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Abstract 

Studies on Molecular Oxo and Imido Complexes of the Group 6 Metals 
and Supported Chromiiun Oxide Polymerisation Catalysts 

This thesis describes studies directed towards the preparation of bis 
(imido) complexes of the Group 6 metals containing olefin, phosphine, 
acetylene, and alkyl ligands w i t h particular emphasis on their relationship 
w i t h Group 4 bent metallocenes. The polymerisation mechanism of the 
Phillips catalyst (Cr03/Si02) is examined using XPS (X-Ray Photoelectron 
Spectroscopy) and in situ mass spectroscopy. 

Chapter 1 highlights properties of some of the important ligand 
classes that are used throughout the remainder of this thesis. 

Chapter 2 describes a high yield one-pot synthesis of molybdenum 
bis (imido) complexes of the type Mo(NR')(NR")Cl2.DME. I n addition a 
number of attempts to extend this strategy to other metals are described, 
including a novel synthesis of the chromium complex [Cr2Cl9] [NHEtsls. 

Chapter 3 describes the synthesis, characterisation, and reactivity of 
the bis ( imido) bis (phosphine) complexes Mo(NAr )2 (PMe3 )2 and 
[ M o ( N t B u ) ( | j . - N t B u ) ( P M e 3 ) ] 2 . Further studies on bis (imido) olefin 
complexes o f the t y p e M o ( N A r ) 2 ( P M e 3 ) 2 ( ' n 2 - C 2 H 4 ) and 
Mo(NtBu)2(PMe3)(Ti2-C2H4) was undertaken and concentrated on their 
structural relationship to Group 4 metallocene species. 

Chapter 4 describes the preparation, structure, and reactivity of 
some bis (imido) acetylene complexes Mo(NR)2(PMe3)(PhC=CR') (R= Ar , 
tBu; R'= Ph, H ) . Preparation of bis (imido) alkyls was undertaken in 
attempts to generate benzyne and alkylidene derivatives. 

Chapter 5 studies the Phillips pol5nnerisation catalyst using XPS and 
mass spectroscopy. Model systems were used to probe reactive surface 
species their use reveals a number of features that are dif f icul t to observe 
w i t h the actual catalyst. Aspects of molecular chemistry have been 
examined which are believed to relate directly to the heterogeneous 
system allowing a possible polymerisation mechanism to be postulated. 

Chapter 6 gives experimental details for Chapters 2-5. 

Philip Wi l l iam Dyer (November 1993) 
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Cp Cyclopentadienyl (C5H5) 
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N M R Nuclear Magnetic Resonance 
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R General alkyl ligand 
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td Triplet of doublets 
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tqd Triplet of quartets of doublets 

XPS X-ray Photoelectron Spectroscopy 

V l / 2 Peak wid th at half height 

X General 1-electron donor ligand 
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Chapter One- Introduction 



1.0 Introduct ion 

The w o r k described i n this thesis is directed towards the 
development of the chemistry of Group 6 oxo and imido compounds. 
These studies have concerned the fol lowing areas: 

i ) The synthesis of molybdenum bis (imido) complexes using a 
simple, "one-pot" reaction. 

i i ) Bis ( imido) complexes have been synthesised containing 
inter alia phosphine, olefin, and acetylene ligands. 

i i i ) A comparative study was undertaken to compare the 
structural relationship that exists between Group 4 bent 
metallocenes and their pseudo-isolobal Group 6 bis (imido) 
counterparts. 

i v ) The chemistry of well-defined complexes of the Group 6 
metals was used i n conjunction wi th XPS and in situ mass 
spectroscopic studies wi th a view to assessing the mechanism 
of the silica supported Phillips olefin polymerisation catalyst. 

Much of the work described below has involved the use of a 
number of common ligand types. Hence, the remainder of this chapter 
brief ly discusses the important properties and characteristics of the main 
l igand classes used throughout this thesis. In particular complexes 
containing oxo, imido , phosphine, olef in (acetylene) and alkylidene 
moieties are included. This review is not intended to be comprehensive, 
but to highlight particular areas that are of relevance to this work. 

1.1 Transition Metal Oxo Complexes and Main Group Oxides 

Transition metal oxo complexes play a central role in a variety of 
laboratory, industrial and biological oxidation processes.^ They exhibit a 
wide range of bonding modes as shown in Figure 1.0. Only terminal oxo 
species (structures 1 to 3) w i l l be discussed in detail. 
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Figure 1.0 Common structurally characterised oxo group geometries. 

Oxo ligands are frequently described as closed shell dianions^ (O^-). 

Metals i n high oxidation states are required to maximise the degree of 

productive % bonding (i.e. K interactions that stabilise the metal oxygen 

bond). Thus, the vast majority of metal oxo compounds have either d^, d^ 

or d2 electronic configurations. Only a few d^ and d^ complexes have 

been prepared.3-8 d^ Re(0)X(RCsCR)2 complexes tend to adopt an unusual 

fetrahedral geometry i n order to accommodate the d-electrons i n 

approximately non-bonding orbitals. This prevents occupation of Re-0 n* 
orbitals.9 

o: M= O. M - o: 

Scheme 1.0 Contributions to metal-oxo bonding showing the variation in 

metal-oxo bond order. 

I n general, metal-oxo complexes exhibit bond orders that range 

f r o m one to three (Scheme 1.0), the high electronegativity of oxygen 

enables i t to tolerate up to three lone pairs. Mono-oxo complexes usually 

contain metal-oxygen t r ip le bonds^ but, the bond order for di-oxo 

complexes is intermediate between that for double and triple bonds, a 



result of competition for available metal-based 7i-symmetry orbitals. This 
latter situation is discussed in greater detail later. 

Complexes containing the oxo moiety are known to play a part in 
both metal assisted hydrocarbon oxidation^O and olefin metathesis.^^ The 
role of the oxo group in classical olefin metathesis using high valent 
Group 6 oxides has been the focus of a detailed ab initio study by Goddard 
and Rappe.l2 Mo(0)Cl4 the M-O bond has an order of three, whereas 
for the di-oxo complex Mo(0)2Cl2 the bond order is lower. The conclusion 
of Goddard and Rappe's study was that the increase in bond strength upon 
conversion of a metal oxygen double bond to a triple bond could provide a 
dr iv ing force for reactions occurring at a metal centre. 

:o: 

CH2 + 

H H 

\ / 
C 

C 

CHo 

H H 

Scheme 1.1 "Spectator Oxo" effect. 

Thus, the reaction of an olefin wi th an 0x0 group was calculated to 
be thermodynamically favourable only because the bond between the 
metal and second "spectator" 0x0 group becomes much stronger as the 
bond order increases f r o m two to three, stabilising the metallacyclic 
intermediate (Scheme 1.1). Such an effect has been termed a "Spectator-
0x0 Effect". 

Main Group oxides can be classed in general terms as being either 
normal oxides, suboxides, peroxides, or super oxides. Normal oxides are 
by far the most important class which contains species w i t h simple E-O 
bonds (E= any element other than oxygen). They may be either covalent 
(e.g. 0 = C = 0 ) or ionic (e.g. Ca^+O^-) in their nature. Further subdivision 
into subclasses depending on their behaviour w i t h water, aqueous acids 
and alkalis can be made. This behaviour can be explained in terms of the 
relative differences i n electronegativity between E and O. Thus most 
metal oxides are ionic and non-metal oxides polar covalent. However, 
transition metal oxides w i t h oxidation states greater than +4, e.g. CrOs, 
Mn207 , are covalent and acidic as there is a large energy requirement for 
the fo rmat ion of Cr6+ and Mn' '+ which is not available i n normal 



chemical reactions. The acidic behaviour of amphoteric oxides (e.g. AI2O3, 
ZnO) is best explained i n terms of removal of O H - ions f r o m solution 
rather than donation of protons. 

The suboxide classification encompasses species that contain both E-
E and E-O bonds but no O-O linkages. One example of this class is the gas 
C3O2 (i.e. 0=C=C=C=0). Peroxides contain O-O as well as E-O bonds, but 
no E-E functionality, e.g. H2O2, Na202, K2O2. A l l peroxides afford H2O2 on 
treatment w i t h water, or dilute acids. They are formed by all the metals of 
Groups 1 and 2 w i t h the exception of beryllium. Superoxides are closely 
related to peroxides, but contain the [O2]' ion. They are formed by all the 
metals of Group 1 w i t h the exception of l i thium (e.g. KO2). 

Later i n this thesis metal species impregnated onto silica surfaces 
w i l l be examined in detail. Thus, a brief summary of the nature and 
properties of silica w i l l be given. 

A l l the Group 14 elements fo rm oxides of the type XO2. Carbon 
dioxide is, however, the only molecular species, the other oxides being 
crystalline high melting point solids. 

