsaturated ketones, it is found that prior treatment with 
a catalytic amount of Ni(acac)2 and diisobutylaluminum hydride (DIBAl) results 
in transmetallation to give an alkenyl nickel species, which undergoes very 
efficient conjugate addition. This has been employed in an approach to 
prostaglandin synthesis 
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0 0(Zr) 

Ph + O" 

(Zr) 

Ni (acac)2 / DIBAL 

OTBDMS 

'^5*^11 

'^5^11 

The alkenylzirconium derivatives have also been found to react with 7r-allyl 

palladium complexes, providing a novel method for introducing steroidal ring 

PdCI/ 

(Zr)' 
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Other additions of metal hydride species to olefinic double bonds are sum¬ 
marized below. 

HPtCKPEtjlg + CH2 = CH2 -► CH3CH2PtCI(PEt3)2 

HRhCl2(PPh3)2 + CH5CH -► CH2= CHRhCl2(PPh3)2 

(•n^-Cp)FeH(C0)2 + -► CH3CH = CHCH2Fe(C0)2Cp 

What may be regarded formally as insertion of a carbene into M—H is the 
reaction of diazomethane, resulting in the formation of o-methyl complexes: 

CHgNg 
HMo(CO)3(-n=-Cp) -► CH3Mo(CO)3Cp 

CH2N2 
HMnlCO)^ --► CH3Mn(C0)5 

This reaction also occurs with metal halides: 

CH2N2 
CIIr(C0)(PPh3)2 -► CICH2lr(CO)(PPh3)2 

Reaction of metal hydride derivatives with epoxides gives rise to j^-hydroxyalkyl 
complexes: 

HCoCCO)^ -I- / \ -► HOCH2CH2Co(CO)4 

There appears to be very little success in the synthesis of alkyl metal complexes by 
insertion of olefins, etc., into metal—carbon bonds, probably owing to further 
reactions of the immediate insertion products to give polymerization or 
decomposition. 

Preparation Using Elimination or De-insertion Reactions 

The formation of cr-alkyl complexes by expulsion of a group separating the 
carbon and metal bonds is termed elimination. The process may involve loss of, 
e.g., CO, SO2 or N2, and may be achieved either thermally or photochemically. It 
is the reverse of insertion, and has been discussed (for CO insertion/elimination) 
in Chapter 2. Some examples of preparation of u-alkyl and aryl complexes by this 
method are given below. 

0 

II 
NaMn(C0)5 + RCOCI ----► R—C—MnlCOlg -► R MnCCO)^ 

R = Me, Ph 

N = NPtCI{PEt3)2 PtCI(PEt3)2 
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0 

Me — C —Fe(C0)2(Cp) -► MeFeCCOl^CCp) 

This provides a useful method for the preparation of complexes not available by 
the Grignard method with the corresponding metal halides, even though these 
may be readily available. 

Preparation by Reaction of Metal Anions with RX 

Formally the inverse of the Grignard method is the reaction of a transition 
metal anionic species with an appropriate alkyl derivative RX, where X is a good 
leaving group. 

L^M" R —X -► L„M—R + X“ 

When it is possible to prepare the desired complex by either this or the Grignard 
•method, then the transition metal anion approach is usually better, resulting in 
higher yield and fewer side-reactions. This method may also be used in 
conjunction with deinsertion (above), by replacing the alkyl halide with acyl 
halide: 

0 0 
II II - CO 

L„M~ -F RCX -► UMCR -► UMR 

The most commonly used metal anions are the carbonyl derivatives which may 
or may not contain other ligands, e.g. R3P, Some general examples are 
given below. 

[cpMo(CO)3]2 
NaHg 

Na+ [cpMo(CO)3] 

(Also for Cr and W) 
CpMoCCOljR 

RX 

CpMCCOlg” -► CpM(C0)2R 

M = Fe, Ru 
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RX 

(COlgM" -► (COL MR 
D 

M = Mn, Re 

RX 
(COl^Co" -► (COl^CoR 

/°\ L^Co -1- / \ -► -► L^CoCH2CH20H 

/0\ 
CpFe(C0)2“ \ -► , » CpFelCOlpCH-CHpOH 

(mild) <L d. 

H + 

CpFe(C0)2{Ti2-CH2=CH2) 

The relative nucleophilicities of a series of transition metal anions has been 

estimated semi-quantitatively by measuring the rates of their reactions with alkyl 

halides. The observed order is: CpFe(CO)2“ >CpRu(CO)2“ >CpNi(CO)“ > 
(CO)5Re- > CpW(CO)3- > (CO)5Mn- > CpMo(CO)3- > CpCr(CO)3- > 
(CO)4Co- >(CO)5(CN)Cr- ^(CO)5(CN)Mo- :5;(CO)5(CN)W-. 

There are a number of organic compounds RX that are useful in this reaction, 

including alkyl, aryl, alkenyl, benzyl, allyl and propargyl halides. As expected 

from parallel organic reactions (Sj^ 2, etc.), phenyl and vinyl halides react 

considerably more slowly than the corresponding alkyl, benzyl, allyl or propargyl 

derivatives, and the reaction is also influenced by the nature of the leaving group 
X. 

Preparation Using Oxidative Addition Reactions 

Oxidative addition reactions of transition metal complexes have already been 
discussed in detail (Chapter 2). Suffice it to say here that reaction of an 

appropriate organic species (e.g. alkyl halide) with a metal complex often results 
in the oxidation of the metal from a low to a higher valence state with 

concomitant metal—carbon bond formation. Both one- and two-electron 

oxidations are known: 

One electron: 

2 L^M -F RX — -► L^MR + L^MX 

Examples: 

2 CP2V + RX — -► CP2VR + CP2VX 

R = Me, Et, PhCH 



[PhCH2Co(CN)5]^ + [BrCo{CN)5]^ 2 [Co(CN)J^' + PhCH2Br -► 

These reactions mostly appear to proceed by a free radical mechanism. 

Two-electron: 

L„M + RX 

Examples; 

Rh'ci(C0)(PBu3)2 

Ir'ci (CO)(PPh3)2 + ' -► CH2=CHCH2lr”'lCl{C0) (PPhj)^ 

l^m; 
'R 

-X 

Mel 
MeRh‘”lCI (CO) (PBu3)2 

(Ph3P)3Pt 
Mel 

MePt^KPPh 
Mel 

3 '2 Me2Pt''^(I)2(PPh3)2 

Oxidative addition methods also provide useful syntheses of cr-aryl and a-vinyl 

complexes. An interesting variation is the intramolecular oxidative addition of a 

C—H bond, commonly referred to as cyclometallation,^® e.g. 

PHYSICAL AND SPECTRAL PROPERTIES OF TRANSITION 

METAL ALKYLS 

Alkyl and aryl ligands are strong a-donors in the context of crystal-field theory, 
and consequently he high in the ‘spectroscopic series’ in electronic spectroscopy. 

They have strong trans effects in terms of weakening a trans metal —^ligand bond 

in a square-planar or octahedral complex. This is manifested in low force 

constants of trans M—bonds and the observation from X-ray data that M—^X 
bonds trans to organic groups are longer than cis M—X bonds. 

Proton and ^ ^C NMR spectroscopy are, of course, useful tools in studies of 

these complexes. However, a wide variation of chemical shifts is observed, 

depending on the metal involved and the ancillary ligands. Some examples are 

below (5 

2.78 Urh-h = 2.4 Hz) -2.1 A 

CH3- -RhICI(PPh3)2{CH3l) CH3- Ni — A 
f / 

1.31 1. 31 1.05 0.80 

1 ro 
X

 
0

 -CH2 —Mn(C0)5 (CH3- CH2)2Ni(Bipy) 
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In the infrared spectra of transition metal alkyl complexes the alkyl C—H 
frequencies are little changed in comparison with organic compounds. In 

contrast, and perhaps expectedly so, C=0 stretching frequencies of acyl metal 

complexes may be considerably different from those of aldehydes or ketones. 

There is also a dependence on the nature of the metal and counter ligands, e.g. 

CH^iTCJ-FelCOKPBUjllTi^-Cp) 1590 cm"' 

CHjCC'Colsalen) (HgO) 1728 cm"' 

REACTIONS OF ct-ALKYL COMPLEXES 

The more common decomposition pathways, a- and ^-hydride elimination 
and reductive elimination, have already been discussed in Chapter 2. 

Reactivity towards various electrophiles, some of which have been met in the 

preceding discussion, is possibly the most common property. Further examples 

are given in the following summary. 
The most simple electrophile, H^, generally cleaves the metal—alkyl bond to 

produce the corresponding alkane. There are two possible mechanisms for the 

process: (a) protonation of the metal followed by reductive elimination of alkane 

or (b) direct protonation of the alkyl carbon atom. A means of distinction is not 

yet available (see later). It may be noted that some complexes are fairly stable and 

require strong acids to effect this transformation, e.g. Cr(CMe3)4, and Ti(l- 

adamantyl)^. 
Reactions with various other reagents which may be regarded as electrophiles 

are listed below. 
(a) Halogens: 

MR + X2 -► MX + RX 

(b) Carbon Dioxide: 

(1) CO2 

Ti{CH2Ph)4 —PhCH2C02H + (PhCH2)3C0H 

(2) HjO 

Most transition metal alkyls are less reactive towards CO2 than are Grignard 

reagents, so that it is possible to destroy excess of the alkylmagnesium reagent 

used in preparation of such alkyls by treatment of the reaction mixture with CO2 

at low temperature. 

(c) Oxygen: 

0, 
MR4 -^—► M(0R)4 

M = Ti, Zr, etc. j R = CH2SiMe3 

There is some evidence to suggest that this reaction occurs by a free radical chain 

mechanism involving peroxide intermediates. 
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(d) Ketones: These are fairly mild electrophiles, being very reactive towards 

alkyl-magnesium and -lithium reagents and unreactive towards zinc reagents, 

etc. A broad spectrum of activity of transition metal alkyls is observed, and 

qualitatively it is anticipated that the more powerful is the alkylating agent which 

is required to prepare a given alkyl, the more readily will the alkyl react with the 

carbonyl function. 

Some interesting observations which might have mechanistic implications are 
summarized below. 

2[(Me3C0)Nb0Cl2 jMe2C0 Me2NbCl3 4- CH3COCH3 

Thus a bulky ketone simply adds to the metal of the complex as a donor ligand, 

whilst a less sterically demanding ketone undergoes further reaction, i.e. transfer 

of a methyl group to the ketone carbonyl carbon atom, with formation of the 

expected alkoxide complex. 
The synthetic potential offered by the range of reactivity of transition metal 

alkyls does not yet appear to have received much attention, with the exception of 

cuprate reagents. 

Mechanistic Aspects of Reactions with Electrophiles 

Mechanistic studies of the above reactions are mainly hmited to those 

complexes which are relatively stable, usually diamagnetic. This subject has been 
reviewed in some detail. 

In general terms, the reaction between a nucleophilic and an electrophilic 

species may be regarded as an interaction between the highest occupied 

molecular orbital (HOMO) of the former and the lowest unoccupied molecular 

orbital (LUMO) of the latter species.For such a reaction attack may occur on 
either side of the carbon atom of the nucleophilic species under attack, e.g. 

0 LUMO 
E 

(a) (b) 

▼ 

inversion at carbon retention at carbon 
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Clearly, the mode of reaction will depend on many factors, e.g. orbital overlap in 

path (a) or (b), steric effects for paths (a) or (b), the nature of the electrophile and/or 

the nucleophile (M—C bond). In fact, we shall see that both stereochemical 

modes of reaction may occur for the same metal complex (nucleophile) depending 

on the electrophile employed, and that the above picture, whilst well suited to 

main group alkyls, is not necessarily appropriate for transition metal alkyls. The 
reactions of u-alkyl transition metal complexes is complicated by other factors. 

For example, the HOMO, which according to the above scheme plays a vital role 
in these reactions, may well be located on the metal, on one of the ligands, or in 

metal—ligand bonds, depending on the system involved. Consequently, reaction 
between an organotransition metal complex and an electrophile may not be a 

concerted cleavage of the carbon—metal bond, though such cleavage frequently 
occurs in later stages of the reaction. 

The following examples are of reactions of a cr-alkyl complex with an 
electrophile, which are believed to proceed with substantial retention of 

configuration at the a-carbon atom: 

THF 
(a) (-)-MeCHBrCOpEt + MnCCOg" -► MeCH(C02Et)Mn(C0)5 

^ inversion 

(b) /-BuCHDCHDZr (Cp)2CI 
Br., 

Br^, retention 

t 

(-l-)-MeCHBrC02Et 

/-BuCHDCHDBr 

single dlastereoisomer 
with retention 

The last example is particularly interesting, the entity HgCl being, in a formal 

sense, the electrophile, because when the electrophile is changed to BX2 (in aprotic 

solvents) reaction occurs with inversion of configuration: 
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This poses a particular problem in terms of detailed mechanism. The reaction 

may be a direct interaction of the electrophile LUMO with the ‘backside’ of the 
Fe—C HOMO [path (a) above]. Alternatively, the electrophile LUMO might 

now give a better match in energy (and therefore better overlap) with a complex 

orbital which is metal-centered (e.g. tjg orbital). This can then lead to two 

possibilities, subsequent addition of electrophile to the metal: 

reductive 
elimination 
-► C — Br 
retention 
path (d) 

inversion 
poth (c) 

T 

Br—C 

Thus the metal-bromide species now bears a positive charge and is activated 

towards nucleophilic attack. An 5^,2 reaction would thereby lead to inversion. 

Alternatively, reductive elimination would lead to retention. Clearly, then, this 
reaction follows either path (a) or (c). As a further example, the complex 1 below 

gives a number of reactions with Br2 under a range of conditions which may be 

interpreted in terms of an anchimeric assistance from the phenyl group, and 

proceeding via a phenonium ion. Undoubtedly, the first step is some kind of 
oxidation at the metal to create a good leaving group. 

//^/-eo-PhCHo'^CHDX -I- //^Aeo-Ph'^CHDCHDX 
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This is evidenced also by competition studies in the presence of other 
nucleophiles: 

Clg 

PhCHDCHD — Fe(COlpCp ; ► PhCHDCHDOMe (^90% retention) 
MeOH 

Br^ 

-► PhCHDCHDBr + PhCHDCHDCI 
excess Cl" 

However, when the bromination of PhCHDCHD-Fe is carried out in the 

presence of fluoride ion, under conditions where F “ is known to be as powerful a 

nucleophile toward carbon-centered electrophiles as Br~, no phenethyl fluoride 

is produced. Consequently, Slack and Baird^^ postulated that the reaction 

involves nucleophilic attack on an iron species, which would not readily react 

with F“. It was proposed that the phenomium ion is not free but is somehow 
complexed to Fe, and may be represented as the rapidly equilibrating species.^ ^ 

Ph. 

D 

C-C 

Ve]* 

H 

Whilst the situation is still not absolutely clear, most of the evidence points to an 

(oxidative) addition of electrophile to the metal as the general first step, followed 

by either nucleophilic displacement of the metal leaving group [path (c)^ 

inversion] or reductive elimination [path (d) ^ retention] of the substituted 

alkyl group. Clearly, whether path (c) or (d) is followed will depend on the 

electrophile, e.g. HX and HgXj react with retention, whilst Br2 may react with 

inversion. Any preference for prior additions of electrophilic species at the metal 

itself is entirely consistent with available molecular orbital data. For example, 

MO treatments of transition metal complexes of high symmetry predict that 

nonbonding d orbitals lie at higher energy than do the filled bonding orbitals.^^ 

Consequently, the filled orbital nearest in energy to the halogen LUMO is a 

nonbonding d orbital, so that this is the favored interaction rather than a 

concerted attack on the metal—carbon bond. It may be noted in this context that 

photoelectron spectroscopic studies of CpFe(CO)2CH3 suggest that the Fe-CHj 
(T-bonding orbital is a least 0.6 eV lower in energy than the nonbonding metal- 

centered d orbitals. 

SOME SPECIFIC TRANSITION METAL ALKYL a-COMPLEXES 

Organocopper Reagents 

We mention these reagents here because, whilst copper is left out of discussion 

of transition metal organometallics to a large extent, the alkyl copper reagents are 

exceedingly important to the synthetic organic chemist, since many strategic 
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bond formations can be effected by their use. There are a number of reviews 

available. 

A large number of organocuprate reagents have been prepared and used 

synthetically. The reagents can either be generated by stoichiometric reaction or 

catalytically, the former usually being more appropriate for preparation from 
alkyllithium precursors, whilst the catalytic method is often employed using 

Grignard reagents. The resultant dialkyl cuprates undergo 1,4-addition to a,^- 
unsaturated ketones: 

(1) MeaCuLi 

(2) HgO, H + 

(1) MeMgl, Cul (cot.) 

(2) H2O , H 

The reaction proceeds with the intermediacy of an enolate derivative, which may 

be trapped with an appropriate electrophile e.g. 

(I) RgCuLi 

(2) MejSiCl, 

EtjN 

The trapped derivative may be subjected to further transformation, e.g. 

There are many syntheses of natural products involving the use of alkyl 

cuprates in this manner. Organocuprates are also effective for the formation of 

carbon—carbon bonds by reaction with alkyl halides, tosylates and various 
other substrates. Some examples are given below. The copper reagents tend to 

avoid some of the unwanted side reaction experienced with e.g., alkyl lithium and 
Grignard reagents. 
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EtgO RC=CH 
(i) MeLi + Cul -► MeCu - 

0 °C 

R H 

Me Cu 
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Allyl-Fp (7-complexes 

A range of Fp-R alkyl complexes are available by reaction of the anionic 

derivative Na-Fp with alkyl halides. These include allyl-Fp complexes, in which 
the allyl group is u-bonded to the metal, and which we discuss here since they 

show some promise as synthetic reagents. An early review dealt with develop¬ 

ments in this area.^^ The general scheme for the preparation of the complexes is 

shown below. 

0 

i.e. Fp = CpFe(CO)2 

An alternative method for the preparation of allyl-Fp derivatives is by 

deprotonation of the cationic j/^-olefin-Fp complexes, e.g. 

CN 
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Allyl-Fp complexes behave as nucleophiles. The immediate product of such 

reaction is the cationic f/^-olefm complex, and since this is itself a reactive entity 

(see Chapter 5), there would appear to be some scope for synthetic applications of 
such compounds, although this has not been fully explored. Some typical 

nucleophilic behavior is summarized below. 

BF^- 

Production of the electrophilic olefin complex during these reactions has 

occasionally been exploited for further reaction, e.g.^^ 

In this reaction the cycloheptatriene-Fe(CO)3 complex behaves as a nucleophile, 

the driving force being the formation of the dienyl-Fe(CO)3 complex (see also 

Chapter 8). The product may be reacted even further, since the dienyl-Fe(CO)3 
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system is reactive towards a number of nucleophiles: 

H 

Allyl-Fp complexes also react with a number of powerful dienophiles, 

although it seems unlikely that this is a concerted cycloaddition reaction, but 

rather a stepwise process, e.g. 
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> Fp — 

C02Me 

'CO^Me 

The non-concerted nature of these reactions is evidenced by the fact that they 

are non-stereospecific, e.g. 

Minor 

Aryl and vinyl Palladium o’-complexes 

The so-called Heck reaction is a process in which a carbon—carbon bond is 

created by reaction between aryl or vinyl halides and olefinic compounds in the 

presence of an amine base and catalytic amounts of palladium(O).^^ Whilst the 
detailed mechanism is not known, it is fairly clear from the chemistry of isolated 

organopalladium complexes that the reaction involves the formation of a-aryl or 

vinyl palladium complexes. Thus, the following stoichiometric reaction is 

obtained: 

PhjP. 

Cl- 

■Pd 

-Ph 

'PPh^ 

-F CHc :CHPh + EtjN 

PhCH = CHPh + (Ph3P)2Pd(Ti-PhCH=CH2) + EtjNH Cl" 

Currently, the reaction is carried out using a catalytic amount of Pd(PPh3)4, a 

development which followed the discovery that organopalladium species could 
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be generated by an oxidative addition of organic bromides to this complex: 

RBr + PcKPPhj)^ -► RPdtPPhjlgBr + 2 PPhj 

A typical reaction is given below. 

The mechanism is 

ArBr + Pd (PRj )„ 

CH2=CHC02Me 

-► 

C02Me 

CH 

PR 3 Ar 

yS-elimination 

product 

A wide variety of substituents may be present in the aryl halide for the reaction 

with methyl acrylate. A variety of other organic halides, including benzyl, 

heterocyclic and vinyl halides, may be employed, as indicated in the following 

examples. 

t 
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PhCH2CI + CH2 = CHC02Me 
Pd (0Ac)2 
-► 
BU3N, 

100 °C, 15 h 

J 
67% 

-I- 'C02Me 
1% Pd(0Ac)2,27o PPhj 
-► 
EtjN, 100 °C 

The last vinyl halide reaction is limited to olefins which contain electron- 

withdrawing groups. For example, reaction of 2-bromopropene and but-3-en-2- 

ol fails under the usual conditions. However, when the reaction is carried out in 

the presence of a nucleophilic secondary amine it leads to a product correspond¬ 
ing to amine addition to an intermediate electrophilic 7r-allyl palladium complex 

(see also chapter 6). 

Br 



These reactions appear to present useful synthetic possibihties but they have 

not been pursued in detail. 

Metallacycles 

A review on metallacycles as novel organic reagents has been published.^® We 

have already met metallacyclobutanes and metaUacyclopentadienes in con- 
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nection with olefin metathesis and acetylene oligomerization, respectively 

(Chapter 2). This section presents briefly these and other metallacycle complexes. 

Metallacyclobutanes are now recognized as key intermediates in olefin 

metathesis reactions. Stable metallacyclobutanes have been prepared for a num¬ 
ber of Group VIII metals, although these are not metathesis catalysts. Oxidative 

addition reactions of Pt(II) complexes with cyclopropane derivatives results in 

opening of the carbocycle with formation of the Pt(IV) metallacycle:^® 

Cl 

Stable metallacyclobutane derivatives of nickel, palladium and platinum are 

prepared by cyclometallation of bis-neopentyl complexes, e.g.^° 

/CH;.CMe, A /CH^CMe. 

- ' ' Pt' 

Et3P'" '^CH2CMe3 '^CH2CMe 

An unusual attack by nucleophiles at the central carbon atom of certain 7r-allyl 

metal complexes has also been found to yield stable metallacyclobutanes, but this 

is by no means a general method (see also Chapter 6), e.g. 

Metallacyclopentanes may be prepared in basically three ways: (a) reaction of 

a metal dihalide with a 1,4-dilithiobutane; (b)reaction of an appropriate metal 

complex with two molecules of olefin; (c)reaction of a metal complex with a 

cyclobutane. Examples are give below.^^”^^ 
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20% 

Rh 

Six- and seven-membered metallacycles of Pt and Ni have been characterized, 

e.g. 

Li Li + (R3P)2NiCl2 
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With regard to the stability of all the above complexes, it is found that whereas 

the smaller rings (up to six-membered) are relatively stable to ^-elimination, the 

analogous metallacycloheptane derivatives undergo this mode of decomposition 

much more easily. The reason generally accepted is that the inflexibility of the 

smaller rings prevents arrangement of the (i-C—H bonds in a manner necessary 

to allow transfer of the j5-hydrogen to the metal. The more flexible seven- 

membered ring allows appropriate alignment and is consequently less stable. 

Metallacycles may undergo reactions analogous to the related cr-alkyl 

complexes, e.g. 

CHjCHgCHgCHj 

Other less obvious reactivity is also found, some of which still remains to be 

properly explained, e.g. 

Py 

Py' 

Cl 

.Tt 

Cl 

Ph 
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This chapter has attempted to provide a glossary of methods of synthesis of 
various transition metal alkyls, their reactions and some consideration of 

demonstrated or potential utility for organic synthesis. 
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CHAPTER 4 

Carbene and Carbyne Complexes 

CARBENE COMPLEXES 

The implication of transition metal-carbene complexes in a number of 
reactions involving transformations of, e.g., alkenes, provided impetus for a 
search for stable complexes. Since the first report of such a compound in 1964 by 
Fischer and MaasboP there have been hundreds isolated. There have been a 
number of authoritative reviews on the subject in the intervening years,^ as well 
as an account of Schrock’s work on alkylidene complexes.^ 

♦ 

Synthesis of Stable Carbene Comidexes 

While the isolation and full characterization of carbene complexes is a fairly 
recent event, it has been recognised'^ that the Chugaev salts, prepared as long 
ago as 1915,^ contain carbene complexes. The prototypical preparation of 
stable complexes depended on the reactivity of certain metal carbonyls towards 
strong nucleophiles, in particular organolithium compounds. Thus, treat¬ 
ment of hexacarbonyl tungsten with methyl- or phenyllithium in ether pro¬ 
duced an acyl pentacarbonyl tungstate 1 which could be converted into 
pentacarbonyl[hydroxy(organo)carbene]tungsten(0) complexes 2 acidification. 

Complexes of type 2 were found to be unstable, but they could be converted 
into the more stable methoxy carbene derivatives 3 by treatment with diazom¬ 
ethane. The same compounds can be prepared by direct alkylation of the lithio 
derivatives 2 with Meerwein reagents, a high-yielding synthetic route. 

136 
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1 
BF4 

•-► 

(3) 

CHgNg 
- 2 

This same method may be applied, using a range of organolithium reagents, to 

the preparation of analogous methoxycarbene complexes derived from hexacar- 

bonlychromium, hexacarbonylmolybdenum, decacarbonyldimanganese, 
Tc2(CO)io, Re2(CO)io, Fe(CO)5 and Ni(CO)4. The product carbene complexes 

become increasingly labile in that order. 
A number of other methods now exist for the preparation of carbene 

complexes, all of which are stabilized by the presence of an electron-releasing 
group capable of reducing the electron deficiency of the carbene-like carbon 

atom. These are summarized in the following equations: 

THF 
-► 
- 20 °C 

Ph 

CrlCOlg + 2NaCI (4.1) 

Ph 

EtOH 
Cl^ 

-► 

c\^ "^'C^^NHPh 

OEt 

(4.2) 

0) MeNC 
PtCl/ -► 

^ (2) NgH^ 
(3) NoBPh^ 

N--N 

/ \ 
MeNH —C, C—NHMe 

Pt 

/.C C 
✓ % 

N 
Me 

N 
Me 

BPh^- (4.3) 
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R= Ph 

? 

EtjP — 

- (4.4) 

(4.5) 

(4.6) 

(4.7) 
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+ 
(PhNH)2 C —Cl 

(PhjPljRhCI -► CljCPhjPlgRh —C: 

NHPh 

NHPh 

(4.8) 

(4.9) 

(4.10) 

(CO)^ 

OMe 

R 

r'sh 
-► (4.11) 

Fe(C0)5 

A\) 
CeHe 

>• (CO)^ 

OMe 

Ph 

(4.12) 

Hence there exist, among others, methods based on the ability of a metal to 

split an activated olefin into car bene components (method 4.7), the ability of 

metal anions to displace two halogens from a gem-dihalo compound (method 

4.1), the conversion of the carbene by nucleophiUc substitution (methods 4.9,4.10, 

4.11) and the ability of some complexes to transfer their carbene ligand to other 

metals (method 4.12). It may be readily seen that all of the above complexes have 

some means of stabilization from a substituent attached to the carbene carbon 
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atom. These complexes are the ones commonly referred to as carbene complexes, 

while those compounds which have only hydrogens or alkyl groups attached to 

the carbene carbon are commonly referred to as alkylidene complexes. Examples 

of the latter complexes have only recently been prepared as stable compounds, 

although they have been implicated in a number of interesting organometallic 

reactions, e.g. the decomposition of certain transition metal alkyl complexes, 

Cu(I)-catalysed formation of a cyclopropane from diazomethane and an olefin, 
olefin metathesis, reduction of CO by H2 and the rearrangement of small-ring 

hydrocarbons. A number of alkylidene derivatives of tantalum and niobium have 
in recent years been prepared by Schrock’s group. 

Treatment of Ta(CH2CMe3)3Cl2 with 2 mol of LiCH2CMe3 in pentane does 

not give the expected Ta(CH2CMe3)5 (cf. preparation of TaMeJ. Instead, one 
obtains the orange crystalline complex 4 in quantitative yield: 

M(CH2CMe3)Cl2 -► (Me3CCH2)3M = CHCMe3 

M = Ta , Nb 

(4) 

A plausible mechanism for the formation of 4 is by a-hydride elimination from the 
intermediate 5 to give neopentane and 6, which is attacked by a molecule of 
neopentyl lithium to give 4. 

Cl 

M (CH2CMe3 )4CI 
-Me^C 

(Me3CCH2)2M = CHCMe3 
Me3CCH2Li 

(5) (6) 

The corresponding i/^-cyclopentadienyl complex, readily prepared from 

M(CH2CMe3)2X3, also undergoes a-hydride elimination to give the neopenty- 

lidene complex 7. This and some other preparations of alkylidene complexes are 
given below. 

M(CH2CMe3)2X3 
TICp 

-► 
toluene 
25 °C 

TICp 

CHCMe3 toluene 
25 °C 

(7) 

CP2M 
-CHCMe, 

(4.13) 

M = Nb, Ta 



LiCjMej 
Ta(CH2Ph)3Cl2 

toluene Cl""" 
vTa. 

I ^CHPh 

CHgPh 

Cp2Ta 
CHPh 

XHgPh 

(4.14) 

TICp TICp 

TaMe3Cl2 -► TaCpMejCI -► Cp2TaMe3 

CpgTa (PMe3) Me 

^CHMe -PEt, 

CpgTa ◄- 
^ Me 

(9) 

It may be noted that the parent complex 8 is readily prepared by a three- to 

four-step sequence involving deprotonation of a cationic dimethyltantalum 

complex by base (the best results are obtained with phosphorus ylide). Of 

particular interest is the preparation of the ethylidene complex 9, in which 

techniques other than a-hydride abstraction or deprotonation must be used, 

owing to the propensity with which transition metal alkyls undergo ^- 

elimination (see Chapter 2). Generally, Nb and Ta alkylidene complexes react 

Cp2ToMe 

Et3P=CHMe (4.16) 

CP2TQ; 
■ CHMePEt, 

' Me 
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with even traces of oxygen or water (or other protic solvents), although sterically 

crowded 18-electron derivatives, e.g. Cp2Ta(CHCMe3)Cl, can be handled as 

solids briefly in air. These are also fairly stable thermally, while the least stable 

are the methylene complexes 8, and relatively uncrowded molecules, e.g. 6. A 
number of bis(alkylidene) complexes are also preparable, e.g. treatment of 

Ta(CH2CMe3)3(CHCMe3) with PMe3 causes loss of neopentane; 

Ta(CH2CMe3)3(CHCMe3) 
PMe, 
-► 

PMej 

I ^CHCMe3 
Me,CCHp—Ta^ 

I ^CHCMe3 

PMe3 

Also; 

Nb (CH2CMe3)4Cl 
PMe, 

PMe, 

Cl — Nb 

PMe, 

CHCMej 

CHCMe3 

LiCHgCMes 
-► 

^CHCMej 

'^CHCMe3 

Such complexes are of practical and theoretical interest, since they might undergo 

transformation to an olefin complex. In the above examples this might be 

prevented by the bulk of the groups on the alkylidene ligands. A transformation 

of a less hindered derivative to an olefin complex could mean that the reverse 
reaction is possible, which may be important in, e.g., olefin metathesis reactions 

(see Chapter 2), i.e. 

M 

CHR 

CHR 

Bonding in carbene complexes has already been briefly discussed. In the most 

stable metal carbene complexes, it is found that C(carb) is highly electrophilic. 

This results in conjugative interaction with the heteroatoms of the ligand, and it 

might also therefore be expected to lead to a degree of dTi-pTi interaction with the 

metal. Generally, it is found that the coordinated carbene is a strong cr-donor but 
a weak rr-acceptor. The principal canonical forms involved in bonding are 

(A) (B) (C) 

This implies strong polarization towards the metal, so that the dipole moments 
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of the complexes are relatively large [ca. 5 D for (CO)5Cr-carbene]. Evidence for 

the substantially larger a-donor/Tr-acceptor ratio than those found for CO 

derives from infrared spectral data. While the symmetrical Raman-active 

absorption in Cr(CO)g is found at 2108 cm"^, the frequency for the CO ligand 

trans to the carbene ligand of (CO)5Cr=C(OMe)Ph occurs at 1953 cm a 
very much lower frequency. This is due to the lower Ti-acceptor property of the 

carbene, which leads to expansion of metal t2g orbitals and therefore their 

greater availability for interactions with the CO n* orbital. 
Carbon-13 NMR spectra are also useful. For example, the observed chemical 

shift of the carbene carbon in (CO)5CrC(OMe)Ph is at 351.42 p.p.m. This lies well 

within the range of values found for carbo-cations of organic chemistry, again 

implying substantial positive charge on the carbene carbon, due to the 
importance of canonical forms A and B. 

X-ray crystal structure analysis reveals a number of interesting features. The 
carbene carbon atom is essentially planar, therefore sp^ hybridized, and 
possessing an empty p orbital suitably disposed for interaction with the metal in 

(CO)5CrC(OMe)Ph. The distance (ca. 1.33 A) lies between the values 
for a single C—O bond (1.43 A in Et20) and a C=0 double bond (1.23 A in 

acetone), indicating substantial interaction with the heteroatom (oxygen in this 

case) lone pair. The average Cr=C^Qdistance (1.87 A) is shorter than the Cr— 

Ccarbene distance (2.04A), consistent with the greater multiple bond character of 
the former (but note that CO has two orthogonal n* orbitals for overlap with 

metal d orbitals). However, the bond length is significantly shorter than the 

distance of 2.21 A expected for a pure chromium—carbon a-bond.^ This implies 

some degree of metal-carbene dn-pn interaction and a contribution from 
canonical form C. The phenyl group in this particular complex is at ca. 90 ° to the 

plane of the sp^-C^.^^^, indicating no conjugation with this substituent. That 

canonical form C makes only a minor contribution, however, is implied by the 

chemical reactivity of the complexes, since scarcely any reactions are found, apart 

from insertion of PhSeH and RNC, which suggest M = Cj,a,.j, double-bond 
character. 

Proton NMR studies of rotation about —NR2 or —OR bonds 
indicate substantial energy barriers for this process, in many cases higher than 

carboxylic esters or amides, again implying substantial double bond character 

(canonical form A). 

Turning to the alkylidene complexes, where the opportunity does not exist for 

canonical form A, we find that there is definite evidence for multiple Ta—carbene 

bond character. Some X-ray data are shown below, indicating significantly 

shorter Ta—than Ta—C single bonds. 
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This could be a consequence of the Ta—C bond being derived from carbon sp^ or 

sp^ hybrids, the former being ‘shorter,’ but it is generally taken as being evidence 

for dTi-pTT interaction, particularly in view of the fact that the Ta=CH2 moiety 

shows restricted rotation of the methylene group. However, the overlap between 

metal and carbon Tr-type orbitals is rather poor, an approximate measure of the 
metal—alkylidene 71-bond being 25 kcal mol“ S compared with the Ta—C single 

bond strength, which is ca. 40-60 kcal mol“^ 

Carbene Complexes as Reactive Intermediates 

Metal-carbene complexes of various types have been implicated in a number 

of chemical reactions, and only rarely characterized. In 1966, Jolly and Pettit^ 

observed that reactions of chloromethyl methyl ether with CpFe(CO)2Na (or 

NaFp) yielded the c-bonded complex 10. Treatment of this complex with acid in 

the presence of an olefin led to the formation of cyclopropane derivatives 
corresponding to carbene addition to the olefin double bond. Thus, it was 

proposed that a cationic carbene complex was formed by protonation of 10 the 
subsequent loss of methanol.^ 

The observation that the geometry of the double bond is maintained during 

formation of the cyclopropane implies a concertedness to the reaction rather than 

an electrophilic attack on the olefin, to form a cation, followed by further 

reactions. Supporting evidence for the intermediacy of a cationic carbene 

complex was provided by Brookhart and Nelson,® who were able to isolate and 

characterize the related phenyl carbenium derivatives 11 and 12 by NMR 

spectroscopy. These gave trans-stilbene when thermally decomposed, typically a 
carbene reaction. 
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(12) L = PhjP 

The cycloproponation reactions were potentially valuable, but gave low yields. 

The reaction has recently been improved by Brandt and Helquist,^ who 

converted the thioether complex 13 into the stable sulphonium compound 14. 

When this complex was heated in refluxing dioxane in the presence of olefin, good 

yields of cyclopropanes were obtained. 

Metal-catalysed carbene generation from diazoalkanes has also been re¬ 

cognized as proceeding via the formation of metal-carbene complexes which are 

often probably the species involved in the reaction. Interest in the mechanism of 

cycloproponation using, e.g., the Simmons-Smith reagent IZnCHjI, is largely 

responsible for the extensive studies in this area. Evidence for the involvement of 

metal-carbene complexes in diazoalkane decomposition is as follows: 
(a) The metal-promoted reaction of diazoacetic ester with cyclohexene gives a 
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different ratio of exo/endo product than the corresponding photochemical 

reactions. Also, changing the phosphite ligand (RO)3P affects the ratio. 

N2CHC02Et + 
(R0)3PCuCI 

catalyst 

C02Et 

(b) Small but significant degrees of asymmetric induction 

optically active metal complexes are used, e.g. 

are obtained when 

On the basis of these results a transition state, e.g. 15, for cyclopropanation 

involving metal-carbene derivatives has been proposed: 

(15) 

Metal-carbene-like complexes are also clearly involved in the synthesis of 

organic carbonyl compounds from metal carbonyls, as exemplified below. 

RLi H ^ 

Fe(CO)g -► Li"" [ RC0Fe(C0)4]~ -► RCHO 
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In contrast to the aforementioned chromium complexes, protonation or reaction 

of the intermediate lithium salt with electrophiles does not appear to occur on 

oxygen, but rather on the metal, followed by reductive elimination, e.g. 

