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CHAPTER 1 

INTRODUCTION 

In this thesis, the chemistry of ter- and tetravalent bispermethylcyclo- 
pentadienyl titanium compounds Cp*,TiR and Cp*,Ti(R)R' (Cp*: q5-C5Me5; R, R' = 

chlorine, hydrocarbyl) is described. The main emphasis has been laid on 
kinetic and mechanistic aspects of (intramolecular) reactions a t  the titanium 
center. The outcome of this exploratory study demonstrates that numerous 
elementary reaction steps like (a, ,B) hydrogen elimination and bond homolysis 
are kinetically accessible. The resulting chemistry is varied and by no means 
easy to predict. These aspects are characteristic for the chemistry of the 
early transition metal elements. 

Organometallic Compounds in Synthesis and  Homogeneous Catalysis. 
The catalysis of organic reactions by soluble metal complexes has become an 
important tool in chemical synthesis.' The major advantage of these methods is 
the intrinsic potential to produce (optically) pure products in high yields. 
The applications of organometallic compounds have been accompanied by a 
considerable growth in understanding the chemistry involved. Mechanistic 
studies though usually have been carried out after empirical optimalization of 

reaction conditions and constitution of the organometallic species., 
The comprehension of intimate details of catalytic processes is not an easy 

matter. The active catalyst, in many cases prepared in situ, is not easily 
isolated or even identified. The isolation and identification of 
organometallic species from the reaction mixture can sometimes be helpful to 
elucidate a reaction sequence, but in general great care has to be taken not 
to over-interpret the  result^.^ The study of elementary reactions is therefore 
best carried out under carefully defined non-catalytic reaction conditions. 
In the 1980s, many of the techniques of physical organic chemistry have been 

modified to make them suitable for the study of organometallic  reaction^.^ 
This has led to many reports on the kinetics, mechanism and also on the 
thermodynamics of organometallic processe~.~ In addition, computational 



organometallic chemistry has made an increasing contribution to the 
determination of realistic activation energies and thermodynamics of 
elementary reaction steps.6 Insight into the fundamental factors of 
organometallic reactions is not only challenging in itself, but also .very 
relevant for the rational design of new 'synthons' and catalysts. 
Presently a number of elementary steps are well understood and documented. 
These involve oxidative addition (and its micro reverse reductive 
elimination), migratory insertion, cycloaddition (and its reverse), bond 
hetero- and homolysis, elimination (a-, P-, y- etc) and a- and T-bond 

metathesis.' Some of these reaction steps are common to virtually all metals, 
independent of their position in the periodic table, others are quite specific 
for one particular metal or group of metal compounds. 

Characteristics of t h e  Early Transition Metal Organometallic Compounds and 
Mechanistic Consequences. 
The early transition (group 3, 4, (5)) and lanthanide metals are strongly 
electropositive elements.' They possess a small number of valence electrons 
with respect to  available atomic orbitals. This implies that only a limited 
number of electrons is available for binding of ligands, with a concomitant 
tendency to form electronically and sterically unsaturated compounds. Electron 
deficiency in combination with steric unsaturation gives complexes of early 
transition metals (strong) Lewis acidic properties. The need for electron 
density of the high valent compounds of these metals is often satisfied by the 
coordination of all kinds of Lewis bases

g
, especially of ethers, but even of 

alkalihalides. If these are not available to the metal, agostic C-H bonds with 
ancillary ligands (and in some cases even intermolecular) may be formed.1° 
The M-C bond in the early transition metal carbyl complexes has quite a high 
dissociation energy. Although studies have not been very extensive, they 
indicate a dissociation energy in the range of 200-360 kJ.mol-l.ll In 
consequence bond homolysis has low rates, and radical reaction pathways are 
unlikely in this aera of chemistry. The difference between M-C and M-H bond 
energies is rather small.12 This has consequences for P-hydrogen eliminations: 
Alkyl complexes are thermodynamically more stable than hydride species and 
free olefin or hydride-olefin configuration. P-Hydrogen eliminations though, 
are kinetically within reach.13 
In the majority of organometallic compounds of early transition metals and 
lanthanides the metal has its highest valency. This originates to a large 
extent from the limited availability of metal electrons in combination with 
the need for some steric saturation, necessary for stability and solubility. 
For these complexes oxidative additions are not possible. 



As a result of the large differences in electronegativity between carbon and 
early transition metals, the M-C bond is highly polar with negative charge 
located at  the carbon atom. The M-C bond in these compounds is therefore 
liable to react with polar substrates, e.g. acids or alcohols. The strong 
Lewis acidic metal centers are in certain cases capable of polarizing C-H 
bonds to such an extent that proton transfer can take place. This type of 
reaction is refered to as C-H activation. 
In summary, early transition metal chemistry is dominated by concerted 
reactions (no homolysis of metal carbon bonds), like a-bond metathesis (Figure 
1) and migratory insertion. Transition states are highly polar. 

Figure 1. Sigma bond metathesis 

Activation of inert  C-H Bonds. 
The activation of C-H bonds in alkanes (and aromatics) has been a major topic 
in transition metal chemistry over the last decade.14 Alkanes have formed 
challenging substrate molecules for organometallic chemists. C-H bonds of 
aromatics and alkanes are difficult to functionalize in a controlled, 
preferably catalytic manner. The inertness of alkanes originates from a 
combination of factors. C-H bonds have low polarities, they form strong bonds 
and have deep lying HOMO'S and high-lying LUMO's, making neither the a nor the 
a* levels easily accessible to an attacking reagent. The tetrahedral 
arrangement of bonds around a carbon atom also places a strong steric 
inhibition on an incoming reagent. 
Nowadays, the basic strategies for functionalization of C-H bonds in alkanes 
and aromatics are well under~tood.'~*'~ An incoming agent has the choice of 
donating electron density to the C-H a* orbital, or abstracting C-H a-bonding 
electrons or by doing both at  once. The first (and last) process needs both 
high energy metal electrons and a vacant coordination site16, a combination 
found only for nucleophilic late transition metal complexes (oxidative 
addition at  electron rich metals), and is not the subject of this thesis. 