This disparity between carbon and the other elements of this group 
reflects the propensity of carbon to fo rm stable, covalent, multiple bonds. 
This is readily explained i n terms of the relative atomic radii of each of the 
elements. Carbon atoms are much smaller than those of silicon, and 
germanium etc. (C 0.77A, Si 1.17A, and Ge 1.22A). Hence, the p orbitals 
required for mult iple bond formation can readily overlap for carbon, yet 
for the heavier congeners the p7i-p7t overlap is poor. Because the energy of 
the Si-O bond (452 k j mol ' l ) is much greater than that of a Si-Si bond (340 
k j m o l ' l ) , the former are always preferred. Thus, when silicon is oxidised 
the basic uni t =Si-0- can l ink up i n three dimensions fo rming giant 
molecules. 

The surface of silica (Si02) contains both hydrophobic siloxane 
bridges (Si-O-Si) and hydrophi l ic terminal hydroxide (silanol, Si-OH) 
groups. Under normal atmospheric conditions the surface w i l l be covered 
by a multilayer of physisorbed water. Heating increases the concentration 
of siloxane bridges at the surface, but can never remove all the surface 
silanol groups. Thus, all silicas develop hydrophobicity upon thermal 
treatment. The silanol groups have been shown to have an associated pKa 
value i n the range 4-7, dependent upon the method of preparation of the 
silica. This weakly acidic or near neutral behaviour means that silanols 



can behave as reactive, coordinative, or inactive groups against metal 
carbonyls and other organometallic species. 

1.2 Imido Complexes 

Transition metal imido complexes, [M]=NR, constitute one of the 
richest classes of compounds, both in the variety of structural possibilities 
and the diversity of the chemistry associated w i t h them.2'l3 Complexes 
containing this ligand have been proposed as intermediates in a variety of 
processes including selective oxidation,!^ ammoxidation,^5 and enzymatic 
transformations.^6 

Imido ligands have been observed to adopt f ive bonding modes, 
shown in Figure 1.1. Discussion w i l l be l imited to the most common 
arrangements, modes 1 to 3, of relevance to the studies described in this 
Thesis. 

M ^ N R 

.(1) 

M = N 

(2) 

R 

R 

M M 

(3a) 
R 

R 

M M 

(3b) 

M I 
M 

N-., . (4) 
" "M 

Figxure 1.1 Bonding modes of imido ligands. 

A linear M-N-C arrangement (structure 1) has generally been 

thought to imply a metal-nitrogen triple bond, formed by donation of the 

nitrogen lone pair of electrons to an empty metal d-orbital; nitrogen is 

thus sp-hybridised, forming one o and two K bonds to the metal. 



This re la t ively h igh bond order is a consequence of the 
electronegativity of the nitrogen atom, although a sufficient supply of 
vacant metal d orbitals is required to stabilise this bonding interaction. As 
a result, most f u l l y characterised imido complexes are found w i t h d^, d^, 
and d2 configurations, al though some d^ and d^ f luo ro a lky l imido 
complexes of i r i d ium have been reported.^'' 

Most structurally characterised imido complexes contain metals 
f r o m Groups 5, 6, 7 and 8, although there are examples f r o m most other 
groups, w i t h recent reports of terminal imido complexes of all the Group 4 
metals. 18 The most common metal-imido species are those f r o m the 
second and th i rd row metals; only more recently have first row imido 
complexes become more prevalent Horton having reported a number of 
vanadium mono- and bis (imido) species.i^ 

Bonding mode 2 is thought to arise when bending of the inudo unit 
occurs, leaving formally a lone pair of electrons on nitrogen, reducing the 
metal-nitrogen bond order. Bending is expected when the metal does not 
possess two vacant 7c-symmetry orbitals, i.e. when the donation of the 
nitrogen lone pair would force the metal to exceed the 18 electron count 
predicted by the effective atomic number rule,2'20 or when occupation of 
destabilising antibonding orbitals would result. 

Despite this argument, there is only one example of ,a structurally 
characterised "bent imido" ligand, namely Mo(NPh)2(S2CNEt2)2/^^ Figure 
1.2. This complex has phenyl imido ligands in both geometries 1 (Mo-N-C 
bond angle 169.4(4)°) and 2 (Mo-N-C bond angle 139.9(4)°), and was thus 
described as having one nitrogen-metal triple bond (Mo-N = 1.754A) and 
one double bond (Mo-N = 1.789A), using the three d-orbitals of K-
symmetry available at the metal centre. 
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However, 20 electron complexes have recently been reported in 

which the M-N-C bond angle lay well wi th in the limits usually assigned 

for linear imido ligands (161 to 180°)2. Schrock's trigonal planar Os(N-2,6-

iPr2C6H3)322 complex possesses three imido ligands wi th Os-N-C bond 

angles of 178.0(5)° and 180° (by symmetry); fur thermore , both 

Cp*2Ta(NPh)(H),23 and Cp2Zr(NtBu)(THF)24 display near-linear M-N-C 

bond angles. A l l three complexes question the validi ty of the argument 

that linear (or near-linear) species are indicative of electron pair donation 

f r o m nitrogen to the metal centre to f o r m triple bonds. For the three 

complexes cited above, the electrons have been proposed to lie in nitrogen 

based non-bonding orbitals, thus alleviating the high metal electron 

count. 

Recent work has focused upon the use of imido and oxo ligands to 

stabilise metal centres in high oxidation states,2'25 a property due in part to 

their abili ty to participate in extensive ligand-to-metal rc donation. The 

imido ligand has the advantage of being able to control stereoelectronic 

effects through choice of the organoimido substituent. For example, bulky 

substituents can reduce the tendency for imido-bridge formation, which 

often leads to oligomeric or cluster species for analogous oxo systems of 

the early transition metals.26 The bulky 2,6-diisopropylphenyl substituent 

has proved particularly useful in stabilising low-coordinate and in some 



cases h igh ly reactive mononuclear metal fragments.22 Other more 
spherically bu lky substituents such as the tert-butyl group can also 
maintain a mono-nuclear geometry, the unusual "pogo-stick" complex 
Cp*Ir(NtBu) being an excellent example.27 There are, however, a number 
of complexes that contain bridging tert-butyl imido and aryl imido ligands 
(structure 3, Figure 1.1).28 

The imido moiety differs f r o m its isoelectronic oxo counterpart in 

that: 

a) Complexes containing the imido ligand are in general more 

soluble in hydrocarbon solvent. 

b) The effects on a particular complex caused by changes in 

mul t ip le bonding are more pronounced than for the oxo 

derivatives due to the lower electronegativity of nitrogen 

versus oxygen.20 

c) The organic substituent provides a convenient probe of both 
bonding and electron distribution using i H , l ^ c , iSjvj nMR 
and crystallography.21'29 

Just as a spectator ligand effect was observed for some di-oxo 
containing complexes, so imido groups have been postulated to exhibit a 
similar phenomenon. The reaction shown i n Scheme 1.2 is more 
favoured than the analogous reaction involving Mo(X)Cl4.i2 

H 

I « \ 
N X N XR' 

M o ^ M o R 

/ \ / 
C l ^' C l CI 

. Scheme 1.2 Imiio ligand spectator effect. 

I t was proposed that the smaller spectator effect of an imido may 

prove advantageous i n Lewis acid-free metathesis catalysts, an effect borne 

out by well-defined olefin metathesis initiators reported by Schrock and 

c o - w o r k e r s , - 3 0 th is system possesses an anc i l l a ry 2,6-



di isopropylphenyl imido uni t cis to the important alkylidene l igand. 
Figure 1.3. 

Figiu-e 1.3 

Schrock's well-defined ROMP 
^ initiator 
II ( M = M o , W ; R= CMe3, CMe2Ph; 

R ' 0 » " y ^ ^ R'= CMe3, CMe2CF3, CMe(CF3)2, 
j ^ , Q ^ CHR CF2CF2CF2CF(CF3)2). 

1.3 Tertiary Phosphine Complexes 

Tert iary phosphines (PR3) have found use in many areas of 
transition metal chemistry, for a variety of reasons: 

a) They are one of the few classes of ligands in which electronic 
and steric factors can be varied in a systematic way over a 
very wide range, through variat ion in R; both these 
contributions have been quantified by Tolman.31/ 32 

b) They are known to bind elements throughout the transition 
series. 

c) The 3 l p nucleus has nuclear spin = 2̂ / 100% natural 

abundance and good receptivity, all of which facilitate study 

by N M R spectroscopy. 

Coordination of tertiary phosphines to transition metals permits 

structural and electronic modifications to the metal environment, thus 

influencing the reactivity at the metal centre. The influence exerted by 

tertiary phosphines can be attributed to : 

a) The coordinative stabilisation and solubilisation of low 

nuclearity, transition metal fragments. 

10 



b) The generation of a labile coordination sphere, either 
through association/dissociation of the phosphine lig'ahds 
themselves, or through their influence on the coordinating 
ability of attendant ligands. 

c) The stabilisation of an exceptionally wide variety of 
catalytically important ligands of interest both in the 
laboratory and industrially, as their phosphine complexes 
(R3P)nM-L, eg. H2, CO, CO2, olefins and acetylenes. 