RCOFe (CO),, -► 
D 

16e 

Clearly these are examples of the anionic metal complex behaving as an 

ambient nucleophile, owing to the involvement to the following canonical 

forms, the second being carbene-like. 

0 0~ 

- II I 
(C0)4Fe — C — R <-► (COl^Fe^C — R 

Presumably, reaction with an appropriate (hard ?) electrophile would lead to 0- 

alkylation. 

Metal-car bene complexes are also widely accepted as being involved in metal- 

promoted valence isomerizations of strained-ring carbocyclic species. The course 

of such reactions, in terms of product distribution and product type, is often 

altered markedly in the presence of transition metals. Some examples are given 

below. 

300 °C 
-► 
no catalyst 

[Rh(C0)2Cl] 2 
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The latter reaction provides a useful discussion example. A possible reaction 

pathway for the formation of the methylenecyclohexene product is given below. 

It may be noted that the intermediate 18 may be written as a cationic metal 
carbene (alkylidene) complex or a metallo-carbonium ion which undergoes 

1,2-hydride shift and loss of the metal. 

The intermediacy of carbonium ion 17 is supported by the formation of ethers 
when the reaction is carried out in methanol; 

Significantly, reaction of 16 with sulphuric acid in methanol produces the same 
stereoisomer ratio of the product methyl ethers. 

The opening of bicyclobutanes shown above also must proceed via carbonium 

ion intermediates, leading to cyclopropanes which do not react further, in 
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contrast to the thermal reaction, which is a concerted process: 

The formation of a single cyclopropane product is probably due to steric factors 

preventing metal attack at the alternative cyclopropane bond which is flanked by 

three methyl groups instead of two. Formation of the butadiene product 

probably involves breakdown of carbonium ion species 19 to form the carbene 

intermediate: 

Carbene complexes are also implicated in olefin metathesis reactions, which 

have been fully discussed in Chapter 2. 

Reactions of Carbene Complexes and Applicability to Organic Synthesis 

Apart from cycloproponation, there are also a number of other features of 

metal-carbene complexes which might well be exploited for organic synthesis. 

The reactivity of heteroatom-substituted carbene complexes may be summarized 
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diagrammatically: 

0 
c 

(B) (A) 

OR 

'(C) 

(E) 

(A) Nucleophilic addition at 

(B) Substitution of CO with L 

(C) Cleavage of C—O 

(D) Rearrangement or liberation of carbene ligand 

(E) Substitution of H 

We shall discuss these aspects in the above order. 

A. Addition at 

We have already met examples of amine nucleophile addition. Treatment of 

pentacarbonyl[alkoxy(organo)carbene] complexes of Cr(0) and W(0) with 
trialkylphosphines in organic solvents at low temperature (— 30 °C) results in 

addition to C^^^^ to give phosphorylide complexes: 

(COlgCr — C — CH3 

OMe 

(20) 

Reactions of the alkoxycarbene derivatives with amines lead to several 

potential applications as amino-protecting groups in peptide chemistry. The 

organometallic residue offers some scope in this respect since it can be very easily 
removed with trifluoroacetic acid, or in some cases under even milder conditions 

with acetic acid. Some examples are given below. It should be noted that the 

Cgarb—^ bond is cleaved [reaction type (C)]. 

OMe 

{CO)^Cr — c(^ 

^Me 

(00)5 Cr —C 

,yOMe 

+ H2NCH2C 
0 

■OMe 

EtgO 

20 °C 

_^NHCH2C02Me. 
(COlgCr— 

^R 

NHCH2CO 

(00)5 Or—C. 
NHCH2C02Me 

(1) CFjCOgH 

(2) base 

▼ 
H2NCH2C0NHCH2C02Me 

(1) dioxane / NaOH 

(2) HCI 

CH2CI2 

NgNCHgCOgMe 

◄- 

t 

(COl^Cr —C 

NHCH2CO2H 

R 

N —OH 

0 . 

DCCD 
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A number of advantages attach to the use of the organometallic protecting group: 

(a) the complexes are usually yellow and easily made visible for chromatography, 

etc.; (b) the protecting group is removed under mild conditions and side-products 

are easily separated; and (c) most of the complexes are sufficiently volatile to 
allow mass spectral analysis. 

B. Substitution of CO 

If the product of alkylphosphine addition 20 is irradiated in hexane-toluene 

at — 15 °C, a CO ligand is eliminated and phosphine is introduced into the 

cis position. In contrast, if the starting carbene complex is simply heated in 

solution with the alkylphosphine both cis and trans substitution occur: 

20 
/)\) 

PR 
OMe 

OC. 

OC' 
:Ci 

3 
—Me 

"^CO 

CO 

(21) 

(COlgCr —C. 

-OMe 

Me 

PRj , 70 °c 
-► 

hexone 
21 

OMe 
CO // 

OC. I ,/C — Me 

R3P I ^CO 

CO 

(22) 

If either pure complex 21 or 22 is heated then the mixture is regenerated. 

D. Rearrangement or liberation of carbene ligand 

Two examples in which rearrangement of the carbene ligand occurs are given 

below. 

(00)5 Cr — C. 

.SMe 

'Me 

HBr 

(COlgCr—S" ^ 

-Me 

cC 
'Br 

CH, 

,^NHMe HBr 

(COlgCr —C^C^ -► [(COlgCrBr] [mbNH = CHPh ]'^ 

^Ph 

The apparent insertion of PhSeH into the metal—bond referred to earlier 

undoubtedly takes place by this type of mechanism, but occurs so readily that 
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methanol instead of HBr can act as the source of proton and nucleophile: 

^OMe phSeH 

(COlgCr —C -► 

SePh 

(COlgCr—+ MeOH 

Ph 

(COl^Cr—Se:;' ^ 

'OMe 

Therefore, the inference that the overall ‘insertion’ can be taken as evidence for 

M—C double bond character must be regarded with some scepticism. The 
carbene ligand can be cleaved from the complexes in various ways, as illustrated 

below: 

'OMe HBr 

(coi^w—c: 
'Ph CHjClj 

(COl.W C + 

-OMe 

-Ph 

- vOMe 
c/5-(Ph,P)(C0LCr —CC + Ph,P -f R'CO.,H 

3 4 3 2 

ether, A 

0 

trans-{Ph-^P)^Cr{<ZO)^ + R‘ — C — 0- 

OMe 

CH 

R 

,-^OMe 
(COLCr —C::^ 

^c—r' 

pyridine 

OMe 

HC 

H R‘ 

(00)5 
OMe 

Me 

150 °C 
-► 
decalin 
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Decomposition of the carbene complex under suitable conditions in the presence 
of a reactive olefin gives cyclopropanes: 

MeO Ph 

The ratio of stereoisomers obtained varies with the metal (M = Cr, Mo, W), 

indicating that free carbene is probably not involved. 

E. Substitution of a-Hydrogen 

The hydrogen atoms which are bonded to the a-carbon atom of alkoxy(alkyl) 

carbene complexes have been shown to be quite acidic by ^HNMR studies. 

Deuterium exchange is observed in CH3OD solution in the presence of catalytic 

amounts of sodium methoxide. This reflects the ability of the metal carbonyl unit 

to act as an electron acceptor: 

^ - OMe 

(coigM— 
"OMe 
-► 

^ ' OMe 

(COlgM—'C^_ <-► 

.OMe 

(COLM—C" 
5 % 

CH; 

CH3OD 

-► 
x3 

,OMe 

(CO).M —C 
\ CD, 

Some potential exists here for synthetic application, for example if the mo¬ 

noanion could be generated selectively and reacted with appropriate 

electrophiles. 
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Reactions of Alkylidene Complexes 

Whereas the above Fischer-type complexes, including W(CO)5CPh2 and 

W(CO)5CHPh, behave as electrophiles at the Nb and Ta alkylidene 
complexes prepared by Schrock show nucleophilic behaviour of 
respect they are similar to the main group ylides of phosphorus and arsenic. 

Some examples of this behaviour are given in the following equations: 

HCI 

NblCHgCMcj IjCCHCMes) -► NbtCHgCMejl^CI 

AIMej 
CppTa -► 

CD, I 
MejSiBr 

CH2AIMe3 
CpgTa ^ 

CH3 

+ ^ 
Cp2Ta ^ 

■ CH 
Br 

CH3 

CppTa 
XH2CD3 

'CH, 

-CH3D 
CH; 

CpoTa — 

CD, 

(Me3CCH2)3M=CHCMe3 + R'COR" 

pentane, 25 °C 

t 

C/5- + //■(7/75-R'R" C= CHCMe3 -I- M products 

The last reaction resembles the Wittig olefination reaction, involving 

reaction of a phosphorus ylide with aldehydes and ketones. In comparison, it 

appears highly probable that the titanium-mediated methylenation of ketones 
described by Nozaki’s group, which works well in many cases where the 

Wittig reaction fails, occurs by the intermediacy of similar Ti=CH2 

complexes, e.g. 

CHgBrg 
R'R"C=0 -► R'R"C = CH, 

TiCU , Zn 

Methylene-titanium carbene complexes are proving to have considerable 

potential as reagents for organic synthesis. Treatment of Cp2TiCl2 with 2 equiv. 

of AlMej gives the bridged methylene complex 23 as reddish orange crystals.^^ 
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CH 
CP2T1CI2 + 2 AIMe^ -► CH^ + Cp2Ti ^'^AIMep + AlMcpCI 

(23) 

In most of its reactions complex 23 behaves like a^n alkylidene complex polarized 

similar to the tantalum derivatives above, i.e. Ti—CH2. It is probably formed 
by partial dissociation of 23: 

CppTi' 

■Cl 

:AIMe, Cp2Ti — CH2 

ClAIMe. 

The reactivity is probably better understood by reference to the following 
mechanistic scheme: 

cppTi; 

CH 

Cl 

O 
'AIMe, Cp2Ti 

+ r\ — 

CcH, 
CppTi — CH^ 

Cl—AIMe. 

The carbene complex reacts with certain olefins in a homologation reaction, 

e.g. 

23 

CH3CH = CH2 
32 Vo 

CH,CH = CH, 

Me2C = CH2 

The reaction probably proceeds via formation of a metallacyclobutane 

intermediate, which undergoes ^^-elimination followed by reductive elimination: 

CH3CH = CH2 

Evidence for this mechanism comes from the observation that isobutene does not 

undergo the reaction, since the metallacyclobutane cannot undergo 
eUmination: 

Cp2Ti ^—► no -elimination 

Perhaps the most potentially useful reactivity of the complex 23 is its reaction 

with ketones and related carbonyl compounds. Treatment of ketones with 23 
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results in methylenation, which appears to give higher yields that the standard 

Wittig olefination. The complex also reacts with esters to produce vinyl ethers. 

Examples are given below. 

MeC02Et --► MeC 
^OEt 

Ethene, propene and styrene react with electron-deficient alkylidene complexes 

with the probable intermediacy of metallacyclobutanes to give olefins as the final 

products, formed by ^-elimination mechanisms. 

CHD 

I 
CMe3 

Acetylenes ‘insert’ in the M=CHR bond, to give a new alkylidene complex 
which is probably formed by rearrangement of an intermediate metallacyclo- 
butene complex: 
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In conclusion, it may be noted that although there is some potential for 

synthetic application of these complexes, no concerted effort in this direction has 

been made. In this connection, the recent preparation of jS-lactam derivatives by 

Hegedus’ group,shown in the following equations, may be noted. 

{CO)^Cr=C 

PhCH = NMe 

/?u Me 
,Ph 

^—NMe 

The photochemical reaction was readily brought about by exposure ‘to bright 

sunhght on the roof of the chemistry building for 1-3 h at ambient temperature 

(10-20 °C),’ assuming the availability of an appropriate climate. A plausible 

mechanism is shown below. 

(CO)5Cr = C 
- CO 

CARBYNE COMPLEXES 

In this section our attention is confined to complexes which may be crudely 
represented as containing the M=C triple bond, and we omit any discussion of 

alkylidyne cluster complexes of type 

R 

The discovery of stable carbyne complexes, of general structure 24, by Fischer’s 

group was largely accidental. 
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OC CO 

\/ 
X — M=c — R 

/\ 
OC CO 

(24) 

M = Cr, Mo, W 

X = Cl, Br, I 

R = Me , Et , Ph 

During a broad study of reactivity of methoxy(organo) carbene complexes, 

attempts were made to exchange the methoxy group with halogen by treatment 

with boron trihalides. Carrying out the reaction at low temperature permitted the 

isolation of thermally labile complexes, shown to be carbyne derivatives. 

(COlgM —C 

OMe BX, 

pentane 
24 

These complexes may be similarly prepared by treatment of the carbene complex 

with AICI3, AlBrj and GaClj instead of boron trihalides. Reaction of a-amino 
ester carbene derivatives with boron tribromide serves a dual purpose of forming 

a carbyne complex and liberating the amino acid, providing an alternative 

method of deprotection (see above): 

.^NHCHgCOgMe 

(co)gW—c: 
BBr, 

'Ph 

CO CO 

Br—W=C — Ph + BBr2NHCH2C02Me 

OC CO HgO 

t 
HBr, H2NCH2CO2H 

Interestingly, pentacarbonyl[ethoxy(diethylamino)carbene]tungsten (0) reacts 

with boron trihalides to give trans-(bromo)tetracarbonyl(diethyl- 

aminocarbyne)tungsten (0), resulting from exclusive loss of the alkoxy 

group. The relative stability found for this carbyne derivative can be attributed to 

interaction of the metal—carbon bond with the free electron pair of the nitrogen: 
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It may be noted that while carbyne complexes of chromium are also accessible 

by treatment of hydroxycarbene derivatives with boron tribromide, similar 

reaction of the related manganese hydroxycarbene derivative merely results in 

the formation of an alkoxyborane derivative; 

(COlgCr— 

^Ph 

BBr, 
-► 
- 40 °C 

OC CO 

OC CO 

OC CO 

Br 

Br-- 

BBr, 

- 20 °C 
(COl^Mn —C 

-Br 

;>0 

'^Me 

A novel and interesting synthetic route to carbyne complexes is found in the 

treatment of lithium benzoylpentacarbonyl tungstate with triphenyldibrom- 

ophosphorane in ether at low temperature: 

PhLi 

\N^COh -► (CO)^W —C, 
b O 

Ph 

OC CO 

PhjPBr^ 
-1 
EtgO 

-50 °C 

Br — VJ = C—Ph 

/\ 
OC CO 

A plausible mechanism involves displacement of Br“ from Ph3PBr2 by the 

‘alkoxide’ to form a —O—P linkage, which then eliminates triphenylphos- 
phine oxide with concomitant attack of Br“ to give the carbyne complex. 

Finally, alkylidyne complexes can also be obtained from Schrock’s alkylidene- 

tantalum complexes by treatment with trialkylphosphine: 

Reactions of Carbyne Complexes 

It was mentioned earlier that most of the carbyne complexes are thermally 

labile. Indeed, at temperatures of 30-50 °C in nonpolar solvents the ligand 

appears to be liberated and undergoes dimerization; 
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OC CO 

\ / 30-50 °C 
Br —Cr=C—R -► R — C = C—R 

/\ 
OC CO 

An interesting reaction of carbyne complexes containing an alkyne-substituted 

R group may be compared with Michael reactions of analogous acetylenic esters. 

Thus, reaction of the complex 25 with dimethylamine leads to the addition 

product 26. 

OC CO 

MegNH, EtgO, - 40 “t 

t 

OC CO 

CO CO 

(26) 

Ph 

NMe2 

This behavior is interesting in view of the recent success in synthesizing vinyl 

carbyne complexes.*^ 

(1) MCCOg 

-► 
(2) EtjO"^ 

OEt 

^IVKCO)^ 

OC CO 

\ / 
X—M=C 

/ \ 
OC CO 

Treatment of the cationic carbyne complex 27 with azide ion as a nucleophile 

results in a nitrile complex, the formation of which can be rationalized by 

nucleophilic addition of azide to the carbyne carbon atom, followed by 

rearrangement:^"^ 



[(COgCr^CNEtg]^ (COgCr —C BF, 
BU4N+ N" 
-► 

(27) 

NEtg 

? 

- N2 

(COgCrNCNEtg *♦ 

An interesting conversion of certain tungsten carbyne complexes, e.g. 28, into 
ketene derivatives occurs on treatment with either carbon monoxide or 
trimethylphosphine. The products may be converted into cr-alkyne derivatives as 
shown below. 

Cp(CO)L W 

L = PMe^ 

CpCCOglPMejlW— Me 

Halide ion may be displaced with formation of a metal—metal bond when 
carbyne-W(CO)4Br complexes are treated with NaRe(CO)5:^^ 

Although real synthetic applications of metal-carbyne complexes have not yet 
emerged, the availability of these substances would now make possible the 
development of novel reactions which might one day receive the attention of 

synthetic organic chemists. 
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CHAPTER 5 

;7^-Alkene and 
f/^-Alkyne Complexes 

Historically, ?/^-olefin complexes are very important, as illustrated by the well 
known Zeise’s salts (ethylene-Pt complexes), first prepared in ca. 1830/ Olefin- 
metal complexes also are formed as transient intermediates in a wide range of 
catalytic processes, some examples of which are given in Chapter 2. This chapter 
deals with some of the basic aspects of stable isolable ?/^-complexes of transition 
metals. We begin with a discussion of the chemistry of olefin-iron complexes and 
follow with a presentation of alkene complexes of otller metals. The second 
section is concerned with side-bound alkyne complexes and their reactions. 

rj^-ALKENE COMPLEXES 

Iron, Ruthenium and Osmium Group 

Olefm-Fe{CO)A Complexes 

These complexes are intermediates in the formation of diene-Fe(CO)3 

complexes during reactions of a diene with an iron carbonyl. Although 
butadiene-Fe(CO)3 and a number of other diene-Fe(CO)3 complexes have been 
known since 1930, it was not until ca. 1961 that the first stable monoolefin-Fe 
complexes were prepared. Monoalkene-Fe(CO)4 complexes are rather unstable. 
Ethene-Fe(CO)4 may be prepared by reaction of Fe2(CO)9 or Fe2(CO)3 2 with 
ethene under pressure, to give the complex as a yellow oil, b.p. 34 °C/12 mm Hg, 
m.p. — 21.8 °C, which decomposes slowly at room temperature to give 
Fe3(CO)i2- It can, however, be stored for prolonged periods under nitrogen at 
-80°C. 

Fe2(C0)9 + C2H4 
50 atm 

2 days 

CH2 
II — Fe(C0)4 + Fe(C0)5 

CH2 

Other monoolefinic hydrocarbons, such as propene, cyclohexene and styrene, 
have been used as Tu-ligands in olefin-Fe(CO)4 complexes, prepared by either 
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irradiation of a solution of Fe(CO)5 in the presence of the olefin or mild reaction 

between Fe2(CO)9 and the olefin in solution. The products are very sensitive to 

air oxidation. 

01efin-Fe(C0)4 complexes are characterized by three bands in the infrared 
spectrum due to the coordinated CO stretching vibrations, at ca. 2085,1990 and 

1970 cm while the complexed C=C bond shows an infrared band at ca. 
1500cm“^ The mass spectra of the complexes show successive loss of the four 

CO ligands and simultaneous loss of the alkene. X-ray crystal structure 
determinations indicate that the olefin in general replaces an equatorial CO 

ligand of the trigonal bipyramidal complex Fe(CO)5. 

01efin-Fe(C0)4 complexes of alkenes having the C=C bond conjugated with 
an electron-withdrawing group (e.g. —C=N, —C=0) are much more stable 

than the simple alkene complexes. This is due to the fact that conjugation lowers 

the energy of the olefin LUMO, bringing it closer to the filled iron d orbitals. As a 

consequence, a better bonding interaction occurs. The modified olefin is said to 

I—FelCO)^ 

be a better rr-acceptor, e.g. 

-CHO 

FegCCOg 

FegfCOg 
^CN -► 

benzene 

45 °C, 4 h 

Many of these complexes are obtained as crystalline solids and are relatively 
stable to heat and, in the absence of light, stable in air. 

01efin-Fe(C0)4. complexes which contain an adjacent small ring undergo 

some interesting and sometimes useful ring-opening reactions. For example, 

treatment of vinylcyclopropanes with pentacarbonyliron at elevated temperature 

results in intermediate formation of an olefin-Fe(CO)4 complex which undergoes 
spontaneous ring opening and hydride shift to give a diene-Fe(CO)3 complex; 

1 — FelCO)^ 
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When the adjacent small ring is an epoxide, some interesting and potentially 
very useful results are obtained. A few years ago Heck and Boss^ had observed 

that treatment of certain chloroallylic alcohols with Fe(CO)5 results in the 

formation of u-allyl ferrelactone complexes, e.g. 

OH 

At the same time, similar complexes were characterized by Murdoch^ and later 

could be obtained by reaction of a vinyl epoxide with iron carbonyl.''^ This type of 

behavior has been turned into a useful synthetic method for the construction of j?- 
lactone and jS-lactam synthesis, since treatment of the ferralactone complexes 

with results in decomplexation and concomitant lactone formation. Some 

examples are given below.^ 

0 
0 
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0 C02Me COgMe 

01efin-Fe(C0)4 complexes have been shown to undergo attack by stable enolate 

nucleophiles.^ Whilst most complexes studied were the more stable derivatives of, 
e.g., methyl acrylate, it was also found that ethene-Fe(CO)4 undergoes addition 

of, e.g., dimethyl malonate anion in moderate yield. This reflects that the metal 

serves to activate the olefin toward nucleophilic attack by some means, e.g. 

(i) NaCH(C02Me)2 

(ii) CFjCOgH 

-► Et CH (COoMe lo 
(Mi) H2O2 

(iv) 45 68 °/o 

* 

H2C = CH2 

Fe(C0)4 

CO2 

as above 

(Me02C)2CH- 
.COgMe 

Fe (CO). 91 % 

It may be noted that under similar conditions methyl malonate anions undergo 

no Michael addition to methyl acrylate, whereas the complex reacts 
satisfactorily: 

COpMe 
/ as 

+ NaCMe(C02Et)2 -► 
^ ^ above 

Fe (CO)^ 

88% 

Addition of the nucleophile initially results in the formation of (x-alkyl- 

Fe(CO)4 anion, which may be trapped by reaction with a suitable electrophile. 

The result of this process is the initial formation of a a-alkyl-Fe complex which 
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undergoes carbonyl insertion and a reductive elimination of the organic ligands, 

e.g. 

(Et02C)2CH 

CO insertion 

? 

COMe 

CH(C02Et)2 

reductive 

elimination 

The latter behavior is analogous to the reaction of Collman’s reagent 

[NaHFe(CO)4] with electrophiles (see Chapter 3). 

Cyclopentadienyl-M{CO)2-olefin Complexes 

Complexes of the type (f7^-Cp)M(CO)2(>7^-olefin)'^ are known for iron, 
ruthenium and osmium. In general, reactions of CpM(CO)2Br with olefin in the 

presence of Lewis acid results in the formation of the cationic complex. The iron 

complex (?/^-Cp)Fe(CO)2(C2H4)'^PF(;“ is obtained as a pale yellow solid 

showing CO frequencies in the IR spectrum at 2083 and 2049 cm and the 

C=C band at 1527cm~^ The ruthenium analogue is a white air-stable solid 

(m.p. 215°C) showing v^o 2090, 2048 and Vc=c 1523 cm^^ while the osmium 

complex is also a white solid, showing v^o, 2080, 2033 and Vc=c 1546 cm 

All three complexes are almost insoluble in water and soluble in polar 

organic solvents such as acetone. A number of alternative methods have been 

worked out for the preparation of the CpFe(CO)2-olefm complexes, commonly 

known as Fp-olefin complexes, and these are summarized below.^ 
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(a) Direct reaction of olefin with CpFe(CO)2Br. 

r 1 ^*^2 

[ CpFe (C0)2 J -► CpFe (C0)2 Br 

AIBrj 

f 

CO 

I 
CpFe- 

I 
CO 

+ 

AIBr; 

(b) Hydride abstraction from alkyl complexes. 

^ , No- Hg RCHgCHgl 

[CpFe(CO)2j -► CpFe(CO)2Na -► CpFe(CO)2CH2CH2R 

PhjC’^ BF^ 

CO 

i 
CpFe- 

CO 

BF^ 

(c) Protonation of a-allyl complexes. 

CpFe (00)2 Na CpFe(CO)2CH2CH = CH, 

HBF, 

CO 

I 
Cp — Fe- BF, 

CO 



(d) From epoxides. 

169 

CpFelCOgNa + 
HjO 

-► 
work - up 

CO 

OH 

CO 

HBF^ 

▼ 

CO 

1 CH 

CpFe— 'll 
1 CH. 

CO 

(e) By olefin exchange. 

Hence there exists a wide range of methods available and the one most 

appropriate to the task at hand can usually be chosen. The last method above, 

olefin exchange, appears to be potentially useful for the preparation of complexes 
of functionalized or substituted olefins. Some degree of selectivity is observed in 

this reaction, for example dienes generally give products resulting from 

complexation of the less substituted double bond, while enynes lead to Fp(alkene) 

complexes, probably indicative of the greater stability of ^/^-alkene over ri^- 

alkyne complexes.® 

76% 
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Olefin-Fp complexes, because of their positive charge, are excellent substrates 

for the addition of nucleophiles, being much more reactive than the correspond¬ 

ing olefin-Fe(CO)4 derivatives. Sodium borohydride or, better, sodium cyanob- 

orohydride effect reduction which is chemospecific for the olefin ligand. 

77% 

Other nucleophiles which are effective are summarized in the equations below. 

60% 

LiCHlCOgEtlg 

In systems such as the last example, where stereochemistry of the reaction can be 

determined, the nucleophile is found to add trans to the Fp group (see later). 

Of particular usefulness appears to be the metal assisted Michael addition 
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shown by Fp derivative of a,^-unsaturated ketones, although the scope of this 
reaction has not been fully explored. Some examples are given below, in which the 

initially formed cr-bonded Fp derivative is treated with alumina, effecting 
annelation of the diketone and removal of the Fp group.^ 

AlgOj , CHgClg 

t 

76 % 

The clean reaction with silyl enol ethers noted above is interesting because, 

although silyl enol ethers are known to undergo conjugate addition to a,^- 

unsaturated ketones under the influence of titanium tetrachloride, regiochemical 

scrambling of substituted enol ethers often occurs. 

As might be expected, the attachment of the Fp group causes deactivation of an 

alkene toward electrophilic reagents. In fact, this offers an excellent means of 

protecting carbon—carbon double bonds during manipulation of other un¬ 
saturated moieties in the molecule. Some examples are given below. 
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OH 
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The Fp group is readily removed from the resultant complex in good yield by 
treatment with sodium iodide in acetone. 

Molecular orbital basis for nucleophile additions 

While the olefin-Fp complexes, which carry a full positive charge, might be 

expected to undergo facile nucleophile addition, the activation of olefins by 
uncharged Fe(0) is less readily explained. 

The Fe(CO)4 group is known to be an acceptor of electrons (cf. Coleman’s 
reagent), but the reactivity of olefin-Fe(CO)4. complexes to relatively unreactive 

nucleophiles is nevertheless puzzling. This behavior led Eisenstein and Hoffman 

to examine the reaction using molecular orbital calculations. While the metal 

undoubtedly removes electron density from the olefin by interaction between 

empty metal d orbitals and the olefin HOMO, there is also a synergistic back- 

donation into the olefin LUMO, which would deactivate it towards nucleophilic 
attack. The net effect is difficult to assess. Eisenstein and Hoffman attribute the 

olefin activation to the potentiality of a geometrical deformation. They calculated 

overlap populations between H“ (as the approaching nucleophile) and the entire 

unactivated molecule as a function of approach angle and found that if they 
allowed a slipping of the metal along the olefin double bond to occur as the 

nucleophile approached, then the overlap population increased significantly. If 

no slipping was allowed then the complexed olefin was found to be less prone to 

nucleophilic attack than was the uncomplexed olefin. In some ways this 

corresponds to what might be expected during a reaction where the complex 

changes from Tc-olefin to cr-alkyl: 

slip 
>• 

ML^ 

Also of interest is the observation that the LUMO of the complex corresponds 

approximately to an antibonding combination of the olefin n* orbital and metal 
d orbitals (although some mixing of a 7r/metal antibonding combination is 

important): 

nucleophile approach 

disfavoured 

This would also explain the stereospecificity of nucleophile addition since attack 
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from the metal side would lead to some antibonding interactions between the 

nucleophile HOMO and complex LUMO. On the other hand, attack trans to the 

metal gives a good bonding interaction, leading to a preference for this mode of 

addition. 

Manganese, Technetium and Rhenium 

Mono olefin complexes of this group of metals can be roughly divided into two 
groups; (a) cationic complexes of general structure M(CO)5(olefin)^ or cis- 

M(CO)4(olefin)2'^, being formally substitution products of the hexacarbonyl 
cation MCCO)^"^; (b) uncharged CsH5M(CO)2(olefin) complexes formally de¬ 

rived from C5H5M(C0)3 and RMn(CO)4(oIefin). 

Cationic Complexes 

Treatment of EtMn(CO)5 with PhjC^ BF4“ gives only a small yield of 
Mn(CO)5(C2H4)^ BF4“ resulting from hydride abstraction from the u-bonded 

ethyl group. Fair yields of the ethylene complex can be obtained by treatment of 
Mn(CO)5Cl with AICI3 and ethylene under pressure, and substituted olefin 

complexes are conveniently prepared by treatment of an appropriate cr-allyl 

complex with acid, e.g. anhydrous HCIO4 in benzene. Acids whose anion can 

function as a ligand cause the formation of Mn(CO)5X and release of the olefin: 

HC1O4 

Mn(C0)5(CH2 = CHCH3)'^ CIO4 Mn (C0)5CH2CH = CH2 

HCI 

MnlCOljCI 

The cationic complexes are usually colorless or lightly colored, showing 

infrared bands at ca. 2165, 2075 (CO ligand) and ca. 1540cm“^ (C=C). 

Reaction of (Tc(CO)4Cl)2 with ethene/AlC^ at 60-65 °C and 250 atm in 

cyclohexane as solvent gives the colorless salt [Tc(CO)4(C2H4)2]AlCl4 in 60% 

yield. Both mono- and disubstituted rhenium derivatives can be obtained in 
about 80% yield using this procedure but varying the ethene pressure: 

60 atm 

RelCOlgCl 4- C2H4 + AlCl 
then 

NH4PF6 

250 atm, 

then NH4PFg 
[Re(C0)4(C2H4)2]pFg 
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[Re(CO)5C2HJPFg shows IR signals at 2178, 2075 and 1582cm“\ while 

[Re(CO)4(C2H4)2]PF6 shows peaks at 2146, 2053, 2016 and 1539cm“^ 

All of the cationic complexes are colorless and unstable. The manganese 

compound decomposes immediately in water, while [Re(CO)4(C2H4)2] is 

sufficiently stable to allow NMR measurement in D2O solution. 

Uncharged Complexes 

These complexes are usually prepared using photochemical methods. For 
example, irradiation of Me3Sn-Mn(CO)5 in pentane solution, at elevated 

temperature and pressure of ethene, causes replacement of one CO ligand by 
ethene: 

tyiejSn-MntCOg - Me3Sn-Mn{C0)4C2H4 

Perhaps the most popular complexes are derivatives of type (g^- 

Cp)Mn(CO)2(olerm), prepared by photochemical methods, e.g. 

rch=chr' 

C5H5Mn(C0)3 --► 

t 

olefin 

C.H.MniCOlpdHF) - 

The product olefin complexes are generally crystalline, air-stable, deep yellow 

solids which can usually be purified by sublimation in vacuo. The cyclopentene 

complex melts at 64-65 °C and shows IR bands at 1969 and 1905 cm" ^ (in 

cyclohexane solution). The parent ethene complex melts at 125-127 °C, has IR 

peaks at 1976 and 1916 cm" ^ and the NMR spectrum shows two singlets at 5 3.37 
(5H, cyclopentadienyl) and 1.50p.p.m. (4H, ethene), the high field of these 

absorptions indicating considerable shielding by the manganese. Olefin- 

Mn(CO)2Cp complexes of cyclic olefins tend to be formed most readily by 

relatively strained double bonds, e.g. cyclopentene, cycloheptene, ds-cyclooctene 

and norbornene, but not by the strain-free cyclohexene. 

Treatment of the olefin complexes with stronger ligands usually results in 

displacement of the olefin: 

CpMn (CO)2(olefin) -t- PR3 -► CpMn(CO)2PR3 + olefin 

Complexes of a,^-unsaturated ketones, in which only the C=C bond is 

coordinated to manganese, may be obtained by photochemical substitution of 

CpMn(CO)3.^^ 



176 

Interestingly, treatment of the acetylenic compound Me2C=CHC= 

CC02Me with CpMn(CO)2(thf) leads to rearrangement giving vinylallene 

complexes: ^ ^ 

Cobalt, Rhodium and Iridium 

Despite the implications of cobalt-olefin complexes in various catalyzed 

reactions, such as hydroformylation (Chapter 2), only recently have examples of 

cobalt complexes of monoolefinic hydrocarbons been described. Two examples 

of ethene complex preparations are given below. 

EtjAl or 

EtjAIOEt 

Colacaclj + PPhj -► Co(C2H4){acac)(PPh3)2 

AlOEt, PPhj 

Co(C2H4)(PPh3)3 

Complexes of olefins conjugated with electron-withdrawing groups have 
attracted more attention. Fumaronitrile (fmn) displaces one PhjP ligand from rj^- 

CpCo(PPh3)2 to give the dark red crystalline complex ?/^-CpCo(fmn)(PPh3).^^ 
Similarly, maleic anhydride complexes can be prepared 

+ ColNOKPPhjlg 

A number of interesting complexes are formed when unsaturated acid 
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chlorides are treated with sodium tetracarbonylcobaltate, NaCo(CO)4, as shown 
below. 

The above acyl olefin cobalt tricarbonyl derivatives are unstable, undergoing 

decarbonylation and hydride shift to give 7u-allyl complexes at temperatures 

above 25 °C. Treatment with triphenylphosphine displaces a CO ligand to give a 
more stable phosphine complex. As might be expected, the range of ring sizes 

obtainable by this method is very limited. 

Owing to the abihty of rhodium complexes to catalyze a wide variety of 

conversions of aUcenes, there has been considerable interest in the preparation 

and characterization of stable //^-alkene-rhodium complexes. Given the tran¬ 

sient existence of such species in catalytic cycles, the facility with which the first 
ethene complex was prepared and its stability is remarkable. Thus, the 

compound [(C2H4)2RhCl]2 is readily prepared by simply bubbling ethene 

through a solution of RhCl3-3H20 in aqueous methanol:^® 

2 RhClj + 2 HgO + 6 C2H4 -► 

[{C2H4)2RhCl] 2 + 2 CH3CHO + 4 HCl 

The complex is obtained as orange-red crystals which are almost insoluble in 
most organic solvents, indicating a considerable lattice energy in the solid state. 

In the solid state the complex is stable in air 5 °C, and does not decompose until 

heated to 115 °C. Its structure is shown below, there being a dihedral angle of 116° 

between the two (C2H4)2RhCl2 planes. 

/ \ 
The coordinated ethylenes may be displaced by a variety of ligands without 
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causing cleavage of the Cl bridges. Some reactions of the complex are shown 

below. 

[(RjPljRhCl]^ (COD)RhCI -'2 

Cl cleavage 

t 

(ocaclRhlCgH^lg CpRhlCgH^lg [(CgH^lgRh (SCgFg )]^ 

A limited number of cycloalkenes form analogous complexes: cycloheptene, 

cyclooctene and norbornene do form 7r-complexes, whereas cyclopentene, 

cyclohexene and camphene do not. The cycloalkene complexes decompose fairly 
readily in solution and are highly reactive. This reactivity makes the cyclooctene 

complex a very useful precursor for the preparation of a wide range of other olefin 
complexes, some of which are summarized below. 

[(COT)RhCl]^ [(COD)RhCl]^ 

1,5-COD 

(C^HglgRhCI 

t 

(CgHi^KCgHglRhCI (CgHglgRhCI 

The splitting of the chloride bridges in the ethene complex by acac~ or Cp“ 

(see above) results in the formation of complexes having different reactivities. 
Thus, whereas the complex (C2H4)2Rh(acac) is very labile to ligand exchange 
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with CO, PR3 and other olefins, the cyclopentadienyl derivative (C2H4)2RhCp is 
kinetically inert: 

{acac)Rh(C2H4 )2 

Me 
-► (acac)Rh (C3Hg)2 

CO 

' (acaclRhlPRj)^ 

{acaclRh(C0)2 

CpRh(C2H4)2 

L 
--► no reaction 

The cyclopentadienyl complex is, however, very reactive towards electrophilic 

reagents, evolving ethene very rapidly when treated with, e.g., AgN03,12 or SO2: 

- 80 °C 

CpRh(C2H4)2 + SO2 -► CpRh(C2H4)(S02) + C2H4 

These reactivity patterns are most easily explained as follows. The complex 

CpRh(C2H4)2 is formally an 18-electron species (Rh surrounded by 54 

electronsxenon configuration), so that there are no vacant sites which will 

allow addition of another ligand. On the other hand, (acac)Rh(C2H4)2 does 
possess such a vacant site, being a 16-electron complex, so that the ligand- 

exchange reaction may proceed by the following mechanism, via an 18-electron 

species: 

(acac)Rh (C2H4)2 -I- L ... — (acac)Rh (C2H4)2L 

i 

C2H4 

r 

(acac)Rh (C2H4)L etc. 

The reactivity of CpRh(C2H4)2 towards electrophiles is probably due to the 

presence of a pair of unshared electrons localized in a Rh orbital (lone pair) which 

can therefore interact with electron-deficient species. This mechanism is sup¬ 

ported by kinetic measurements. 

Reaction of CpRh(C2H4)2 with HCl in chloroform solution at — 60 °C gives a 

complex identified as {CpRh(C2H5)(C2H4)Cl} on the basis of its NMR spectrum. 