The second strategy is typified by electrophilic attack on the C-H bond and 
thus requires a strong Lewis acid, conditions typically found in early 
transition metal complexes. The study of these processes (a-bond metathesis 
mechanism) has been a dominant area of interest in the last decade", and is 

one of the central themes of this work. 

Scope of this thesis and  summary  of t h e  research. 

In this thesis kinetic and mechanistic studies of bispermethylcyclopentadienyl 
titanium compounds are described. The first part, chapters 2, 3 and 4, deals 

with paramagnetic tervalent halide and alkyl permethyltitanocenes, Cp*,TiX. In 
the second part, chapters 5 and 6, the synthesis and thermal decomposition of 
tetravalent hydrocarbyl complexes of permethyltitanocene is presented. The 
central theme of this thesis has been hydrocarbyl chemistry (except for 
Chapter 2), especially concerning the kinetics and mechanisms of M-C and C-H 
activations. The primary objects were to develop and adjust methods for 
monitoring reactions. The majority of these efforts are exploratory, and 
describe experimental techniques and methods open for application in future 
detailed investigations. In addition, a general overview is given of a number 
of elementary reaction steps and mechanisms in titanium chemistry with respect 

to kinetics and thermodynamics. 
The permethylcyclopentadienyl group is a very important spectator ligand in 
organometallic .chemistry, and the Cp*,Ti-system was chosen in this 
investigation. Owing to the steric and electronic properties, stable and 
soluble metal complexes are obtained, which are conveniently studied in 
solution. The steric bulk of the permethylcyclopentadienyl ligand relative to 
the ionic radius of titanium provides a sterically quite saturated titanocene 
unit. This has consequences for the reactivity of the alkyl and bis-alkyl 

complexes. In general, reactions tend to be intramolecular and have moderate 
reaction rates. This makes this kind of compounds particularly suitable for 
studying reaction mechanisms and kinetics. 

In Chapter 2, the kinetics of the carbon monoxide induced disproportionation 
of Cp*,TiCl to  Cp*,TiC12 and Cp*,Ti(CO), (Cp*: q5-C5Me5) is described. The 
disproportionation proceeds through a complex between Cp*,TiCl(CO) and 
Cp*,TiCI. This indicates that two permethyltitanocene units can approach each 
other closely enough for a concerted exchange of ligands despite the steric 
bulk of the Cp* ligands. 
In Chapter 3, a reactivity study of alkyl derivatives Cp*,TiR (R = Me, Et) is 

presented. The reactions are characteristic for early trznsition metal 
carbyls. It appears that the Lewis acidity of the metal center is not strong 
enough to induce insertion of ketones, nitriles or olefins. It is shown that 



the @-hydrogen containing alkyl complex Cp*,TiEt reacts as a pseudo hydride: 
reaction of c ~ * ~ T i E t  with unsaturated substrates, e.g. t-BuC=N, results in 
extrusion of ethene and subsequent insertion of the substrate into the Ti-H 
bond. Apparently, olefin extrusion from Cp*,TiEt by @-hydrogen elimination and 
consecutive insertion of a substrate molecule into the Ti-H bond is faster 
than insertion into the Ti-C bond. 
In Chapter 4, the (thermal) decomposition of Cp*,TiR to ring metalated Cp*FvTi 

(Fv: q6-C,Me,CH,) and RH is discussed. Elaborate studies indicate that this is 
a complicated (auto)catalytic process. A central role is played by Cp*,TiH, 

which is formed from @-hydrogen containing derivatives a t  ambient temperature 
or from hydrogenolysis of Cp*,TiR at  elevated temperature. The dihydrogen 
necessary to start the (auto)catalytic reaction under the latter conditions is 
eliminated from Cp*FvTi. The thermolysis of Cp*,TiR appears to proceed in two 
steps; first dihydrogen is eliminated from Cp*,TiH to yield Cp*FvTi, and 
subsequently the Ti-C bond in Cp*,TiR undergoes hydrogenolysis to RH and 
Cp*,TiH. The latter compound then can reenter the cycle. 
Chapter 5 describes the synthesis and thermal decomposition pathways of mixed 
alkyl/aryl complexes Cp*,Ti(R)R'. An in-depth study of the thermolysis of a 
series of methyl derivatives Cp*,Ti(Me)R (R = Et, Ph, C2H3) is presented. They 

decompose in a concerted fashion, yielding highly reactive intermediates, like 
benzyne and vinylidene titanocenes, which undergo intramolecular C-H 
activation to form Cp*FvTiR derivatives. 

Finally, in Chapter 6 the unexpected radical decomposition of Cp*,Ti(Me)CH,Ph 
to Cp*,TiMe and 1,2-diphenylethane is reported. The Ti-CH2Ph bond strength was 

determined by kinetic methods to be about 80 kJ.mo1-', an extremely low value. 
A structure determination of Cp*,Ti(Me)CH,Ph indicates that the unusually weak 
titanium carbon bond in this complex probably has steric origins. The 

difference in Gibbs activation energy for benzyl radical to recombine with 
Cp*,TiMe or Cp*FvTi is 9 kJ.mo1-'. 
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