1.4 Complexes of 7C - Bound Olefins and Acetylenes 

1.4.1 Metal O le f in Complexes 

The f i rs t transition metal complex containing an unsaturated 
hydrocarbon ligand, the so-called Zeise's salt, K[PtCl3(C2H4)].H20, was 
synthesised as early as 1837, although i t wasn't unt i l the 1950's that the 
actual structure was established. 

The interaction of an olefin or an acetylene wi th a transition metal 
centre consists of both a a and a K component, and bears similarity to 
carbon monoxide coordination. The best bonding picture is generally 
accepted as being the Dewar-Chatt-Duncanson model,33 which involves 
donation of the C=C K electrons to an empty da orbital on the metal, 
accompanied by back donation f rom a f i l led metal dn orbital into the C=C 
K* level, as shown in Figure 1.4. As is the case for CO, a a bond is 
insufficient on its own to stabilise the complex. 

H H 

H H 

Figure 1.4 Dewar-Chatt-
Duncanson model of metal-olefin 

bonding. 

The electronic environment of the metal dictates the structure and 

reactivity of the resulting complexes. The more electron rich metal centre 

11 



[formally Pt(0)] shown in Figure 1.5b, reveals a correspondingly longer C=C 
bond than in Zeise's salt itself (Figure 1.5a), in which M - L a bonding 
predominates. In strongly K basic complexes such as Pt(PPh3)2(C2H4) the 
metal o l e f in system is usually considered as approaching the 
metallacyclopropane extreme. 

H 

I.37A 

C Cl 

•Pt Cl 

V 

/ 
H 

Cl 

H 

(a) 

Ph3P> 

Ph3P' 

CH, 

Pt 
CHo 

1.43 A 

(b) 

Figure 1.5 

n-backbonding also causes the hybridisation of the olefinic carbons 
to approach sp3, forcing the substituents to bend away f rom the metal 
upon coordination. Metal complexes that contain unsymmetrical a-
olefins exhibit metal-olefin carbon bonds lengths that differ significantly 
via "slip distortion". The metal-carbon bond length to the substituted 
olefinic carbon is usually longer than to the unsubstituted carbon.33 

Coordination of an olefin by transition metals often renders the 
olefin inert towards cycloaddition and catalytic hydrogenation, provided 
the metal is coordinatively saturated. However, both nucleophilic and 
electrophilic reagents can attack coordinated olefins. Normally, free 
olefins are not susceptible to nucleophiUc attack, but when complexed to 
metals i n relatively high oxidation states ( I I to IV) in cationic systems, 
nucleophilic addition is possible. In contrast, complexes wi th the metal in 
a low formal oxidation state tend to react like metallacyclopropanes, and 
are attacked by electrophiles such as protons at electron-rich metal-carbon 
a bonds. 

1.4.2 Metal Acetylene Complexes 

The coordination of acetylenes to transition metal centres is broadly 

similar to olefins, but being more electrophilic, they tend to encourage 

12 



back donation and bind more strongly. Upon coordination the acetylenic 
substituents tend to distort towards the geometry of a cis-olefin (typically 
bending by 30-40°), w i th M-C bond distances that are slightly shorter than 
in a corresponding olefin complex. Often the metallacyclopropene model 
is the most appropriate description of metal-acetylene bonding. 

As for olefins, acetylenes can be treated by the Dewar-Chatt-
Duncanson model, although they have two bonding and two antibonding 
71 symmetry orbitals. Thus, acetylenes, formally neutral two electron a 
donors can also behave as two electron K donors, using the perpendicular 
7t orbital. 

As a consequence, acetylenes can appear to fo rm coordinatively 
unsaturated metal complexes, although it is likely that the acetylene is 
using its second C=C K bonding orbital making it a four electron donor.34 
A good example is W(CO)(PhC=CPh)3,35 Figure 1.6a. Depending on 
whether the acetylene is classed as a two or four electron donor, this 
complex is either a 14 or 20 electron complex, respectively. But, one 
combination of K orbitals, Figure 1.6b, finds no symmetry match among 
the metal d orbitals, making the true electron count 18. 

CO 

c ' 
w-.. .c 

c c " i c 
c 

(a) (b) 

Figure 1.6 Acetylenic substituents omitted for clarity. 

Yet, complexes have been characterised i n which the acetylene 

donates an intermediate number of electrons to the overall metal count; 

for example in the complex [CpMo(CO)2(MeC^CMe)]+ the acetylene is 

acting as a three electron donor.36 A n extensive study of acetylene 

complexes has been performed using ^^C N M R spectroscopy to quantify 

the degree of electron donation f r o m the ligand.37 Furthermore, 

acetylenes can readily bridge two metal centres, acting as a two electron 

donor to each. The geometry of the resulting complex can be described as 
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two interconnected metallacyclopropanes, or a tetrahedrane. Figure 1.7 
shows the two bonding extremes.38 

(CO),Co (CO,Co 

(b) 

Figure 1.7 

Certain strained cycloalkynes that are unstable in the free state have 
been stabilised by complexation in tertiary phosphine containing metal 
compounds. For example, cyclohexyne and cycloheptyne have been 
"trapped" in the complexes (a)39 and (b)'^^ in Figure 1.7. In both cases the 
coordinated acetylene is best viewed as a metallacyclopropene complex. 

PhgP',, ^ ^ ^ ^ 

' " • p t ^ M 
\ PMe 

PhgP 

(a) (b) 
Figxure 1.8 

1.5 Alkyl idene Complexes 

The terms carbene and alkylidene refer to complexes that contain a 

formal M=C double bond. The latter description is used to define carbenes 

which possess only alkyl substituents. Carbenes in general differ f rom 

both oxo and imido Ugands being single faced % donors, and as such can 

only fo rm one metal ligand TT bond. This limits the metal carbon bond 

order to a maximum of two, i.e. a double bond. 

Conventionally the two types of carbene ligand are distinguished as 

Fischer carbenes'*^ and Schrock alkylidenes.42 The former are electrophilic 

in nature and are viewed as singlet carbenes. Figure 1.9b, donating a pair of 

electrons via an sp2 hybrid orbital, while receiving back-donation f rom the 
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electrons via an sp2 hybrid orbital, while receiving back-donation f rom the 
metal into an empty p orbital. They generally occur in low valent 
complexes and possess T : donor substituents such as -OMe on the carbene 
carbon, and are frequently produced by alkylation of acyl complexes on 
oxygen. 

Figure 1.9a illustrates the nucleophilic Schrock type alkylidene 
which have triplet ground states as the free carbene. These complexes can 
be viewed as arising f rom spin coupling between the carbene triplet state 
and two electrons on the metal centre. They are frequently found on 
highly electropositive early transition metals in complexes which are 
formally electron deficient. The general preparation of such species is by 
the removal of an a hydrogen atom f rom an alkyl ligand.^O 

M CD (E>< « 

QD>< *) 
i) 

Figure 1.9 (a) Nucleophilic Schrock alkylidene, (b) Electrophilic Fischer 
carbene. 

If one of the two substituents is hydrogen (-[CRH]2-), then generally 
a highly distorted geometry is observed in the solid state. Typically the M -
C-C framework is nearly linear, typically 160°; the M-C-H angle is quite 
small, 90° or less, and the C-H distance is significantly lengthened 
compared to that expected for sp2 hybridised carbon. Spectroscopically this 
distorted geometry manifests itself by an unusually low v(C-H), and an 
unusually low ^^C- lH coupling constant of typically 100 Hz or less.'*3 xhis 
d i s t o r t i o n results f r o m interact ion of the C-H bond w i t h the 
coordinatively unsaturated metal centre, in what is generally referred to as 
an "agostic" manner.44 
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Chapter Two- The Preparation and Characterisation of Molybdenum Bis 

(Imido) Complexes 



2.0 In t roduct ion 

This chapter is concerned w i t h the synthesis of a range of 
molybdenum bis (imido) complexes. A general high yield route for the 
synthesis of such species w i l l be described. During the course of this study 
a high yield route for the synthesis of [Cr2Cl9] [NHEta] was developed. 

The first imido complex, Os(NtBu)(0)3, was isolated by Cl i f ford and 
Kobayashi i n 1956.^ Since then the synthesis of imido complexes has been 
the focus of a great research effort and a wide variety of methodologies 
have been employed. Some of the more important, general routes are 
outlined i n the fo l lowing Sections.^ 

2.1 General Syntheses of Imido Complexes 

The simplest approach is to treat a metal oxo complex w i t h a 
pr imary amine generating water and the desired imido compound, the 
reaction proceeding via H-atom transfer; an example is given in Scheme 
2.0. Similar reactivity is exploited in the treatment of metal chlorides or 
metal bis-amides [M(NR'2)2] w i th primary amines. 