The compound is stable at — 20 °C for a few hours. 
Reaction of chlorotris(triphenylphosphine)rhodium(I) with ethene results in 

the establishment of an equilibrium between phosphine and olefin complexes: 

(PhjPljRhCI + C2H4 ^ - 1-^. (Ph3P)2Rh{C2H4)CI + PPhj 

If the solution is concentrated under an atmosphere of ethene, the olefin complex 
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can be isolated as a yellow crystalline air-stable solid. Dissociation occurs readily 

in solution. As might be expected, use of a better Ti-acceptor olefin, e.g. C2F4, 

results in the formation of the much more stable complex (Ph3P)2RhCl(C2F4). 

The carbonyl analogue of this complex, i.e. (Ph3P)2RhCl(CO), is only able to add 

olefins which are very good Tr-acceptors, e.g. tetracyanoethene (tcne), giving 
(Ph3P)RhCl(CO)(tcne),^^ in contrast to Vaska’s iridium complex, trans- 

{(P/23P)2lrCl(CO)}, which reacts with a variety of unactivated molecules. 

Anionic olefin-rhodium complexes are formed when solutions of 

{(C2H4)2RhCl}2 or (acac)Rh(C2H4)2 are treated with HCl, as a result of 

chlorobridge splitting: 

{(C2H4)RhCl}2 + 2 Cr ^ •.- 2 {.(C2H4)2RhCl2r 

Dicationic rhodium-alkene complexes can be prepared by hydride abstraction 
from the corresponding cr-alkyl complexes. These, and also monocationic olefin 

complexes, have been found to react with simple nucleophiles such as phosphines, 
tertiary amines and thiocyanate:^*^ 

CpRh(PMe3)2 + EtI -► {CpRhCPMejlgEt} 

+ 

PMe3 
2 + 

PMe3 

1 
CpRh'^^^ ^ <- CpRh-II 

PMej PIVIe3 

_ — 
+ -| 

Me Me 

PR3 
1 

^PR, 
CpRh-II -► CpRh/'^ ̂  Z 

PMej PMe3 

Reaction between chloroiridic acid (H2lrCl6-6H20) and various cyclic 

monoolefins results in the formation of alkene-iridium complexes, all of which 
are air-sensitive. Thus, treatment of cycloheptene in aqueous ethanol at 55 °C 

with H2lrCl6-6H20 produces a complex of composition (C7Hi2)3lrCl(CO). The 
carbonyl ligand is derived from the ethanol solvent. Similarly, the cyclooctene 

complex (C8Hi4)3lrCl(CO) may be prepared. The complexes are obtained as 

colorless solids, showing the characteristic v(C=0) peak at ca. 1990 cm The 
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monomeric complexes are convertible to dimers by treatment with chloroform or 
even washing with ether, owing to shifting of the equilibrium 

2 (CgHj^ljIrCKCO) {(CgHi^lglrCKCOllg + 2 CgHi^ 

Analogous to the rhodium complex, the olefin ligands of the cyclooctene-iridium 

dimer can be displaced by other ligands: 

PPh 

{(C8Hi^)2lrCI(C0)}2 -^ /r<7/75-{(Pl'3P)2hCI (C0)}2 

Indeed, the lability of the dimeric cyclooctene complex makes it a useful 
precursor for the preparation of other olefin complexes which are not readily 

accessible by direct methods. For example, treatment with ethene in heptane 

affords a complex containing four i/^-ethene ligands, (C2H4)4lrCl, which is stable 

below — 50 °C under nitrogen. It decomposes at 30 °C in an atmosphere of 
ethene 

30 °c 
(C2H4)4lrCl -► {{C2H4)2lrCl}2 

Treatment of the pentamethylcyclopentadienyl complex {(C5Me5)IrCl2}2 

with ethene in ethanol containing Na2C03 at 70 °C results in the formation of a 

white crystalline bis-ethene complex 

Vaska’s complex, trans-{(Ph3P)2lrCl(CO)}, and the related iodo derivative 

{(Ph3P)2lrI(CO)} have been used to study olefin complex formation. While the 

chloro compound does not react with ethene, it does give f/^-olefin complexes 

with, e.g., maleic anhydride, tetracyanoethene and tetrafluoroethene, and forms a 

very unstable adduct with cyclohexene. The iodo compound is more reactive and 

undergoes reaction with ethene in toluene solution at 26 °C and 700 mm Hg 

ethene. 

R2C==CR2 
-► (Ph3P)2lrI(C0) {Ph3P)IrI(CO)(C2R4) 
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Nickel, Palladium and Platinum 

Much of the reactivity of 7r-olefin-Pd complexes has been met in Chapter 2 in 

connection with Pd-catalyzed olefin conversions. This section will be devoted to 

the preparation and properties of complexes of Ni, Pd and Pt and aspects of their 

reactivity not already covered. 
The propensity of nickel, like cobalt, to form 7i-allyl complexes presents a 

severe limitation on the preparation of f/^-olefin nickel complexes. 

Displacement of CO ligands from Ni(CO)4 can only be achieved by olefins 

which bear electron-withdrawing groups, e.g. acrylonitrile and maleic anhydride, 

and not by simple olefins. Monoolefin complexes produced in this way are 

usually polymeric, containing bridging olefin ligands. When Ni(CO)4 is heated at 

reflux temperature in acrylonitrile solvent, Ni(CH2 =CHCN)2 is formed in good 
yield. Related complexes of unactivated carbonyl compounds are formed in a 

similar way, as summarized below; 

CHg^CHCN 

Ni (CO)^ -► Ni(CH„ = CHCN)„ 
A ^ 

CH2=CHCH(y\ CH2 = CHay^ 

• Ni(CH2 = CHCH0)2 

The acrylonitrile complex is obtained as bright red, pyrophoric crystals, and is 

diamagnetic. The complex is formally coordinatively unsaturated and a poly¬ 
meric structure has been proposed. A fairly stable monomeric bipyridyl adduct 
has been obtained: 

Et2Ni-bipy + 2 
ether 
-► Ni( ^^CNk-bipy + C.H,. 

room ^ lu 
temp. 

Reaction of bis(acrylonitrile)nickel with allylic halides results in the formation of 

polymeric organonitrile complexes, which may be decomposed by treatment with 
acid. D 

+ RCH = CHCH2X > + CH2=^CHCN 

CN 

2 RCH=CHCH2CH2CH2CN 
HCI 

CN 

(RCH = CHCH2CH2CH)2Ni 
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The overall reaction corresponds to the Michael addition of the allylic halide 
moiety to acrylonitrile. It appears to be regio-controlled, there being no allylic 

inversion as so often occurs in the reaction of, e.g., allyl Grignard reagents with 
electrophiles. 

This behavior contrasts with that of the monotriphenylphosphine adduct; 

Ni(CH2=CHCN)2pPh3 + 
benzene 

20 °C 
+ 

Reaction of Ni(CH2=CHCN)2 with a bulky phosphite results in formation of a 
monoacrylonitrile bisphosphite complex, which is stable up to 135 °C: 

CN. 
phosphite \ 

Ni(CH2 = CHCN)2 -► II-Ni 

Complexes in which nickel(O) is bound to a monoolefin hydrocarbon are most 

often produced in the presence of a phosphine ligand, e.g. 

PPh, 

Ni (acac)2 + Et2AI0Et -► {PPh3)2Ni (C2H4) 

75-95% 

NQBH4 

£r/:s-(Ph3P)2NiCl2 -► (PPh3)2Ni (C2H4 ) 

20% 

The ethene complexes thus obtained are air-sensitive and undergo thermal 

decomposition in solution at room temperature in the absence of excess ethene. 

An X-ray structure determination reveals that the above compound is approxi¬ 

mately planar with the ethene ligand slightly twisted out of the Ni(PPh3)3 plane. 

Other Tc-olefin complexes are readily obtained by displacing the ethene ligand 

of (R3P)2NI(C2H4) with an aryl-substituted olefin and certain alkynes, e.g. 

PhCH = CH2 
{PPh3)2Ni(C2H^) --► (PPh3)2Ni(PhCH=CH2) 

{PPhjlgNiCCHjC^ CCH3) 
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f/^-Alkene complexes containing aliphatic monoolefins cannot be prepared in 

this way, and are best obtained directly from Ni(acac)2, e.g. 

+ Ni(acac)r 
Bu 3 Al 

PCyj 
(PCyslgNi — 

The olefin complexes thus obtained are usually yellow to orange. Some further 

reactions of the ethene complexes are shown below. 

cyclic dimer + trimers 

A 

(PhjPlgNi- 

' CO 2 

•COgMe 

(PhjPlgNi- 

F 

F 

Palladium 

As is observed with nickel, palladium shows a pronounced tendency to form n- 
allyl complexes, which again limits the types of 7i-olefin complex which can be 

prepared. This is in marked contrast to platinum (see later), which forms a wide 
range of Tc-olefm complexes. While the instabihty associated with alkene 

complexes of palladium is decidedly unhelpful if the complexes are to be isolated, 

it is in fact responsible for these functioning as reactive intermediates in a number 

of important catalytic processes (see Chapter 2). The most common stable 

isolable complexes are invariably dimeric halogen-bridged derivatives 

[(olefm)PdCl2]2: 
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Some examples of the preparation of these types of complex are given below. 

PdCl2 + C2H4 
EtCI 

10 atm 

20 °C 

(PhCN)2PdCl2 + olefin 
benzene 

[(C2H4)PdCl2]^ 

[^(olefin) PdCl2 ] 

olefin, e.g. = 

RCH = CH2 

Obviously, there are limitations on the preparation of these types of complex; for 

example, the complexes of pinene or camphene are very unstable and complexes 
of, e.g., stilbene and dichloroethene are not obtainable by the above method. The 

coordinated olefin does not react with the usual reagents which attack double 
bonds. For example, diazoacetonitrile attacks the metal, and the unchanged 

olefin can be liberated from the resulting complex by treatment with a phosphine 
Ugand: 

(01efin-PdCl2)2 complexes partially dissociate when dissolved in either chlori- 
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nated or aromatic solvents. This leads to easy exchange between free and 
complexed monoolefins, providing a useful method for the preparation of new 
complexes, e.g. 

[(R2C=CR2)PdCl2] + R'2C = CR'2 ^ 

|^{R'2C = CR2)Pd CI2] + R2C=CR2 

The olefin exchange reaction may be used to effect transformations of 
vinylcyclopropanes. Reaction of [(C2H4)PdCl2]2 with vinylcyclopropane at 
25 °C gives the vinylcyclopropane complex, which on heating in benzene at 40 °C 
undergoes ring opening of the three-membered ring to give a 7r-allyl complex: 

Similar opening of strained cyclopropanes can also be effected without the 
intermediacy of a Tt-olefin derivative: 

[(C^H^llPdCI^]^ + [X] 
Bridge-splitting of {(C2H4)PdCl2}2 can be achieved with pyridine N-oxide to 
give unstable crystalline monomeric complexes: 

[(C2H4 -► 
CHgClg 

0 °C 

Cl 

o CH, 

IM—0 — Pd — 

CHc 
Cl 

A nucleophihc addition reaction on olefln-Pd complexes which is com¬ 
plementary to the catalytic carbonylation, and carbonylation of olefins discussed 



in Chapter 2, is the reaction with carbomethoxy mercuric chloride, e.g 
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CIHgCOgMe 

-->• 
THF, 90 °C 

COgMe 

Platinum 

Historically, the f/^-alkene complexes of platinum are extremely important. 
The well known complexes of stoichiometry, e.g., PtCl2 C2H4, now known to be 

a dimer with Cl bridges, and characterized by the Danish pharmacist Zeise 

around 1830, were probably the first organometallic derivatives of the transition 
metals to be prepared. There is not space in this section to review olefm-Pt 

complexes completely, and the interested reader is referred to the excellent book 

by Herberhold.^ Olefin complexes are formed by platinum in the +2 and 0 

oxidation states, e.g. {(olefin)PtX2} and (Ph3P)2Pt(olefm), respectively. 
Zeise’s salt is readily prepared: 

HgO 
K2PtCl4 + C2H4 -► K {C2H4PtCl3}-HgO 

This, and other olefin complexes, have a square-planar arrangement of ligands 

about the metal, although coordination numbers higher than four are often 

assumed for transition states or reactive intermediates during reaction of such 

complexes. 

Binuclear halogen-bridged complexes, [(olefin)PtX2]2, analogous to the 
palladium complexes discussed above, may be prepared by the following 

methods: 

PtX4 + C2H4 
benzene 
-» 
or AcOH 

(reduction) 

(C2H4PtCl2)2 

HCI , > 60 °C 
K(C2H4PtCl3)-H2O ► H{C2H4PtCl3) -► (C2H4PtCl2)2 

Olefin exchange; 

RgC = CR2 

(C2H4PtCl2)2 (C2R4PtCl2)2 

There are many limitations to all of these methods and certain olefins, e.g. 

highly substituted derivative, do not behave well. Attempts to use the last 

method were unsuccessful when the less volatile olefins have a poor ability to 

form complexes, e.g. 1,1-diphenylethene. The parent complex (C2H4PtCl2)2 is an 

orange, light-sensitive, crystalline compound, stable up to 100°C. 

The chloro bridges are broken, to varying degrees, in solvents which have 

donor properties, and by certain donor ligands, e.g. amines and pyridine N-oxide, 
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although phosphines and certain other ligands cause displacement of the olefin: 

trans- 

trans- 

(CgH^lPtClg 

(1) olefin 

(2) CO 

PtCIglolefinllCO) 

PR, 

(CgH^lPtCIgON o 

(C5HgN)2PtCl2 

(R,P)PtCI„ 
L P 

Reaction with hydrogen occurs rapidly with concomitant reduction of the 
olefin and liberation of the corresponding alkane, but scrambling of label is 

observed when deuterium is used. 

Ha 

(C2H4PtCl2)2 -► 2 Pt + 4 HCI + 2 C2H6 

* The dimeric complexes, on treatment with excess of halide ions, undergo 

bridge-splitting reactions, to yield anionic monomeric olefin complexes anal¬ 

ogous to Zeise’s salt. These anionic complexes may also be prepared by the 
methods outlined below: 

(olefin) PtXg 
2 

X" 
*■ (olefin) PtXj 

“ 2- C2H4 - 

1 

X
 

4-1 
CL 
_

l
 

-► (C2H4)PtX3 

trans - (C2H4 )PtX2(annine) 
HX 

(C2H4)PtX3 

olefin olefin 

t 

trans- (olefin) PtXgfamine) (olefin)PtX3 

X-ray crystal structure determination of Zeise’s salt, K(C2H4PtCl3)-H20, 
reveals a square-planer arrangement with the alkene occupying one coordination 

site, and with the C=C bond axis perpendicular to the coordination plane: 
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CHo Pt ■ 

^Cl 

'Cl 

CH. 

The chloride ligand trans to ethene in Zeise’s salt is very labile and is 

substituted rapidly even by water in aqueous solutions: 

(CgH^PtClj)- 
HjO 

(rons - (C2H4)PtCl2(H20) 

In aqueous systems at elevated pH the complex undergoes hydrolysis to 

produce acetaldehyde, but in acidic solution it is stable. The formation of 
acetaldehyde may be compared with the palladium-catalyzed hydration of 

ethene (Chapter 2). 

KCCgH^PtClj)' (C2H4)PtCl2(H20) 
n OH' 

KCI -t- 2 HCI + Pt 4- CH3CHO 

Some other reactions of Zeise’s salt are summarized below. 

trans- (C2H^)PtCl2(NH2R) 

RNHo 

K2 [ R(CN)^ 

CN' 

Pt + C2Hg 

” 2 MeMgl , , Mel “ 
K (C2H^)PtCl3 -► Me2Pt -► Me3Ptl 

CO 

(CO)PtCI 3 . 

RC^CR 
CjD^ 

(RC2R)PtCl3 
(C2D4)PtCl3 

Treatment of Zeise’s salt with amines or ammonia results in the formation of a 
neutral t/-flns-[(olefm)PtCl2(amine)] complex. If the corresponding cis-NHj 

complex is treated with silver nitrate, a cationic olefin-Pt complex is produced. 

^2^4 • 

H3N 
Pt' 

-Cl 

Cl 

AgNOj ^2 ^4 \ 
^Pt^ 

-Cl H20 

H3N'" 'N03 
fast 

C2H4. ^Cl 

^Pt 

H3N' 

NO, 
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Owing to the contraction of the platinum d orbitals as a result of the positive 

charge, back-bonding to the olefin ligand is considerably weaker in these 

complexes, so they are rarer than the neutral or anionic species. 
The neutral amine complexes find a useful application in the separation of 

racemic mixtures of asymmetric olefins, using optically active amines to effect 

diastereoisomer formation and then separation. As an example, trans- 

cyclooctene may exist in two enantiomeric forms, since the ring is so twisted that 

the olefin C=C group cannot rotate relative to the remainder of the molecule. 

Resolution may be effected as outlined in the following scheme (Am = 

a-phenylethylamine): 

K [(CgH^lPtClj] 
(+)-Am 

(C2H4)PtCl2[(+)-Am]] 

[((+)-C8H,4]ptCl2[(+)-Am]] 

//•<7/75 - C 8 H, 4 / C H 2 C12 

fractional _ r 
crystallization [(CgH,2j)PtCl2 [(+)-Am|J 

CCI 

CN' 

[{(-)-CgH,4}ptCl2 {(+)-Am}] 
CN' 

H-CpH 8 "14 

C + l-CgH 
14 

Similarly, resolution of olefins which contain asymmetric centers a- or to 

the olefinic grouping can be resolved. Displacement of ethene in these complexes 

can also be achieved with sulphoxides RR'SO, which can also be resolved into 

their optical isomers in an analogous fashion. 

While reaction of binuclear olefin complexes with trialkylphospines results in 
displacement of alkene rather than halide-bridge splitting, the products of this 

reaction can be split by olefins: 

R3P 

Cl 

C2H4 
-► 
20 °c 
benzene 

R3P. 

C2H4 
,Pt 

^Cl 

76 - 96 % 

Heating the mononuclear olefin complex at 100 °C causes loss of ethene and 
reversion to the phosphine dimer. 

Complexes of general structure (olefin)2PtCl2 are difficult to prepare. The 

ethene derivative is only obtained in solutions at — 70 °C, but oct-l-ene may be 
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used successfully as a ligand in these complexes: 

The product bis(octene) complex is a colorless, crystalline material which can 

be recrystallized from organic solvents. The number of olefins which form such 

complexes is very limited. 

Olefin complexes which contain platinum in the formally zero oxidation state 

are readily prepared by treatment of an appropriate triphenylphosphine-Pt(II) 

complex with olefin in the presence of a suitable reducing agent, e.g. 

j- olefin 

c'/5-l(PPh3)2PtCl2 -► (PPh 3 l^Pt (olefin) 
-* N2H4 • H2O 

This method is very limited, and is unsuccessful for a large number of olefins. A 

better method employs (PPh3)2Pt(02): 

C H 
(PPh3)2Pt{02) —{PPh^lpPttCpH.) 

a 2tOH , 3 2 2 4 

N2H4 or NoBH^ 

The ethene complex is obtained as off-white crystals, m.p. 122-125 °C, which are 
stable in air. The NMR spectrum shows a signal at 5 2.15 p.p.m. due to four 

equivalent ethene protons, showing a ^®^Pt-H coupling constant of 62 Hz. Some 

reactions of this complex, most of which proceed via pre-dissociation to give 

(Ph3P)2Pt, are summarized below. 

(PhjPlgPt 

(PhjPlpPtfCgH,^) 

- (Ph3P)3Pt t (PhjPlgPtCRlX 

(Ph3P)2Pt(S02) 
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j/2-ALKYNE complexes 

A very useful review of ?/^-alkyne complexes as reagents in organic synthesis 

has been published.An enormous amount of work has been done on the 
reactions of acetylenes with transition metal complexes, resulting in a diverse 

range of products, thought to involve ^-transition metal-alkyne complexes. 

Some of these concepts have been met in Chapter 2, and in this section we shall 
confine our attention to the chemistry of stable alkyne complexes, mainly of 
cobalt. 

The synergistic interaction so often cited for alkene-metal complexes also 

occurs with ?;^-alkyne derivatives, and results in considerable distortion from 

linearity of the alkyne ligand, possibly owing to some degree rehybridization of 

the carbon atoms. Some examples are shown below. 

PhjP c ) 

^Ph 

Evidence for a tendency toward a C =C double bond in these complexes is 
also found from IR and and ^^CNMR spectral data. 

• In the main there are two methods for the preparation of metal-alkyne 

complexes, ligand substitution and reductive complexation, the former being the 

most common and the ligand displaced usually being CO. 

Ligand substitution; 

A or 
ML + RC=CR' -► 

h\} 
M —111 

c 
+ L 

'R' 

(COljCo-Co(CO)3 

Reductive complexation; 

2e” 
MX2 + RC = CR' -► 

C 

M-III + 2 X" 

C 

'^R' 

A consequence of the slight rehybridization of acetylene carbon atoms is that 

cycloalkyne complexes are stable compared with the free ligands. Some examples 
of these types of complexes are shown below. 

(PhjPljPt 
No, Hg 
-► (Ph3P)2Pt- 

59 °/c 
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Highly reactive acetylenes may also be trapped at low temperatures by treatment 

with dicobalt octacarbonyl, e.g. 

MeO 

H 

NaNHg 

- 60 °C^ 
MeOC^COMe 

003(00)3 

-► MeOC^COMe 

/ 'co(CO)3 
(COlsCo-^ 

While both Tr-bonds of the acetylene are involved in bonding to the two cobalt 

atoms of alkyne-Co2(CO)6 complexes, we shall use the following simple 
representation (left) for our further discussion: 

rc=cr 

C02(CO)6 
(CO)3Co' 

RC = CR 

,Co(00)3 / 
Attachment of the Co2(CO)g unit to an acetylenic grouping considerably 

reduces the reactivity of the C=C triple bond. This offers a good means of 
protecting the acetylenic group while synthetic operations are carried out on, e.g., 

olefinic or aromatic groups in the same molecule. The protecting group is readily 
removed by treatment with cerium(IV) ammonium nitrate or iron(III) nitrate. 

Some examples which show this utility and the stabihty of the acetylene- 
Co2(CO)6 entity to a range of reaction conditions are given in the following 

equations. 

CogCCOg 

Co2(CO)0 
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(1) BFj-THF 
-► 

(2) HgOg ,0H” 

Fe(N03)3. 9 HgO 
--^ 

95% EtOH 

91% 

COglCOg 

CH3COCI 
-► 
AICI3 

(1 equiv.) 
CoglCOlg 86 % 

(NH^IgCe (N03)6 

acetone / HgO 

The acetylene-Co2(CO)8 unit effects stabilization of carbocation centers a- to 

itself, which probably accounts for the para-directing effect of this group in the 
acylation of attached benzene rings: 

CogCCOlg Co2(CO)g 

This stabilizing effect has a number of consequences concerning the reactivity of 

attached groups. Thus, hydration of neighboring olefinic double bonds is far 

more facile than the same reaction of isolated systems, and occurs without 
rearrangement or conversion of the acetylenic group. The reverse reaction, 

dehydration, is also facilitated, as is the stereospecific opening of neighboring 



cyclopropylcarbinol groups. These reactions are collected in the following 
equations. 

CogCCOg 

CFjCOgH 
-► 
PhH, 25 °C 

Co 2 (CO) g 

76% 

Compare these with 

Co2(CO)0 

90 - 99 % E - 

In fact, a number of the stabilized carbocations have been isolated as 

crystalline solids, and NMR and IR spectral studies indicate delocalization of 
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charge over the acetylene-Co2(CO)6 moiety. The cations have similar stabihty to 

that of the triphenylmethyl cation. The salts are highly reactive towards a range of 

nucleophilic reagents, including trimethylsilyl enol ethers and allylsilanes, and 
reaction occurs without allenic rearrangements. There is some potential for 

synthetic application, although this has not been fully explored. Some examples 

are given in the following equations.^"^ 

92 % 

In certain reactions, e.g. with active aromatic compounds, the cation may be 
generated in the presence of the nucleophile.^^ 

OMe 
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HBF^-MegO 
-► 

0 °C 

OMe OMe 

Of course, the reactivity of the coordinated triple bond will to some extent be 

governed by the nature of the metal involved. Alkyne complexes of metals of low 

oxidation state are invariably found to undergo reactions with electrophiles, 
while those complexes of transition metals of higher oxidation state, or cationic 

complexes, are usually reactive towards nucleophilic species. Examples of these 

types of behavior are summarized below. 
(a) Reactions with electrophiles: 

(i) Ph —= — Ph 

CO4 (CO) 

Br 

Ph 

(iv) (PhjPlg Pt 

Ph 

HCI 
-► 
excess 

H 

Ph 

Ph 

H 
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(v) 

Ph 

■ Co^ (CO) 

Ph 

HgSO^ 

MeOH 

/Ph 

Ph H 

(vi) •C02(CO)g 
H2SO4 

MeOH, 

A 

CH2R 

c 

(COjCo-- -Co (CO). 

Co 
(CO), 

It is readily observed that a range of products from acid treatment are 
available, depending on the metal and conditions used. Most strikingly, some 

metal complexes produce cis and others trans-olefins. The mechanism appears to 
involve the intermediacy of a cr-vinyl-metal complex, and these species have been 

isolated in a number of instances: 

R 

I 
• (RjPl^Pt—lit 

R 

CF3 

II CFjCOgH (Ph3P)2(C0)CIIr—III -► (Ph3P)2(C0)CIIr 

In these cases protonation occurs cis to the metal, possibly reflecting prior 

protonation at the metal itself. The formation of trans-olefms is puzzling, since 

one might expect that a second proton would add via the metal to give the cis- 

olefin resulting from reductive elimination, or a normal protolytic cleavage of the 

M—C bond in which the stereochemistry is retained: 

H 

M 

M -P 

R 

R 

However, there is no evidence to suggest that trans-olefins are the products of a 

concerted reaction and they may arise by subsequent rearrangement under the 
reaction conditions. 
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(b) Reactions with nucleophiles 

Nucleophilic attack on the coordinated triple bond may occur either cis or 

trans to the metal, depending on whether prior attachment of nucleophile to the 

metal {^cis) or direct addition to the alkyne occurs trans). Usually the cis 

mode of addition will only occur for coordinatively unsaturated metal de¬ 
rivatives. Some examples are given below. 

Ph 

possibly via Rh 

Ph 

(PhgMePlgdVIe) Pt • 
CH3OH OMe 

R' 

(Ph2MeP)2(Me)Pt-1|| 

H 

CH3OH 

(Ph2MeP)2(Me)Pt = C; 

■CHgR 

'OMe 

Acetylene complexes also undergo a number of interesting insertion reactions, 
resulting in, e.g., oligomerization and hydrometallation. These have been 

discussed in Chapter 2. 
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CHAPTER 6 

/y^-Allyl Complexes 

Of the large number of 7t-allyl complexes known for many transition metals, 

those of palladium have come to the forefront in recent years as intermediates for 
organic synthesis. A very large contribution in this respect has been made by 

Trost’s group. We shall deal first with 7r-allyl complexes of the nickel group of 

metals (Ni, Pt, Pd), followed by consideration of the chemistry of other metal 

complexes. Structure and bonding and NMR spectra have already been 

discussed. An early review on 7r-allyl complexes is a useful source of preparation 

methods.^ 

^CalLYL complexes of nickel and palladium 

Two reviews are available describing in detail the applications of Tr-allyl nickel 
intermediates in organic synthesis,^ and synthetic applications of Ti-allyl- 

palladium complexes have been reviewed.^ 

AUylnickel Complexes 

There are basically two types of 7r-allylnickel complex. The first, bis-vr- 

allylnickel(O), which is a 16-electron complex of nickel in its (formally) zero 
oxidation state, is prepared by reaction of nickel chloride with allylmagnesium 

chloride: 

This compound is very air-sensitive. 
The other type of complex, which is more stable, is an 18-electron species 

composed of the Tn-allyl ligand, nickel, an anion (after bridging to give a dimer) 

and sometimes a second ligand (e.g. phosphines or CO). A common example of 

this type of complex is 7r-allylnickel(I)-^-dibromo-7r-allylnickel(I), 1, in which the 

201 
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metal is formally considered to be in the + 1 oxidation state. There are a number 

of methods available for the preparation of these complexes, illustrated below. 

(1) 100% 

> 1 

50% 

Ni (00)^ + CjHgBr 

benzene 
--—► 
70 - 80 °C 

1 

The last method involves the use of nickel carbonyl, and it must be remembered 

that this compound is exceedingly toxic by inhalation. It is very volatile (b.p. 

43 °C) and must be handled in an efficient fume hood. 
The allylnickel halide complexes disproportionate in strongly coordinating 

solvents, e.g. DMF and HMPA, to give the bis-Ti-allylnickel species, e.g. 

Stability of the bis-7i-allylnickel complexes is dependent on the nature of the 

ligand, the 2-methylallyl complex being more stable than the unsubstituted 

derivative, while Tc-cyclohexenyl and 7r-cycloheptenyl complexes are very unst¬ 

able. They have found very little use as stoichiometric reagents for organic 

synthesis, possibly owing to their low stability, whilst this lability makes them 

useful as catalysts for diene ohgomerization. The latter aspect has been outlined 
in Chapter 2. As stoichiometric reagents, two reactions are promising, but rather 

limited in scope: coupling of the allyl ligands to give hexa-1,5-dienes, and 

formation of ketones by carbon monoxide insertion during this coupling. Some 

examples are given below. 
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minor 

92 % 

Of course, the ease with which the coupling reaction takes place limits the 
synthetic utility of these reagents, since it is more difficult to bring the coordinated 

allyl group into reaction with other substrates. For example, a mixture of 

products is obtained during the reaction of a 71-allylnickel complex with allyl 
halides: 

As outlined in Chapter 2, the complex serves as a source of active nickel during 

the cyclotrimerization of butadiene to cyclododeca-l,5,9-triene. 

The mechanism of allyl coupling is probably as shown in the following scheme, 

involving a sequence of 16- and 18-electron complexes, and either a radical-like 

coupling of the u-allyl groups or their reductive elimination to give diallyl. 

R3P 

(CjHgigNi (Tr-C3H5)2Ni PR3 ^ t 

16e 18e 

NKPRj)^ + 
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This would explain the propensity of substituted allyl groups to couple at the less 

substituted terminus, since, e.g. complex 2 is disfavored compared with the 

complex 3 for steric reasons. 

R3P PR3 . R3P PR3 

(2) (3) 

A plausible mechanism for the formation of ketones is given below. 

The 7r-allylnickel(II) halide dimers have found much more use in organic 

synthesis, particularly as reagents for carbon—carbon bond formation. Their 

advantages are that they are relatively easy to prepare and they are sufficiently 

stable to allow isolation, crystallization and storage for prolonged periods. 

Carboxylation of the allylnickel halide dimers is readily achieved by treatment 

with carbon monoxide to afford j3,y-unsaturated esters: 

4- 2 Ni(CO)^ + 2 HBr 
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In the presence of an acetylene and the absence of an alcohol solvent, a cis-hexa- 

2,5-dienoyl bromide is formed, which may be converted into the carboxylic acid 
or ester; 

The same reaction may be achieved catalytically, using Ni(CO)4: 

Br + • CO 
NKCO)^ 

HC = CH -► 
Me OH •C02Me 

Carbon—carbon bond formation is readily achieved by reaction with organic 

halides in a polar solvent. This reaction is particularly useful for the introduction 
of substituted allyl groups, e.g. the isoprenyl unit, since the reaction tends to be 

regiospecific, alkylation occurring at the unsubstituted allyl terminus. This 

contrasts with Grignard reagents, which tend to give mixtures, and is illustrated 

below for Corey’s synthesis of a-santalene.''^ 

oi-santalene 

These reagents have another advantage over allyl-Grignard reagents in that 

they are very selective, being relatively unreactive towards common organic 

functional groups. This undoubtedly is a mechanistic feature, since the coupling 
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probably involves an oxidative addition of the alkyl halide at some stage, 

followed by elimination of the coupled product; 

R 

Br Br 

(S = solvent) 

Such a mechanism, involving the intermediacy of a (T-allyl complex, would also 

explain the high regioselectivity observed, for reasons outhned above. This 

reaction has the advantage that an aryl bromide can be used. Also, problems can 

usually be overcome fairly readily, for example, whereas cyclohexyl bromide is 
unreactive in the coupling, the corresponding iodide behaves in the expected 

manner. These and some other interesting examples are listed below. Note that 
stereochemical integrity is lost in the alkyl halide, as shown by the 4-iodo- 
cyclohexanol reaction; 

70% 

4 + CH2Br 
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While the reagents are fairly selective for alkyl halides, it has been found that 

under more forcing conditions they will react with other functional groups, 

behaving rather hke other organometallic species, e.g. Grignard reagents. Thus, 

in polar solvents at 50-60 °C some ketones and aldehydes will react. 

Esters and deactivated ketones are not reactive under these conditions, but a,j5- 
unsaturated esters undergo conjugate addition. In contrast, a,^-unsaturated 
aldehydes undergo 1,2-addition: 

<^^^C02Me + {C3H5NiBr)2 -► 

•C02Me + ,^^^^-^^^002 Me 

OH 

Epoxides are opened, but in the manner expected for acid-catalyzed reaction, 

rather than direct nucleophilic attack, suggesting participation by the nickel: 

The early observations by Webb and Borcherdt^ on the nickel carbonyl- 

catalyzed coupling of allylic halides has had significant consequences for organic 

synthesis: 

The reaction undoubtedly proceeds via the formation of allylnickel bromide 
dimers, followed by their disproportionation to bis-7i-allylnickel complexes, and 

coupling of the allyl ligands, as discussed above. The usefulness of this procedure 

hes in the fact that terminal bis-allyl bromides can be coupled intramolecularly, 

leading to the formation of various-sized rings. Some examples, including Corey’s 

synthesis of humulene, are shown below.^ For the formation of large rings, an 

internal double bond which will coordinate to the nickel and force the acyclic 
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precursor to adopt a favorable arrangement appears to be advantageous in some 

cases (see examples below). 

yield 

CH = CHCH2Br -
0

 
I

 II 0
 

I
 

—CH2 /? = 6 59% 
1 N 1(00)4 1 

(CHg)^ -► /? = 8 70% 

1 
CH = CHCH2Br 

X
 

0
 

II X
 

-
0

 — ( :h2 n = \2 84% 

NKCOK 

+ geometric i isomer 

68 % total 

Humulene Synthesis; 

/?v, PhSSPh 

10% overall yield 

? 

humulene 
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It can be seen from the above discussion that under normal circumstances 

allylnickel halide dimers act as a source of nucleophilic allyl group. However, 

under certain conditions Ti-allylnickel complexes behave as electrophiles, react¬ 

ing with amines to give allylamines. For example, the nickel-catalyzed amination 

of butadiene to give butenyl- and octadienylamines has been suggested’ to 
proceed via the bis-7r-allylnickel complexes 5 and 6. 

(5) (6) 

Protonation of these complexes prior to attack by the amine is suggested by its 

lack of reactivity in the absence of acid.® 
Treatment of cyclopentadiene with [(EtO)3P]4Ni and acid gives the cationic 

Ti:-allyl complex 7, which undergoes reaction with morphohne as shown. That the 

M-endo deuteriated complex gives the amine product in which the morphohne 

group is trans to deuterium suggests that nucleophile attack proceeds direct on 

the allyl ligand rather than by initial addition to the metal.^ 

The behavior of these cationic 7c-allylnickel complexes has not been exploited 

for a range of synthetic applications, in contrast to the similar complexes of 

palladium (see the next section). 

AUylpalladium Complexes 

Organopalladium chemistry and its application to organic synthesis have 

undergone very rapid growth during the past 20 years, and there are many 

reviews of this important area, the most recent being those of Trost.^ In 

particular, much of the early chemistry, which was performed using n- 

allylpalladium complexes as (expensive!) stoichiometric reagents, has been 

developed to such a level that many of the useful bond-forming reactions can be 

performed with catalytic amounts of palladium. 

Preparation 

1. Reaction of dienes, allenes or vinylcyclopropanes with palladium chloride in 
the presence of various nucleophiles leads to 7r-allylpalladium chloride dimeric 
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complexes, which are usually crystalhne, air-stable materials that can be isolated 

and handled with ease. Some examples are summarized below. The reaction is 

equivalent to nucleophilic addition to an olefin-Pd complex, but the presence of 

the extra conjugated or cumulated double bond leads to the formation of the allyl 

complex: 

When the reaction is conducted in aqueous acetic acid, using an excess of diene 
which acts as a reducing agent, a 7r-allyl complex is formed without nucleophile 
incorporation, e.g. 

81 % 

If there is a nucleophile present in the diene, e.g. a remote double bond as in 
myrcene, then cyclization may occur; 



211 

2. A second method of forming 7t-allyl-PdCl dimers is by reaction of olefins, 
having allylic hydrogen, with palladium chloride. Mechanistically, this reaction is 
simple: 

1 + 2 HCI 

PdCl) 
/2 

Thus there occurs an intramolecular oxidative addition of the allylic C—H bond, 
followed by reductive elimination of HCl. The conversion may be achieved using 
a variety of palladium salts, e.g. PdCl2, Na2PdCl4 or (PhCN)2 PdCl2, in alcohol 
or aqueous acetic acid as solvent. Some examples are as follows: 

75°/c 
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Inclusion of a weak oxidizing agent such as Copper (II) chloride in the reaction 

mixture can lead to dramatic improvements in yield, and may also affect the 

regiochemistry, e.g. 

X = PdClg , HOAc, HgO ; yield 2.5% 

X = NaCI , PdClg , CuClg, NaOAc , HOAc: yield 86% 

X = NaCI, PdClg , NaOAc, HOAc : 29 

X = as above + CUCI2 74 

A large number of complexes have been prepared and studied using this 

procedure. Where there is a choice, complex formation appears to occur at a non- 

conjugated double bond, e.g. 