'Bu 
O N 

+ ' B u N H j 

o o 

Scheme 2.0. 

This general strategy has been exploited by Schrock who has developed a 

simple one-pot synthesis of molybdenum and rhenium bis (imido) 

complexes through reaction of a metal oxo salt w i th an amine a base being 

used to remove any acid generated in situ. Further discussion of this 

procedure is made in Sections 2.2 and 2.3. 

One of the most convenient and wide ly applicable syntheses 

employs silylated amine derivatives [NH(SiMe3)R or N(SiMe3)2R] which 

react cleanly and eff ic ient ly w i t h both metal halides and metal oxo 

complexes (Scheme 2.1), a reaction that is facilitated by the strength of the 

resultant Si-O or Si-X bonds. This general approach has been utilised to 
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generate a variety of i m i d o complexes, w i t h examples inc luding 
(C5R5)M(NR')Cl2 (M= N b , R= H , Me, R'= ^Bu, -2,6-C6H3Pri2; M = Ta, R= 
Me , R'= -2-C6H3Pri2, 6),3,4 M o ( N - 2 , 6 - C 6 H 3 P r i 2 ) C l 2 . D M E , 5 and 
Cr(NtBu)2(OSiMe3)2.6 

M — O + RN(SiMe3)2 ^ M(NR) + (MegSDjO 

C I — M — O + 2 RNHCSiMej) ^ MegSiO—M(NR) + 

Me3SiN+H2RCr 

Scheme 2.1 Use of silylated amines for imido synthesis. 

A route that has proved particularly suitable for the formation of a 

w ide variety of imido complexes is an oxo exchange reaction w i t h 

isocyanates,^ and to a lesser extent phosphinimines and sulfinylamines, 

according to Scheme 2.2. One example that is of particular relevance to 

this thesis is the synthesis of Mo(NtBu)2Cl2, which is achieved by treating 

M0O2CI2 w i t h two equivalents of ^BuNCO.^ As for the reaction involving 

silylated amines, a powerful driving force for this reaction comes f rom the 

formation of the side-products which possess very strong bonds, eg. CO2 or 

R3P=0. 

M — O + RNCO ^ M(NR) + CO^ 
Scheme 2.2 

M — O + R'gPNR ^ M(NR) + R'gPO Imido Synthesis via 
0x0 group exchange. 

M — O + RNSO ^ M ( N R ) + SOj 

The mechanism of exchange is thought to proceed in a metathetical 

manner, via a four centre metallacyclic intermediate formed during a 

Wit t ig- l ike [2+2] cycloaddition across the isocyanate C=N bond; support 

for this pathway comes f r o m the isolation of a cyclometallacarbamate, 

derived f r o m treatment of Cp2Mo(0) w i t h PhNCO; no loss of carbon 

dioxide was detected.^ 

The reaction of a halide complex w i t h an alkali metal amide, such 

as L i N H R (R= alkyl) is a somewhat less widely used approach. Despite this 

a number of key imido complexes have been isolated f r o m this type of 

reaction as i l lustrated i n Scheme 2.3. U n t i l recently single-metal 
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complexes that contained more than one bound imido l igand were 
restricted to the Group 6-8 metals. 10 However, bis (imido) complexes of 
N b and Ta (M(NAr)2Cl(py)2) have been reported which were synthesised 
by treating M(NEt2)2Cl3(OEt2) (M= Nb or Ta) w i t h two equivalents of 
L i N H A r i n the presence of pyridine. 

[ C p ^ h G y j 
4 LiNH^Bu 

- 4 U C 1 
- 2 *BuNHo 

N 
*Bu 

(a) 

TaClj + 5LiNEt2-

Et 
' N 

(Et2N)3Ta;^ I — 
^ C 

/ \ 
H Me 

( E t 2 N ) 3 T a = N E t 

(b) 

Scheme 2.3 (a) Synthesis of a novel "Pogo-Stick" complex,^'^ (b) synthesis 
of one of the first fully characterised imido complexps.^^ 

Organic azides are known to react w i th low valent coordinatively 

unsaturated mononuclear transition metal complexes generating imido 

species; the formation of the stable dinitrogen molecule supplying a large 

dr iv ing force. Many different azides have been employed; this includes 

CF3CFHCF2N3,14 Me3SiN3, H5C6N3, p- MeC6H4N3, and H5C2N3. A useful 

reaction of this general type is illustrated in Scheme 2.4. 

M02(0*Bu)6 + 4ArN3 [Mo(0*Bu)2(NAr)2]2 + 4N2 + 2 'BuOH 

Scheme 2.4 Synthesis of a binuclear complex bearing both bridging and 

terminal imido ligands.^^ 

23 



2.1.1 General Syntheses of Group 6 Imido and Bis (Imido) Complexes 

The syntheses of Group 6 imido complexes i n general are not 

remarkable, the methods outlined in the previous Section are used wi th 

varying degrees of success, depending upon the particular system under 

investigation. 

The synthesis of chromium imido complexes is very limited, there 

having been only two reports of this type of complex. Both involve the 

use of silicon reagents. The f irs t reaction is encountered more in the 

literature; chromyl chloride (Cr02Cl2) is treated w i t h two equivalents of 

tBuNH(SiMe3) in refluxing heptane to afford Cr(NtBu)2(OTMS)2 in high 

y i e l d . 16 The second reaction allows for the isolation of an unusual 

dimeric species, which demonstrates a chromium-chromium interaction. 

Scheme 2.5.17 To date no other chromium imido complexes have been 

prepared that contain different imido substituents, hence the chemistry of 

the lightest member of the Group 6 triad is l imited to tert-butyl imido 

complexes. 

2 CpCrCl2 + 2 T M S — N = N — T M S 

TMS 

T M S - N ^ T M S 
^ N ^ ^ 

C r ^ ^ ^ C r ^ ^^-7- Scheme 2.5 

TMS 

Many syntheses involve either isocyanates, pr imary amines or 

silylated amines. The reactions tend to be sensitive to both metal and to 

organoimido substituent. This is illustrated in Table 2.0 which compares 

the reactivity of MO2CI2 species wi th a variety of silylated amines. 

24 



M02C12 RNH(SiMe3) Product Ref. 

Cr tBu Cr(NtBu)2(OSiMe3)2 16 

Mo tBu Mo(NtBu)2(OSiMe3)2 16 

W tBu Unidentified 16 

Cr A r Unidentified 16,18 

Mo Ar Mo(NAr)2Cl2.DME 19 

W A r W(NAr)2Cl2.DME 20, t 

Cr Adamantyl, Unidentified 16 

Norbornyl 

Mo Adamantyl Unidentified 16 

Norbornyl Mo(NNorbornyl)2(OSiMe3)2 16 

W Adamantyl, Unidentified 16 

Norbornyl 

Table 2.0 Differences observed in the reactivity of MO2CI2 (M= Cr, Mo, 
W) for a variety of silylated primary amines, t W(N^Bu)2Cl2.(bipy) has 

been isolated by another procedure."^^ 

Yet, the use of silylated amine reagents is still a viable route to 
many different imido containing complexes of molybdenum and 
tungsten. This strategy has also proved successful in the synthesis of more 
elaborate imido complexes, such as the novel dimeric mixed imido 
complex illustrated in Scheme 2.6. 

[W(0)CL] 
R N C O . 

[WCl4(NR)]. 

(TMS)NHR' 

[ WCl2(NR) (ii-NR') (NH2R') ]2 

Scheme 2.6 Synthesis of dimeric tungsten imido complexes containing 

both bridging and terminal imido ligands. (R= Ph, CgH^Me-p, 'Pr, Me; R'= 

Ph, iBu, iPr, 
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Similarly, the reactivity of Group 6 oxo complexes wi th isocyanates 

is dependent upon the organo-substituents of the isocyanate moiety. For 

example, M0O2CI2 reacts smoothly wi th ArNCO in THF at 70°C over three 

days to afford Mo(NAr)2Cl2.THF,22 yet the tert-butyl analogue is isolated 

f r o m a similar reaction as the base-free complex, despite the reaction 

having been performed in acetonitrile.^ 

I n contrast, the reaction of Mo02(mes)2 wi th PhNCO affords not the 

expected product, Mo(NPh)2(mes)2,2^ but eliminates PhNHCO(mes). The 

molybdenum containing product is thought to be a dimer species, formed 

f r o m the insertion of isocyanate into one of the Mo-C a bonds to the 

mesityl groups. Yet, other reactions involving PhNCO do react exactly as 

expected. For example [CpMo(0)(|i-0)]2 yields exclusively [CpMo(NPh)(|i-

NPh)]2.24 

As described previously (Section 2.1) a whole range of reactions has 

been exploited to synthesise imido complexes. A number of interesting 

molybdenum and tungsten examples are collected in Table 2.1, below. 

2.2 Synthesis of Bis(imido) complexes of the type Mo(NR)2Cl2.DME 

Preparative routes to bis (imido) complexes are i n general less well 

developed than those for mono-organoimido complexes. The systematic 

study of the chemistry of molybdenum bis (imido) complexes has recently 

been facilitated by Schrock's report^l of a simple, one-pot reaction that 

readily allows for the synthesis of a variety of organoimido compounds. 

In this chapter a modified synthetic approach is explored, based on cheaper 

and more readily available starting materials, and attempts are made to 

extend this approach to the synthesis of other Group 5 and 6 imido 

complexes. 

2.2.1 Preparation of Mo(NAr)2Cl2.DME (1) 

Treatment of N a 2 M o 0 4 w i t h two equivalents of A r N H 2 in the 

presence of both TMSCl and NEt3 using DME as solvent allowed for the 

isolat ion of Mo(NAr)2Cl2 .DME (1) i n excellent yield (typically 90%), 

Equation 2.1. (1) was found to be analytically pure on removal of solvent 
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under reduced pressure, and hence required no further purification. The 
stoichiometry of the reaction is shown in Equation 2.1. The yield of the 
reaction is enhanced if an excess of TMSCl is employed. 

Na2Mo04 + 2RNH2 + 4NEt3 + 11 TMSCl 
DME / 70°C 

RN-

3TMSC1 + 4HNEt,Cl + 4(TMS),0 + 2NaCl + 
RN'' 

CI 

M o 

CI 

(2.1) 

2.2.2 Mechanism of Formation of Mo(NR)2Cl2.DME 

The precise mechanism of this reaction remains unclear. For the 

analogous rhenium bis (imido) synthesis,32 equation 2.2, i t is thought that 

the reaction proceeds by attack of the aniline at the metal fol lowed by 

proton transfer (either directly or stepwise employing the external base) to 

an 0x0 l igand y ie ld ing the imido species and water. The water 

subsequently reacts w i t h TMSCl forming TMS2O and HCl , the latter being 

removed f r o m the reaction through precipi ta t ion of p y r i d i n i u m 

hydrochloride; this drives what may otherwise be an equiUbrium to the 

right, as illustrated. 

2 ArNH2 
0.5Re2O7 + 7 TMSCl 

xs.py 

CH2CI2 

-3.5 (TMS)20 
-4pyHCl 

ArN; 

ArN' 

CI 

Re 
(2.2) 

C I 

CI 

0.5Re2O7 + 9*BuNH2 + 6 TMSCl 
CH2CI2 

-6 *BuNH3Cl 

-2.5 (TMS)20 

Re(N*Bu)30TMS 

(2.3) 
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The general applicability of this synthetic approach is illustrated by 
the synthesis of a Group 7 tris (imido) Re(NtBu)3(OTMS), Equation 2.3. 
Schrock has demonstrated that ini t ial precipitation of ^BuNHsCl occurs 
w i t h concomitant format ion of Re(NtBu)3(OTMS), the yield of the tris 
(imido) being greater than 90% after 20 minutes, but decreasing to only 
65% after 2 days. Re(NtBu)2Cl3 is thought not to form in this reaction as 
the H C l that is generated is very efficiently removed by the *BuNH2, and 
hence Re(NtBu)3(0TMS) is not protonated. However, i f the tris (imido) 
solution is subsequently treated w i t h excess H C l at 0°C a fur ther 
equivalent of tBuNH3Cl is precipitated and Re(NtBu)2Cl3 can be isolated. 

It is not unreasonable to suppose that a similar mechanism operates 
for the synthesis of the bis (imido) molybdenum complexes. The TMSCl is 
thought to act as both chlorinating agent and to remove the water 
produced during the reaction. Thus, triethylamine must act as both a base, 
removing the H C l produced as the hydrochloride salt NHEts+Cl', and as a 
proton transfer agent. 

Despite this rationalisation of the reaction i t is not possible to 
discount the in situ formation of a silylated amine species, RNH(TMS), 
which subsequently reacts w i t h the metal oxo group, although i t is 
thought that attack of the bulky silylated amine would be much slower 
than for the primary amine itself for steric reasons. The use of silylated 
amine reagents is wel l documented for the synthesis of molybdenum bis 
( imido) complexes of this type, and for many other metal imido 
complexes, (Section 2.1). 

To investigate the possibility of silylated amine reagents being 
generated in situ, Na2Mo04 was treated wi th triethylamine, fol lowed by 
two equivalents of tBuNH(TMS) i n DME. The reaction was stirred 
efficiently at 70°C for 18 hours. On work-up no Mo(NtBu)2Cl2.DME was 
recovered, which tends to discount the intermediacy of silylated amines. 

Treatment of the hydrated sodium molybdate salt, Na2Mo04.2H20, 
w i t h 2, 6-diisopropylphenyl amine in the presence of NEts and a large 
excess of TMSCl, to remove the two waters of crystallisation, led to the 
formation of an impure oil.33 I H N M R indicated the formation of what 
was thought to be the mono-siloxide species Mo(NAr)2(Cl)(OTMS), the 
only other species observed being unreacted starting materials. The 
formation of this complex was thought to have occiarred through reaction 
of the proposed hydroxide intermediate wi th TMSCl; thus, the presence of 
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this mono-siloxide species supports the intermediacy of a protonated oxo 
group. 

2.2.3 General Preparation of Complexes of the Type Mo(NR)2a2.DME 

A n analogous procedure to that described in Section 2.2.1 has been 

util ised to prepare a range of other complexes containing a variety of 

organoimido substituents; these complexes are shown in Table 2.2. 

Imido Substituent Yield (%) 

tert-Butyl 95 
Adamantyl34 61 

2, 6-Dichlorophenyl 50 
2-feri-Butylphenyl35 98 

Phenyl 98 
Pentafluorophenyp4 60 

Table2.2 Complexes of the type Mo(NR)2Cl2.DME synthesised from 

the reaction of the corresponding primary amine RNH2 with Na2Mo04. 

2.3 Preparation of Complexes of the Type Mo(NR)(NR')Cl2.DME 

Recent w o r k w i t h i n this group has shown that i t is possible to 

synthesise a range of mixed bis ( imido) complexes, of the type 

Mo(NR)(NR ' )Cl2 .DME, shown in Table 2.3, using a modification to the 

synthetic route described in Section 2.2.1, replacing the two equivalents of 

primary amine w i t h one equivalent of both RNH2 and R'NH2. 

R, R' Yield (%) 

Ar , tBu 50 

Ar , AdamantyP'* 66.7 

C6F5, 80 

AdamantyP"^ 

2,6-C6H3Cl2, tBu34 60 

C6F5, tBu34 95 

Table 2.3 Mixed imido complexes Mo(NR)(NR')Cl2.DME (Cgfs = 
Pentafluorophenyl, 2,6-CeH^Cl2 = 2,6-dichlorophenyl). 
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Previously only a l imited number of unsymmetrical bis (imido) 
complexes of early transition metals have been reported. One such 

. synthesis^l is that reported for dimeric tungsten bis (imido) complexes of 
the type [{WCl2(NR)(NR')(NHR')2}2] (R=C6H5 or C6H4Me-4), which were 
synthesised via reaction of the tungsten mono (imido) tetrachloride 
dimers, [{WCl4(NR)}2] as described previously (Section 2.1.2). 

More recently, this group has reported that the bis (imido) bis (tert-
butoxide) complex, I , reacts smoothly wi th 2 equivalents of amine, R'NH2, 
to afford the mixed imido species I I I and the new bis (imido) species I I , in a 
2:1 ratio,36 as indicated in Scheme 2.7. The mixed species could be isolated 
in small quantities. 

*BuN *BuN R' 

^ (i) \ ^ (i) W ..xO'Bu 
M o M o < Mo;^ 

*BuN R ' N R ' N 
(I) (III) (II) 

Scheme 2.7 (i) 2 R'NHz (R'= Ar), (ii) 2 NHi^Bu. 

This exchange reaction is l ikely to proceed via a tr igonal-
bipyramidal base adduct. Scheme 2.8, which must then undergo a proton 
transfer to give a bis (amide) intermediate, which to date has not been 
observed. Both the imido exchange reaction and the formation of the bis 
( imido) dichloride species described in Section 2.2.1, are believed to 
proceed via this type of protonation and proton transfer mechanism. 
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N R ' 

M o 

(II) 
N R ' 

( i i ) . 

OBu* 

*BuO M o : 
^NR' 

• N R ' 

NH2*Bu 

(ii) 

'BuO ..... // 
N*Bu 

M o 

N R ' 

-NH2R' 

N R ' 

*BuO NH*Bu 
(III) 

Scheme 2.8 (i) 2 R'NH2 (R'= Ar), (ii) 2 NH2^Bu. 