Reactions of n-allyl-PdCl dimers 

The most usual reaction is one of nucleophile addition. However, in order for 

this to occur satisfactorily, the reaction must be carried out in a coordinating 

solvent, or in the presence of a phosphine ligand. This probably has the effect of 
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splitting off the chloride ligands to produce a cationic allylpalladium complex, 
which is then reactive towards nucleophiles: 

Reaction occurs readily with a variety of nucleophiles, including amines, 

enamines and stabilized enolates, and usually occurs by attack trans to the 
metal. While silyl enol ethers (ketone enolate equivalents) and allylsilanes do not 

react satisfactorily, it has recently been found that stannyl enol ethers and allyltin 

reagents are readily allylated.^^ A range of examples are given below. 

SOpPh 
I \ (I) DIPHOS 

+ ^ 
^ ^COpMe (2) Lil, NaCN, 

DMF 

(3) DIBAL 

(4) Li,EtNHz 

OH 
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The use of optically active phosphines has been found to lead to some degree 

of asymmetric induction during these nucleophile additions: 

(1) NaCHtSOgPhjCOgMe 

(+)-CAMPHOS 

-—► 
(2) Ca, NH3 

H 

64 % yield , 66 % e.e. 

Catalytic Reactions 

As palladium is expensive, the use of 7c-allylpalladium complexes as stoi¬ 

chiometric reagents for organic synthesis is limited, even though the metal can be 
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recovered. Consequently, the development of methods for generating the Tt-allyl 

complex using catalytic amounts of palladium was in some ways inevitable. Some 

of the first examples of catalytic reactions involving nucleophilic attack on n- 

allylpalladium complexes were the oligomerization of dienes in the presence of 

nucleophiles. Some examples are given in the following equations: 

EtgN 

A 

EtgNH 

65 Vc 
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Oligomerization of the diene may be suppressed by using a stronger phosphine 

ligand, e.g. diphos. Under these conditions the nucleophilic reagent [e.g. 

CH2(C02Me2)] acts as a source of proton during the conversion of the diene to 

the allylpaUadium complex, and the resultant nucleophilic counter anion enters 

into reaction with the complex: 

This behavior has been extended to the use of allyhc chlorides, ethers, acetates, 

alcohols, etc., in conjunction with a suitable palladium catalyst. Oxidative 

addition of the allylic acetate, etc., to the Pd(0) species occurs to give the complex. 

The most useful combination for these reactions appears to be an allylic acetate 

with tetrakis(triphenylphosphine)palladium, expulsion of OAc occurring trans 
to Pd. 

OAc 

Pd 

+ Pd 

A few selected examples illustrating the synthetic utility are given below, but a 
detailed account is beyond the scope of this chapter. The reader is referred to 

excellent reviews by Trost^ and a book by Tsuji.“ 

CH (C02Me)2 
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Iboga alkaloid 

derivatives 

R 
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(i)-Gabaculine 

NBS, HjO, DMSO 

? 

Extension of the addition of carbon nucleophiles in these reactions to 

intramolecular examples has led to some interesting and useful cyclizations 

resulting in the synthesis of medium- and large-ring compounds. This is especially 

interesting in view of the occurrence of large-ring lactones in the important 

macrolide antibiotics. Some examples of these reactions are given below. Note 

the tendency to form eight- instead of six-membered rings using the palladium 

method. Normally we would expect the six-membered rings to be favored by a 

factor of 10"^ using standard organic procedures for cyclization.^*^ 
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0 

Model for erythronolide 
synthesis 
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NoH 
-► 
(Ph3P)4Pd 

* 

Turning our attention to smaller rings, both Trost’s and Tsuji’s groups have 
described methodology for obtaining cyclopentane derivatives using cyclization 

of allylpalladium complexes. Normally the cyclization of a 4-haloketone or keto 
ester, by displacement of halide, proceeds on the carbonyl oxygen atom rather 

than the a-carbon atom, i.e. 

The tetrahydrofuran product when R = vinyl can be subjected to conditions 
which will induce a [3.3] sigmatropic rearrangement (Claisen rearrangement): 

R' 

However, the observed product is a cycloheptenone derivative, not a 
cyclopentanone: 
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A reordering of this reactivity pattern is achieved by treatment of the oxygen- 
cyclized product with a palladium catalyst: 

This may be used in an approach to prostaglandin analogues, shown below. Note 

the tendency of the acyclic precursor to cyclize on oxygen. 

The reaction probably proceeds by palladium-promoted opening of the alkyli- 

denevinyltetrahydrofuran to give an allylpalladium complex and enolate, which 

undergo intramolecular reaction. In principle, reaction could give either five- or 

seven-membered rings, and in fact this has been found to be dependent on the 
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steric bulk of the ligands attached to the palladium catalyst, which affects the 
syn-anti interconversion of the 7r-allyl complex (allowing the formation of a 

cis-double bond to give the seven-membered ring which will not accommodate 

trans-double bonds). With a sterically demanding polymeric catalyst this 

interconversion is inhibited, but a smaller ligand allows fast interconversion 

with concomitant formation of a seven-membered ring, shown in the following 

example. 

Another approach to the synthesis of five-membered rings using palladium 
catalysts has already been discussed in Chapter 2. This also depends on the abihty 

of allylic acetates to form 7r-allylpalladium complexes, but in this case the 

presence of a trimethylsilyl group results in the ready formation of a 

trimethylenemethane-like complex, which then enters into cycloaddition 

reactions: 

OAc 

X Y 
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As can be seen from the above brief discussion, the greater potential of 

allylpalladium complexes for synthetic organic chemistry of a very diverse and 

complex nature has been demonstrated. No doubt this methodologv will become 

commonplace, and the interested reader is referred to the cited reviews. 

TITANIUM, ZIRCONIUM AND HAFNIUM 

The first allyl complexes of titanium to be reported were the allylbiscyclopenta- 

dienyltitanium(III) derivatives, prepared by reaction of the appropriate metal 
chloride with allyl Grignard reagent. 

In this reaction, Ti(IV) is reduced to Ti(III) by the Grignard reagent. The 

complexes were formulated as i/^-allyl as opposed to u-allyl derivatives, on the 

basis of infrared spectra, which showed no absorption in the region expected for a 

terminal C =C bond. The titanium complex is a paramagnetic purple crystalline 
compound, m.p. 118 °C, which was reported to be remarkably stable thermally 
but susceptible to air o.xidation. When air is passed through a solution in 
toluence/HCl immediate formation of CpjTiClj occurs. 

7c-Allyltitanium complexes may also be prepared by reaction of a diene with 
Cp2TiCl2 in the presence of isopropylmagnesium bromide,^^ e.g. 

Cp2TiCi2 /TA + /-PrMgBr 

72% 

Cyclooctatetraene dianion has also been used as a counter ligand for the 

formation of allyltitanium complexes. The green paramagnetic products are 

sensitive to air and water and decompose slowly at room temperature:^^ 

THF MgBr 

K2C8H8 + TiClj -► (CgHgTiCDg ■ ^ » CgHg—Ti 

The allyl Hafnium complexes may be prepared similarly: 

Me 
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It is perhaps noteworthy that Hafnium maintains a + 4 oxidation state in the allyl 

complex.^® 

Attempts to prepare complexes of type (?/^-Cp)Ti(allyl)2 have led only to the 

isolation of complexes (f7^-Cp)Ti(allyl)(diene), e.g.^^ 

CpTiClj 

Further chemistry of these compounds remains to be explored. 

VANADIUM, NIOBIUM AND TANTALUM 

Vanadium is unique among transition metals in its ability to form a large 

number of monomeric neutral paramagnetic carbonyls which show little or no 
tendency to dimerize. Reaction of CpjVCl with allylmagnesium bromide gives a 

compound presumed to be Cp2V(f/^-C3H5) by analogy with the aforementioned 

titanium derivative, but which was too unstable to allow isolation.^” 

A later development in this group was the preparation of 7r-allytpentakis(tri- 

fluorophosphine)tantalum by treatment of the tetrakis(7r-allyl) complex with PF3 

under pressure. The product can be isolated as a sensitive red crystalline 
compound 

PFj A 

(TT-C^H.LTa -► (;—TalPF,). 
^ ^ ^ 20 otm \' ^ ^ 

20 °c 

While the Cp2V(allyl) complex is unstable, the corresponding niobium 

compounds may be isolated as crystalline solids.^^ 

NbClj 

C^H.Na -► 
^ ^ benzene 

Treatment of the 7c-allyl complex with carbon disulfide results in the formation of 
a (T-allyl derivative 

71-Allyl complexes of Nb and Ta have also been isolated from the reactions of 
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Reaction of sodium hexacarbonylvanadate and allyl chloride under irra¬ 

diation yields (?7^-C3H5)V(CO)5, and treatment of butadiene with HV(CO)5 also 
gives the appropriate Tr-allyl complex: 

'Cl -I- NaV(CO) 
EtgO 

6 
20 °C 
h\) 

—V(C0h 

+ HVCCO), 
20 °C 
h\) 

\—V{C0). 

The parent allyl complex has a typical IR spectrum (2045,1955,1945,1920 cm “ 

lacking a terminal C=C double bond, and the NMR spectrum is consistent with 
a TT-allyl formulation.^^ Similar complexes containing the diars ligand have also 
been prepared 

CHROMIUM, MOLYBDENUM AND TUNGSTEN 

Work on these complexes prior to 1964 has been reviewed.^ Some of the early 
work gave incorrect structure formulations owing to the unavailability of NMR 
spectra. Reaction of [(C5H5)Cr(C03)]2 with butadiene under UV irradiation 

gives a product which was originally formulated as a diene complex, 

C5H6CrC4H6(CO)2. Likewise, the product of reaction of (C5H5)2 Cr with 

CO/H2 was originally formulated as (C5H6)2Cr(CO)2, but revised to the Ti-allyl 

complex (C5H5)(C5H2)Cr(CO)2. Thus, the complexes are prepared as follows: 

OC — Cr—A [cpCr(C0)3 + 
A\) 

CO 
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yellow crystals j 

M.R 74-75 °C 

Reaction of Na"^ [C5H5Mo(CO)3] “ with an excess of allyl chloride gives the n- 

allyl complex as a yellow oil in 40% yield. Irradiation of this compound causes 
expulsion of a CO ligand with concomitant formation of the u-allyl complex, 

obtained as lemon-yellow crystals, m.p. ca. 136 °C, (IR 1961,1886,1861 cm~ in 
50% yield. The 7r-allyl tungsten complex may be prepared as yellow crystals in a 

similar manner. 

Na CpM (00)3 CpM (00)3 CH2CH = CH2 

Cp(CO)2M 

Alternatively, reaction of M(CO)3(MeCN)3 with allyl halides gives the Ti-allyl 
complex 

MlCOjlMeCNlj + >• (C0)2(CH3CN)2M 

The formation of a Ti-allyl complex from a cr-allyl derivative in this way is very 

highly favored, as illustrated by the following example, where the driving force is 
sufficient to destroy the aromaticity of a benzene ring.^® 

In addition to the cyclopentadienyl group, a number of other auxiliary ligands 

have been employed in the formation of 71-allylmolybdenum and-tungsten 

complexes. Reaction of dibenzenemolybdenum with allyl chloride and other 



227 

allylic chlorides gives 7r-allyl dimeric complexes, obtained as purple crystalline 
solids. The preparation and some reactions are shown below. 

Conversion of the dimeric species to monomeric Ti-allyl cationic complexes, 

obtained as purple solids, has also been achieved by treatment with the mild 

Lewis acid EtAlCl2, followed by addition of butadiene. 
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Bipyridyl has been found to be a useful ligand for the preparation of 7c-allyl 

complexes, including those of chromium which are not available by the above 
methods. The method is illustrated below,together with uses of various other 
ancillary ligands. 

_ Tl (acac) 

WCCOgCV-CjHslCpylgCI - ► 



229 

Cl 

MorcOjCCHjCN), 

CO CO Ph. 

I "P/ 
CO Ph, 

(CO)2Mo^ 'I 
7 \ 

CH3CN NCCH, 

PF^ 
CO, AgPFg 
•4- 

Cationic yr-allyl complexes may be obtained using the nitrosyl complex in place 

of carbonyl complexes, as shown below. Reaction of these complexes with 

nucleophiles is reported to occur by addition at the allyl terminus to give an 
olefin complex. 

Cp(CO)2Mo- 

NO'", CHjCN , 0 °C 

▼ 

In fact, it has been observed that during these nucleophile additions there is a 
marked selectivity for one of the two non-equivalent ends of the allyl ligand,^'^ 

invariably leading to production of a single diastereoisomer. The situation is 

complicated by the existence of the allyl complexes in two forms designated exo 

and endo (see below), but the addition may be summarized as follows: attack 

occurs CIS to NO in the exo conformer and trans to NO in the endo conformer, 

giving an olefin in its most stable orientation. Reverse attacks give the olefin in a 

less stable orientation. The results are summarized below: 



disfavored 

The two observed products are identical, by rotation of the olefin ligand, as are 

the two non-observed products, so that in fact only one diastereoisomer is 

obtained from the reaction. Hoffman’s group have undertaken a theoretical 

analysis of this reaction.^ ^ It is found that the metal-allyl LUMO, which is an 

antibonding combination of metal d orbital and allyl 1/^2 (the non-bonding allyl 

MO), has uneven distribution of coefficients at the terminal carbons. The exo 

conformation has the larger coefficient on the carbon cis to the NO ligand, and 

this is marked, whereas the endo conformer has a marginally larger coefficient at 

the trans carbon; 

Q # 
M metal d orbital 
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€►^0 0.48 

-0.15 

0. 29 

00 CO -0. 30 

exo endo 

Calculations of overlap populations for the approach of H" nucleophile to 
either terminus indicate a marginal, but significant, preference for attack trans to 

NO for the endo complex, and a very marked preference for attack cis to NO in 

the exo situation, reflecting the importance of the interaction between nuc¬ 

leophile HOMO and allyl-metal LUMO during the bond formation. This is also 

the important interaction proposed for a wide range of organic reactions and 

comparable, in this case, to a simple 5^2 substitution.^^ 

The interaction also indicates that nucleophilic attack occurs from the side of 

the allyl ligand opposite to the metal, since this gives a favored bonding 

interaction. Approach of the nucleophile cis to the metal leads to a net non¬ 

bonding or anti-bonding interaction, as shown below. 

disfavored 

favored 

,Nu 

It seems likely that this is the main reason why nucleophile addition to a range 
of 18e Ti-allyl complexes occurs trans to the metal, and that the steric bulk of the 

metal grouping is of secondary importance. On the other hand, in 16e complexes 

the LUMO is probably almost pure metal orbital, and attack occurs by prior 

addition to the metal, followed by transfer to the ligand to give an overall result of 
addition cis to the metal. 

In the case of the present complexes, it also turns out that there is an uneven 

distribution of charge on the terminal carbon atoms of the allyl ligand. In the exo 

complex the carbon cis to NO has the greater positive charge, whereas in the endo 
complex the higher positive charge is on the trans carbon. That the reaction is not 

under overall charge control is evidenced by the observation that in most cationic 

allyl complexes the central allyl carbon atom bears the highest positive charge 

(see Fe complexes later). If charge control were the major factor, we should 

expect attack at the central C atom: 
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Consequently, in the nitrosyl complexes there is good reason to suppose that the 
addition involves HOMO/LUMO interaction, while selectivity between the two 

termini is due to (a) differences in LUMO coefficients, giving better interaction at 

one terminus than the other, and (b) differences in positive charge, giving a greater 

coulombic interaction at one of the termini. Since in the present case the two 
effects reinforce each other, it is difficult to assess which is the more important. As 

it turns out, there are a few reported cases of allylmolybdenum complexes which 
undergo nucleophile addition to the central allyl carbon atom. Consequently, the 

above reasoning is restricted only to a particular type of complex. When the 
ancillary ligands are changed, there is a complete change of behavior, illustrated 

by the following example.^’ 

Now, this behavior is extremely interesting, since it reflects how the re- 

giochemistry of nucleophile addition to coordinated polyenes is sensitive to the 

ligand environment, and therefore the electronic environment of the metal. It may 

be noted in this connection that can be regarded as a poor 71-acceptor 

compared with CO, NO, etc., so that this ligand will give relatively electron-rich 

metal centers compared with the isoelectronic (00)3 or (NO)(CO)2 environ¬ 

ments. Green’s group have offered an explanation of the above behavior based on 

the electron-richness of the metal center, and have offered the following general 

rules for the addition of nucleophiles to unsaturated hydrocarbon ligands in 18- 

electron cationic complexes, for reactions which are kinetically rather than 
thermodynamically controlled.^® 

Rule 1 .• Nucleophilic attack occurs preferentially at even coordinated po¬ 

lyenes which have no unpaired electrons in the HOMOs. 

Rule 2 .• Nucleophilic addition to open coordinated polyenes is preferred to 

addition to closed (cyclically conjugated) polyenes. 

Rule 3: For even open polyenes nucleophilic attack at the terminal carbon 

atom is always preferred, for odd open polyenyls attack at the terminal 

carbon atom occurs only if ML„^ is a strong electron-withdrawing 

group. 
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Thus, the results above illustrate rules 2 and 3, i.e. attack occurs at the allyl (open) 
rather than cyclopentadienyl (closed) ligands (rule 2), and when ML + is a strong 

electron-withdrawing group [CpMo(NO)(CO)] attack occurs at the allyl ter¬ 
minus, but when it is not (CP2M0) attack occurs at the allyl C-2 (rule 3). No 

rationalization of this behavior on a theoretical basis has been offered. It seems 
likely, however, that there are two possibilities. 

(1) The effect of increasing electron richness of the metal is to raise its d orbital 

energies, thereby changing the energy level of the allyl-M LUMO in such a way 

that the reaction becomes charge-controlled. As noted in Chapter 1, the central 

carbon atom, C-2, of a coordinated Ti-allyl bears the greatest positive charge (see 
above). 

(2) The alteration of orbital energy levels of the metal changes the pattern of 

allyl-M orbital energy levels in the LUMO region in such a way that the LUMO 

is now a different orbital. It is not unreasonable to suppose that an orbital 

composed of allyl \J/^ and metal d orbitals, which would be unoccupied, now 

becomes the complex LUMO. This has a large coefficient at C-2, thereby leading 

to favorable overlap with nucleophile HOMO at this position, illustrated below: 

sterically more 
favorable interaction 

The proposition is not unreasonable since Hoffman’s calculations show that 
there is probably a mixing of 1/^3 into the LUMO presented previously (i.e. 
that derived from 1/^3), so the extent of mixing might well change appreciably on 

changing M orbital energies. While this proposition is speculative and only 
tentative at this stage, there is a growing school of thought that these types of 

reactions are sensitive to such orbital-controlling effects. The ideas are presented 

here in anticipation that they will serve as an introduction to the concepts 
involved and will stimulate further thought on the matter. 

MANGANESE, TECHNETIUM AND RHENIUM 

Reactions of allyl chloride and sodium (or lithium) manganese pentacarbonyl 

at room temperature gives o--allyl-Mn(CO)5, obtained as a yellow distillable 
liquid in 71% yield. This compound shows the expected IR signal at 1620cm“ '■ 
due to the terminal C=Cbond of the allyl group. When this complex is heated 

at 86 °C, expulsion of CO and conversion to the 7r-allyl complex in 88% yield 
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occurs. This compound is obtained as a pale yellow solid, m.p. 55-57 °C, and no 

longer shows the allyl C=C stretch in the infrared, but shows a band at 

1505cm“\ probably the C - - C stretch vibration. 

NaMn(CO). •Mn(CO), 

(— Mn (CO), 

The addition of manganese carbonyl hydride to 1,3-dienes provides another 
route to cr-allyl- and 7c-allylmanganese complexes, e.g. 

HMn(C0)5 + >■ •Mn (C0)« 

42% 

A 

THF 
>• 

■Mn(CO), 

The geometry of the substituted allyl unit has been found to be retained during 

the conversion of o- to 7r-allyl complexes."^” 
^ Carbonyl ligands can be displaced by phosphite ligands, under photochemical 

or thermal conditions. 

— Mn (C0)„ + P (OMe), 
h\) 

or A 
(—Mn(C0)2 [piOMelj]^ 

7r-Allylrhenium complexes have been prepared by a method similar to that 
used for the manganese derivatives.'*^^ 

NaRe {CO)^ •Re (CO), Re (C0)5 

92% 55% 

Carbon-13 NMR spectra have been determined for a few allyl-Mn(CO)4 

complexes, the data for the parent complex being shown below.'*^ 

6 

6 

43.2 p.p.m. 

93.8 - 

6 43.2 

Mn(CO), - 6 222.6 (X2) 

216.4 

21 5.6 

As with the allyl-Fe(CO)4 derivatives discussed later, the central allyl carbon 

atom is the lowest field signal for this ligand, consistent with a bonding scheme 

which populates the allyl i/^2 orbital (see Chapter 1). Extensive studies of the 
chemistry of these complexes have not been reported. 
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IRON, RUTHENIUM AND OSMIUM 

(?7^-allyl)tricarbonyliron iodide is readily prepared as a dark brown crystal¬ 
line solid, m.p. 79-80 °C, by heating allyl iodide with either iron pentacarbonyl 

or diiron nonacarbonyl. It is fairly stable and can be purified by vacuum 

subhmation."*^"*^ Reaction of this complex with silver tetrafluoroborate under a 

carbon monoxide atmosphere gives (f/^-allyl)tetracarbonyliron tetrafluorob¬ 
orate, a cationic complex."'^^ While the former (neutral) complex is unreactive 

towards nucleophiles, the latter complex reacts readily with a range of 
nucleophilic reagents. 

Fe(CO), AgBF. 

Fe2(CO)3 (COjFe—I 
CO 

BF, 
FeCCOE 

Treatment of diene-Fe(CO)3 complexes with anhydrous HBF^, preferably 

under a CO atmosphere for good yields, also gives Ti-allyl complexes, e.g. 

r’ Fe(CO), 

HBF^ 

-► 
CO 

r’ Fe(C0)4 

r' = r2 = H 

r’ = Me , R^ = H 

r' = H , R^= Me 

While this procedure normally occurs with retention of the diene geometry, 
prolonged acid treatment at a slightly elevated temperature results in isomeriza¬ 
tion to the more stable allyl complex. 

Me 

Fe(CO), 
Fe(CO), 

When there is a trisubstituted double bond appended to the diene-Fe(CO)3 

unit, this may protonate in preference and lead to cyclization (Chapter 7), e.g. 

The cationic complexes are reactive towards nucleophiles, as might be 
expected, and undergo attack at the terminal allyl carbon atom. The resulting 

olefin-Fe(CO)4 complex is often very unstable and either decomposes spon¬ 

taneously or on exposure to air to give the substituted olefin. Some examples are 
given below. 
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+ 

(1) NaBH^ 
-► 

BF4 (2) O2 

• Recalling the results of nucleophilic addition to Mo and W Ti-allyl complexes, 
and also the fact (Chapter 1) that the greatest positive charge on the allyl ligand is 
found at the central carbon atom (C-2), it would appear that a major controlhng 
factor in this reaction is the interaction of nucleophile HOMO and allyl-complex 
LUMO, and that the latter orbital is (approximately) the antibonding com¬ 
bination of 1/^2 iron d orbital. Then we should expect maximum bonding 
interaction at C-1 or C-3 (see above discussion), as is indeed observed. 

A very interesting variation on the nucleophile addition reaction has been 
developed by Roustan et al.^^ The Ti-allyl complex is generated in the presence of 
a carbon nucleophile, by treatment of an allylic halide or acetate with a catalytic 
amount of NaFe(CO)3NO (0.1-0.3 equiv.) or (>/^-crotyl)Fe(CO)2NO (0.1 equiv.). 
The nucleophile undergoes reaction with the allylic compound under these 
conditions, and this procedure may be compared with the analogous palladium- 
catalyzed reaction, although it has not been developed to the same extent. Some 
examples are given below. 

NaCHtoOj EDg 

■--—► 
NaFe (COjNO 

48 h room temp. 

■CH(C02Et)2 + 

82 

l(C02Et)2 

28 (90%) 

OAc CH (C02Et)2 'CH (COoEt), 

95 5 (79%) 
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-OAc -CH(C02Et)2 

74 % 

CH (C02Et)2 

91 % 

It may be noted that f/^-allyl complexes have also been characterized as 

intermediates during Friedel-Crafts acylation of diene-Fe(CO)3 complexes 
(Chapter 7). 

COBALT, RHODIUM AND IRIDIUM 

Reaction of butadiene with cobalt hydridocarbonyl was first investigated in the 
late 1950s and the product, a red-brown liquid, was later formulated as a 7i-allyl 

complex. 

HCo(CO)^ + -Co (CO) 
3 

{Ph3P)3CoH(N2) + 

A brief review"^® on allyl cobalt complexes appeared in 1973, although some of 
the early work on Tt-allylcobalt carbonyl complexes was not covered. 

The preparation of the parent 7t-allyl-Co(CO)3 follows a similar procedure to 

that for the Cr group complexes, viz. 

+ No Co (CO), 
(1) 25 °C 

-► 
(2) distil 

Co (CO)3 

The intermediate (7-allyl complex, while undoubtedly formed, is not usually 

isolated."^^ One of the CO ligands can be displaced with triphenylphosphine to 

give the allyl-Co(CO)2PPh3 complex. Interestingly, this is not obtained by direct 

reaction of allyl bromide with NaCo(CO)4 in the presence of CO and Ph3P. 
Instead, the following reaction occurs:^” 

+ NoCo (CO), + CO + PPh, 

Co (CO)3PPh3 

0 
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The cationic complex CpCo(allyl) X , has also been prepared in low yield by the 

following method:®^ 

(1) THF , 2 days 
-^ 
(2) NH^PFe, HgO 

Tris(7r-allyl)cobalt, a thermally very unstable complex containing no ancillary 

ligands, is conveniently prepared by reaction of, e.g., cobalt(II) chloride with 

allylmagnesium chloride; 

2 C0CI2 + 4 CjHgMgCI 

Co(acac)2 + 3 CjHgMgCI 

The allyl groups in tris(7i:-allyl)cobalt are cleaved at — 40 °C under a hydrogen 

atmosphere to give propane. Treatment with neutral ligands results in reductive 
coupling of two of the 71-allyl ligands and formation of a mono-7!:-allyl-Co(I) 

complex: 

+ CO -► (COljCo—+ 

The axial allyl group can be displaced by anions: 

Co(C3H5)3 + HX -► (C3H5)2CoX -f C3Hg 

The intermediacy of 7r-allyl-Co complexes in polymerization reactions 
catalyzed by cobalt has been discussed in Chapter 2. Reactions of tris(7r- 

allyl)cobalt with butadiene proceeds according to the following equation: 

CoCCjHglj + > 

repeat 

(A) 
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Complex A is the key intermediate in the dimerization of butadiene initiated by 
(C3H5)3C0. 

Treatment of the (C3H5)2CoX complexes with cyclopentadienyl anion results 

in displacement of halide and rearrangement of one Tu-allyl to (r-allyl ligand, to 

give an 18e complex: 

{C3H5)2CoI + CgHgLi -► 

This latter complex, on reaction with a diene undergoes displacement of the allyl 
groups by reductive coupling: 

Reaction of Co(acac)3 with organoaluminum derivatives in the presence of 

cycloocta-1,5-diene occurs smoothly to give a bis-cyclooctadiene complex: 

Co(acac)3 3 AIR3 + 2 COD -► (CODlgCoR 

When a dialkylaluminum hydride is used as the reducing agent, a complex is 

formed which in solution is an equilibrium mixture of B and C. 

CoCacoc)^ 
COD 
-► 
RjAIH 

(B) (C) 

At 40 °C the (T-cyclooctenyl group of this complex undergoes transannular ring 
contraction and dehydrogenation eventually giving the product below: 

40 °c 
B + C -► 

Co (COD) 

When Co(acac) is treated with an excess of dialkylaluminum hydride in the 

presence of cod, the (7r-cycloctenyl)(cod)cobalt complex is obtained as a by¬ 

product: 
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COD 
Co (acQc) -► 

excess 

RgAIH 

The Ti-cyclooctenyl complexes can also be obtained by treatment of the cr- 

cyclooctenyl complex B with neutral ligands, representing an interesting 

isomerization reaction: 

Reaction of C0CI2 with an excess of cyclooctatetraene and sodium borohyd- 

ride in ethanol at — 20 °C gives a black, crystalline, air-sensitive complex, n- 

cyclooctatrienyl-jy'^-cyclooctatetraenecobalt, treatment of which with carbon 

monoxide gives the f/^-cyclooctatrienyl complex 

Similar treatment of the intermediate with cyclopentadiene gives an 
cyclooctatriene complex; 
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Displacement of a diene ligand from (?7^-allyl)(;7''^-C4H6)Co(PPh3) with PF3 

provides an entry into trifluorophosphine-containing 7r-allyl cobalt complexes. 

Me 

■Co; 

• PPh, 2 PF, -Me 

ColPPhjKPFjlg 
PF, 

■Me 

-Co(PF3)3 

Similarly ; 

Co(VC3H5)3 + PF3 •Co{PF3)3 

In contrast to (7t-C3H5)Rh(PF3)4, which is readily converted into HRh(PF3)4, 

on treatment with PF3 and hydrogen at room temperature and 1 atm the above 

cobalt compounds are unreactive. In connection with the preparation of these 

types of phosphine complexes, it may be noted that [(MeO)3P]3Co(C3H5) is an 

excellent catalyst for the hydrogenation of aromatic to saturated hydrocarbons 

under mild conditions. 

Reaction of 7r-allyl-Co(CO)3 with potassium cyanide in the presence of iodine 

leads to cyanocobaltate anions containing a 7r-allyl ligands.®^ 

Co (CO)3 
KCN 

-► 
I2 , THF 

Co {CN)^ 

Co (C0)2PPh3 >• K Co (CN)2PPh3 

In an attempt to obtain further information regarding the regioselectivity of 

nucleophile addition to electrophile 7r-allyl complexes, Aviles and Green 

prepared a series of cobalt complexes [Co(^/-C5H5)(7i-allyl)L]PFg.^^ Similar 

complexes (L = CO) had previously been prepared by two groups,^’ e.g. 
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Unfortunately, reactions of these complexes with nucleophiles did not give stable 

isolable complexes, except in one case where reaction with methyllithium gave 
Me2Co(j7-C5H5)(PMe3). Consequently, no information was obtained concern¬ 

ing the above proposed rules for nucleophile addition. 
The reaction of fluorinated olefin with Tc-allylcobalt complexes has been 

studied and found to give products of insertion, exemplified below.®® 

F F 

;— CoCCOlgL 
CFg^CF. 

CO 

CO 

R = H , Me 

L = CO, PMegPh, P(0Me)3 

This type of reaction is of importance in the study of allylcobalt catalyzed 

polymerization reactions. The mechanism has not been delineated. 

Allyl complexes of rhodium and iridium can be prepared in similar ways to 

those of cobalt, although often these are not completely general for preparation of 

a range of substituted complexes, e.g.®^ 

benzene 
RhH(CO) (PPh,), + -► 

* 5 min 
Rh (CO) (PPh3)2 

RhH(CO) (PPh3)3 + H2C=C=CH2 RhCCO)(PPh3)2 

IrH (C0)2(PPh3)2 + 
30 min 
-► Ir(CO) (PPh3)2 

The iridium complexes so produced are pale yellow crystalline solids which are 

stable towards air oxidation. The rhodium complexes are much less stable, slowly 

decomposing even under nitrogen or in vacuo, and decomposing much faster in 

solution. The interaction of hydride metal complexes with dienes is very limited, 

failing to give pure characterizable compounds even with isoprene. Other 

methods of preparing these complexes are given below.^° 

RhCKPPh^lj -F -Rh(PPh3)2 

16e complex 

:-Rh(PPh3)2PF3 
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RhCI (CO). + 
-I2 

-MgCI -Rh(CO). 

+ HRh(PF3)^ 1 —Rh{PF3)3 

+ HRh (PF3)4 Rh(PF3)3 

('TT-C3H5)3lr 
HCI 
-► 

AgBF^ , CHjCN 

▼ 

Ir(CH3CN)2 BF. 

72% 

The 16-electron complexes readily coordinate a molecule of fluorobutyne 

followed by insertions to the Rh—allyl bond with concomitant coordination of 

solvent (ether),e.g. 
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The 18-electron complexes give similar insertion products 

Reaction of (allyl)Ir(CO)(PPh3)2 with tetrafluoroethene at room temperature 

occurs with replacement of a phosphine ligand by the alkene. These complexes 
undergo insertion of the tetrafluoroethene into the Ir—allyl bond on treatment 

with CO or PhjP. The same insertion products may be obtained directly by 

reaction of the 71-allyl complex with C2F4 at 80 °C:^^ 

CO 

/\ 
OC pphj 

Addition of amines to butadiene has been shown to be catalyzed by rhodium 

trichloride, suggesting the intermediacy of Ti-allyl complexes which react with the 

amine, somewhat analogous to the similar palladium-catalyzed reaction, e.g.®'*^ 

30 (85%) 

The ability of cationic Tc-allyl complexes of this type to undergo addition of 

nucleophiles has not been extensively studied. 

GENERAL COMMENTS 

From the above discussion, it is apparent that Ti-allyl complexes are chemically 

interesting for several reasons. They provide useful, or potentially useful, reagents 

for the formation of strategic carbon—carbon bonds, enabling the construction 

of a range of molecules of varying complexity. This aspect is perhaps best 

illustrated by the 7c-allylpalladium derivatives. They are accessible to both 
theoretical and empirical investigations into the factors which control reactivity, 

such as nucleophile addition (as ambient electrophiles). They often function as 
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catalysts in polymerization reactions and preparations of complexes with 

modified reactivity might allow the isolation of compounds which are analogous 

to proposed intermediates in the catalytic cycle. It is hoped both that this chapter 

has provided a glossary of complexes which illustrate these aspects, and that an 

insight has been given into the current trends in interpreting reactivity 

phenomena using frontier molecular orbital concepts. 
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CHAPTER 7 

j/^-Diene Complexes 

INTRODUCTORY COMMENTS 

There are basically two types of metal-diene complexes, from the point of view 
of the ligand—those containing an unconjugated (e.g. 1,4- or 1,5-) diene, which 

acts as a chelating ligand, and those containing a conjugated 1,3-diene. In terms 
of reactivity the complexes of unconjugated dienes closely resemble those of 

monoolefins, while 1,3-diene complexes have special properties due to their 
different bonding arrangement. We shall deal with these two classifications 
separately. 

TRANSITION METAL COMPLEXES OF CHELATING, NON- 

CONJUGATED DIENES 

These are mostly typified by metal complexes of cycloocta-1,5-diene (cod) and 
norbornadiene (nbd), and have the structures 1 and 2. 

(1) COD complex (2) NBD complex 

The non-conjugated cod complex is formed only with metals which will not 

readily isomerize the diene, or which have a radius too large to allow preferential 

formation of the 1,3-diene complex. The nbd complexes can even be formed with 

metals which prefer to coordinate to a 1,3-diene. For example, Fe(0) will normally 

only form 1,3-diene complexes, but readily forms the NBD-Fe(CO)3 complex. 

Nickel, Platinum and Palladium 

Apart from the observation that unconjugated diene complexes of these metals 
are more reactive, their behavior is very similar to that of the monoolefin 

complexes. 
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The platinum and palladium complexes of cycloocta-1,5-diene and norbor- 

nadiene are readily prepared by reaction of the diene with an appropriate salt of 

the metal, e.g. 

• (cod)PdCl2 is obtained as pale orange needles (decomposition point 205-210 °C), i 

whilst the platinum derivative is a stable white, crystalline (needles) substance ' 
(decomposition range 220-278 °C). They are generally insoluble in most organic 

solvents except boiling chloroform, dichloromethane and acetic acid. 

Interesting diolefin nickel complexes are obtained on reaction of nickelocene 

with the diene in the presence of tetrafluoroboric acid: 

The diene is activated towards nucleophile addition in all of these complexes. The 

following experiment demonstrates that hydroxide anion adds to the olefin—Pd 
bond trans to the metal, assuming of course that carbonyl insertion occurs at the 
metal face (see Chapter 2).^ 
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H2O, 
Na2C03 

96% ^ 

MeOH, Na2C03 

94% 

This result is fairly important in establishing the stereochemistry of nucleophilic 
attack on alkene—Pd complexes in more general terms. It therefore appears that 

direct attack occurs on the ligand rather than prior attack at the metal followed 

by some sort of migration. It may be noted at this point that the direct product of 
nucleophile addition 3 is a a-, jy^-complex which is a dimeric species having Pd— 

Cl—Pd bridges. This again is a fairly general observation. Some other well 

known nucleophile addition reactions are summarized below.^ 
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NiCp 

MeO" 

In most cases platinum and palladium complexes behave in a similar fashion. 
However, they do show contrasting reactivity towards diphenylmercury, pal¬ 

ladium complexes behaving normally and platinum complexes undergoing 

displacement of halides. However, the stereochemistry of the product from the 

palladium complexes indicates that PhjHg first attacks the metal, displacing one 

chloride, and the product undergoes migratory insertion:^ 
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Reaction with certain sulphur nucleophiles results in displacement of the 
diene,e.g. 

The products of nucleophile addition may be converted into organic 

compounds by a number of methods. Sodium borohydride reduces the a-, Ti-allyl 
system to an alkane, whilst treatment with base results in elimination to give a 
substituted diene, e.g. 

+ 

(4) 

The chloride bridges to the dimeric species can be broken by treatment with 
amine, e.g. 

Bis(cod)platinum complexes have been prepared by reaction of (cod)PtCl2 

with cyclooctatetraene dianion in the presence of excess of cycloocta-1,5-diene at 

low temperature. Alternatively, cobalticene can be used as the reducing agent. ^ 

The corresponding palladium complex can only be prepared if propene is 

incorporated into the reaction mixture.^ The complexes react with electrophiles,’ 

occasionally giving dinuclear species as products:® 
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(COD)PtCU 
Et^O, CH2CI2 

excess COD, 

0 - 

(COD)Pt' 

CF, 

■C—CF, 

• Pt (COD) 

:7N /X 
Pt. 

• "V 

(COD)2Pt 

40-60% 

BF„ 

1 equiv. 

(CF3)2C0 

HBF. 

(C0D)2Pt 
CF3CF=CF2 

OF. OF, 

x 
(COD) Pt-Pt(COD) 

(CF3 )2C0 

Cobalt, Rhodium and Iridium 

These metals also form Ti-complexes with unconjugated diolefins, although 

rhodium and iridium have been most studied. The dimeric rhodium complex, 
having chloride bridges, was prepared during the 1950s, a time when much 

increased activity in the preparation of organometallic compounds was wit¬ 

nessed.^ The chloride bridges can be broken by treatment with e.g., p-toluidine: 
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Medium-ring dienes are readily converted to the diolefin-rhodium complexes, 

isomerization of a double bond often occurring if the existing one does not have 

appropriate geometry to be accommodated;^” 

Preparation of the analogous cod-iridium and -cobalt complexes requires 

more manipulation. A high yield is obtained by removal of HCl from the initially 
formed HCl adduct using a mild base such as sodium acetate. The deep red 

dimeric product can then be converted into a yellow monomeric species by 

treatment with an appropriate phosphorus ligand in non-polar solvents 

H2lrCl6 or IrCl3 
COD 
-► 

/-PrOH, HgO 

reflux 

IrHCl2(C0D) 

(i) NaOAc 

(jj) recrystallize 

▼ 

PR3 1 ^ Xk A1. 

^Cl 

AIR, 
Co (acac)^ -► (CODLCoR 

COD 

R = Me, Et, /J-Pr, etc. 

The use of bulky phosphine ligands in the presence of ammonium hexafluoro- 

phosphate allows the preparation of cation bisphosphine derivatives, which have 

been found to show some catalytic activity for hydrogenation of relatively 

unsubstituted alkenes, especially terminal alkenes.^^ 

r Ir(COD)CI -► [r(C0D)L2 PFg 
L -12 NH4PF6 L 

EtOH 

Chemically, these complexes are different to those of the nickel group discussed 
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above. There appear to be no reports of nucleophile addition to the coordinated 

diolefin. Instead, reaction with electron-deficient entities seems to be the norm, 
although very limited information is available. An interesting cycloaddition 

occurs with hexafluorobut-2-yne,^^ whilst the (cod)M(i/^-Cp) derivatives have 

been shown to undergo protonation readily. 

product 

Iron and Ruthenium 

Iron and ruthenium differ in their ability to form stable complexes with 

unconjugated dienes. In fact, iron carbonyl will isomerize such olefins to give a 

1,3-diene complex, except in cases where this is a disallowed process, e.g. 

norbornadiene.^^ Mild conditions are necessary in order to form 1,5-cod 

complexes of iron.^^ In contrast, ruthenium forms stable complexes with 

cycloocta-1,5-diene. These appear to be polymeric species, the chloro bridges of 

which are readily split. 
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Fe (00)5 
-► 

A 

RuClg 

▼ 

[(C0D)RuCl2] Ru Cl2(C0D) (piperidine)2 

(i) CHjCN 

(ii) NH^PFg 
[ Ru Cl (COD) (MeCN)j PFg 

Ru3(C0),2 

FeCCOg 
-► 

/?v) 

m.p. 90-90.5 

Interestingly, reaction of the 1,5-cod complexes with trityl tetrafluoroborate 
results in hydride abstraction to give f/^-allyl-f/^-alkene cationic complexes. 

These react with nucleophiles at the allyl or olefinic group, depending on the 
metal and the nucleophile, but very few details have been given in the 

literature 

:Fe(C0), 

7^^ 
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Other Metals 

A variety of other metals have been found to form complexes with cycloocta- 

1,5-diene, although studies of subsequent chemistry are limited. Some examples 

are given below. 

(VKCO)^ 

M = Cr, 30% 

M = Mo, 60 - 70% 

M = W , very low yield 

Whilst interesting chemistry is observed for some of these cod complexes, there 

have been no attempts to exploit them for organic synthesis purposes, in some 

cases possibly owing to the expense of the metals as stoichiometric reagents. 



COMPLEXES OF CONJUGATED DIENES 

Iron^^ 

Butadiene-Fe(CO)3 was prepared as long ago as 1930 by Reihlen et but 

practically no development in the area took place until more recently, when a 
number of acyclic 1,3-diene complexes were studied by Pettit’s group and others, 

and when cyclohexadiene complexes became available. The chemistry of these 

complexes has received careful attention in recent years, so that a full discussion 

of FMO effects is at least partly possible. 

Preparation 

The synthetic methods for these compounds already presented in Pettit and 

Emerson’s review^^ are still widely employed, viz. direct reaction of dienes 

(conjugated or unconjugated) with FeCCOjj, Fe2(CO)9 or Fe3(CO)i2 under the 

influence of either heat or ultraviolet irradiation. This induces loss of CO from the 

iron carbonyl and/or the breaking of an Fe —Fe bond to form the coordinatively 

unsaturated Fe(CO)4 species, which will react with an olefinic double bond. The 

mechanism is as follows: 

A or f>\} 

FetCO)^ ^ Fe(CO)^ -h CO 

//—Fe(CO)^ 

// 

r 

/7\ + 

FetCO)^ 

The structure of butadiene-Fe(CO)3 is generally written as 6, indicating that 

the iron is jy"^-coordinated. 

FelCOlj 

/a 
(6) 

Since the product complexes and the iron carbonyl starting materials are 

oxygen-sensitive, all preparations are conducted under an atmosphere of dry 
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nitrogen or argon, as is the case with most organometallics. The most commonly 

used method is to heat the appropriate diene with Fe(CO)5 at reflux temperature 

in a high-boiling inert solvent, usually di-n-butyl ether. In order to avoid 

excessive decomposition of complexes due to peroxides present in the ether, this is 

generally filtered through a column of basic alumina immediately prior to use. 

The advantage of using an open system such as this is that the CO produced 

escapes to the atmosphere, displacing the equilibrium to the complexes. Using 

this method 1,4-dienes, particularly dihydrobenzene derivatives, are converted to 

the corresponding l,3-diene-Fe(CO)3 complexes. Rearrangement of substituted 
cyclohexadienes invariably occurs, so that for example 1-methoxycyclohexa-1,4- 

diene gives a mixture of tricarbonyl(l-4-^/-l-methoxycyclohexa-l,3-diene)iron 7 

and tricarbonyl(l-4-f7-2-methoxycyclohexa-l,3-diene)iron 8, which are readily 

separated by chromatography. 

OMe 

Fe (COj 
-► 
140 °C 

OMe OMe 

This can be avoided by preconjugation of the diene, as 
* 

OMe OMe 

shown below. 

OMe 
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Even the unconjugated diene, 4-vinylcyclohexene, will produce a 1,3-diene- 

Fe(CO)3 complex; 

A number of investigations into the mechanism of this rearrangement have led 
to the general agreement that a transient 7c-allyliron hydride species is involved, 

formed by transfer of an endo-hydrogen to the iron {endo refers to substituents on 
the same side of the molecule as the Fe(CO)3 group). 

Nonacarbonyldiiron can be used under milder conditions than Fe(CO)5 (e.g. 

40-60 °C), but is generally more useful with conjugated dienes. It has been found 

particularly good for the formation of heterodiene complexes (C=C—C=X): 

Ph—^ "A 
N—Ph 

FeglCOlg 

-► 
benzene 

40-60 °C 

Ph—^ A 
N—Ph 

Me 
FegtCOlg 

F elCOlj 

_ 

Ph—^ A 
0 

-► 
benzene 

40 - 60 °C 00 
The benzyhdeneacetone complex 11 and related systems have proved to be 

very useful as Fe(CO)3 transfer reagents for the synthesis of diene complexes that 

are otherwise difficult to obtain, or available in only low yields using the standard 
procedures. The high-yield preparation of the tricarbonyliron complex of 

ergosteryl acetate reported by Barton’s group, using Fe2(CO)9 in the presence of 
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p-methoxybenzylideneacetone, undoubtedly proceeds with the intermediacy of 

the heterodiene complex.^^ 

Perhaps the most promising application of heterodiene complexes is in the 
• preparation of optically active diene complexes. Birch and co-workers have 

found that treatment of methoxycyclohexa-1,3-dienes with Fe2(CO)9 in the 

presence of optically active a,jS-unsaturated ketone (e.g. pulegone or steroidal 

enones) leads to the formation of optically active methoxycyclohexadiene- 
Fe(CO)3 complexes. The enantiomeric excess is low ( < 40%), but this represents 

a significant breakthrough in view of the applicability of these and derived dienyl 

complexes to natural product synthesis e.g. 

OMe 

Me 

OMe 

R 

OMe 
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Shvo and Hazum^^ have reported that reaction of a diene with pentacarbonyl- 
iron (2 mol) and a controlled amount of trimethylamine AT-oxide (4 mol) at 0 °C in 
benzene, or at — 78 °C in acetone, gives moderate yields of complexes. Reaction 
of the amine oxide and Fe(CO)5 is thought to generate Fe(CO)4. 

Some interesting ring-opening reactions of vinylcyclopropanes and related 
compounds with pentacarbonyliron should be included here, since in some cases 
the products are diene-Fe(CO)3 complexes. Irradiation of vinylcyclo pro pane 
and Fe(CO)5 ~ ^0 °C in diethyl ether solution leads to an olefm-Fe(CO)4 

complex 13, which undergoes ring opening in benzene at 50 °C to give a mixture 
of complexes, together with the product of CO insertion 14. Similar reactions are 
included below. 

/ Fe (C0)„ 

Fe (CO)^ 

(13) Fe(C0)3 

(14) 

'0 

Fe(C0), 

/r\„ Me 

+ Fe (CO),, 
140 °C 

Fe (CO), 

Me 

-Me 

C02Me 

C02Me 

FeCCOj 

hexane 

4 h 

Fe(CO)^ irons 

Fe (CO), 

COgMe 
C/S 

isomer 

/ 
48°/< 

Fe(C0)3 

C02Me 

C02Me 

C02Me 

C02Me 

Predictably, the reaction of conjugated diacetylenes with Fe(CO)5 under 
photochemical conditions does not lead to coordination of both acetylene groups 
to iron, owing to the spatial arrangement, which does not permit the proximity 
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necessary for two 7r-bonds to form. The reaction proceeds with carbonyl 

insertion; 

/i\) 

Me — = — = —Me 4- Fe(CO)^ -► 
5 THF 

The synthesis of complexes derived from conjugated polyenes, in which one 

diene unit is complexed, has been described. These compounds undergo shift 

isomerization on heating; 

FeCCOL 

Ph \. 
tol 

Fe(COL 

Ph 

tol 

Cycloheptatriene also forms a diene-Fe(CO)3 complex 15, in which one of the 

triene double bonds is free. 

(15) 

The difference in reactivity between complexed and uncomplexed double 

bonds may be used for synthetic purposes (see later). 

Properties 

The bonding in these complexes has already been discussed. It is of interest 

here to discuss some of the spectral and physical properties of diene-Fe(CO)3 

complexes as representative of the general trends observed for olefinic 71- 

complexes, and the usefulness of, e.g., NMR for determining the structure of 
substituted derivatives. 

The complexes are generally obtained as yellow oils which may or may not 

have a boiling point sufficiently low to permit distillation, or as yellow crystalline 

solids. The oils are generally sensitive to aerobic oxidation, whereas the 

crystalline compounds may usually be stored at 0 °C without exclusion of oxygen. 

All tricarbonyldieneiron complexes exhibit two strong absorptions in the 

infrared at ca. 2050 and 1970 cm~\ the latter sometimes being resolvable into 

two bands, characteristic of the carbonyl stretching frequencies for the Fe(CO)3 

group. Electron-withdrawing substituents on the diene moiety generally shift 

these bands to higher frequencies, whereas electron donors shift them to lower 
frequencies, a consequence of their effect on the diene-metal and hence metal- 
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CO dn—pn interactions, and probably attributable to shifts in the energy levels of 

diene HOMO and LUMO. There are no absorptions above 1600 cm“^ due to 

diene C=C stretching, this being shifted to much lower frequency [1464 cm ~ Mn 
butadiene-Fe(CO)3] owing to coordination with iron. 

In most cases, the mass spectrum shows a molecular iron, followed by 
successive loss of the three CO ligands, giving M - 28, M - 56 and M - 84 peaks, 

with subsequent loss of iron to give M — 140. Sometimes the molecular ion is too 

weak to allow accurate mass determinations, and in a few cases the highest mass 

seen is M~S4. In some cyclohexadiene complexes there is the added possibility of 

loss of hydrogen during fragmentation, the driving force being aromatization. 

Hydrogen loss usually occurs after loss of two of the CO ligands, so that the 

spectra show M, M - CO, M - 2CO, M - (2CO + 2H) and M - (3CO + 2H). 
The last ion is often the base peak. 

For structural information NMR spectra, both proton and carbon-13, are 

indispensable. Tricarbonylcyclohexadieneiron 16 shows H-2 and H-3 in the 
proton NMR spectrum as the A2 part of an A2X2 group, in the normal olefinic 

region at 55.23 p.p.m. ./i,2 = «/3,4 = 6.6, J2,4 = ^1,3 = 1-5 Hz), H-1 
and H-4 as a multiplet at 5 3.14 p.p.m. (near the allylic region) and the methylene 

protons as a multiplet at S 1.63 p.p.m. The separation of these signals makes the 

task of determining substitution patterns of derived diene complexes simpler. 
Some examples are given in the structures below. 

5 3.58 

OMe 
I yFeiCO)^ 

^ — H 6 5.00 

6 2.70 

Notice the difference in positions of the MeO resonance in 17 compared with 
18. This, together with the long-range coupling observed between H-1 and H-3 

of 18 (1.5 Hz), is extremely useful, for example in assigning structures such as 19 
and 20. 

Fe(CO), 

H 6 5.23 

OMe 6 3.43 

-H 6 5.26 

-FelCOlj 

6 5.00 

(1 

(COljFe 
H 6 5.1 (s) 

(19) 

The tricarbonyliron complexes of acyclic dienes show analogous proton NMR 

spectra, H-2 and H-3 of the parent butadiene complexes occurring at 55.28 and 

H-la and H-4a at 51.68 p.p.m. The most striking difference between this and the 
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cyclic diene complexes is that we now have two additional protons, H-lb and H- 
4b, which resonate at very high field (<5 0.22 p.p.m.): 

FelCOj 

/^HO 

Hb ■ 

Some discussion of * NMR spectra was presented in Chapter 1, mainly the 
effects of substituents. In diagrammatic form below are given NMR data (5) for 
some simple complexes and related dienes, for comparison. 

124.5 

62.5 

136.4 

/ 
/ 

117.5 

137.7 
133.2 // 

/r\ 
114.2 OMe 

Fe (CO) 3 

85.2 

40.4 

Fe(CO) 

66.0, 

31.2' 

3 
OMe 

34.0 

On first inspection, the relatively high-field resonances of the terminal diene 
carbon atoms of the complexes might be taken to imply that these have some sp^ 
character. However, the observation that the C-H coupling constants for 
the terminal carbons (172.8 Hz) and C-2/C-3 (172.8 Hz) are the same in the 
cyclohexadiene complex and in the range expected for sp^ hybridized carbons {ca. 

160-170 Hz) rather than sp^ carbons (ca. 130 Hz) quickly dispels this notion. 
It is interesting that at normal temperatures the Fe(CO)3 group shows a single 

resonance at ca. 212 p.p.m for the CO carbons. When the temperature is lowered, 
two resonances are seen in an intensity ratio 2:1, which are expected for a 
complex of fixed geometry. This is due to the fluxionality phenomenon discussed 
in Chapter 2. 
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Removal of the Fe{CO)^ Group 

To be useful as a stoichiometric reagent in organic synthesis, a metal complex 

must be capable of having the metal removed in order to release, in high yield, the 

organic moiety which will presumably be involved in a synthetic scheme. 

Although the diene ligand can in a few limited cases be displaced by another 

ligand, e.g. triphenylphosphine, this method is not general and consequently 

more reliable means are sought. The most widely applicable procedures involve 

the use of a mild oxidizing agent that is capable of oxidizing the metal but not the 

liberated ligand. With acyclic dienes, over-oxidation is not usually a problem, but 

cyclohexadienes may aromatize very readily if oxidation is too severe. A number of 

transition metal oxidants have been used, cerium(IV) ammonium nitrate being 

particularly successful for a number of acyclic diene complexes, and iron(III) 

chloride or ethanolic copper(II) chloride for cyclohexadiene complexes. Shvo and 

Hazum^'^ reported the use of trimethylamine A-oxide, and this is now the reagent 

of choice. It has the advantage that reaction conditions are neutral to basic 
(Me3N is generated, so this depends to some extent on solvent and temperature), 

so that methoxy-substituted dienes can be liberated without hydrolysis of the 
acid-sensitive enol ether moiety. 

Chemistry of Diene-FeiCO)^, complexes 

Generally, the complexes do not undergo the same reactions as free dienes. 

Thus, they are resistant to Diels-Alder reactions, catalytic hydrogenations, 
hydroxylation, etc. This makes Fe(CO)3 an attractive protecting group for 

conjugated dienes (see later). The complexes will react with electrophilic reagents. 

The butadiene complexes appear to react more readily than cyclohexadiene 

complexes, and the reactions proceed without polymerization of the diene. 

Butadiene-Fe(CO)3 is acetylated under mild conditions to give mixtures of 21 

and 22 in varying proportions, depending on the work-up used. Thus, quenching 

the reaction mixture with cold aqueous ammonia gives 21, while use of sodium 

methoxide in methanol gives exclusively 22, provided sufficient time is allowed 
for isomerization. 

FeCCOlj 

(21) (22) 

The stereochemistry of acylation, while not important for butadiene com¬ 

plexes, deserves comment. The reaction appears to take place by reaction of the 

acyl cation on the diene face endo to the metal, as evidenced by the isolation and 
X-ray structure determination of the 7i-allyl intermediate 23 

F 6(00)3 Fe(C0)3 

MeCOCI 
-► 
AICI3 

// + 
—COMe 

COMe 
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Me 

Fe (00)3 

——Me 

(1) MeCOCI 

-► 
AICI3 

(2) NH4PF6 

Me 

(23) 

The most thorough study of acetylation of acyclic derivatives was carried out 

by Graf and Lillya,^^ who investigated the regiochemistry of the reaction with a 

number of substituted diene complexes. Of particular interest is that tri- 

carbonyl(2-methoxybutadiene)iron gives exclusively the product 24 on acet¬ 

ylation, although in only moderate yield. For an uncomplexed diene, we might 

have expected electrophilic attack at the terminus a- to the MeO substituent. A 
plausible explanation is that acylation occurs first on the Fe ‘lone pair’ (see above) 

and the acyl cation transfers to the diene carbon atom having the largest 
coefficient in the complex HOMO. Since the complex HOMO corresponds to the 

diene LUMO, we expect that acylation will occur at C-4, as observed. The 

implication is that the reaction is under overall frontier orbital control: 

MeO 
MeCOCI 

-► 
AICI3 

(24) 

MeO 

complex HOMO 

Acetylation of tricarbonyl(cyclohexadiene)iron occurs less readily and gives 

the M-endo acetylated product in low yield (30-40%), in accordance with the 
above stereochemical results. Apparently the rr-allyl intermediate is extremely 

unstable (see later) and readily transfers the only available, but albeit less acidic, 
proton endo to Fe, to give the product 25 directly without the need for aqueous 

work-up. The triphenylphosphine dicarbonyl complex 26 reacts much more 

readily, even at — 78 °C, to give the product 27 in 85% yield. This undoubtedly 

reflects the enhanced availability of electron density on the Fe t2g orbitals.^® 

H j:OMe 

V 
Fe(CO), 

(25) H 
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■Fe(C0)2pPh3 

(26) 

MeCOCI 

AICI3 

CH2CI2 
-78 °C 

With cycloheptatriene complexes a different situation arises, since there is both 

an uncoordinated double bond and a diene—Fe(CO)3 unit. Normally the 

uncomplexed olefin is more reactive and in this case it is more so, since there is an 
added driving force in the formation of the stable dienyl-Fe(CO)3 cation (see 

Chapter 8). This accounts for the observed regiochemistry, and also allows the 

diene complex to be formylated under conditions where other complexes are 
unreactive. 

The simplest electrophile, H^, also reacts with diene-Fe(CO)3 complexes. 

Solutions of butadiene-Fe(CO)3 in acids show broad signals due to dynamic 

equilibrium between protonated iron species and 7r-allyl complexes. The Fe-H 
species is evidenced by high-field proton NMR absorptions {ca. S — 6 p.p.m.). 

Fe(C0)3 (60)3 Fe — H Fe(CO), 

Me 

(28) 

The allyl-Fe(CO)3 species 28 is coordinatively unsaturated. Under approp¬ 

riate conditions it will disproportionate to give the stable allyl-Fe(CO)4 complex 

29 which can be isolated by precipitation with diethyl ether. Better yields of this 
complex are obtained when the acid treatment is conducted under an atmosphere 

of carbon monoxide, provided the temperature is not allowed to rise. 



268 

Fe(C0)3 

HBF^ 
-► 
CO 

Fe(CO)^ 

Me 

(29) 

(30) 

If the reaction temperature is allowed to reach ca. 50 °C, conversion of 29 to the 

more stable 30 occurs. 7r-Allyl-Fe(CO)4 complexes derived from cyclohexadiene- 

Fe(CO)3 have never been isolated, despite a number of attempts, suggesting 
inherent instability of these species. 

Use of Fe{CO)^for Diene Protection 

Reaction of the terpene myrcene with Fe(CO)5 gives good yields of myrcene- 
Fe(CO)3 31. The isolated double bond of this complex can be made to undergo a 

number of typical conversions without affecting the diene-Fe(CO)3 grouping. 
These are summarized below.^^ 

FelCO)^ 

(31) 

MeCOCI, 

AlClj, 

CHgCIgjO 

The enhanced reactivity of the free double bond may be used to form species 

which will undergo intramolecular reaction with the diene-Fe(CO)3 group, as 
shown below.^® 



269 

31 
HBF, 

CHgCIa 

(COCDg 

AICI3 , CHgClg' 

- 78 °C 

Fe (CO), 

■Fe(CO), 

,COCI 

'Cl 

W 
Fe(CO), 

Tricarbonyl(ergosteryl acetate)iron also shows protection of the ring-B diene 

moiety during a number of useful transformations, shown below. The Fe(CO)3 

group can be removed easily with iron(III) chloride to liberate the organic 

molecules. 

The application of both the steric bulk and coordinating ability of the Fe(CO)3 

group is shown in the following conversion of ergosterol to epiergosterol 33. The 
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coordinating ability of the iron prevents the diene of the intermediate 32 from 

conjugating with the ketone carbonyl, and its steric bulk forces the hydride 

reducing agent to attack from the usually more hindered ^-face.^^ 

0 

(i) LiAI(OBu')3H 

(ii) FeClj 
-► 

HO 

(33) 

An elegant exploitation of the ability of Fe(CO)3 to protect the diene and also 
activate a triene complex to Friedel-Crafts reaction has been reported by 

Franck-Neumann et Cycloheptatrienone normally does not undergo 

Friedel-Crafts reactions owing to the deactivating influence of the keto group. 
However, its Fe(CO)3 derivative 34 readily acetylates to give 35, owing to the 

driving force discussed above. The non-complexed double bond in 35 reacts 

selectively with 2-diazopropane to give, after ring opening of the intermediate, the 

complex 36. This was then converted to the natural product )?-thujaplicin 37 or fi- 

dolabrin 38. 

OH 

(37) (38) 
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The diene-Fe(CO)3 moeity is stable to a large number of organic functional 
group transformations. This will become apparent in Chapter 8 when the 

synthetic apphcations of dienyl-Fe(CO)3 complexes are discussed. The con¬ 
version of the diene complexes to the latter by treatment with triphenylmethyl 

tetrafluoroborate leads to one of the more fruitful areas for synthetic 

applications: 

■Fe(CO), 
PhjC^ BF4" 
-► Fe(CO), BF, 

While one normally thinks of diene-Fe(CO)3 complexes as reactive towards 

electrophiles, some interesting results have been obtained by Semmelhack,^® who 

showed that treatment with strong carbon nucleophiles results in addition to the 

diene ligand to produce an anionic complex which can be protonated, with loss of 

iron to give a mixture of olefins. 

Oxidative Cyclization 

Treatment of a tricarbonyldieneiron derivative containing an enolizable 1,3- 

dicarbonyl group in the side-chain with manganese dioxide^ ^ results in an 

oxidative cyclization, e.g. 41 42 and 43 44. 

Fe(C0)3 

Intermolecular oxidative addition of alcohols has also been achieved by 
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treatment of the cyclohexadiene-Fe(CO)3 complex with thallium(III) trifluoro- 

acetate in the alcohol as solvent.^^ 

Fe(CO), 

1 
ir , EtOH 

r 1 
__ 

'OEt 

Intramolecular variations of these reactions have been achieved with com¬ 

plexes containing hydroxy-substituted lateral chains.^ ^ This is useful for 

synthesizing dienyl cation complexes having structures inaccessible by the usual 

methods: 

HBF^ , 

AcgO 

-► 
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The attachment of an Fe(CO)3 unit to cyclooctatetraene offers a means of 

moderating the reactivity of this compound and of obtaining a degree of control 

over reactions which normally cannot be performed. The uncomplexed tetraene 

gives rise mainly to polymeric material on attempted Friedel-Crafts acylation. 
Reaction of pentacarbonyliron with cyclooctatetraene under either thermal or 

photochemical conditions gives good yields of the complex 45 as a red crystalline 

solid. The complex shows averaging in the NMR spectrum which may be trozen 

out’ at low temperature, due to fluxionality, the mechanism of which appears to 

involve 1,2-shifts of the Fe(CO)3 group around the ring.^'^ This may partly 

account for its resistance to catalytic hydrogenation. The reaction of 45 with 
electrophiles is not a simple process but does give clean products in good yield. 

Protonation results in formation of the bicyclo[5.1.0]octadienyl complex 

46, which is smoothly reduced with sodium borohydride to give the neutral 

complex 47. 

Reaction of 45 with the powerful dienophile tetracyanoethene appears to 

proceed by a non-concerted mechanism to give, finally, the adduct 48, the 

formation of which, by internal nucleophile addition to a cyclooctadienyl cation 

complex, is consistent with other nucleophile additions to these systems (see 

Chapter 8). Removal of the Fe(CO)3 results in formation of the dihydrotri- 

quinacene derivative 49.^^ 

CN 

(49) 
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Interestingly, reaction of 45 with chlorosulfonyl isocyanate (CSI) followed by 

desulfonylation results in the normal cycloaddition product 50 expected from the 

uncomplexed diene portion. This difference is probably due to the greater ability 

of a bis-nitrile moiety to stabilize a carbanoin, resulting in preference for a non- 

concerted pathway. 

HNI 

(i) 0 = C = NS0,CI 
45 -^ 

(ii) PhSH, py 

Fe (00)3 

(50) 

The action of heat on 45 results in what appears to be a thermally disallowed 
disrotatory cyclization of the uncomplexed diene portion of the molecule to give 

the bicyclo[4.2.0]octatriene complex 51. Undoubtedly the metal is affecting the 

course of electrocyclic reaction by perturbation of the cot MOs, as discussed 
earlier (Chapter 2), but the exact details have not been worked out. 

# 160 °C 
45 -► 

H 

H 

(51) 

Fe(C0)3 

Some electrophilic substitution reactions of (cot)Fe(CO)3 have also been 

examined. Vilsmeier formylation proceeds smoothly to give the ‘normal’ product 

52, from which the metal can be removed to give formylcyclooctatetraene. 

On the other hand, Freidel-Crafts acetylation results in only a very low yield 

(5%) of unrearranged acetyl derivative 53, the major product being the bicyclic 
derivative 54, analogous to the product of protonation.^^ 

(53) 

Fe(C0)3 

(54) 
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An interesting reaction takes place on treatment of 45 with aluminum chloride 

in benzene at 10°C, to give the carbonyl insertion product 55. Treatment of this 

with carbon monoxide at elevated pressure gives barbaralone 56.^^ 

(56) 

Other Metals 

Of the other metals which form complexes with 1,3-dienes, the most 
noteworthy are cobalt, rhodium and iridium, the commonly used counter ligand 

being ?/^-cyclopentadienyl.^® 

EtgO 
(CpH^ IpRh (acac) 4- diene -► (diene) Rh (acac) 

2 h 

CpTI 

t 

(diene) RhCp 

Reaction of these complexes with electrophiles, such as Friedel-Crafts 

acylating reagents, results in attack on the cyclopentadienyl ligand: 

The complexes react with trityl tetrafluoroborate to give cyclohexadienyl 

complexes by hydride abstraction, and these react with nucleophiles in an 
analogous fashion to the corresponding iron derivatives (see Chapter 8): 

PhjC^ BF^- 
-► 
- 
NaBH^ 

RhCp 

OMe 
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These complexes have not yet found such a range of synthetic applicability as 

the tricarbonyliron derivatives. 
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CHAPTER 8 

^^-Dienyl Complexes 

NON-CYCLICALLY CONJUGATED DIENYL COMPLEXES 

Iron, Ruthenium and Osmium 

By far the most work has been done on acylic pentadienyl and cyclohexa-, 

cyclohepta- and cyclooctadienyl complexes of iron, ruthenium and osmium, so 

most of our attention in this section will be confined to these complexes. We shall 

also introduce analogous complexes of the cobalt group, and of manganese and 

chromium. 
The preparation of tricarbonylcyclohexadienyliron tetrafluoroborate 1 in 

100% yield was first reported in 1960 by Fischer and Fischer.^ It is formed by 

hydride abstraction from the cyclohexa-l,3-diene-Fe(CO)3 complex using 

triphenylmethyl (trityl) tetrafluoroborate. 

■FelCO), -1- Ph^C^ BF^' 

Fe(CO), 

BF,- + PhjCH 

(1) 

Being insoluble in ether, the dienyl complex is readily precipitated and separated 
from the triphenylmethane by-product. 

These cationic derivatives, obtained either as their BF^ or PF^ salts, are 

invariably yellow microcrystalline involatile solids. They exhibit two strong 

absorptions in the IR spectrum at ca. 2150 and 2050 cm approximately 

100cm“^ to higher frequency than the corresponding absorptions of neutral 

diene-Fe(CO)3 complexes. This is due to delocalization of the positive charge of 

the dienyl group on to the metal, which is the reason for the high stability of these 

compounds, resulting in reduced back-donation of electrons from Fe into the 

CO 71* antibonding orbitals, and therefore an increased CO yr-bond order 
(see Chapter 1). 

The corresponding acyclic pentadienyl-Fe(CO)3 complexes are less easy to 
prepare. For example, treatment of pentadiene with Fe(CO)5 gives exclusively the 

complex 2, which will not undergo hydride abstraction to give 3. The correspond- 
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ing cisoid pentadiene complex 4 will in fact undergo smooth hydride abstraction 

with trityl tetrafluoroborate, but since this is obtained usually by borohydride 

reduction of 3, it does not constitute a synthetic method. 

FelCOlj 

Ph3C'''BF4- 

NaBH4 

(4) 

FelCO), 

Fe (CO), / 
(2) 

Fe(CO), 

BF. 

Evidently a cisoid substituted diene structure, automatically produced by 

cyclohexadiene systems, is essential for H“ abstraction to be successful. 
Trans-Pentadienol reacts with Fe(CO)5 thermally to produce reasonable yields 

of the complex 5. Treatment of this with anhydrous HBF^ leads to rearrangement 

of the complex and loss of a hydroxy group to give 3. Substituted derivatives, 

mainly the methylated compounds have been prepared similarly. 

FeCCOlj 

(5) 

This appears to be the best method for the preparation of the acyclic complexes, 
although compounds bearing functionalized substituents or substituents capable 

of perturbing the electronic system do not appear to have been investigated. 
Cycloheptadienyl-Fe(CO)3 complexes may be prepared in two ways. Reaction 

of cycloheptatriene-Fe(CO)3 derivatives with HBF^ under anhydrous con¬ 
ditions, followed by precipitation with diethyl ether, leads to good yields of the 

complex 6. This may also be prepared by reaction of the cycloheptadiene- 

Fe(CO)3 complex with trityl tetrafluoroborate in the usual manner. Substituted 

derivatives do not appear to have been investigated. 

Cyclooctadienyl-Fe(CO)3 complexes may be prepared in an analogous manner. 
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Nuclear Magnetic Resonance Spectra of Simple Dienyl-Fe{CO)^ Complexes 

The proton NMR spectra of the simple unsubstituted dienyl complexes show 
the following trends. The lowest field absorption is found for the ‘central’ dienyl 

proton H-3 at ca. 7-7.5 p.p.m. (downfield from Me4Si); the next signal at ca. 3 

6 p.p.m. is that due to H-2 and H-4, and the highest field signal is that due to the 

terminal protons. As is the case with neutral butadiene complexes, the ‘inner’ 

terminal protons H-lb of acyclic pentadienyl complexes are found at higher field 
than the ‘outer’ protons H-la. The cyclohexadienyl complex shows an interesting 

pattern for the 6-methylene group. Thus, the endo-proton is found at lower field 

than the cxo-proton, possibly reflecting a deshielding influence of the Fe(CO)3 

group, also found for the uncharged cyclohexadiene-Fe(CO)3 complexes. The 

exo-proton is found as a simple doublet with large geminal coupling to endo-H, 

whilst the endo-proton is a doublet of triplets displaying a significant coupling to 

H-1 and H-5. This infers that the shape of the molecule is that shown in 

Figure 8.1, since the Karplus relationship for vicinal proton-proton couplings 
predicts a greater coupling where there is a dihedral angle near 0° than when this 

angle is near 90°. The NMR data (<5 p.p.m.) for these simple complexes are 
summarized below. 

♦ 

Figure 8.1 Shape of cyclohexadiene-Fe(CO)3 complex 

6 7.34 6 7 22 

H 

6 6.26 H 

6 3.75 

6 2.17 

FelCOlj 

In general, the proton NMR shifts for these cationic complexes are at lower 

field than the corresponding resonances for diene-Fe(CO)3 derivatives, probably 

owing to the distribution of charge on to the ligands. Unfortunately, the 

differences between the shifts, amounting to around 3-4 p.p.m. are approximately 

within the range which is obtained by magnetic anisotropy effects and 

consequently tell us nothing about 7i-electron density distributions in the ligand 
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(charge distribution). For this purpose NMR is much more useful. Carbon- 

13 NMR shifts (5 p.p.m.) are given below for the simple cyclohexadienyl and 

pentadienyl complexes. Included for comparison are the data for the 

uncomplexed cyclohexadienyl cation (obtained by protonation of benzene).^ 

6 181 

56 

6 89.0 Fe(CO), 

: + 

23.1 

101.4 

63.7 

6 95.6 FelOO)^ 

104.6 

65.4 

It is evident that all the carbons of the cyclohexadienyl cation are shifted to 

higher field on complexation to Fe(CO)3, reflecting a delocalization of the charge 
on to the metal. It is even more interesting that, if we assume an approximate 

relationship between positive charge and ^ shifts (lower field, greater charge), 

the differences now being well outside the range due to anisotropy effects, we can 

see that the charge distribution in complexed and uncomplexed cations is 

considerably different. Whilst the distribution observed for the free cation is 

exactly what we would have expected from the valence bond description and 
Huckel calculation, that found for the complexed system is not. It in fact reflects a 

donation of electrons from the iron to the dienyl LUMO as discussed in Chapter 

1. This has interesting consequences regarding reactivity, to which we shall return 
later. 

+ 

Synthesis of Substituted Cyclohexadienyl-Fe{CO)^ Complexes 

Organic synthetic methodology based on the reactivity of the parent 

cyclohexadienyl-Fe(CO)3 complex is likely to be of limited usefulness. Poten¬ 

tially, of greater use would be to exploit the reactivity of these complexes which 

bear substituents such as methyl, methoxy and C02Me on the dienyl system. 

These might also have significant effects on reactivity which could be exploited. 

The most obvious way to produce these complexes would be to react an 

appropriate diene derivative with trityl tetrafluoroborate (or hexafluorophos- 

phate). However, in an unsymmetrically substituted diene complex there are two 

methylene groups from which H“ might be removed and, in principle, two 

products for the reaction. The nature of the substituent might well affect the 

regiochemistry of this reaction, and we now consider a selection of results which 

throw some light on the factors controlling the selectivity of this process. These 

are summarized in Tables 8.1 and 8.2. 
Basically, hydride abstraction appears to be susceptible to two controlling 

factors: (1) steric effect of substituents since Ph3C^ is very bulky and (2) elec- 
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Table 8.1 

(A) (B) 

R Ratio A:B 

OMe 94:6 
Me 60:40 
C02Me 20:80 

Table 8.2 

R R' Ratio C:D 

OMe H 20:80 
C02Me H 5:95 
OMe Me 95:5 

tronic effects. The steric effect is self-explanatory and evidenced in Table 8.2 (first 

entries). The electronic effects are less obvious and information concerning these 
can only be usefully obtained from reactions of diene complexes such as those in 

Table 8.1, and the last entry in Table 8.2, where steric effects at the alternative 

methylene groups are balanced. The results in Table 8.1 showing the effects of 

methoxy and C02Me substituents are at first puzzling. For example, protonation 
of anisole to give the 3-methoxycyclohexadienyl cation and the meta-directing 

effect of C02Me groups on benzene nuclei, proceeding via a 2-methoxycarbonyl- 

cyclohexadienyl cation, suggest that in the uncomplexed series these are the 

favored, i.e. thermodynamically most stable, cations of the available alternatives. 