2.3.1 Preparation of Mo(NAr)(NtBu)Cl2.DME (2) 

The mixed imido dichloride (2) is readily synthesised. f rom sodium 

molybda te and one equivalent of bo th t e r t -bu ty l and 2, 6-

diisopropylaniline, according to the procedure described i n Section 2.2.1.37 

After f i l t ra t ion and removal of solvent in vacuo a brick red solid was 

isolated. ^ H N M R of this crude product indicated that all three of the 

possible products had formed, Mo(NAr)2Cl2.DME, Mo(NtBu)2Cl2.DME 

and M o ( N A r ) ( N t B u ) C l 2 . D M E (2), i n the ratio of 1:2:4 respectively. 

Subsequent recrystallisation f r o m diethylether at -30°C afforded pure 

M o ( N A r ) ( N t B u ) C l 2 . D M E (2) as a microcrystalline dark orange solid. 

Further recrystallisation was performed which led to an overall yield of 

50%. Repetition of this recrystallisation procedure eventually led to the 

isolation of an inseparable mixture of both Mo(NAr)(NtBu)Cl2.DME and 

Mo(NAr)2Cl2.DME. 
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2.3.2 The Molecular Structure of Mo(NAr)(NtBu)Cl2.DME (2) 

Yel low plate-like crystals of (2) suitable for an X-ray structure 

determination were obtained by recrystallisation of a small (50 mg) sample 

of the microcrystalline product f r o m a saturated diethylether solution. A 

crystal of dimensions 0.10 x 0.30 x 0.75 mm was sealed in a Lindemann 

capillary tube under an inert atmosphere. The structure was determined 

by Prof J.A.K. Howard , Mr . R.C.B. Copley, and Miss W. Wang wi th in this 

department. The molecular structure of (2) is shovm in Figures 2.0 and 

2.1, w i t h relevant bond distances and angles being tabulated in Table 2.4. 

Complex (2) was found to adopt a highly distorted octahedral 

geometry, possessing two mutually cis imido ligands, two approximately 

trans chloride ligands and a chelating DME group. The Cl-Mo-Cl bond 

angle deviates markedly f r o m linearity (158.85(2)°),38 and the N - M o - N 

angle of 105.91(9)° is much greater than expected for an octahedral 

geometry, although i t is consistent w i t h other dO complexes containing 

two cis mul t ip ly bonded ligands.39 The relatively small "bite" angle of the 

chelating DME ligand, 69.29(5)°,40 is likely to contribute at least partly to 

this observed dis tor t ion, an effect noted by Wentwor th et al. w i t h 

chelating dithiocarbamate ligands.41 Similar asymmetry has been noted in 

other bis (imido) complexes of the Group 6 triad,39 and was attributed to 

repulsion between the K electron density i n the two bonds, leading to an 

opening of the N - M o - N wedge. More recent theoretical work suggests that 

this dis tort ion f r o m the ideal 90° octahedral angle is the preferred 

geometry for the ME2 fragment; simple repulsion of the two mult iply 

bonded ligands being expected f rom only a VSEPR type argument. 

Bond Angle (°) 

Cl(l)-Mo-Cl(2) 158.85(2) 

0( l ) -Mo-0(2) 69.29(5) 

N( l ) -Mo-N(2) 105.91(9) 

C l ( l ) - M o - N ( l ) 95.49(6) 

C l ( l ) -Mo-0 ( l ) 81.45(4) 

Table 2.5 Selected bond angles for Mo(NAr)iN^Bu)Cl2.DME (2) 

showing the distortion from octahedral geometry. 
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Table2,4 Selected bond lengths (A) and angles ('^) for 
Mo(NAr)(NtBu)Cl2-DME (2) with estimated standard deviations in 
parentheses. 

M o d ) - Cl ( l ) 
M o d ) - Cl(2) 
M o d ) - O d ) 
M o d ) - 0(2) 
M o d ) - N d ) 
M o d ) - N(2) 
Od) -Cd7) 
Od) -Cd8) 
0(2) - C(19) 
0(2) - C(20) 
N d ) - cd) 
N(2) - C(13) 
Cd)-C(2) 
Cd)-C(6) 

2.4010(6) 
2.4085(6) 
2.330(2) 
2.392d) 
1.753(2) 
1.728(2) 
1.430(3) 
1.445(3) 
1.442(3) 
1.422(3) 
1.387(3) 
1.452(3) 
1.422(3) 
1.416(3) 

C(2)-C(3) 
C(2)-C(7) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-Cd0) 
C(7)-C(8) 
C(7)-C(9) 
CdO)-Cdl) 
cdo) - cd2) 
Cd3)-C(14) 
C(13)-C(15) 
C(13) - C(16) 
Cd8)-Cd9) 

1.393(3) 
1.516(3) 
1.382(3) 
1.382(3) 
1.394(3) 
1.520(3) 
1.526(3) 
1.534(3) 
1.528(4) 
1.536(3) 
1.530(3) 
1.523(4) 
1.522(4) 
1.483(3) 

c i d ) - M o d ) - Cl(2) 158.85(2) C(2)-•C(l)-C(6) 120.9(2) 
cid) - M o d ) - o d ) 81.45(4) C d ) -•C(2)-C(3) 117.9(2) 
Cl( l ) - M o d ) - 0(2) 80.77(4) C d ) -•C(2)-C(7) 121.6(2) 
c i d ) - M o d ) - N d ) 95.49(6) C(3)- C(2)-C(7) 120.5(2) 
Cl( l ) - M o d ) - N(2) 98.78(6) C(2)- C(3)-C(4) 121.4(2) 
Cl(2) - M o ( l ) - O d ) 81.22(4) C(3)- C(4)-C(5) 120.2(2) 
Cl(2) - M o d ) - 0(2) 81.82(4) C(4)- C(5)-C(6) 121.2(2) 
Cl(2) - M o d ) - N d ) 97.12(6) C d ) - C(6)-C(5) 118.2(2) 
Cl(2) - M o d ) - N(2) 94.00(7) C d ) - C(6) - C(IO) 122.3(2) 
od)- M o d ) - 0(2) 69.29(5) C(5)- C(6) - CdO) 119.4(2) 
od)- M o d ) - N ( l ) 161.55(7) C(2)- C(7)-C(8) 110.3(2) 
od)- M o d ) - N(2) 92.54(7) C(2)- C(7)-C(9) 112.3(2) 
0 ( 2 ) - M o d ) - N ( l ) 92.27(7) C(8)- C(7)-C(9) 110.8(2) 
0 ( 2 ) - M o d ) - N(2) 161.74(7) C(6)- C d O ) - C d l ) 111.1(2) 
N ( l ) - M o d ) - N(2) 105.91(9) C(6)- CdO) - C(12) 111.3(2) 
M o d ) - Od) - C(17) 119.8d) C d l ) - CdO) - C(12) 110.5(2) 
M o d ) - Od) - C(18) 115.9d) N(2)- C(13) - C(14) 108.8(2) 
C(17) • - Od) - C(18) 111.3(2) N(2)- C(13) - C(15) 107.6(2) 
M o d ) - 0(2) - C(19) 113.6d) N(2)- C(13) - C(16) 107.6(2) 
M o d ) - 0(2) - C(20) 121.0d) C(14) - C(13) - C(15) 111.2(2) 
C(19) -• 0(2) - C(20) 111.2(2) C(14) - C(13) - C(16) 110.5(2) 
M o d ) - N d ) - Cd) 174.3(2) C(15) -Cd3)-C(16) 110.9(2) 
M o d ) - N(2) - C(13) 157.9(2) 0 (1 ) - C(18) - Cd9) 107.7(2) 
N d ) - C( l ) -C(2) 118.6(2) 0 (2 ) - C(19) - C(18) 107.2(2) 
N d ) - Cd) -C(6 ) 120.5(2) 
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Furthermore, i t is impossible to locate two formally triple bonds i n 
a cfs-orientation i n an octahedral geometry, there being only 3 dn 
symmetry orbitals available for bonding. Similarly, i f both imido ligands 
are described as bonding to the metal centre through triple bonds, then the 
complex becomes a "formally" 20 electron species. The latter situation can 
be relieved by locating more of the nitrogen lone pair density on one of 
the nitrogen atoms. Both these factors must contribute to the distortion in 
the bond angles for the two imido ligands. 

Both the metal-nitrogen bond lengths (Mo=NAr 1.753(2)A and 
Mo=NtBu 1.728(2)A) are consistent wi th the two imido ligands bonding to 
the metal centre via pseudo triple bonds; the corresponding bond angles 
being 174.3(2)° and 157.9(2)° for Mo-N-Ar and Mo-N-tBu respectively. 
Often, a low M - N bond order is associated w i t h bending of the M-N-R 
bond angle, leaving the nitrogen wi th a lone pair of electrons and hence, 
sp^ hybridised (this arises i f the imido bond is described in valence bond 
terms38). One would expect that the more basic tert-butyl imido should 
exhibit the shorter, more linear metal-nitrogen bond, yet i n (2) i t is the 
shorter more bent of the two imido Ugands. This is consistent w i th the 
more recently held notion that the angle at the imido nitrogen is not a 
particularly good indication of lone pair donation. 

This apparent lengthening of the aryl imido M = N bond, relative to 
that for the tert-butyl imido M = N distance, can be rationalised in the 
fo l lowing terms. The aryl imido can have some multiple bond character 
associated w i t h the N-C bond, arising through conjugation w i t h the K 
system of the aromatic r ing (Figure 2.9a). If this is the case, then the Mo-N 
bond must show a related increase i n length. In general terms, this effect 
is a manifestation of the desire of the nitrogen atom to maintain its 
valence state. Substituent effects of this type have been observed for 
Fischer carbyne complexes, i n which bonding between a substituent lone 
pair and the carbyne carbon atom plays a major role (Figure 2.9b). Similar 
changes in metal-ligand and ligand-substituent bond order are we l l 
known for metal carbonyl complexes (e.g. M - C ^ vs. M=C=0) . 
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Mo: M o (a) 

OC. 
\ 

Br C r i = c- •NEt, 

OC 0 0 

\ - / 
Br Cr = C= 

/ \ 
OC CO 

:NEt . (b) 

OC GO 
Scheme 2,9 (a) Conjugation of the ring % system with the metal-ligand n 
orbitals causes an apparent lengthening of the M-N bond compared with 
the iBuN=M bond length, (b) Similar conjugation effects are important 

for complexes containing Fischer carbynesA^ 

Examination of a number of other aryl and tert-butyl imido 

complexes indicates that this trend is quite general (Table 2.6). I t is not 

confined only to molybdenum containing systems, but is readily apparent 

for other metal imido species (e.g. Nb and Os). 

Complex M = N Dist. (A) N-C Dist." (A) Refn. 

Mo(NAr)2(PMe3)2 1.802t 1.390* 43 

Mo(NAr)2(Ph)2(PMe3) 1.770t 1.397* 44 

Mo(NtBu)2(PMe3)(C3H6) 1.770* 1.451* 44 

Mo(NtBu)(NAr)Cl2.DME 1.728(NtBu) 1.452 45 

1.753(NAr) 1.387 

Mo(NAd)(NC6F5)(CH2CMe2Ph)2 1.723(NAd) 46 

1.773(NArF)+ 1.373 

CpNb(NAr)(PMe3)(CHPh) 1.812 1.387 47 

CpNb(NAr)Cl2 1.761 1.408 48 

CpNb(NtBu)Cl2 1.752 1.444 48 

Os(NAr)3 1.737* 1.372* 49 

[Os(NtBu)2(^-NtBu)]2 1.589§ 1.443§ 50 

Table 2.6 Comparison of M=N and N-C bond distances for complexes 

containing the tert-butyl and aryl imido ligands. t Average values are 

quoted; § These distances are for the terminal ligands. ^ Distortions in 

the aromatic ring C-C bond lengths were consistent with there being some 

multiple bond character between the C/pso ^ atoms. 
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I t is believed that the phenyl r ing is orientated such that any steric 

interaction between the isopropyl groups and the adjacent bulky tert-butyl 

imido are minimised. Figure 2.0b. The strongest 7C donating imido ligand 

(shortest M o - N distance), Mo=NtBu, is located trans to the longest metal-

oxygen bond of the coordinated DME, as expected f r o m consideration of 

the "trans influence". 

Bercaw et al. have addressed the problem of whether the imido 

bond angle is a good indicator of bond order. Their study was based upon 

the molecular structure determination of (Cp*)2Ta(H)(NPh).51 The metal 

nitrogen bond was found to be nearly linear (177.8(9)°), w i t h the phenyl 

group ly ing neatly i n the equatorial plane. The hydride atom was also 

located and was found to lie i n the same symmetry plane between the two 

Cp* ligands. 

The immediate implication f rom the linear Ta-N-Cipso bond was 

that the nitrogen is sp (not sp^) hybridised. Yet this linearity need not 
necessarily imply a formal triple bond as this would make this a formally 

20 electron complex. However, i f steric interactions force the phenyl ring 

into the equatorial plane, a linear Ta-N-Cipso bond (sp-hybridised N) wi th 

a double Ta=NPh bond and the lone pair residing in a nitrogen p-orbital 

could result (Figure 2.1 (I)). Yet, i f the formal linear triple bond (N sp-
hybridised) is invoked making this moiety a formally 20 electron species 

( I I ) , then the electron pair on nitrogen would be forced into an orbital that 

is Ta-Cp* antibonding. Comparison of the Ta-Cp* distances wi th other 

bona fide 18 electron complexes indicated slight variations i n Ta-Cp* 

distances imply ing that the Ta=N bond length was intermediate between 

being a double and a triple bond. Hence, no overall conclusion could be 

drawn, the actual structure being some intermediate between the two 

l imi t ing structures, (I) and ( I I ) . 

- + 

I Ta=N—C^Hg n Ta=N—C^Hs 

Figure 2.1. 
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Schrock's novel planar tris-imido complex, Os(NAr)3,52 which has 

Os-N-C bond angles that are linear (two of the imidos exhibiting an angle 

of 178.5° and the th i rd an angle of 180°), would also be a formally 20 

electron complex i f each imido bonds to the metal through a triple bond. 

Yet, under D^h symmetry it is possible to construct molecular orbitals that 

w o u l d locate a pair of electrons in a nitrogen-centred non-bonding MO, 

leaving the metal electron count at 18, a situation that has been supported 

through SCF-Xa-SW calculations. Once again this description indicates 

that M-N-C bond angles do not necessarily reflect M - N bond order. 

2.3.3 Reactions of Na2Mo04 w i t h Primary Diamines 

Recently, much research has focused on metallocene complexes in 

which the two cyclopentadienyl rings are linked through either an alkyl 

group or a heteroatom. Figure. 2.3; they are used as both model systems 

and catalysts for Ziegler-Natta type polymerisation and for catalytic and 

asymmetric induction.53 These so called fl«sfl-metallocene complexes 

exhibit remarkable iso- or syndiospecificities^^ in the polymerisation of a-

olefins, and show novel reactivity, due in part to the control over steric 

congestion at the metal centre afforded by the variable Cp'-M-Cp' wedge 

anglers. 

Figure 2.3 Chiral ansa-metallocene used for the stereospecific 

polymerisation of a-olefins. (R= C(Me)3, Si(Me)3, CHzCeHs; M= Ti, Zr).^^ 

Hence, attempts were made to synthesise the Group 6 bis (imido) 

analogues of these ansfl-metallocenes, using the reaction of Na2Mo04 with 

one equivalent of a variety of primary diamines. 
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2.3.4 Reaction of Na2Mo04 w i t h Ethylene diamine 

In a reaction analogous to that used for the synthesis of the 
symmetrical bis ( imido) complexes, Mo(NR)2Cl2-DME, Section 2.2.1, 
sodium molybdate was treated w i t h one equivalent of ethylene diamine, 
as in 'Equation 2.4. On addition of the diamine solution to the stirred 
reaction rnixture an immediate yellow colouration was observed which 
on heating turned dark brown/black. 

DME 
Na2Mo04 + en + 4NEt3 H TMSCl X ^ (2.4) 

I / 0 > N : 

N -
M o ^ 

c i 

The reaction was left stirring for 12 hours at 70°C, w i th no further colour 
change. Upon work-up the reaction afforded an intractable brown solid, 
which was insoluble i n all common N M R solvents. Both elemental 
analyses and Mass Spectroscopy proved inconclusive as to the nature of 
this product. 

Another attempt to isolate a linked bis (imido) complex was made 
via imido exchange,36 in which Mo(NtBu)2(OtBu)2 was treated w i t h one 
equivalent of ethylene diamine in C6D6. Unfortunately this led to the 
formation of a black insoluble material, wi th both free tert-butylamine and 
tert-butanol being observed in the ^ H N M R spectrum. This indicated that 
protonation of both butoxide and imido ligands had occurred, presumably 
by the accessible acidic a-hydrogen atoms of the diamine itself. Both this 
intractable black product and the product f rom equation 2.4 are thought to 
be molybdenum containing polymeric materials; these were not 
investigated further . 

2.3.5 Reaction of Na2Mo04 w i t h 1,8 Diaminonaphthalene 

Similar treatment of sodium molybdate wi th one equivalent of 1, 8 

diaminonaphthalene in DME led to the immediate formation of a black 

39 



a. 

00 ^ ^ 

•2 
00 

1̂ 
Jo 

II 

u 
Q 
U 

z 

O ^ 

C5 O 

O 

t3 
o 

o 

E 
Q. 
Q. 