However, hydride abstractions give complexes which contain the less favored 

dienyl cation. The explanation is relatively straightforward. Since the dienyl 
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cation is bound to Fe by a synergic interaction involving the dienyl HOMO 

interacting with empty metal d orbitals and the dienyl LUMO interacting with 

filled metal d orbitals, we might expect that the strongest bond is formed when 

these pairs of orbitals are relatively close in energy. This is well known from 
perturbation theory.^ It is likely that a better bonding interaction will be 

obtained between the iron d orbitals and a cation having high-energy HOMO 

and low-energy LUMO, as shown in Figure 8.2. 

LUMO —- 

DIENYL COMPLEX Fe DIENYL COMPLEX Fe 

Figure 8.2 Interaction diagrams for Fe bonding to dienyl cation 

Table 8.3 gives the calculated HOMO and LUMO energy levels for variously 
substituted methOxy- and methoxycarbonylpentadienyl cations.'^ It can be seen 

that the 2-methoxy-substituted cation has the lowest LUMO/highest HOMO of 

the methoxy series, whereas the 3-methoxycarbonyl system has the lowest 

LUMO/highest HOMO of the ester series. Therefore, in the absence of 

competing steric effects, it is likely that a product-controlled reaction would favor 

the formation of complexes of these cations, as is indeed observed (these are also 

the least stable free cations, as expected). 

There are, of course, limitations on the use of trityl cations to prepare these 
complexes. The strong dependence of product on electronic factors noted above 

makes it difficult to prepare specific alkyl-substituted complexes, e.g. 2- 

methylcyclohexadienyl-Fe(CO)3 (Table 8.1). However, there is an alternative 
method which makes these compounds accessible, viz. acid treatment of the 

Table 8.3 Calculated HOMO and LUMO energy levels for substituted 

methoxy- and methoxycarbonylpentadienyl cations. 

Cation HOMO LUMO 
Stabilization 

energy 

1-MeO -0.88552 0.09987 -9.80864 
2-MeO -0.855581 0.00000 -9.65792 

3-MeO -1.00000 0.10086 -9.78395 
l-C02Me -1.11164 -0.27975 -14.91557 
2-C02Me -1.09302 0.00000 -14.96638 
3-C02Me -1.00000 -0.29805 -14.80583 
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appropriately substituted methoxyalkylcyclohexadiene complex. Some exa¬ 

mples, together with mechanism of the reaction, are given below.^ 

i 

Another limitation is that the trityl cation is very bulky, so that hydride 

abstraction is completely suppressed from complexes such as 7 and 8. An indirect 

route is available, however, in which the complexes are subjected to oxidative 

cyclization (see Chapter 7) followed by acid treatment and acetylation of the 

alcohol functionahty produced during ring opening, to give the unusually 

substituted cations 9 and 10. 
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The ruthenium and osmium tricarbonyl complexes of the cyclohexadienyl and 

cycloheptadienyl cation analogous to the iron complexes 1 and 6 have also been 

prepared by hydride abstraction from the corresponding diene complexes and 
protonation of triene complexes. 

Reactions of Dienyl-M{CO)^ (M — Fe, Ru, Os)^ 

As might be expected from their cationic nature, dienyl-M(CO)3 complexes 

(M = Fe, Ru, Os) react with nucleophiles to give neutral complexes. Less obvious 

is the fact that in most of the cases studied the nucleophile attaches itself directly 

to the dienyl ligand to give a substituted diene complex, rather than attacking one 

of the CO ligands (metal carbonyls are known to react with nucleophiles at CO). 

The reaction is usually very clean. However, on close examination the product 

obtained is not exactly that which might be expected. Whilst much work has been 

done on fairly simple acyclic dienyl complexes, most results for substituted 
complexes have been obtained for cyclohexadienyl systems owing to their ready 

availability. Simple cycloheptadienyl complexes have been studied, but not in 

great detail. However, a comparison of the available results is interesting, and 

here we shall attempt to rationalize the behavior of these three types of complex. 
Basically, the observed reactions are summarized in the following equations, 

including some specific examples. 
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Fe(CO), Fe (CO) 

I 

(11) 

Reactions of complex 11, r’ = r2 = h : 

(12) 

Fe (CO), 

'"R 

(13) 

Fe(CO), 

(15) 

Reactions of complex 1 ; Fe(C0)3 

OR 
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1 + 
CHjCN 

60 °C 

1 + RgCd -► 

R = i-Pr, Ph, PhCHg , 

CH2CH = CH2 
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1 + 
heat 
-► 

Reactions of complex 6 : 

6 + NaCN - 

4 

reaction in EtOH ; 1 

reaction in EtOH/CH2CI2 : 1.2 
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The reactions of the pentadienyl and cyclohexadienyl complexes are in fact 
what we might have expected for the reactivity of a dienyl cation, i.e. nucleophiles 
add to the terminus of the ligand. However, when we examine the ‘^CNMR 
spectrum of 1 (above), we see that the problem is not this simple. These data show 
that the greatest positive charge is in fact at C-2, so that the we might well have 
expected a nucleophile to attack at that position. Note that this mode of addition 
is actually (partially) observed for the cycloheptadienyl complex, so is not a 
disallowed pathway. The available MO calculations’ are in agreement with the 
^^CNMR data, and the charge distributions of 1 together with shifts for 
comparison are given in Table 8.4. 

Table 8.4. Charges and shieldings of complex 1 

C-1 C-2 C-3 

Charge + 0.140 + 0.226 + 0.159 
shift (p.p.m.) 63.7 101.4 89.0 

It can be seen that ^ shifts correlate very well with charge densities. Why 
does nucleophile addition to 1 occur solely at the terminal position? Note also 
that all nucleophiles studied add M-exo (i.e. side opposite metal). This might be 
due to steric hindrance from the metal grouping, but it is also possible that other 
factors are involved, particularly in view of Hoffman and Eisenstein’s recent 
interpretation of nucleophile additions to olefin-metal complexes (Chapter 5). 

A considerable amount of kinetic information is available for these reactions,® 
but so far it has yielded no indications of the factors controlling nucleophile 
addition. It seems clear, however, that the reaction is not completely under charge 
control. Probably the nucleophile HOMO interacts with the complex LUMO at 
the carbon atom with the largest coefficient. Unfortunately, there is no published 
information on the nature of the LUMO, and it seems unlikely that much 
progress will be made for sometime. Such calculations as are available^ in fact 
show around seven molecular orbitals very close in energy and therefore all 
candidates as the LUMO. Figure 8.3 shows in diagrammatic form the three 
lowest energy MOs. The coefficients at each dienyl carbon atom are appro- 

Figure 8.3 Possible dienyl-Fe(CO)3 LUMO combinations 
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ximately shown by the size of the orbital circle, but these and probably the 

relative energies of the MOs are undoubtedly sensitive to (a) the method of 

calculation employed and (b) the nature of the dienyl ligand. 
We can see, though, that if the addition is under overall frontier orbital control, 

then ij/Q would favor addition to the terminal carbons, ij/g would give addition to 

mainly C-3 and the terminal carbons, whilst would give addition mainly to C- 

2 and (less) the terminal carbons. Of course, the actual situation may be a 
combination of the three. More than this cannot be said at present. The results 

with the cycloheptadienyl complex are interesting in the context of charge vs. 
frontier orbital control. The addition of cyanide gives mainly the product 

expected from charge-controlled reactions whereas the addition of cyclopenta- 

dienyl anion gives mainly that is expected from ‘orbital’ control. Borohydride 

gives varying results depending on the solvent, and this too might reflect the 

balance between charge and orbital control, depending on whether the NaBH4 is 

more associated in less polar solvents. Unfortunately, no other work has been 

done to probe the controlling factors (but see later). Note, however, that CN' is a 

fairly ‘hard’ (low-energy) nucleophile and might be expected to be less influenced 

by orbital interactions,^® whereas Cp“ is softer and very susceptible to 

interaction with any LUMO of similar energy. 

In can be seen that the picture is not clear. Suffice it to say that in the case of 

cyclohexadienyl-Fe(CO)3 complexes, which are proving to be synthetically useful 

(see below), the reaction is regiospecific (terminal C atom) and stereospecific 
(opposite Fe). 

Substituent Effects on Reactivity 

With the ready availability of methoxy-substituted cyclohexadienyl complexes 

from the corresponding aromatic anisole derivatives it follows that the effect of 

methoxy substitution on the reactivity of cyclohexadienyl-Fe(CO)3 complexes is 
fairly easy to study. The 1-substituted complex 16 is readily hydrolyzed to give the 

cyclohexadienone complex 17 (see also Chapter 2). 

The 2-methoxy substituted derivative 18 is more interesting from the synthetic 

point of view, since it reacts regiospecifically with nucleophiles to give products 
19, a few examples being given below. 
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R = alkyl-Cd, etc., 

"CH(C02Me)2 , 
R'2NH , OR, 

, etc. 

The disubstituted complex 20 also reacts regiospecifically at the methylated 
dienyl terminus to give, e.g., 20. Thus, the methoxy group is exerting a directing 

effect which forces nucleophiles to react at the sterically more crowded terminus 

of the cyclohexadienyl ligand. 

OMe 

Me 

(20) 

No CH (C02Me)2 

-► 

OMe 

(C02Me)2 

(21) 

Let us examine the mechanism by which this directing effect operates. The 
NMR shifts for the complex 18 are shown below: 

OMe 

We can see that of the two termini, that adjacent to the methoxy (C-1) is at higher 

field, suggesting that there is less positive charge at this position. Consequently, 

we should expect that of the two termini, C-1 will be less reactive towards 

nucleophiles, simply owing to the difference in charge. That is, there is an 

electronic effect which results in a charge control being superimposed on the 

overall nucleophile addition. This is sufficient to cause nucleophiles to add at the 

more positive center even when that is substituted, as in complex 20. We can see 

how this charge distribution arises by examining the hkely effects of 2-0Me on 
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the coefficients of the bonding M.O’s of the complex, shown pictorially in 

Figure 8.4. Thus, the coefficients at C-1 for and 1/^2 larger than those at 

C-5. Hence electron density is increased at C-1. 

Figure 8.4 Bondings MOs of complex 18 (schematic only) 

The orbital 1/^2 seems to be particularly important from this point of view. In 

fact, no calculations on the complex are available in the literature, the above 

being adapted from Huckel calculations on uncomplexed dienyl systems. We can 

particularly note how the orbital involving 02 of the dienyl system is changed on 

methoxy substitution: 

Qiii 

When a slightly larger substituent is placed para to the methoxy group is in 

complex 22, a mixture of the regioisomers 23 and 24 is obtained, and their ratio is 

in fact dependent on the nature of the counter cation associated with the 

dimethylmalonyl anion. The results for Li, Na and K enolates are shown below. ^ ^ 

CH(C02Me)2 

OMe OMe 

(22) (23) (24) 

ratio 23:24 

Li+ 3.0:1 
Na+ 3.8:1 
K+ 5.7:1 
Na”^ ( + 18-crown-6) 5.7:1 

It can be seen that the use of a counter cation which strongly coordinates the 
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enolate gives a lower selectivity for the substituted terminus than does a cation 

which does not strongly coordinate. This interesting result indicates some kind of 

secondary controlling effect which is not understood at present, but possibly 
involves a frontier orbital interaction. 

Excellent regiocontrol on these reactions can be obtained by replacing the 

2MeO group with the bulkier 2-Pr‘O. Thus the diene complex 25 still gives the 
dienyl complex 26 in 100% yield on treatment with PhjC^ BF + , and this now 

reacts with malonate nucleophiles to give, quantitatively, a single product 27.“ 

OPr' 

-FeCCO), 

Et 

(25) (26) (27) 

The conversion of complexes of type 21, 23 and 27 to 4,4-substituted 

cyclohexenones of general structure 28 suggests a potential usefulness for these 

complexes, since there are many natural products which can be derived from such 

intermediates, provided the behaviour is general. 

21, 23, 27 
(i) MejNO 

(ii) 

We shall now briefly review such progress as has been made during the period 

1977-82 towards target-oriented organic synthesis using complexes of the above 

type. In many instances functional group transformations are carried out in the 
presence of the metal which illustrate the stability of the Fe(CO)3 group to a 

diverse range of reaction conditions and reagents. This is particularly important 

if this group is to be employed as diene or dienol ether protection. 

SYNTHETIC APPLICATIONS OF 

TRICARBONYL (CYCLOHEXADIENYL) IRON COMPLEXES 

Cyclohexenone y-Cation Equivalents 

The realization that the types of complex discussed above are synthetic 
equivalents of cyclohexenone y-cations has led to a possible application of 

retrosyntheti'c analysis employing that particular synthon. In particular, 

tricarbonyl(4-methoxy-l-methylcyclohexadienylium)iron hexafluorophosphate 

20 is now finding applications as an A-ring synthon for a number of novel 

approaches to steroids and various terpenoids. 
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Approaches to Steroid Total Synthesis 

The complex 20 is found to react regiospecifically with the tetralone-derived 

enolate 29 to give a mixture of diastereoisomeric complexes 30 in 95% yield. This 

mixture is readily converted to the enones 31 and 32, and these in turn have been 

converted to the D-homoaromatic steroid derivatives 33, 34, 35, as shown 
below. 

# 

(i) MejNO i (ii) j 

(iii) Me^NOAc , HMPA , A 

OMe 

0 
(35) 
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Approaches to Trichothecene Synthesis 

The trichothecenes are a group of naturally occurring sesquiterpenes exem¬ 

plified by trichodermol 36. They show potent cystostatic activity and are 

potential anti-cancer compounds. The natural products are very toxic, so it is of 

interest to develop methods for the synthesis of unnatural analogues which might 

show beneficial alterations in activity. The 12,13-epoxide is known to be essential 
for activity. 

Complex 20 was shown to react with methyl 2-oxo-l-potassiocyclopentane 

carboxylate to give a mixture of diastereoisomers 37, only one of which possesses 
the relative stereochemistry appropriate to the trichothecene ring system. The 

separate isomers were reduced quantitatively to the hydroxy esters 38 and 39 and 
the undesired 39 could be converted to the mixture by treatment with p- 

toluenesulfonic acid in dichloromethane. This facile interconversion of diaste¬ 
reoisomers [involving inversion of the diene-Fe(CO)3 group] proceeds by the 

mechanism shown below, and allows the preparation of the desired 38 in good 
yield. 

NaBH4 
NaBH4 

t ▼ 

Fe (COlj Q(^ 

Me CO2 Me 

(38) (39) 
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Mechanism ; 

Fe(CO), 

MeO 

The strategy for conversion of 38 into a trichothecene analogue, which does not 

possess a hydroxy function at C-4, involved a stereospecific epoxidation and 

trans-diol formation, and since a number of problems were associated with 

handling the corresponding hydroxy ester in which the Fe(CO)3 group had been 

removed, it was necessary to perform appropriate transformations on the 

complex. The sequence illustrates the stability of the diene-Fe(CO)3 group to a 

number of useful chemical transformations, including Sharpless epoxidation, 

ester reduction and alcohol dehydration. 

♦ 

(i) Bu'oOH, VO (acac)2 

(ii) Mel, NaH 

(i) MejNO 

mild 

t 

(40) 
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The intermediate enone 40 underwent regiospecific and stereospecific epoxide 
opening on treatment with acid under fairly vigorous conditions to give a diol in 

which only one OH has the stereochemistry which will allow its intramolecular 

Michael cychzation to give the tricyclic intermediate 41. This was converted to 

the 12,13-epoxytrichothecene derivative 42 using standard methodology. 

(40 (42) 

Synthesis of Spirocyclic Systems: Inter- and Intramolecular Nucleophile Addition 

to Dienyl-Fe(CO)3 Groups 

4-Methoxycinnamic acid is readily converted to the diene-Fe(CO)3 complex 
43 in ca. 55% overall yield. This can then be converted into the dienyl complex 44 
in high yield. Reaction of this complex with malonate nucleophiles gives a 

mixture of regioisomers from attack at C-1 and C-5, the former predominating 

{ca. 85% using dimethyl potassiomalonate). The desired product is converted 

to spiro[4.5]decane derivatives 45 using standard techniques. In similar fashion 

the homologous ester complex 46 is converted into spiro[5.5]undecane 
derivatives 47. 

OMe OMe 

(43) (44) 

(45) 
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OMe 0 

COgMe 

(46) (47) 

One way in which regioselectivity problems can be overcome is to carry out the 

nucleophile addition intramolecularly. To do this it is necessary to obtain dienyl 
complexes containing an enolizable group in the 1-substituent. A number of such 

compounds have been prepared as shown below, which again illustrates the 
variety of transformations which can be carried out in the presence of the diene- 

Fe(CO)3 group. 

OMe 

(51) (52) 
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OMe 

EtjN, CHgClg 
-► 
- 78 °C 

OMe 

CHCH2CH2CH (C02Me)2 

(54) 

OMe 

(CH2)„CH 

X = CM,C02Me 

(55) 

As can be seen, the keto ester methylene group readily enolizes and 

deprotonates in 48, giving rise to internal nucleophile addition to give 49 in 90% 

yield, which is readily converted through to the enone 50. This was the first 

recorded example of an annulation reaction involving these complexes. A 

problem is encountered with the lower homologue 51 since it prefers to cyclize on 
oxygen to give 52, analogous to the corresponding y-bromo keto esters or 

ketones in organic chemistry. Attempts to induce cyclization on carbon using the 

gem diester 53 resulted only in deprotonation of the exocyclic methylene group a- 

to the dienyl terminus. This indicates that this grouping is relatively acidic (pK^ 

ca. 13-14). The problem is easily overcome using the malononitrile and cyano 
ester derivatives 55, which are less sterically demanding and also have more 

acidic methine groups. Whilst the only cyclizations of dienyl-Fe(CO)3 complexes 

so far reported are those giving rise to spirocyclic systems, there is every reason to 

believe that other modes of annulation can be developed using similar enolizable 
groups. 

Interesting ring-forming reactions can also be developed using tosyloxy- 

substituted complexes, such as 58. In these complexes there are two electrophilic 

centers, one on the dienyl ligand and one at the tosyloxy substituent (a good 

leaving group). Reaction of these complexes with excess of sodiomalononitrile 
results in addition to the dienyl system, followed by deprotonation of the 

malononitrile group (by exchange) and intramolecular tosylate displacement to 

give 56 and 57. There is still a problem with regioselection and the isolated yields 

are ca. 55%. When a reversible nucleophile, e.g. benzylamine, is used the 

regioselectivity problem is alleviated by the equilibrium established between 

‘wrong’ regioisomer and dienyl complex, resulting in very high yields of 
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azaspirocyclic complexes 59 and 60 which are readily converted to organic 

derivatives 61 and 62. 

OMe 

(59) (60) 

(61) (62) 

The intermediate 62 has been employed in a formal total synthesis of 

perhydrohistrionicotoxin 63,the fully hydrogenated derivative of histrionic- 

otoxin 66, a neurotoxin isolated from skins of the Colombian frog Dendrobates 

histrionicus. Perhydrohistrionicotoxin is a very useful neurophysiological tool. 

The intermediate 62 has been converted into 65, which had previously been 

converted by Corey’s group to 63. 

(63) (64) 
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6 steps 
62 -► 

(65) 

Of course, it should be pointed out here that any regioselectivity problems 

associated with complexes 44, 58, etc., can be overcome by replacing the 4-MeO 

group by 4-OPr‘ as described earher. The work on isopropoxy-substituted 

complexes was in fact a later development. 

Synthesis of Aspidosperma Alkaloids^^ 

There are a number of Aspidosperma alkaloids which possess an oxygenated 
C-18 grouping, e.g. cylindrocarpinol 66 and limaspermine 67. The usual methods 

for constructing these molecules utilize intermediates such as 68, which can in 

turn be derived from the appropriate 4,4-disubstituted cyclohexenone 69. Thus, 

there is potential for synthesis of these alkaloids from the above types of 
organoiron complex. The total synthesis of (±)-limaspermine has been achieved, 

starting from the readily available ester complex 43. Whilst better selectivity may 

now be obtained using the isopropoxy-substituted complexes discussed above, 

the results obtained with 43 were acceptable at the time the work commenced. 

(68) (69) 
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The complex 43 is converted to the dienyl salt 70, containing the protected 
(phthalimide) primary amine, in ca. 75% overall yield. Reaction of this with 

dimethyl potassiomalonate gives a mixture of regioisomers from which pure 71 
can be obtained in 70% yield by crystallization. This intermediate is readily 

converted to the tricychc intermediate 72 and thence to (± )-limaspermine 67 

using standard procedures. 

43 

(iv) PhgC^ PFg" 

(71) 

-► 

3 steps 

▼ 

A more efficient route to intermediate 72 has also been developed. A model 

study commencing with complex 23 established the methodology for elaborating 

the decahydroquinohne system of 73, which is an intermediate previously 

converted to aspidospermine 74. The sequence employed again illustrates the 

diverse number of transformations to which the diene-Fe(CO)3 group is stable. 
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23 -► 
Me^NOAc, 

HMPA, A 

(i) Bu'gAIH 

(ii) TsCI, py 
■-► 

C02Me (lij) mqCN, 

HMPA , 

60 °C 

(i) MejNO 

(ii) LiAIH4 

(iii) 
•-► 

(73) 

Starting with the functionalized dienyl complex 75, and using identical 

methodology, the decahydroquinoline intermediate 76 can be constructed, and 
converted into 72. 

(75) 

> 72 

Introduction of Angular Substituents into Bicyclic Systerns^^ 

The bicyclic dienyl-Fe(CO)3 complexes 77 and 80 are readily prepared from 
the corresponding tetrahn and indane derivatives. These complexes react with 

high regioselectivity with sodium cyanide and dimethyl sodiomalonate to give 78, 

79, 81 and 82. Introduction of methyl substituents into the uncomplexed ring 

caused steric inhibition of reactions at the angular dienyl terminus. The 

regiochemistry of the reactions depends on the stereochemistry of the methyl 

substituent and the results are summarized schematically below. 

NaR 
PFg- -► 

(77) 
(78) R=CH(C02Me)2 

(79) R = CN 



304 

(81) R = CH (C02Me)2 

(82) R = CN 

1 1 

Tricarbonyl (3 methoxycyclohexadienyl) iron Hexafluorophosphate 

and Related Compounds 

This 3-methoxy-substituted cyclohexadienyl complex 83 is not available using 

the usual hydride abstraction procedures, for reasons discussed above. It has 

been prepared by Birch’s group, starting from 1,3-dimethoxybenzene.^^ 
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Reaction of this complex with nucleophiles occurs to give complexes 84, and 

removal of iron followed by mild and hydrolysis gives the 5-substituted 

cyclohexenones 85. 

(84) (85) 

The Complex 83 is therefore the synthetic equivalent of the cation 86. 

(86) 

Similar, but more highly substituted complexes have been prepared, e.g. the 

dienyl complex 10. The dienyl termini in this complex are extremely hindered and 

normal products from nucleophile addition are not obtained. Interestingly, no 
product from nucleophile addition to non-terminal dienyl positions, and no 

product from nucleophile attack at the M-endo face were observed. Reaction of 10 

with dimethyl sodiomalonate gave only 87, from nucleophile addition to a CO 

ligand, and the cyclohexadienone 88, the mechanism of formation of which is 

unknown. The latter compound can also be formed in high yield by direct 

treatment of 10 with cerium(IV) ammonium nitrate. 

0 

Complexes 89, similar to 87 have also been observed during the reaction of 

NaOMe with tricarbonylcyclohexadienylosmium: — 
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(COgOsCOgMe 

(89) OMe 

When the 6-exo-substituted dienyl complex is less hindered, some success is 
obtained during nucleophile addition to the dienyl ligand, e.g. 90^91 and 

92^93. 

Fe (CO), 

OAc NaCH(CO,MeL 
-!-► (COgFe. 

“n, 

w' 

“h 

,„CH (C02Me)2 

(90) (91) 

Application of Cyclohexadienyl-Fe{CO)3 Complexes as Aryl Cation Equivalents 

Complexes resulting from nucleophile addition to simple cyclohexadienyl- 

Fe(CO)3 complexes can usually be subjected to oxidative reaction conditions 

which will remove the metal and oxidize the resultant cyclohexadiene to a 
substituted aromatic compound. In some cases the conversion can be achieved in 

a single step by direct treatment of the complex with palladium on charcoal at 

elevated temperature. In most cases, however, prior removal of Fe(CO)3 with 

trimethylamine iV-oxide is preferred, followed by oxidation, usually with DDQ. 
Good yields for this procedure have been reported.^® Some examples are shown 
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The following synthetic equivalents can therefore be derived and utilized for 
synthetic planning; 

(83) 

This represents considerable versatility of these complexes. The complex 18 has 

recently been employed for new synthetic approaches to the Sceletium alkaloid 
0-methyljoubertiamine 95. 

0 
(95) 
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Cobalt, Rhodium, Iridium 

Whilst these complexes have not been widely studied, there are a few reports of 

the preparation and reactivity of simple derivatives, and these will be briefly 

presented here. There is some scope for further development in this area, 

particularly with regard to the preparation of substituted derivatives. Some of the 

problems encountered with the corresponding iron complexes may or may not be 

overcome using cobalt complexes. The niost commonly used ancillary ligand is 

?7^-cyclopentadienyl, the complexes having the general structure:— 

The basic methods of preparation are similar to those for the iron complexes, and 

these, together with some reactions with nucleophiles, are summarized below.^° 

Me 

CoCp 
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Ph3C+ PFe" 

CHgCIa 
-► 
-78 to 20 °C 

PF, 

Bu'Li, thf , -78 °C 

'Bu' 

CoCp 

HPFr 
CoCp PFp 

Owing to the limited number of examples available, no general statements 

concerning reactivity can be made, apart from the fact that, in most cases. 
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although not all, nucleophile addition occurs to the dienyl rather than the 

cyclopentadienyl ring. 

Manganese and chromium also form cyclohexadienyl-M(CO)3 complexes, 
but these are intermediates formed by nucleophile addition to f/^-arene 

complexes, and will be discussed in Chapter 9. 

>y'-CYCLOPENTADIENYL METAL COMPLEXES 

Complexes containing the ^-cyclopentadienyl ligand can be roughly divided 

into two types: (a) metallocenes, which contain no other ligands, and 
(b) complexes containing rj ^-Cp and other ligands, such as CO, NO, PR3, etc. The 

cyclopentadienyl hgand is useful as an ancillary ligand in complexes whose main 

function lies in the reactivity of, e.g. an olefin, alkyl or other ligand. Examples of 

these have been met throughout this book. 

The metallocenes are by now an extremely well known class of compounds, 

exemphfied by ferrocene, the discovery and characterization of which initiated 
the explosive growth of organometallic chemistry witnessed during the past 30 

years. Ferrocene and its analogues in fact occupy a favored place among 

metallocenes, there being few parallels in the chemistry of other CP2M complexes 

with that displayed by the iron triad. This is a direct consequence of the variation 

of the number of electrons in the valence shell of the metals from the ‘magic’ 

number of eighteen. Complexes of metals to the left of iron in the Periodic Table 

are electron deficient, and these compounds, such as titanocene and molybde- 

nocene, often have dimeric or polymeric structures and undergo reactions in 

which extra ligands are added to the coordination sphere. Complexes of metals to 
the right of iron are electron rich, and the chemistry of, e.g., cobaltocene, 

rhodocene and nickelocene is dominated by reactions which lead to a net loss of 
electrons in the coordination sphere. 

Since a great deal of chemistry has now been done on ferrocene, we shall treat 

this and the related ruthenocene and osmocene in some detail, and then briefly 

consider other metallocenes. 

Ferrocene, Ruthenocene and Osmocene 

An excellent review by Rosenblum^^ covering the basic chemistry of these 

species appeared in 1965. Since space does not permit such a detailed 

presentation here, the interested reader is referred to this review. 

Methods of Preparation 

There are a number of methods for the preparation of these complexes, which 

in some cases are employed for the synthesis of other metallocenes. The first 

preparation of ferrocene 96 by Kealy and Pauson^^ utilized the reaction of 

cyclopentadienylmagnesium bromide with FeCl3 in diethyl ether-benzene 
solution (not applicable to metals whose halides are insoluble in these organic 
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solvents).^^ Subsequently, alkali metal cyclopentadienides, readily prepared from 

cyclopentadiene and the metal, metal hydride or metal acetylide in hquid 

ammonia or thf, have also been used in reactions with the metal halide. Ferrocene 

itself is an orange crystalline solid, m.p. 174°C. 

M -► 
or FeClj 

M = Li, Na , K , MgX, etc. 

(96) 

By far the most useful method for the preparation of ferrocene is to simply treat 

a solution of cyclopentadiene in diethylamine with anhydrous iron(III) or iron(II) 
chloride. This method is also applicable to other metallocenes. The iron chloride 

can be generated by using iron powder and replacing the amine with its 

hydrochloride. 

Direct reaction of the metal (or metal oxide, chloride) and diene at elevated 

temperatures, in the presence of various metal oxides, also furnishes ferrocene. 

This was the basis of the early preparation by Miller et alP 

The free metal or its salts may be replaced by pentacarbonyliron in this 
reaction. Indeed, reaction of metal carbonyls with cyclopentadiene provides a 

fairly general method for metallocene preparation. The reaction, with Fe(CO)5, 

appears to proceed with intermediate formation of the dimeric complex 97, which 

will be discussed later. 

Ruthenocene 98 and osmocene 99 have been prepared using similar metho¬ 

dology to that employed for 96. Thus, reaction of cyclopentadienylmagnesium 

bromide with ruthenium(III) acetylacetonate gives 98, whilst reaction of sodium 
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cyclopentadienide with RuClj or OsCU in thf or dme gives 98 and 99, 

respectively. 

Structure and Spectroscopic Properties 

X-ray structure analyses of ferrocene and its simple derivatives have revealed 

that this complex exists in the staggered or antiprismatic conformation shown 
below, in which nonbonded interactions between heteronuclear carbon atoms 

are minimized. On the other hand, in ruthenocene and osmocene the significantly 

greater distance between the rings leads to a reduction of these interactions to 

such an extent that in the crystal the molecules adopt the eclipsed (prismatic) 

conformation. 
• 

antiprismatic prismatic 

The barrier to rotation of the Cp rings appears to be low in ferrocene, as 

evidenced by the non-existence of isomeric heteroannularly, disubstituted 

ferrocenes. The potential barrier to ring rotation has been estimated as 2— 

5 kcalmol“^ from NMR line width studies. 
The mass spectra of metallocenes are simple, showing 

and M Weaker metal—ligand bonds sometimes lead to lower intensity for the 

parent molecular ions, but this is not reliable. Substituted ferrocene derivatives 

tend to show mass spectral fragmentation more akin to the corresponding 

aliphatic systems than to benzylic compounds. 
In the infrared and Raman spectra, ferrocene shows the following bands: C— 

H stretch 3085, antisymmetric C—C stretch 1411, antisymmetric ring breathing 

1108, C—H bend parallel to plane of ring (||) 1002, C—H bend perpendicular to 

plane of ring (1)811, antisymmetric ring tilt 492, antisymmetric ring—M stretch 

478 and ring—M bend 170cm“T The two absorptions at ca. 1100 and 

1000 cmare useful for structural assignments of polysubstituted ferrocenes. 

Derivatives in which one ring is substituted tend to give both these bands, whilst 
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those having both rings substituted lack the absorptions. This may be com¬ 

plicated by the presence of substituents which themselves absorb in this region. 

The peaks around 1000 cm “ ^ are also useful in distinguishing 'ortho-' and 'meta' 

acetylalkyl-, acetylaryl- or diarylferrocenes: 1,2-disubstituted compounds show a 

single peak, whereas 1,3-disubstituted compounds show two peaks. 

In the electronic spectrum, ferrocene shows absorptions at 440 and 325 nm, due 

to d-d type transitions. These bands are sensitive to ring substitution. The 
corresponding bands for ruthenocene and osmocene are found at shorter 

wavelengths. 
In the proton NMR spectrum ferrocene exhibits a singlet at d 4.04 p.p.m., and 

ruthenocene and osmocene show lower field shifts at 34.42 and 4.71 p.p.m., 

respectively. Substituted derivatives show the kind of unsymmetrical spectra 

expected and this is extremely useful, of course, for distinguishing homo- and 
heteroannularly disubstituted complexes, since the fluxionality of the molecules 

invariably leads to a single absorption for the unsubstituted ring. 

Chemical Properties 

Ferrocene, ruthenocene and osmocene are susceptible to attack by elec¬ 

trophilic reagents. NMR spectra in acidic media show the presence of metal- 

protonated species. For example, ferrocene-H"^ shows the high-field absorption 
((5 — 12.09 p.p.m.) due to a metal-bound proton. This is obtained as a broad, 

unresolved multiplet, and coupling with the ring protons leads to these being 

shown as a doublet (J = 1.3 Hz) at ^4.97 p.p.m. Rapid proton exchange with 
solvent leads to loss of this coupling in ruthenocene-H which now shows sharp 

singlets for both absorptions {5 5.33 and - 17.2 p.p.m.). Protonation is therefore 

occurring on a metal ‘lone pair’ orbital, i.e. one of the nonbonding e2g orbitals. 

The availability of the gjg electrons undoubtedly also accounts for the ease of 

oxidation and the facile electrophilic (Friedel-Crafts-type) substitution reaction 

of these complexes. For example, oxidations of a large number of metallocenes, 

through loss of one or more electrons from the metal atom, are readily effected 

electrolytically, photolytically and also using a variety of organic and inorganic 

oxidants. Ferrocene, ruthenocene and osmocene give the paramagnetic fer- 
ricenium, ruthenicenium and osmicenium cations, respectively. The cations can 

be reduced using, e.g., tin(II) chloride, sodium hydrogen sulfite and ascorbic acid. 

Ferrocene and its relatives undergo very facile 

Cp.M -^-► CPpM"^ BF,“ 

Friedel-Crafts acylation reactions. Indeed, ferrocene itself is acetylated 3.3 x 10® 

more rapidly than benzene. The monoacetyl compound 100 undergoes acet¬ 

ylation to give the heteroannularly disubstituted compound 101 about 200 times 

more rapidly than benzene. 
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The deactivation of the second ring in 100 relative to 96 makes it possible to 

isolate the monoacetyl compound relatively easily. 
There is general agreement that acylation takes place first at the metal (via the 

Cg ‘lone pairs’) followed by acyl transfer to the ring and then deprotonation. This 

is supported by the above observation of protonation and is similar to the 

reactivity of diene-Fe(CO)3 complexes (Chapter 7). 

The facility of this reaction also allows an intramolecular heteroannular 
reaction to take place with j8-ferrocenylpropionic acid 102. 

(102) (103) 

The reactivity towards acylation of the iron group metallocenes follows the 

order Fe > Ru > Os. Formylation offerrocenetogive 104 may be achieved under 
normal Vilsmeier conditions, again indicative of its high reactivity, since this 

reaction is normally applicable only to highly activated benzene derivatives. 

Only a monoformyl derivative is produced, owing to the deactivation effect of 

CHO. 
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(i) PhN(Me)CHO 

POCI, 
96 -► Fe 

(ii) H^o 

(104) 

The aldehyde 104, a dark red, crystalline substance, may also be prepared by a 

number of other routes, shown below. 

CUCHOEt 

96 “-^ 104 
Lewis acid 

Alkyl-substituted ferrocenes can be acylated to give mixtures of isomeric 

ketones, and the predominant product generally tends to reflect the steric 

requirements of both the alkyl substituent and the acylating reagent. The steric 

requirements of substituents on the ferrocene ring appear to be considerably 

smaller than in benzene derivatives. Some examples are given below. 

COMe 

1 2-3 
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Compare : 

^ \ 

sole product 

COMe 

The overall reactivity of ferrocene is little affected by alkyl substitution, and 
also there is little difference in the reactivity of the rings in monoalkylferrocenes, 

illustrated below for ethylferrocene. 

1.4 

Relative site reactivities in Friedel—Crafts acetylation 

Some site reactivities during the acetylation of aryl-substituted ferrocenes are 
shown below (approximate). 

0.77 
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0.71 1.16 

The acyl- and formylferrocene derivatives undergo most of the usual organic 

transformations expected for these functional groups. Some typical reactions are 

shown below, although this listing is not complete. The electron-releasing 

capacity of the ferrocenyl group results in a diminished reactivity of the carbonyl 
group. 
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As expected from reactions of aromatic organic compounds, Friedel-Crafts 

alkylation of ferrocene does not occur cleanly, being accompanied by the usual 
carbonium ion rearrangements. 

Ferrocene and its derivatives can be metallated by treatment with, e.g., 
butyllithium. The resultant ferrocenyllithium is of considerable importance for 

the preparation of substituted ferrocenes not accessible by direct methods (e.g. 

nitro compounds can not be prepared by nitration since this causes oxidation of 

the ferrocene). Some reactions are shown below. 
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NH2 

Fe 

(i) CuCOAdg 
(ii) HO" 

▼ 

Stabilization of a-Carbonium Ions and Neighbouring Group Participation by the 

Ferrocenyl Group^'^ 

The remarkable ability of the ferrocenyl group to stabilize a-carbonium ions is 

shown by the facile acetoxylation of vinylferrocene 105 in acetic acid to give the 

acetate 107, a reaction which undoubtedly proceeds via the intermediate 
carbonium ion 106. 
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The a-carbonium ion appears to be stabilized by overlap of the filled non¬ 

bonding iron orbitals (^29) with the vacant carbon 2p orbital as indicated below, 

together with direct overlap of the 2p orbital with the Ti-system of the metallocene 

rings. As a consequence of this effect, solvolysis of a-acetoxy compounds proceeds 

very readily by a unimolecular mechanism. Indeed, the solvolysis of the acetate 
107 proceeds approximately seven times faster than the solvolysis of tri- 

phenylmethyl acetate, so the intermediate a-carbonium ion 106 is much more 

stable than the trityl cation. Another interesting observation is that the 
analogous osmocene and ruthenocene complexes react more rapidly, the order 

(relative rate) being osmocene complex (5.37) > ruthenocene complex (1.36) 

> ferrocene complex 107 (1.0) for the reaction 

This order is the reverse of that found for basicity or Friedel-Crafts acylation. It is 
probably due to the physically larger d orbitals of osmium (or ruthenium) being 

more able to overlap with the carbon p orbital. 

An equally interesting phenomenon is the neighbouring group participation 

exhibited by certain a-acetoxy-substituted complexes. As an example, consider 

the exo- and endo-acetates 108 and 109, respectively. Both solvolyze by a 

unimolecular mechanism to give the exo-alcohol 110, due to addition of water to 

the cation from the less hindered side, but the exo-acetate solvolyzes 2500 times 
faster than the endo-acetate. 

(109) iendo) 
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This is a classical neighbouring group participation effect in which assistance is 
only realized when the assisting group (Fe) can effect displacement of the leaving 

group by ‘backside’ attack. An elegant explanation can be invoked using frontier 

orbital considerations, and comparing with the simple case of an 5^2 reaction. 

The latter reaction proceeds with inversion because the nucleophile HOMO can 

only interact successfully with the backside lobe of C—X bond (X = leaving 
group). A net antibonding interaction occurs with the front lobe.^^ 

Favored 

interaction 

HOMO LUMO 

HOMO disfavored 
interaction 

LUMO 

In similar fashion we can see that for assisted solvolysis, stabilization of the 
developing carbonium ion by an iron ejg orbital can only be achieved when the 

leaving group is arranged anti to the metal, as shown below. This interaction will 

lower the energy of the transition state for solvolysis of the exo-acetate but will 
slightly raise the energy of the transition state from the endo-acetate. 

0 

fovorable 
interaction 

unfavorable 
interaction 

This provides a useful explanation of the observation that the corresponding 

ruthenium exo-acetate solvolyzes faster than 108, whereas the ruthenium endo- 

acetate solvolyzes slower than 109. The higher energy e2g orbital of ruthenium 

will be closer in energy to the C—OAc LUMO, so that perturbation theory 
would predict that a greater stabilizing interaction would occur for the exo 

leaving group, whilst a greater destabilizing interaction should occur for the endo 
isomer. 

The above effects leading to stabilization of a-carbonium ions also results in 

very facile dehydration (El) of a-hydroxy compounds to the corresponding 

olefins. The complexes 111 and 112 also undergo solvolysis reactions. In this case 
different products are formed, and it can readily be seen that 111 can form a 

stabilized carbonium ion, with neighbouring group participation from the metal, 

and this then reacts with acetate anion present to give the observed primary 

acetate. In 112, however, neighbouring group participation is not possible, with 
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the result that it reacts 2780 times slower than 111. The product arises by a typical 

ring expansion of the primary tosylate, well known in organic chemistry.^^ 

(112) 

Cyclopentadienyl Metal Carbonyl Derivatives of Fe, Ru and Os 

The deep red crystalline complex Cp2Fe2(CO)4 97 has already been mentioned 

in connection with the preparation of ferrocene. Owing to its ready preparation 

and ease of handling owing to its stability to oxidation, the chemistry of this 

complex has been widely studied. Evidence for the presence of a metal—^metal 

bond is obtained from the X-ray structure, which shows a fairly short Fe—Fe 

distance [2.49A, compared with 2.46A for Fe2(CO)9], and also from the 

observed diamagnetism of the complex. In solution, the infrared spectrum shows 

a multiplicity of bands for bridging CO groups. This suggests that the structure is 

no longer the centrosymmetric arrangement found in the solid state, and 

variable-temperature IR studies suggest the following equilibria: 
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Support for this comes from the observation that this complex, and also the 

ruthenium and osmium analogs, show appreciable dipole moments in benzene 

solutions. Also, the osmium analogue appears to have a non-bridged structure 

shown below, even in the solid state, evidenced by the absence of bridging CO 
bands in the IR spectrum. 

The iron complex 97 has been usefully applied to the preparation of a number 

of CpFe(CO)2 ("Fp’—) derivatives, some of which have already been presented 
in Chapters 3 and 5. Some of the reactions of the dimer are shown below. 

RCOCI 

RCOFetCOgCp ^- Na+CpFe(C0)2 = NaFp 

CpFeCCOgCN 

CpFeCCOl^H 

CpFe(C0)2Me 

(i) CI(CH2)2SMe 

(ii) /'O 
-► 

(insertion) 

Whilst NaFp reacts with a number of alkyl halides to give CpFe(CO)2R, 

reaction with t-butyl chloride proceeds with elimination of isobutene to produce 
the yellow, air-sensitive, unstable hydride HFe(CO)2Cp: 
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NaFp + > HFe (COgCp + + NaCl 

The (T-bonded methyl complex MeFe(CO)2Cp undergoes carbonyl insertion 

on treatment with, e.g., phosphine derivatives, as discussed in Chapter 2. 

MeFe(C0)2Cp 
. II 

MeCFe (COllPR^lCp 

Treatment of the halide CpFe(CO)2Cl with aluminum chloride and carbon 

monoxide under pressure results in the formation of the cationic complex 

CpFe(CO)3'^, which can be precipitated as its hexafluorophosphate from aqueous 
solution. The same complex may also be prepared by the following sequence, thus 

avoiding the use of carbon monoxide under pressure: 

0 

thf II 
NaFercoigCp + MegNCOCI --► IVle2NCFe (C0)2Cp 

HCJ 

CpFe (COlj'*' M- 

MeOH 

t 

MeOCFe{CO),Cp 

II 

An interesting contrast is shown between CpFe(CO)3 and the corresponding 
CpFe(CO)2PPh3 ^ in their behavior towards nucleophiles. Thus, the tricarbonyl 

complex reacts by displacement of CO, whilst the phosphine derivative 
undergoes addition of nucleophile to the Cp ligand: 

CO 
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Other Metallocenes 

There are, of course, a large number of metallocenes known, and it is 

impossible to cover their chemistry fully. We shall content ourselves with a brief 

presentation of the salient features of metallocenes derived from transition metals 

other than the iron group. 

Titanium, zirconium and hafnium^'’ 

Whereas elements of the first transition series from vanadium to nickel form 

stable bis(7r-cyclopentadienyl) complexes similar to ferrocene, the corresponding 
Cp2Ti and Cp2Zr are unknown as discrete chemical compounds. However, these 

molecules are implicated as intermediates in a number of reactions with olefins, 

hydrogen, CO, etc. Many attempts to produce titanocene, for example by 

reduction of the readily obtained (?7-C5H5)2TiCl2 with Na, Na/Hg, etc., resulted 

in the formation of dimeric species, e.g. 113. 

(113) 

The formation of 113 can be explained as involving the intermediacy of (rj- 

C5H5)2Ti, since MO calculations have indicated that the most stable arrange¬ 

ment for titanocene is the bent configuration 114, which confers carbene-like 

properties on the molecule. Rearrangement of such a ‘carbene’ by a hydrogen 

abstraction from a Cp ligand could lead to 113, as shown below. 

(114) 

Ti—H > 113 
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Reduction of (^/-C5H5)2TiCl2 with 2 equivalents of potassium naphthalene at 

— 80 °C, warming to room temperature, affords the dimeric species 115 as a grey- 

black powder which can be converted to the thf-solvated species 116 by slow 

diffusion of isopentene into a thf solution. 

The problems associated with attempted preparation of titanocene have not 

prevented the synthesis of the permethyltitanocene derivative. When a solution of 

the complex 117 is heated, a complex of structure 118 is produced, and reaction of 

this with H2 causes hydrogenolysis to give the dihydride 119, obtained as orange 
crystals. This is converted to the corresponding dinitrogen complex 120, and at 

room temperature evacuation of solutions of this complex causes liberation of 
nitrogen gas. Removal of solvent yields permethyltitanocene 121 as a yellow- 

orange crystalhne solid. 

(n-C^Me^l^TKCOlg 

This compound is sufficiently stable for characterization and chemical studies. 
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However, on standing solutions of 121 an equilibrium is established with the 

tautomer 122. On prolonged storage, the complex decomposes irreversibly to 

give the violet paramagnetic complex 123. 

'if 
(122) (green) (123) 

The corresponding permethylzirconocene has not been isolated, but attempted 

preparation by a similar route to the above gives solutions containing mainly [??- 

C5Me5][??-C5Me4CH2]ZrH, analogous to 122, which may contain small 

amounts of the permethylzirconocene derivative. 
In view of the above behavior of titanium complexes, the reported preparation 

of zirconocene and hafnocene must be treated with some skepticism. Indeed, 

reduction of {rj-C-^Me^}2ZrC\2 with potassium naphthalene under conditions 

similar to those used for production of the titanium complex 115 affords /i-(2- 
: l-2->y^-naphthyl)hydridobis[bis(f7-cyclopentadienyl)zirconium] (Zr-Zr) 124. 

Low-valent titanocene and zirconocene derivatives, particularly those related 

to the dinitrogen complex 120, have been investigated as potential models for 

nitrogen fixation, and some successful reductions of molecular nitrogen have 

been achieved. These aspects are dealt with in Fez and Armor’s review^'^ and will 

not be discussed here. Titanium and zirconium metallocenes containing ir-acid 
ligand are dealt with later (see also Chapter 3 on hydrozirconation). 

Vanadium, Niobium and Tantalum 

Vanadocene 125 is a well known compound first prepared in the 1950s, 

subsequent to the discovery of ferrocene. Whilst tetrakis(j7-cyclopenta- 
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dienyl)niobium 126 has been known for a number of years, only recently has 

evidence been presented supporting the existence of Cp2Nb.^® The cyclopen- 

tadienyl ligand has been used with tantalum complexes (see, e.g.. Chapter 4, 

carbenes), as is indeed the case with many transition metal organometallics. 
There does not appear to be such a rich chemistry of the cyclopentadienyl ligands 

for these complexes as for ferrocene, etc., and we shall present here only the 

preparations of the metallocenes and more common derived complexes, 
summarized in the following equations. 

VCI^ + NaCp or CpMgBr -► V 

violet crystals, 

m.p. 167-168 °C 

(125) 

4 N HNO, 

125 -► CP2V 
2 + 

CP2V + CO -► CgHgVCCO)^ 

orange crystals, 

m.p. 138 °C 

Na2[c5H5V(C0)3] 

CpMgCI + VCI4 — -► CP2VCI2 

pale green crystals 

CpMgBr + NbBr^ — 
0 
-► Cp2NbBr3 

dark reddish brown crystals 

CpMgBr + TaBr^ -► CpgTaBrj 

rust-colored crystals 
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CpV(CO)^ 4- 1,3-diene -► CpV(CO)2(diene) 

26-27% 

HgO 

Cp-,VCI -► Cp,V+ BPh." 
BPh^" ^ ^ 

CpgVR 4- 2 CO >• R = Me, CH2Ph 

Chromium, Molybdenum and Tungsten^^ 

Chromocene(Cp2Cr) is the only known example of the simple biscyclo- 

pentadienyls of Group VI. The staggered structure 126 is adopted in the solid 

state, and it has a magnetic moment of 3.2 BM, showing two unpaired electrons. 

(126) 



There is evidence that CpjMo and CP2W are produced by photolysis of the 

dihydrides CP2MH2, although these complexes cannot be isolated. The e\-idence 

comes from the following observations: 

A\) 
CP2M0H2 + CO -► CpgMoCCO) + H2 

AO 
CP2IVI0H2 + C2H2 -► Cp2Mo(C2H2) + H2 

AO 

CP2IVI0H2 + PR3 -► CP2M0PR3 + 

In the absence of added ligand, photolysis of CP2M0H2 produces (Cp2Mo)^, 

formally derived by oligomerization of Cp2Mo.^‘ 

CP2WH2 

0 Cp 

M I. 

-► CPgW -► 0—W — Cp CP2WO + C2H4 

Ao PhH 
CP2WH2 -► " Cp-W" - 

PhH 
CPpW 

■Ph 

The synthesis of chromocene, using the conventional method: 

thf 
CrClj + 3 NaCjH^ ' 25 °c ^ CpgCr 

needs rigorous exclusion of air.^“ Vacuum subhmation of the product gives 

approximately 60% yields of red crvstals of extremely air-sensitive product, m.p. 
173°C. 

Chromocene may also be prepared by reaction of hexacarbonylchromium 
with cyclopentadiene at elevated temperatures and pressure. The tungsten and 

molybdenum hydride derivatives are prepared in )delds up to 50% by the 
following reactions 

WCI5 + NaC^H^ + NaBH^ -► CP2WH2 

M0CI5 + NaCgHg -t- NaBH4 -► CP2M0H2 

In contrast to ferrocene and related compounds, most of the reactivity studies 

on these complexes have centered around reactivity of the metal rather than the 
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cyclopentadienyl ligand. The hydrides CP2MH2 (M = Mo,W) undergo insertion 

reactions with activated acetylenes: 

CpgMHg + MeOgCC^CCOgMe 

CP2MH2 + CF^C = CCF3 

Cp. /H 

M 

Cp' C02lVle 

C02Me 

solely c/s adduct 

CP\ /H 

Cp' 

CF. 

CF, 

solely irons adduct 

In contrast, reaction with, e.g., diphenylacetylene leads to displacement of both 

hydrides to give the acetylene 7c-complex. 

Ph 

CP2M0H2 + PhC = CPh 
toluene 

reflux 
CP2M0 ■ 

Ph 

Biscyclopentadienylchromium, on reaction with hexafluorobut-2-yne, gives an 

analogous //^-acetylene complex: 

CF, 

CpgCr + CFjC^CCFj 
-30 °C 

-► CppCr- 

CF, 

Further reactions of the hydrides, reflecting more the chemistry of the M—H 

bonds than the Cp—M system, are shown below.^"^ 

CP2M0H2 + = \ 
-► CP2M0; 

excess 
.CN 

CN 
Me heat 

-► CP2M0 • 

CI\J 

CpgMoHg 
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CpjMoHg 
PhCHCL -► 

^ 20 °C 

CpgMoHg 

CCL -► 
^ - 10 °C 

CP2M0H2 
PhCHoCI -:-► PhCH, 

CHCI, 

80 °C 

CP2M0H2 

30 °C 
-► CHoCI 2^'Z 

CP2M0H2 

0 

The reactivity of alkyl halides toward CP2M0H2 is in a relative order similar to 

that observed for trialkyltin hydrides. Methyl and ethyl iodide react even at room 
temperature, whereas allyl and benzyl chlorides are inert, requiring elevated 

temperatures, so that polyhalogenated compounds can be reduced in a stepwise 

manner. The corresponding reactions of CP2WH2 are slower. Reaction with a- 

diketones is strongly influenced by steric effects, the ratio of products obtained in 

the above reaction contrasting with a 1:1 ratio produced by zinc-acetic acid 

reduction. 

The dihydrides Cp2MH2(M = Mo,W) may be converted into CP2MX2 

(e.g. X = Cl), and these complexes undergo nucleophilic substitution at the metal, 

e.g. 
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Treatment of the dihydrides, e.g. CP2M0H2, with Grignard reagents, RMgX, 

in diethyl ether leads to the formation of ether-insoluble crystalline yellow 
compounds. The crystal structure of 127 (R = cyclohexyl) has been determined. 

2 

\ 
MoCpg 

R 

(127) 

These odd-looking inorganic Grignard compounds are found to be useful for the 

preparation of other complexes based on the CP2M0 system, but in low yield. 

Manganese, Technetium and Rhenium 

Treatment of anhydrous MnCl2 with Na+Cp“ in thf gives rise to bis- 

cyclopentadienylmanganese (manganocene), obtained as brown crystals, m.p. 

172-173 °C. Although X-ray studies show the complex has the terrocene’ 
structure, the chemical properties suggest that the bonding is primarily of an 

ionic nature. Thus, the complex is readily hydrolyzed to give cyclopentadiene and 

manganese hydroxide, it reacts with CO2 giving carboxylic acid salts and it reacts 

instantaneously with FeCl2 in diethyl ether to give ferrocene. Solid solutions in 

Cp2Mg are paramagnetic, with five unpaired electrons per Mn atom, indicating 

that the metal is present as the Mn(II) ion. Tricarbonylcyclopentadienyl- 

1 manganese has been prepared in ca. 60% yield by treatment of sodium 

I cyclopentadienide with MnBr2 followed by CO at 800 p.s.i. and 250 °C, and also 
by the action of CO under pressure on Cp2Mn.^’ 

The complex is obtained as yellow crystals, m.p. 76.8-77.1 °C. 

Cp2Mn CpM 0(00)3 

CO 
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Whereas Cp2Mn is inert to Friedel-Crafts acylation conditions, CpMn(CO)3 

undergoes acylation analogously to ferrocene. 

CpMnlCOlj 

Mn(C0)3 

CpMn(CO)^ 
CHCljOMe^ CHO 

AlCI,, \LJ/ 
Mn (CO)j Mn (00)3 

Ligand substitution reactions of CpMn(CO)3 are achieved fairly readily. Thus, 
irradiation in the presence of ethene or cyclohexa-1,3-diene results in low yields 

of the appropriate monoolefin complexes. 

AO 
CpMnCCOlj + -► CpMn(C0)2(C2H4) 

m.p. 116- 118 °C 

♦ 

CpMn(CO)j + — Mn {coin Cp + 

Mn (CO)pCp 

Mn{C0)2Cp 

Biscyclopentadienylrhenium hydride is conveniently prepared by reaction of 
NaCp (excess) on ReClj, followed by heating the resultant purple product at 120- 

170 °C. Sublimation gives the hydride as yellow crystals, m.p. 161-162 °C (yield 

20%). It is stable to water but reacts moderately quickly with air. Treatment with 

acid results in the formation of Cp2ReH2'^. The hydrides have the bent 
metallocene structure.^® 

Treatment of Cp2ReH with CO at 250 atm and 100 °C gives a 45% yield of a 

pale yellow crystalline complex, m.p. 111-112°C, formulated as the 

dicarbonyl(f7^-cyclopentadienyl)(;7^-cyclopentadiene)rhenium 128, on the basis 
of its IR and hydrogenation behavior. 

CO 
CpgReH -► >• 

CO 

CO 

(128) 
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The tricarbonyl complex CpRe(CO)3 can be prepared as a white crystalline 

compound, m.p. 104-105 °C, by heating decacarbonylrhenium with 
dicyclopentadiene: 

The hydride Cp2ReH also reacts with halogens (X2) to give [Cp2ReX2] (X = Cl, 
Br, I), and active acetylenes are known to insert into the Re—H bond 

CpgReH + MeOgCC =CC02Me 

CpgReH + HC=CC02Me 

Cp^Re H 

COpMe C02Me 

CpoRe H 

H COgMe 

Reactions of Cp2ReH with butyllithium in the presence of 1,1,4,7,7-penta- 

methyldiethenetriamine (pmdt) gives the Re lithiated complex Cp2ReLi(pmdt), 

which is a useful reagent for the preparation of rhenium alkyls. For example, 

reaction with methyl chloride gives the orange crystalline Cp2ReMe (65%), whilst 
ethyl bromide gives Cp2ReEt in low yield and allyl bromide gives 

Cp2ReCH2CH=CH2 (43%). 

BF^- _ 
Cp2ReEt -► [Cp2Re(C2H^)J BF^" 

(129) 

Reaction of Cp2ReEt with trityl tetrafluoroborate gives the Tr-olefinic cation 
complex 129 in 41% yield: 

CpgReLi (pmdt) + RX -► Cp2ReR 

Further chemical studies of 129 have not been reported. 

Cobalt, Rhodium and Iridium^^ 

Cobaltocene, CP2C0, is readily prepared by reaction of Co(NH3)gCl2 with 

Na'^Cp- at 35-40 °C, followed by heating to 65 °C. The metallocene is isolated as 

dark violet crystals, m.p. 173-174 °C, which are rapidly oxidized by air. The 

compound is paramagnetic (19e), with one unpaired electron, and is readily 
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oxidized to the 18-electron cobalticinium complex 130. Its reactivity is as might 
be expected for a free radical species, whilst the cationic cobalticinium derivative 
undergoes nucleophile addition to one of the cyclopentadienyl ligands. These 
aspects do not appear to have been developed as a method of synthesizing 
substituted (organic) cyclopentane derivatives. Some typical reactions are shown 

below. 

(130) 

The cobalticinium salts {rj-C^H^R)2Co^ can be reduced in two reversible 
stages at a mercury electrode. The first corresponds to the reduction to 
cobaltocene, whilst the second leads to the cobaltocene anion, a 20e species; 

Since the cobaltocene complex is very labile to oxidation, and difficult to prepare 
and handle, this represents a convenient way of generating the compound. The 
cobaltocene anion undergoes interesting reactions with electrophiles, shown 



337 

below, giving a convenient method for the preparation of monosubstituted 
cobalticinium derivatives. 

A 96% overall 

(i) COg 

(ii) Mel, dmf 

(130) 

-► Co 
LiCI 

low( yield 

The cobalticinium group has been found to stabilize negative charge on an a- 

carbon atom, owing to the anion ♦-^fulvene resonance show below: 

p/Cg = 15-16 
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Thus the pK^ of benzhydrylcobalticinium ion is 15-16 at 25 °C, approximately 

10^^ times more acidic than that of triphenylmethane."^"*^ As might be expected, 

the cobalticinium group greatly decreases the stability of a carbonium ion in the 

a-position, and it has been found that the relative stabilities for R(Ph)2C'^ are 

cobalticinium 1, H 10^ phenyl 5x10® and ferrocenyl 10*^. There appears to be 

little if any delocalization of positive charge over the cobalticinium group."^^ 
Some interesting reactions are observed for complexes which carry a leaving 

group, or a group which can support negative charge fi- to one of the Cp rings, 

e.g."^^ 

The driving force for these eliminations is undoubtedly the formation of the stable 

cobalticinium cation. Ring expansion occurs readily for complexes having 
leaving group a- to the Cp ring;"^’ 

Rhodocene, Cp2Rh, spontaneously dimerizes at room temperature, and can be 

isolated only at either high temperature (causing dissociation of the dimer) or low 

temperature (preventing dimerization). Treatment of rhodocenium cations with 

the usual reducing agents gives the cyclopentadiene complexes: 
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Electrochemical reduction of the rhodocenium ion furnishes rhodocene, which 

has a half-life for dimerization of about 2s at room temperature. Evidence has been 

presented for the transient existence of Cp2Rh“, analogous to Cp2Co“, during 

these reductions.'*’® 

Treatment of CP2C0 with CO at elevated temperature and pressure, or 

reaction of Co2(CO)8 with cyclopentadiene at room temperature, results in the 

formation of CpCo(CO)2, obtained as a distillable liquid. The rhodium and 

iridium analogues may be prepared as shown below. 

A 
CP2C0 -I- CO --► CpCoCCOg 

A 
C02(C0)g + CgHg -► CpCo(CO)2 

Rh (CO)2CI 2 NaCp CpRh(C0)2 

Ir(CO)gCI -I- NaCp -► CpIr(C0)2 

Replacement of the CO ligands by other 7r-acid ligands is readily achieved, see 
e.g. the preparation of diene complexes (Chapter 7). The complexes readily 

undergo oxidative addition reactions, e.g. 
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The trifluoromethyl products undergo some interesting reactions with 

Grignard reagents. For example, the cobalt complex, on reaction with MeMgl, 

gives the cr-methyl complex and a smaller amount of diiodide complex. The 

iridium complex gives only the diiodide. All of the reactions produce only low 

yields. 

/ 
CpM — CF, 

PPh, 

MeMgl 
CpM — Me 
\ 

PPh, 

+ 

Reduction of CpCo(CO)2 with sodium amalgam results in the formation of the 

dimeric radical anion complex 131. 

NoHg 

CpCo (COg -► 

(131) 

• Much interest has been shown in the reaction of CpCo(CO)2 with alkynes, 
sometimes in attempts to obtain intermediates which shed hght on the 

mechanism of acetylene oligomerization. Recall Vollhardt’s estrone synthesis 

presented in Chapter 2. Among the usual products obtained are cyclobutadiene, 

cyclopentadiene and metallacyclopentadiene complexes. Some more recent 

results, which are meant to give a few representative examples, not an exhaustive 
survey, are summarized below. 

CpCotPPhgllg + Pr'MgBr 

PhCsCPh 

t 
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^6*^6 

Nickel, Palladium and Platinum^^ 

Reaction of hexamniinenickel(II) chloride with sodium cyclopentadienide in 

thf solution, or treatment of nickel(II) bromide with cyclopentadiene in the 

presence of diethylamine, yields biscyclopentadienylnickel as a dark green, 

crystalline sohd, readily purified by vacuum sublimation. Nickelocene is a 20- 

electron complex, having the expected staggered structure, and the two electrons 

extra to the next rare gas configuration are unpaired, as indicated by the magnetic 

moment (2.86 BM). These occupy a degenerate pair of antibonding molecular 

orbitals which are predominantly nickel in character. Oxidation removes one of 

these electrons to give the isolable yellow Cp2Niwhich is unstable and has a 19- 

electron configuration. Cyclic voltammetry at low temperature shows the 

existence of the 18-electron complex Cp2Ni^^, but this is too unstable to allow 
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isolation. Nickelocene is fairly reactive and readily undergoes reactions which 

convert it to an 18-electron complex, shown by the following examples. 

CpNIi NiCp 

♦ 

The cyclopentadienyl nickel carbonyl complex 132 undergoes reaction with 

perfluoroalkyl iodides, e.g. CF3I, to give the unstable CpNi(CO)I and the fairly 

stable perfluoroalkyl complex, e.g. CpNi(CO)CF3. Other alkyl derivatives, which 

are very unstable, can be obtained by chemistry analogous to that of many other 

metal-Cp complexes, i.e. 

[cpNKCO) 
KHg 
-► 
thf 

k[ CpNiCO ] 
Mel 

-► MeNiCp(CO) 

Reaction of NaCjHj with Pd(acac)2 gives a polymeric red complex, (Cp2Pd)„, 

(probably a dimer), whilst reaction of NaCjHj with PtCl2 gives the more stable 
green complex (Cp2Pt)2, shown by X-ray analysis to have the structure below: 
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Similar complexes are isolated from the reaction of metal halides (MX2, M = Ni, 

Pd, Pt) with NaCp in the presence of excess of cyclopentadiene: 

M = Ni, Pd, Pt 

The reaction shown above of Cp2Ni with active acetylenes deserves comment. 

The product 133 is formally the result of 1,4-addition of the acetylene to one of 

the Cp hgands. A plausible mechanism, involving coordination of the acetylene 

to nickel, is shown below. 

(134) 

product 

Note the difference between this reaction and that with acetylenes that do not 

have electron-withdrawing substituents (above). This type of ring addition 

reaction appears to require an acetylene which is able to function as a powerful 

dienophile. 
The reaction of nickelocene with dienophilic olefins follows a slightly different 

course, to give the products of formal 1,2-addition to the Cp ring, e.g. 

The stereochemistry of this reaction is not known, so it is not possible to decide 

whether coordination of the alkene to Ni is involved. Note, however, that 

acetylenes coordinated to Ni, as in intermediate 134, have a free double bond, 

orthogonal to the complexed one, which can enter into the cycloaddition reaction 

(coordinated olefin would not). 
The number of ring substitution reactions known for nickelocene is limited. 
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owing to its high reactivity, making the study of Friedel-Crafts reactions 

extremely difficult. 
Protonation of nickelocene has been reported to occur directly at the Cp 

ligand, rather than at the metal first (followed by transfer to Cp).^^ The 

product of protonation is the unstable cationic diene complex 135. 

(135) 

The reactivity of diene cations, which can be prepared via 135, towards 

nucleophiles has recently been studied, and is exemplified below.The diene 

ligand is the reactive group. 

^NiCp NiCp 

Reaction of nickelocene with azobenzene occurs with insertion into the ortho 

C—H bond of the aromatic compound: 

Treatment of Cp2Ni with allylmagnesium chloride results in the formation of 
the Ti-allyl complex: 

CPgNi + MgCI > CpNi 
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Substituted allyl complexes are found to result from the reaction of Cp2Ni with 
butadiene: 

mixture of 
stereoisomers 

This section would hardly be complete without mention of the entertaining 

‘triple-decker’ complexes, resulting from the interaction of nickelocene with 
carbonium ions under very mild conditions 

100 % 

This complex has been fully characterized by X-ray crystallography. 
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CHAPTER 9 

?7^-Arene and j/^-Triene Complexes 

ARENE COMPLEXES 

A wide range of rj^-avene transition metal complexes, both neutral and 

charged, are known. Perhaps the most studied, owing to their ease of preparation, 

handling and usefulness for synthetic organic chemistry, are the arene-chromium 

tricarbonyl derivatives. Also well known are the bisarene-metal complexes 
analogous to the metallocenes, although these are perhaps less useful syntheti¬ 

cally. A book devoted to arene-metal complexes has already appeared.^ A 

number of reviews dealing with the application of arene-metal complexes to 

organic synthesis have appeared in the last 10 years 

* In this chapter we shall first present a fairly detailed account of the chemistry 

and synthetic utility of arene-Cr(CO)3 complexes, followed by a description of 

the known chemistry of related systems. In general terms, the attachment of a 

metal tricarbonyl unit to an aromatic compound can have several effects: (1) 

activation of the aromatic ring to nucleophilic attack; (2) enhancement of aryl-H 

acidities; (3) steric inhibition of attack on functional groups from the same side as 

M(C0)3 ; (4) stabilization of negative and or positive charge on carbon atoms a 

and ^ to the arene-M moiety. The first of these effects is probably the most 
important and is now at a fairly advanced stage of exploitation using arene- 

Cr(CO)3 complexes, owing in large part to the efforts of Semmelhack. While 

complexes of metals other than chromium show similar effects, their preparation 

often requires conditions not compatible with functional groups and often low 

yields are obtained. For this reason they have received less attention. 

Chromium, Molybdenum and Tungsten 

These metals all form arene-M(CO)3 complexes fairly readily. Typically, 

heating or irradiating the metal carbonyl, M(CO)g, either with the neat aromatic 

compound or with the arene in a suitable solvent, e.g. dioxane, heptane or 

acetonitrile, gives the desired complex. The M(CO)3 group can be removed either 

by exposure to air and sunlight, or by treatment with a mild oxidizing agent such 

as iodine or cerium(IV) ammonium nitrate. This is an important aspect if the 

complexes are to be used as stoichiometric reagents for organic synthesis—it 
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must be possible to remove the metal in high yield after performing appropriate 
operations on the complex. 

Under normal circumstances, an aromatic compound may be considered as a 

nucleophilic species, undergoing electrophilic substitution reactions. The si¬ 
tuation can be reversed by placing electron-withdrawing groups on the benzene 

ring. For example, it is well known that the halide group in 2,4-dinitrophenyl 

bromide may be displaced by nucleophiles such as methoxide. Unfortunately, it is 

necessary to use drastic conditions for nitration and also the desired final product 

may not be a nitro derivative, so that it would be necessary to remove the NO2 

group efficiently at some stage. These are the main reasons why ‘classical’ 
nucleophilic substitution on aromatic compounds has not found wide use in 
synthesis. 

Attachment of the Cr(CO)3 group to an aromatic ring leads to activation to 

attack by nucleophiles, since the metal group acts as a kind of electron sink. As 

intermediates for organic synthesis these complexes have several features which 
commend them. They are air-stable solids, readily purified and easily handled, 

and can be prepared in good to excellent yields under neutral reaction conditions, 

thereby allowing many functional groups to be appended to the arene. Many 

complexes are in fact commercially available. The metal moiety is readily 
removed. 

Structure 

A large number of X-ray crystal structure determinations have been carried out 

on arene-Cr(CO)3 complexes, revealing two kinds of structures, viz. those in 

which the Cr—CO bond vectors are eclipsed with ring carbon atoms (A), and 
those having a staggered arrangement (B); 

Staggered conformations are observed for the complexes of benzene, acet¬ 
ophenone, hexamethylbenzene, o- and m-toluate anions, phenanthrene, anth¬ 

racene and naphthalene, among others, while eclipsed conformations are found 

for complexes of anisole, toluidine, methyl benzoate, o-methoxyacetophenone, 

and others. It has been suggested that substitutions on the ring may control the 

conformation adopted by mesomeric electron repulsion or withdrawal.^ 

Both staggered and eclipsed conformations have been shown to exist in 

solution by NMR studies, and again the conformation adopted depends on steric 

and electronic effects in the complex. 
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Reactivity of Arene~Cr{CO)^ complexes 

Addition of Nucleophiles 

Reaction of a simple complex, benzene-Cr(CO)3, with reactive nucleophiles 
produces first of all an anionic cyclohexadienyl-Cr(CO)3 complex. As with 

dienyl-Fe(CO)3 complexes, the nucleophile attacks the face of the ligand remote 
from the metal, to give the exo-substituted product. The resultant anion can be 

manipulated in two ways; (a) treatment with a mild oxidizing agent removes the 
metal and aromatizes the ring to give a substituted benzene derivative; (b) 

treatment with an appropriate acid (e.g. CF3CO2H) produces a diene-Cr(CO)3 

complex, which is unstable and loses the metal easily on treatment with iodine to 

give a substituted diene. Usually a mixture is obtained from the latter procedure, 
owing to facile rearrangement of the intermediate diene-Cr(CO)3 complex, but a 

particular diene usually predominates, as shown below. 

2H^ 

t 

The types of nucleophile which may be used for this particular reaction are 

limited. Only very reactive carbanions are successful, and a few examples are 
summarized below. 
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97% 

-CHgCN 

68% 

(i) Bu'Li 

(ii) [o] 

87% 

No reaction is observed with stabilized enolate anions from, e.g., dimethyl 

malonate, methyl acetoacetate or simple ketone enolates (but see later), or n- 

butyllithium or methyllithium. The first three are simply not reactive enough, 

while the alkyllithium reagents have a pronounced tendency to deprotonate the 

aryl ring. 

The effects of substituents on nucleophile addition are interesting and useful. A 

methoxy substituent on the aromatic ring, as in anisole-Cr(CO)3, directs 

nucleophiles mainly into the meta position. Minor amounts of ort/zo-substituted 
product are sometimes observed, but invariably no para-substituted product is 

obtained. A methyl substituent, as in toluene-Cr(CO)3, does not exert such a 

pronounced directing effect, except with sterically demanding nucleophiles, and 

interestingly the major products are ortho- and meta-substituted derivatives, with 

very little para. Some examples are shown below. 

OMe 

1% 
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Complexes carrying two methoxy substituents on the arene ring, although we 

might expect them to be deactivated by electron donation, still react rapidly with, 

e.g., cyanohydrin acetal anions (giving nucleophilic acylation). Examples are 

shown below. Note that the highly unfavorable addition of nucleophile para to a 
methoxy substituent dominates the chemistry of complexes derived from 1,2- 

dimethoxybenzene. 

OMe 
(i) 0 °c 

(ii) Ig 

(iii) 

(iv) OH" 

OMe 

OMe 

48% 

85% 
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These nucleophile additions may also be performed intramolecularly, as 
illustrated by the simple examples shown below. 

(i)LDAi (ii) Ig 

With higher homologues there appears to be an equilibrium set up between 

fused-ring and spirocyclic dienyl intermediates, since the proportion of spirocyc- 

lic product in the mixture increases if the reaction is allowed to proceed for longer 
times prior to quenching: 

While spiro[4.5]decane derivatives, which are important intermediates for the 

synthesis of a variety of spirocyclic sesquiterpene natural products, are not 

obtainable using the monosubstituted complexes above, it is possible to utilize 

the metu-directing capacity of a methoxy substituent in order to drive the reaction 

(incompletely) in favor of spirocyclization. This is illustrated by the total 

synthesis of the natural product acorenone by Semmelhack’s group, shown 

below.'*^ 
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OMe 

,, CrCCOe 
Me ® 

dioxane 

reflux 

OMe 

CN 

(i) Li- 

T“1 
(ii) I- 

(iii) HjO'*' 

(iv) “OH 

OMe 

OMe 

(i) 

(ii) CF3CO2H, EtjSiH 

Cr(CO)g 

2 mol 

dioxane, 
reflux 

Or (CO) 

OMe 

(i) HBr 

OMe 

Cr(CO) 

(i) separate 
diastereomers 

(ii) LiNRg 

(iii) CF3SO3H 

(iv) NH4OH 

(v) HjO'^ 

Acorenone 

8 steps 

arenfwcoV' “>='“Phifes usmg simple 
Cr(CO)3 complexes, this problem may be overcome using complexes of 
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aryl halides. Chlorobenzene-Cr(CO)3 and fluorobenzene-Cr(CO)3 undergo 
reactions with a wide variety of nucleophiles, summarized below. 

CrlCO)^ 

Note that the dimethylmalonate anion displaces chloride from chloro- 

benzene-Cr(CO)3 but better yields are obtained using the fluorobenzene 

complex. The order of reactivity of halobenzene complexes is F > Cl > Br > I. 
Even the comparatively unreactive phenoxide anion will displace halogen. Thus 

the reaction is one of nucleophilic displacement of halide from an aryl halide, 

normally difficult to achieve, except with nitroaryl halides. Very reactive 

carbanions fail in this reaction, since they tend to add irreversibly to the arene 
ring to give cyclohexadienyl complexes which are stable to rearrangement. Hence 

there appears to be some reversibility or capacity for rearrangement in the 

nucleophile addition. When the incoming group ends up on the halogen-bearing 

carbon atoms the better leaving group, i.e. halide anion, departs in preference 
giving the substituted arene complex: 
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Cr{C0)3 

r Cl 

■Cr(C0)3 Cr(C0)3 

Cr(C0)3 ■Cr(C0)3 

Although very reactive anions do react, rearrangement evidently does not 

occur. Evidence for the above equilibration process is provided by the results 
obtained from quenching the reaction at an early stage by oxidation with iodine, 

which results in a mixture of benzene derivatives, e.g. 

27% 45% 25% 

This behavior has been employed in a short synthesis of demerol 1. 

Cr (COlj C02Et 

(1) 

The above additions of reactive nucleophiles are not limited to simple benzene 
derivatives. It has been shown that reaction of indole with Cr(CO)6 produces a 

single complex from coordination of the six-membered ring. A similar complex 
can be prepared from benzofuran, and these compounds show a pronounced 
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tendency to react with nucleophiles at the 4-position. Attachment of a bulky 

group on the nitrogen or on the indole 3-position can be used to direct 

nucleophiles, by steric effect, to either the 4- or 7-position selectively, as shown 
below. 

CMe^CN 

3 (73%) 

73% (+ minor amount of isomer) 

Ring Deprotonation^ 

Abstraction of ring protons of arene-Cr(CO)3 and (arene)2Cr by lithium bases, 

etc., to give chromium-aryl-lithium derivatives has been found particularly 

useful for the preparation of substituted arene-Cr(CO)3 complexes not easily 

obtained by the usual procedures. The rate of metallation of the complexes 

exceeds that of uncomplexed arenes. Both direct and indirect lithiation pro¬ 
cedures are shown below. 
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Cr(C0)3 Cr(C0)2 

(i) BuLi—tmedo 

Cr(CO)_ Cr(CO), 
o 3 

X = H , 72 % 

X = OMe, 86 Vo 

X = F, 99 Vo 

When this behavior is coupled with the intramolecular nucleophile addition, 

some interesting reactions are obtained, e.g. 
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7^ 
CrCCO)^ 

The general tendency is for lithiation to occur ortho- to a methoxy or halide 

substituent. The resultant aryllithium derivative can be reacted with a wide range 
of electrophiles—only a few have been shown here. 

Deprotonation of ot-methylene groups 

Facile removal of proton from benzylic groups of substituted benzene- 
Cr(CO)3 complexes has been observed on treatment with, e.g., sodium hydride. 

The benzylic protons on the complex are found to be around 100 times more 

acidic than those in uncomplexed systems.^ This is amply illustrated by the 

behavior of methyl phenylacetate and its Cr(CO)3 derivatives. While the free 

ligand is practically inert to NaH/CH3l (in dmf at 25 °C), it has been found that 

the Cr(CO)3 complex yields the dimethylated product in 97% yield after 5 min.^^ 
Some examples are given below.^ 

/ \ -CH2C02Me 

Cr(CO), 

NoH, dmf 
-► 

Mel 
o 

—CMe2C02Me 

Cr(CO), 

0 

/ \ -CH2C02Me 

Cr(CO), 

Cr(CO), 

NaH 

NoH, 

Br(CH2)3Br 

CH2CH2CH2CH2 

87% 

Bu'OK 

dmso-^y. 6 
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Undoubtedly, this effect arises from the ability of the Cr(CO)3 group to act as an 

‘electron sink’ as in the aforementioned nucleophile additions, making the 

following canonical forms important: 

Less obvious is the apparent stabilization of a carbanion to the aromatic group 

which has been noted. The following examples are indicative of such an effect. 

Whilst we might expect this kind of reactivity for the uncomplexed molecules, it 

should be noted that, e.g., acetophenone cannot be cleanly methylated under the 

same conditions. However, no good rationalization of this behavior has been 

forthcoming. 
Modification of the degree of activation of the aryl species can be achieved by 

replacing Cr(CO)3 with Cr(CO)2L, and this grouping has been found to have the 

following order of electron-withdrawing ability: Cr(CO)2CS > Cr(CO)3 > 

Cr(CO)2P(OPh)3 > Cr(CO)2PPh3. This leads to the ability to control the 

alkylation of, e.g., phenylacetic esters to give predominantly the monoalkylated 

derivative; 

CrlCOl^PlOPhlj 

NqH, Mel 

dmf 
CHMeC02Me 

CrlCOlgPlOPh)^ 

The ability of the arene-Cr(CO)3 systems to stabilize such a-carbanions also 

leads to a ‘conjugate’ addition of nucleophiles. Thus, it is found that styrene- 
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Cr(CO)3 derivatives undergo additions of nucleophiles at the terminal carbons of 
the double bond. This is illustrated by the following example:® 

Stabilization of a-Carbonium Ions. 

The arene-Cr(CO)3 unit can perform a dual purpose in stabilizing both 
carbanions and carbonium ions at the benzylic position. Thus, the Cr(CO)3 unit 
may act as an electron sink through its bonding to the arene unit, or the metal 
may donate electrons into vacant orbitals (cf. the ferrocenyl systems). The exact 
mechanism by which carbonium ion stabilization occurs is not known, although 
It IS probable that a direct interaction occurs between a filled metal d orbital and 
the empty carbon p orbital. This has a profound effect on, e.g., solvolysis of a- 
hydroxy groups, through neighboring group participation in much the same way 
as discussed in Chapter 8 for ferrocene derivatives. Some typical reactions are 
given below. 

Thus, the carbonium ions are sufficiently stable to allow generation at low 
temperature and subsequent reactions with simple nucleophiles. The synthetic 
utility of this behavior has not been explored. The participation by arene- 
Cr(CO)3 also leads to increase in solvolysis rates, e.g. chloride solvolyses are 
accelerated by a factor of around 10^. The effect of the Cr(CO)3 group on 5^2 
displacements is more complex and may also depend on steric hindrance effects, 
effects of solvation, etc. 
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Consequences of the Steric Requirements of Cr{CO}j 
These aspects have mainly been studied by Jaouen, and have been reviewed. 

The fact that the Cr(CO)3 group is fairly bulky leads to some interesting 

consequences regarding reactions of proximal functional groups in confor- 

mationally rigid or cyclic systems. Thus, reduction of the indanone derivative 2 

occurs exclusively by attack from the M-exo direction, while electrophilic 

alkylation of the same indanone also occurs along the exo vector: 

The fact that these complexes are asymmetric, whereas the starting indanones are 

* not, leads to some methods for producing optically active indanone derivatives, 

although this involves resolution of racemic mixtures, and is therefore not as 

attractive as methods which might utilize some kind of asymmetric induction 
during the complexation procedure. This is obviously an area for future research. 

Bis-benzene Complexes 

A discussion of arene-chromium 7r-complexes would hardly be complete 

without some mention of the bis-benzene chromium sandwich compounds. 

Heating a mixture of CrCl3, AICI3 and A1 powder with benzene, followed by 

hydrolytic work-up and alkaline dithionite reduction, gives dibenzenechromium, 

obtained as brown-black solid, m.p. 284-285 °C (the Fischer-Hafner process). 

An alternative synthesis involves the reaction of CrCl3 with PhMgBr in an 

exact ratio of 1:3 in tetrahydrofuran at — 25°C, to give firstly the a-bonded 

triphenylchromium(III) tetrahydrofuranate, Ph3Cr-3thf. Treatment of this with 

diethyl ether to remove thf leads to the formation of a black pyrophoric substance 
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which IS converted to dibenzenechromium by aqueous hydrolysis under a 

nitrogen atmosphere. Dibenzene-molybdenum and -tungsten derivatives can be 
prepared similarly but these compounds are less stable to oxidation and thermal 
decomposition than are the chromium compounds. 

A striking feature in the chemistry of dibenzenechromium is its inertness to 

electrophilic substitution. Attempts to achieve such reactions results only in 
oxidation to (PhH)2Cr + . This is also formed by air oxidation of (PhH)2Cr. 

Metallation can be achieved, however, and the derived sodio derivative will react 
with aldehydes and ketones, summarized below. 

Molybdenum and tungsten form both bis-arene complexes and arene-ML„ 

complexes. While the bis-arene derivatives can be prepared by the Fischer- 

Hafner method, the yields are lower than for Cr (yields decrease in the order 

Cr > Mo > W). The arene-metal tricarbonyl complexes may also be formed by 

direct reaction of M(CO)g with the arene, although often the yields are low. It 

should be remembered, however, that in many cases no attempts have been made 

to optimize the yields of complexes. The use of trisubstituted metal carbonyl 

derivatives, e.g. (diglyme)Mo(CO)3 or (CH3CN)3 W(CO)3, allows milder reaction 

conditions and often results in higher yields. A large number of arene-M(CO)3 

(M = Mo, W) complexes are known,^'* but the reactivity of the arene ligand has 
not been intensively studied. 

Titanium and Zirconium 

As reduction does not proceed beyond the Ti(II) stage, application of the 

Fischer-Hafner aluminum reduction method does not yield bis-arene-titanium 

complexes. Dibenzenetitanium has been successfully prepared by condensation 

of benzene and titanium vapor at liquid nitrogen temperature, and is obtained as 
a red diamagnetic compound. 
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Reaction of an appropriate aromatic compound with TiCl4, aluminum metal 

and aluminum chloride yields compounds of structure 3. 

(3) 

Under similar conditions, but at 130 °C, followed by careful hydrolysis, 

hexamethylbenzene affords a dark violet paramagnetic (one unpaired electron) 

solid, which has been assigned the structure 

The corresponding zirconium complex was prepared in a similar manner. 

Vanadium, Niobium and Tantalum 

Bis-arene-vanadium complexes have been prepared by the Fischer-Hafner 

method, e.g. 

2 CgHg + VCI^ + A1 4- AlClg -► 

hydrolysis (disproportionation) 

at neutral pH 

+ 2 CqHq 

That the reaction proceeds with the intermediacy of the cationic complex shown, 

which disproportionates on hydrolytic work-up, is demonstrated by isolation of 
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the iodide 4 from mesitylene when the reaction mixture is hydrolyzed at 0 °C in 
the presence of lithium iodide: 

(4) 

Dibenzenevanadium may also be prepared by the Grignard method, e.g. 

PhMgBr + VCIjtthflj -► (CgHglgV 

Both (arene)2V and (arene)2V'^ are paramagnetic, with one and two unpaired 
electrons, respectively. 

Reaction of hexacarbonylvanadium with a range of benzene derivatives, 

followed by anion exchange, furnishes the cationic arene-vanadium carbonyl 
complexes, e.g.^ 

CgHg + V(CO)e [vicOeJ - ► 

PFg- 

These complexes have been shown to react with NaBH^ by addition of hydride to 

the aromatic ring, giving neutral dienyl complexes: 

Displacement of a CO ligand occurs on treatment with sodium iodide. Some 
subsequent reactions of the iodide are listed below. 

~V(C0)3 
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Manganese and Rhenium 

Perhaps the most interesting complexes in this group, from the point of view of 

potential synthetic applications, are the arene-manganese tricarbonyl de¬ 

rivatives, first prepared in 1957, which have received (limited) attention since 

around 1970. The usual preparative method involves heating the aromatic 

compound with pentacarbonylmanganese bromide or chloride in the presence of 

aluminum trichloride, followed by treatment of an aqueous solution of the 

product with hexafluorophosphoric acid: 

(i) BrMnteOj, 
AlClj , A 

(ii) HPFg 

R 

+ 

MnlCOlj 

This tends to give variable yields, and it is unlikely that a wide range of functional 

groups, e.g. in the R substituent, would tolerate the reaction conditions. More 
recently it has been shown that better yields of the arene complexes can be 

obtained by ligand exchange with the inexpensive tricarbonyl(methylcyclopenta- 
dienyl)manganese: ^ ° 

Mn (CO)^ 

Pauson and co-workers recently described a very mild, although expensive, 

method of preparation using pentacarbonylmanganese perchlorate:^^ 

R R 

A number of complexes are now known, including those of benzene, toluene, 

anisole, p-methylanisole, chlorobenzene and naphthalene. The complexes are 

diamagnetic and are isoelectronic with arene-Cr(CO)3 derivatives. However, 

they are more reactive than the latter compounds and undergo addition of less 

reactive nucleophiles. Despite this, their application to organic synthesis has not 
been explored to the same degree. 

The complexes react with, e.g., PhLi, MeLi, NaCH(C02Me)2, H“, N3", MeO~, 

NCS“ and CN" to give the neutral cxo-substituted cyclohexadienyl-Mn(CO)3 

complexes, e.g. 
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+ 
Mn (00)3 

NaCHCcOj Mejj 

- ' 
PhjC^ 

CH (C02Me)2 

Mn (00)3 

Attempted conversion of the dimethyl malonate adduct to a substituted benzene 
complex, by treatment with PhjC^, leads only to loss of the malonate group and 

regeneration of benzene—Mn(CO)3. Some of the products from reversible 

nucleophile addition (e.g. MeO “) are unstable, presumably owing to dissociation 
of the nucleophile. 

Interestingly, the cyanide addition product undergoes rearrangement with loss 
of CO ligand and formation of an Mn—CN bond, e.g.^^ 

The addition of nucleophiles to the cationic complexes is accompanied by the 

expected changes in the IR spectrum, the arene complex having absorptions 
usually at ca. 2070 and 2015 cm “ \ whilst the dienyl complex absorbs at ca. 2020 

and 1948 cm [cf. the changes for dienyl-Fe(CO)3 -^diene-Fe(CO)3, Chapter 
8], 

Reaction of arene-Mn(CO)3 complexes with trialkylphosphines occurs with 
loss of CO and formation of an M—P bond: 

+ 
MnlCOlj 

PhjP 

acetone 

+ 
Mn(C0)2pPh3 

Under some conditions the arene group can be displaced with a suitable ligand, 

e.g. acetonitrile. This might in fact provide a convenient method of obtaining the 

substituted benzene derivative from a complex after appropriate synthetic 

reaction, e.g.^'*’ 

CHjCN 0+ reflux r 3 
— Mn(C0)3 "BPh^ -► [ Mn(CO)3(CH3CN)3 J BPh^ 

Liberation of substituted arene from the neutral cyclohexadienyl-Mn(CO)3 

complexes can be achieved by treatment with cerium(IV) sulphate in sulphuric 
acid, e.g.^^ 
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Reactions of arene-Mn(CO)3 with primary amines occurs by addition of 

RNH2 to a carbonyl ligand, to give carboxamide complexes, although these are 

too unstable to allow isolation, undergoing facile loss of RNHj to regenerate the 

arene-Mn(CO)3 complexes. 

Mn (00)3 

RNH2 
% I 

Me 

MnlCOgCONHR 

Only a limited amount of work has been carried out on arene complexes 
bearing functional substituents. Most of the results parallel those for the 

corresponding chromium derivatives, except that the high reactivity leads to 

poorer regioselectivity. Thus, methoxy and dialkylamino substituents tend to 

direct nucleophiles to the meta position, whilst halogen substituents are displaced 

by reversible nucleophiles.^^ Some results are summarized below. 

NHPh 

Cl 

PhNK 

-MnlCOj PFg 

MnlCOlj PFg' 

Mn(CO), PF, 

OMe 

-Mn(COL PF' 
O D 

LiAIH. 

OMe 

-Mn(CO)^ + 

OMe 

-MnlCOT 

63 37 
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It may be noted that ‘irreversible’ nucleophiles (H“, Me“) do not displace the 

halogen, but rather add to non-substituted positions, predominantly meta to the 

haUde. The dimethylamino group serves as a powerful director of nucleophiles, 

and whilst this is probably due to electronic rather than steric effects, this remains 
to be proved. 

With highly substituted arene complexes, reduction with lithium aluminum 

hydride occurs by addition of H “ to both ring positions and carbonyl ligands. 

Similarly, alkyllithiums may add to both ring and CO ligands:^® 

+ MnfCOlgCHj 



370 

The azidotoluene complex undergoes an interesting ring contraction reaction, 

presumably via a nitrene intermediate:^^ 

Direct reaction of arenes with Re(CO)5Br or Re2(CO)8Br2 also yields cationic 
arene-Re(CO)3 complexes, the counter ion being produced as a bromorhenium 

carbonyl dimer 

Me Me 

Iron, Ruthenium and Osmium 

Two types of arene complex are of interest in the iron group of metals. The 

metal is formally in the + 2 oxidation state for both of these, the cyclo- 
pentadienyl-M-arene and bis(arene)M complexes, which will be discussed in 

that order. 

The arene-Fe-Cp cationic derivatives are prepared by displacement of one of 

the cyclopentadienyl ligands of ferrocene by, e.g. benzene, in the presence of 

AICI3: 

Cp^Fe 4- 
(i) AICI3 

-► 
(ii) NH^PFg 

A wide variety of substituted arenes can be employed, giving the appropriate 

complexes, some examples of which are shown below: 

R = Me, Et, Ph, F,C|, 

Br, OMe, SPh 
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As might be expected these complexes undergo reaction with nucleophiles. 

Perhaps less obviously, all nucleophiles studied add to the arene ligand, rather 

than the cyclopentadienyl ligand, to give cyclopentadienyl(f7^-cyclo- 

hexadienyl)Fe complexes. Reduction with sodium borohydride gives the expec¬ 

ted dienyl complex, treatment of which with trityl cation (or N- 

bromosuccinimide) leads to hydride abstraction (or oxidation) to regenerate the 
arene complex; 

With regard to substituted arene ligands, the results of nucleophile addition, 

such as they are, follow a similar trend to those of the corresponding arene- 

Mn(CO)3 cations. Thus, the halogen of chlorobenzene complexes is readily 

displaced by reversible nucleophiles (MeO “, PhO “, RS “, NH2 ~, etc.) but not by 
irreversible nucleophiles (H “), which lead to attack predominantly ortho to the 

halogen giving cyclohexadienyl complexes. The methoxy group in anisole-FeCp 

derivatives direct nucleophiles mainly into the meta position, and the directing 
effect appears to be stronger than for the Mn complexes. The C02Me group 

major (4:1, orf/jo/meta) 

ca. 4 1 
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Direct alkylation has been shown to occur exo to the metal, as expected from 

other similar 18e complexes.^ ^ 

When the arene ring is very highly substituted, e.g. hexamethylbenzene, 

addition of R “ occurs at the cyclopentadienyl ligand; 

Reaction of non-halogenated arene derivatives with nucleophiles such as 

OH OR “ or R2N“, or reduction with NaHg amalgam or sodium naphthalide, 

results in loss of the arene ligand and formation of ferrocene. Oxidation of the 

products of alkylation of arene-FeCp complexes, using either PhgC^ or NBS, 
may lead to hydride abstraction or alkyl group abstraction. Alkyl abstraction 

occurs for the benzyl-substituted derivative, whereas the methyl-substituted 

complex undergoes hydride abstraction:^^ 
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Interesting behavior is shown by cyclohexadienyl-FeCp complexes in which 

the cyclopentadienyl carries an a-hydroxyalkyl group. Treatment with acid 

causes loss of OH (as expected from the stability of a-ferrocenyl cations), but the 

final product is one in which H has migrated from the cyclohexadienyl ring:^^ 

OH 

Reaction of FeClj, FeBr2 or FeClj (which is reduced to FeCl2 by arene solvent) 

with arenes in the presence of aluminum chloride results in the production of 

diamagnetic bisarene complexes of the type [(arene)2Fe]^'^. The analogous 
ruthenium complexes, [(arene)2Ru]^’^, and the osmium complex 

[(mesitylene)20s]^'^ are also known. 

Reduction of [(Me6Cg)2Fe]^‘^ with sodium dithionite gives the paramagnetic 
monocation [(MegCg)2Fe] which can be further reduced to the very sensitive 

neutral complex [(MegCg)2Fe] using alkaline dithionite. The ruthenium com¬ 
plex [(MegCg)2Ru]^ ^ is reduced more readily to the neutral (MegCg)2Ru, which 

might at first be thought to be a 20-electron complex. X-ray analysis in fact 

reveals that this compound has a structure in which one of the arene ligands is rj'*’- 
bound, so the complex is an 18-electron species: 

interplanar angle ca. 45° 

Ru 

The dications have been found to react with an (as yet limited) range of 

major product 
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(5) 100 % 

It may be noted that displacement of chloride in the complex 5 is much more 

rapid than with (ClC6H5)Cr(CO)3, undoubtedly owing to its high positive 
charge. 

Cobalt, Rhodium and Iridium 

A range of arene complexes of these metals is known, although their reactivity 

and potential synthetic utility have not been investigated much. 

Bisarene complexes [(Me6Cg)2M]^^ (M = Co, Rh] can be prepared by 

reacting C0CI2 or RhClj with hexamethylbenzene in the presence of AICI3. A 

paramagnetic (two unpaired electrons) monocation, [(MegCg)2Co] is formed if 

aluminum metal is added to the reaction mixture, whereas a diamagnetic 

rhodium analogue, [(MegCg)2Rh] is formed on reduction of the dication with 

Zn/HCl. A similar diamagnetic cobalt complex, [(MegCg)2Co]'^, is formed on 
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reaction of dimesitylcobalt(II) with dimethylacetylene. Further reduction of 

[(Me6C6)2Co]^ to the neutral paramagnetic (MegCg)2Co (unpaired electron) is 

achieved with sodium in liquid ammonia. 

Mixed sandwich complexes are also known, e.g. 

(see also Chapter 7) 

arene 
(TT-CplIVl{0C0CF3)2(H20) -► 

M = Rh, Ir 

The rhodium and iridium complexes undergo hydride addition to the arene 

ring, e.g. 

Arene-M-Cp complexes in this series are also formed by trimerization of an 

acetylene. In this way the neutral Rh(I) complex 6 may be prepared. 

However, an X-ray structure determination reveals that the product is not an rj^- 
arene derivative, but rather an 18-electron fy"^-complex in which the aromaticity 

of the (CF3)gC6 ring is lost. 
Substituted cyclobutadienes have also been found to be useful counter ligands 

in this series, illustrated by the preparation of diamagnetic [(areneX?!:- 

C4Ph4)Co]^ cations: 
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This complex undergoes addition of simple nucleophiles at the arene ligand, and 

the resulting cyclohexadienyl complexes can be oxidized to (substituted) arene 

complexes with NBS; 

Bu 

♦ More exotic complexes containing clusters of metal atoms are obtained by 

reaction of cobalt carbonyls with aromatic compounds, e.g. 

A diene ligand can be displaced from [M(diene)2] complexes (M = Rh, Ir) 

with an arene to give the corresponding [(arene)M(diene)] ^ complex. This 

behavior has also been extended to monoolefin and phosphine complexes: 

Rhldienelg^ + Me^CgHj -► 

Rh (diene) 

RhL/ + Me3CgH3 

RhL2 L = C2H4, PCOPhlj 
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Nickel, Platinum and Palladium 

Reaction of hexafluorobut-2-yne with Ni(cod)2 leads to cyclotrimerization of 
the alkyne with the formation of neutral [(CF3)gC6]Ni(cod) complexes. The cod 

ligand may be displaced by tertiary phosphines and arsines. 

Complexes having unusual binuclear structures are produced in the reaction of 

PdCl2, AICI3 and A1 with an arene. The complex produced depends on the 
proportions of reagents used: 

+ PdCl2 + AICI3 

(1 mol) {1 mol) 

+ PdCl2 

(1 mol) 

Al 
+ AICI3 - 

(1.6 mol) 

Cl 

I 
CLAI — Cl—Al-Cl 

I 
Cl 

Reaction of NiBr2 with hexamethylbenzene/AlBr3 gives the paramagnetic 

(two unpaired electron)cationic [(MegCg)Ni]^isoelectronic with the Fe(0) and 

Co(I) complexes. 

;7^-TRIENE and DERIVED COMPLEXES 

The book by Deganello^^ provides a useful survey which includes rj^- 

complexes of seven-, eight- and twelve-membered rings. This section concentrates 

on the chemistry of ^y^-complexes of cycloheptatriene, cyclooctatriene, cyclooc- 

tatetraene, cyclononatriene and cyclododecatriene, and the derived ?/^-trienyl 

complexes where these are known. Most of the discussion is limited to complexes 

of chromium, molybdenum and tungsten, with a brief treatment of other metals. 

We shall further restrict ourselves to (triene)M(CO)j^ and (triene)M(Cp) 

derivatives. 

Seven-Mlembered Rings 

Chromium, Molybdenum and Tungsten 

Refluxing the metal hexacarbonyl in pure cycloheptatriene or in a high-boiling 

solvent affords the (?/^-triene)M(CO)3 complex, an 18-electron species in which 

the non-planar nature of the ligand is maintained: 



378 

M = Cr, Mo, W 

Low yields of the tungsten derivative are obtained by this procedure, but this may 

be improved by using W(CO)3(CH3CN)3 instead of the hexacarbonyl. The 

complexes adopt a quasi-octahedral arrangement shown below; 

CO 

The infrared spectra show three absorptions for the M(CO)3 group, e.g. M = Cr, 

1991,1921 and 1893 cm“ \ whilst the proton NMR spectrum shows H-3 and H-4 

at lowest field (^6.01 p.p.m.), H-2 and H-5 at 54.83p.p.m. and the terminal 

protons H-1 and H-6 at 53.40p.p.m. The methylene group has the endo proton 

at 3 2.90p.p.m. and the exo proton at 3 1.77 p.p.m., due to its projection into the 

shielding region of the triene. Thus, the general pattern is similar to that observed 
• for diene-Fe(CO)3 complexes (Chapter 7), but with the expected extra signals. 

The triene is readily displaced from the molybdenum complex by heating with 

acetonitrile: 

MolCOjlC^Hg) + 3 CHjCN -► Mo(COjtCHjCNlj + C^Hg 

Substituted cycloheptatriene complexes are accessible by reaction of the 

appropriate ligand with the metal carbonyl. For example, 7-substituted cycloh- 
eptatrienes, on treatment with Cr(CO)g or Cr(CO)3(py)3/BF3, usually produce 

cndo-substituted complexes, e.g. 

The 7-eudo-and 7-exo-substituted isomers can usually be distinguished by their 

proton NMR spectra, since protons on an exo substituent occur at higher field 

than endo substituent protons. Thus, if both isomers are available, assignments 
are readily made. 

Owing to the relative lability of the M—C^Hg bond, thermal substitution of 

CO with other ligands is usually not possible. However, this may be achieved, at 

least for the chromium complex, by photochemical means: 

CrCCOljtC^Hg) + PPhj -► (COlgCr (PPlijltC^Hg) 
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Treatment of C7HgMo(CO)3 with tetrafluoroboric acid results in protonation of 

the triene ligand to form a 16-electron cationic dienyl complex. Reaction of this 

complex with triphenylphosphine occurs at C-3 of the dienyl system (cf. the 

corresponding iron complexes), followed by disengagement of the metal, as 
shown below. 

No work appears to have been reported on reactions of the triene complexes 

with other electrophiles. Hydride abstraction from the cycloheptatriene com¬ 
plexes occurs readily on treatment with trityl tetrafluoroborate to give the 

tropylium carbonium ion complexes: 

These compounds show the expected single resonance in the proton NMR, and 

only two strong bands due to M(CO)3 in the IR spectrum (2007 and 1959 cm 

for M = Mo in a KBr disc). The tropylium ring is shown by X-ray methods to be 

planar. One of the carbonyl hgands may be replaced by, e.g., a phosphine for the 

Mo and W complexes, but not for M = Cr, which undergoes addition of R3P at 
the ligand. 

As might be expected, the ’-complexes react with nucleophiles, to give 1-exo- 

substituted cycloheptatriene complexes, although no attempts have been made to 
exploit this behavior for synthetic purposes. Some examples are shown below. 
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The rate of attack of these nucleophiles is independent of the metal. Addition of 

nucleophiles is not completely general, however, there being three anomalous 

pathways; 
(1) Ring contraction occurs with certain nucleophiles in the presence of excess 

base (or nucleophile): 

(i) R 
-► 
(ii) RO' 

Mo(CO)j 

e.g. R = C5H5 , MeCjH^ , "CHCCOgMelg ; "OR = "OMe , "OEt 

(2) Reductive coupling may occur with certain nucleophiles, e.g. PhLi, CN", 

OAc, "NH2, PhCONH2: 

• Similar reductive coupling occurs with dienyl-Fe(CO)3 cations with, e.g., 

MeMgl and PhMgBr. 
(3) Displacement of carbonyl may occur with NaX (X = Cl, Br, I). 

Directive effects of substituents on the tropylium ligands have been studied by 

Pauson and Todd.^^ Nucleophiles which may add reversibly show different 

behavior to irreversible nucleophiles, as might be expected. With the latter, e.g. 

H" from borohydride, a methoxy substituent is found to direct meta, as with 

arene complexes: 

OMe 

■^CrlCOlj 

On the other hand, when the nucleophile is sufficiently unreactive that it may be 

considered to add reversibly, e.g. Me0","CH(C02Et)2, then attack appears to 
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occur at the substituted position, although sometimes only low yields are 
obtained. 

With an electron-withdrawing substituent, e.g. CO 2 Me, all nucleophiles add 

predominantly at the 2-position, although the yields are rather variable. Hydride 

gives small amounts of product from attack at C-4. 

The product from methoxide addition to the ester complex 7 undergoes an 

interesting ring contraction on contact with alumina, giving the methylbenzoate- 

Cr(C03) complex. The same product is also obtained by treatment of the salt 
with either alumina or hydroxide, although mechanistic details are not available: 

Cyclopentadienyl-M(tropylium) (M = Cr, Mo, W) complexes are also known 

with the metal in both the -I- 2 and -I-1 oxidation states. The cationic complex 

undergoes addition to the tropylium ligand with PhLi, e.g. 
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CoCp 

Ph 

Manganese and Rhenium^^ 

Treatment of cycloheptadiene with Mn2(CO)io in refluxing mesitylene gives 

the neutral cycloheptadienyl-Mn(CO)3 complex as a crystalline compound, m.p. 
64-66 °C, in 70% yield. The Mn(CO)3 carbonyl stretching frequencies are in the 

range expected (2010,1950 cm“ for such a complex. Treatment of this product 
with Ph3C^ BF4“ affords the cationic >;^-cycloheptatriene-Mn(CO)3 complex 

(vco 2028, 1968 cm-1) in 95% yield. 
+ 

The cation reacts with a fairly wide range of nucleophiles at the triene terminus to 

afford substituted cycloheptadienyl complexes: 

Interestingly, the dienyl complex undergoes reaction with electrophiles, e.g. 

Friedel-Crafts acylation, presumably giving the cationic diene complexes, 

although these could not be isolated pure, and attempts to deprotonate them led 
to loss of the metal: 

The chemistry of these complexes, therefore, parallels to some extent that of 
diene-Fe(CO)3, derivatives. 
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The cyclopentadienyl-Mn(cycloheptatriene) complex has been prepared 

by photochemical displacement of CO ligands from CpMn(CO)3 with 
cycloheptatriene; 

87% 

Other Metals 

Complexes formed between cycloheptatriene and Fe(CO)3, etc., which are 

basically derivatives, have already been discussed. 
Reduction of CpTiCl3 with isopropylmagnesium bromide or magnesium 

metal in the presence of C^Hg yields the CpTi(f/^-C7H7) complex. Metallation 
using butyllithium occurs predominantly, but not exclusively, on the seven- 

membered ring, and the lithium derivatives react with electrophiles to give 
substituted complexes. The analogous zirconium complex has also been 

synthesized. 
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Direct reaction of TiClj with cycloheptatriene in the presence of a reductant 
yields not a bisCf/^-C^Hg) derivative, but instead the unsymmetrical {rj^- 

C7H9)Ti(^^-C7H7) complex. The same complex is obtained by co-condensation 

of C^Hg and Ti vapor at — 196 °C. 

It appears, therefore, that Ti does not readily form fy^-triene complexes (cf. arene 

complexes). 
Employing a similar reductive method with VCI4. affords (f/^-C7Hg)2V, whilst 

co-condensation of cycloheptatriene with vanadium vapor reportedly gives {rj^- 

C7H9)V(>;’-C7H7). The bis->/^-complex 8 reacts with trityl cation in two steps to 

give mono- and bis-cationic complexes. 

(8) 

Reaction of cycloheptatriene with V(CO)g gives two complexes, the major one 

being the (j/^-C7H7)V(CO)3 derivative 9. Substituted cycloheptatrienyl com¬ 
plexes have also been prepared by using the appropriate substituted triene 

precursor. 
R 

O' VCCOg 
-► r 

(' c 
\». ^ ^ ^ / 

^V(CO)3 

O’-O 
(9) 

major j R = H, Me,Ph, 
minor j R = H 

OR' , CO2R' 

Cobalt forms a cationic ?7^-cycloheptatriene complex 10 when the counter 
ligand is tetraphenylcyclobutadiene. The product reacts with nucleophiles in the 

expected manner, at the seven-membered ring. 

(10) R = H,0Me, OAc 
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Reaction of cycloheptatriene with Co4(CO)jq in refluxing hexane also produces 
rj^-C^Hg complexes, the Co cluster being retained. 

Eight-Membered Rings 

A large number of cyclooctatetraene complexes of varying coordination type 

are known, and this area is reviewed thoroughly in Deganello’s book.^^ We shall 

concentrate here on the hexahapto complexes obtained for the chromium group. 

Reaction of the metal hexacarbonyl (M = Cr, Mo, W) with cyclooctatetraene is 

not a satisfactory method for the preparation of these complexes, but reasonable 
yields can be obtained using, e.g., M(CO)3(NH3)3 or M(CO)3(CH3CN)3. In this 

way all three (f7^-CgHg)M(CO)3 complexes (M = Cr, Mo, W) have been prepared. 

The IR spectra show three bands due to the CO frequencies (M = Cr; 1996,1940 

and 1912cm“^) and a band at ca. 1670cm“^ attributable to the uncomplexed 

double bond. At low temperatures (- 40 °C) the ‘H NMR spectrum is complex, 

consistent with the hexahapto structure, but as the temperature is raised the 

resonances coalesce to give a singlet due to fluxionality of the cot ligand, {ca. <5 

5.20p.p.m. at 80 °C). Assignments of peaks show a similar pattern to the 
complexes met previously, e.g. 

The X-ray structure of the molybdenum complex 11 confirms the bent structure 
shown. 

A thermally unstable hexahapto (cot)manganese complex has been obtained 

by irradiation of CpMn(CO)3 in heptane or toluene at low temperature: 

Cyclooctatriene also forms a range of metal complexes, but again many of these 

have only two of the double bonds coordinated. 
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Reaction of CpVClj with cycloocta-l,3,5-triene and isopropylmagnesium 
bromide as reducing agent gives a mixture of and /y^-CgHg complexes. 
Dehydrogenation of the reaction mixture with Pt catalyst affords the pure 

VCp VCp 

Pt 

Ti'^-C8H9-VCp complex. Again, the most readily formed ri^-CgHio complexes are 
with the Group VIA metals (Cr, Mo, W), obtained by direct reaction of the triene 
with the metal hexacarbonyl, although higher yields (70-90%) can be obtained 
using M(C0)3L3 (L = CH3CN, NH3, diglyme). Complexes of both cycloocta- 
1,3,6-triene and cycloocta-l,3,5-triene can be prepared, but the latter are more 

stable: 

^ + CrlCOljlMeCNlj -► Cr(C0)3 

Hydride abstraction from the 1,3,5-triene complexes is readily achieved using 
Ph3C'^ to give the corresponding >7^-homotropylium complexes. The same 
cations of Mo and W, but not Cr, may be obtained by protonation of the rj^- 

cyclooctatetraene complexes. Addition of a limited range of nucleophiles has 
been investigated and exclusive reaction at the trienyl terminus has been 
reported.^® 

H 
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Hexahapto cyclooctatriene complexes of chromium have been prepared using 

;7^-Cp as counter ligand by direct reaction with CgHig, and also via the 
corresponding rj^-cot complexes, as shown below; 

RMgBr 
CpCrClg + CgH^Q ► f -M—CrCp 

(T ^CrCp 

R = H, Me 

Cyclononatriene Complexes 

Treatment of cis,cjs,as-cyclonona-l,4,7-triene with hexacarbonylmolyb- 

denum in isooctane at 110 °C gave a 47% yield of crystalline f/^-cyclonona-1,4,7- 

triene complex, in which the crown configuration of the triene is probably 

retained. No chemical studies of this compound have been reported. 

Cyclododecatriene Complexes 

The four isomeric forms of cyclododecatriene are illustrated below: 
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Perhaps surprisingly, no f/^-cyclododecatriene complexes are obtained by reac¬ 

tion of cdt with M(C0)6(M = Cr, Mo, W). The best known complexes are in 

fact those of nickel, 16-electron complexes of which are known for all four isomers 

of the triene. These substances are reviewed in depth in the book by Wilke and 

Jolly.^^ The complex of ttt-cdt has already been mentioned in connection with its 

role in the trimerization of butadiene (Chapter 2). It is readily prepared by 

reduction of Ni(acac)2 with aluminum alkyls in the presence of the polyolefin: 

Ligand exchange may be used for the preparation of ccc-cdt-Ni: 

Ni(r//-cdt) ccc-cdt ^ — (ccc-cdONi -I- ttt-cdX 

The remaining two complexes, which are unstable at normal temperatures and so 
not well characterized, have also been obtained using the appropriate cdt isomer 

^in reaction with NI(acac)2/R3Al. 
Apart from their role as oligomerization catalysts, these complexes appear to 

display little interesting reactivity. 
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Metalloorganic 
-Cliemistrv 

Anthony J. Pearson, Department of Chemistry, Case Western Reserve University, 
Cleveland, Ohio 

This book has two principal aims: to cover the basic chemistry of organo- 
transition metal complexes and to link this with the applications of established 
reactivity patterns to organic synthesis. ' 

Two chapters deal with fundamental reactivity and bonding patterns, whilst 
the remaining seven chapters cover organometallic chemistry, organized accord¬ 
ing to ligand type. Reactivity phenomena are explained on a rational basis, using 
the frontier molecular orbital appToach, and are placed against a background of 
real synthetic application. This is illustrated by examples of de novo synthesis of 
natural product molecules, chosen from the recent literature. 

Written by an organic chemist, this book is an introduction to the subject of 
metallo-organic chemistry for both the rese^rdier who finds the field bewilder- 
ingly diverse, and the advanced undergraduate meeting the subject for the first 
time. There is sufficient discussion to give an urrderstanding of, and a familiarity 
with, basic chemical aspects and this allows an appreciation of how to apply the 
chemistry in synthesis. 
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