CO o 
II 

H 

ro 

~ bp 
5 o 

o 

3 

t- in 

t- CD 

CD 



solut ion, wh ich on work-up gave a clear ye l low/orange solution. 
Recrystallisation f r o m dichloromethane at -30°C afforded 1.8g of a 
r e d / b r o w n microcrystalline material. Both N M R ( i H and ^^c) and 
elemental analyses were inconclusive as to the precise nature of the 
product, although i t is l ikely that the naphthalene has adopted a metal-
metal bridging position. 

A room temperature CeDg solution of the product evolved DME 
s lowly over 2 days, as i l lustrated i n Figure 2.4, w i t h subsequent 
rearrangement of the complex. Facile exchange of DME has been observed 
o n the N M R timescale f o r mononuclear species such as 
Mo(NPh)2Cl2.DME31 and consistent elemental analyses for this complex 
were thwarted by the lability of the DME. Hence, i t is not unreasonable to 
suppose that similar behaviour could occur here, g iv ing rise to the 
observed inconsistencies i n the elemental analyses. Unfortunately, the 
complex proved involatile and thus no mass spectrum could be obtained. 
The isolation of crystals suitable for a molecular structure determination 
proved elusive, hence the exact nature of the complex is still unknown 

2.4 Oxo Anions: Routes to Bis (Imido) Complexes 

I t has been demonstrated that the reaction of a molybdate salt w i th a 

primary amine i n the presence of triethylamine and TMSCl can be used as 

a general route to a large variety of molybdenum bis (imido) complexes. 

Analogously, Schrock^l has demonstrated that i t is possible to synthesise 

the analogous rhenium bis (imido) complexes through the reaction of 

either RezOy or (NH4)2Re04 w i t h two equivalents of the desired primary 

amine. Further reactions of this type have been attempted to explore this 

synthetic strategy w i t h the view to the synthesis of a variety of other bis 

(imido) complexes of the early transition metals. 

2.4.1 Reaction of Na2W04 with ArNH2 

Despite prolonged heating at 70°C, the reaction of Na2W04 wi th 

NEt3, TMSCl, and 2, 6-diisopropylaniline i n DME d id not yield any of the 

desired bis (imido) product. The analogous reaction was also attempted 
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using the potassium salt, which again afforded none of the desired 
product. 

The reasons behind this lack of reactivity are unclear, although 
Schrock^l has postulated that these reactions may fail due to the relatively 
slow reaction of tungsten compared to either molybdenum or rhenium, 
and that decomposition of the W(NR)2Cl2.DME complexes occur at 
temperatures where the rates of reaction are practical, as a consequence of 
the lower electrophilicity of molybdenum compared to tungsten. 

2.4.2 Reaction of (NH4)2Cr207 with RNH2 (R=Ar, ^Bu) 

The synthesis of chromium bis (imido) species is limited to the bis 
( tert-butyl imido) complex, synthesised via the reaction of chromyl 
chloride w i t h the corresponding monosilyl amine, according to Scheme 
2.16 Other we l l established syntheses of imido complexes such as the 
reaction of a terminal metal 0x0 group wi th an isocyanate have proved 
useless fo r ch romium; treatment of chromyl chloride w i t h two 
equivalents of A r N C O in refluxing heptane does not afford a tractable 
product. 1̂  

H a v i n g explo i ted a s imple reaction for the synthesis of 
molybdenum bis (imido) complexes (Sections 2.2-2.4) and having found 
that the strategy could not be extend to the heavier congener tungsten, we 
were intr igued to see whether this procedure could be applied to the 
synthesis of chromium bis (imido) complexes. 

A suspension of (NH4)2Cr207 in DME was stirred at 70°C for 12 
hours i n the presence of 2 equivalents of 2,6-diisopropylphenyl amine, 
triethylamine, and TMSCl, according to equation 2.5. During this period 
the dichromate was slowly consumed w i t h concomitant formation of an 
intense red /purp le solution. On work-up (analogous to that used for 
molybdenum. Section 2.2.1), and subsequent removal of all volatiles in 
vacuo afforded a dark red /purp le paramagnetic solid (4) in 72% yield. 
Subsequent analysis was consistent w i t h (4) having a molecular formula 
of 3[NH(Et)3]+ [Cr2Cl9]3-. 
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(NH4)2Cr207 + 4 NEt3 + 17 TMSCl + 4 ArNH2 

dme ^ 
7 0 ° C / 1 2 h 

(2.5) 

[CrjCyLNHEtglg 
(4) 

Extraction of a portion (50 mg) of (4) into dichloromethane followed 
by layering w i t h an equal volume of toluene led to the isolation of dark 
blue/purple plate-like crystals at room temperature. A crystal of suitable 
dimensions was selected for an X-ray crystal structure determination and 
mounted i n a Lindemann capillary under an inert atmosphere. The data 
were collected and the structure solved by Dr. J.C. Jeffery at the University 
of Bristol. 

The X-ray analysis revealed that (4) had adopted a classical distorted 
c o n f a c i a l b i o c t a h e d r a l g e o m e t r y t y p i c a l of G r o u p 6 
enneahalodimetallates,57 Figure 2.5, which was entirely consistent wi th 
the structure determined by Saillant and Wentworth for the analogous 
complex [Cr2Cl9][(n-C4H9)4]3 obtained f rom a different preparative 
procedure.58 This type of geometry has been desaibed in detail by Cotton 
and Ucko,57 and consists of two chromium centred trigonal planar face 
sharing octahedra. Selected bond lengths and angles for (4) are collected in 
Table 2.7. 

Figure 2.5 Molecular structure of [CrzClg] [NHEtsJs showing the anion 
only. 
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Table 2.7 Selected bond lengths (A) and interbond angles (°) for 
lCr2Cl9][Et3NH]3 (4) with estimated standard deviations in parentheses. 

Cr(l)-Cl(l) 2.305(2) Cr(2)-Cl(4) 2.413(2) 
Cr(l)-Cl(2) 2.310(2) Cr(2)-CI(5) 2.402(2) 
Cr(l)-Cl(3) 2.286(2) Cr(2)-Cl(6) 2.394(2) 
Cr(l)-CI(4) 2.404(2) Cr(2)-Cl(7) 2.289(2) 
Cr(l)-Cl(5) 2.415(2) Cr(2)-Cl(8) 2.317(2) 
Cr(l)-Cl(6) 2.418(2) Cr(2)-Cl(9) 2.305(2) 

Cl(l)-Cr(l)-Cl(2) 92.4(1) Cl(5)-Cr(2)-Cl(6) 81.8(1) 
Cl(l)-Cr(l)-Cl(3) 92.9(1) Cl(4)-Cr(2)-Cl(7) 174.3(1) 
Cl(2)-Cr(l)-Cl(3) 93.8(1) Cl(5)-Cr(2)-Cl(7) 94.1(1) 
Cl(l)-Cr(l)-Cl(4) 172.5(1) Cl(6)-Cr(2)-Cl(7) 92.8(1) 
Cl(2)-Cr(l)-Cl(4) 90.9(1) Cl(4)-Cr(2)-Cl(8) 89.1(1) 
CI(3)-Cr(l)-Cl(4) 93.6(1) Cl(5)-Cr(2)-Cl(8) 168.6(1) 
Cl(l)-Cr(l)-Cl(5) 94.0(1) Cl(6)-Cr(2)-Cl(8) 90.2(1) 

Cl(2)-Cr(l)-CI(5) 169.9(1) Cl(7)-Cr(2)-Cl(8) 94.4(1) 
Cl(3)-Cr(l)-Cl(5) 93.6(1) Cl(4)-Cr(2)-Cl(9) 90.8(1) 
Cl(4)-Cr(l)-Cl(5) 81.8(1) Cl(5)-Cr(2)-Cl(9) 92.9(1) 
Cl(l)-Cr(l)-Cl(6) 90.9(1) Cl(6)-Cr(2)-Cl(9) 172.0(1) 
Cl(2)-Cr(l)-Cl(6) 91.1(1) Cl(7)-Cr(2)-Cl(9) 93.6(1) 
Cl(3)-Cr(l)-Cl(6) 173.6(1) Cl(8)-Cr(2)-Cl(9) 94.1(1) 
Cl(4)-Cr(l)-Cl(6) 82.3(1) Cr(l)-Cl(4)-Cr(2) 81.6(1) 
Cl(5)-Cr(l)-Cl(6) 81.0(1) Cr(l)-Cl(5)-Cr(2) . 81.6(1) 
Cl(4)-Cr(2)-Cl(5) 81.9(1) Cr(l)-Cl(6)-Cr(2) 81.7(1) 

Cl(4)-Cr(2)-Cl(6) 82.6(1) 
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Since Olsson reported the synthesis of K3W2CI9 in 1914^9 many 
other complexes containing the [M2X9]3- (M=Cr, Mo, W; X=C1, Br, I) anion 
have been reported. The interest in this class of complex has arisen f rom 
the unusual magnetic properties exhibited by the tungsten complex, which 
together w i t h X-ray structural data indicated the presence of a W-W bond 
(W-W separation of 2.4lA).60 Cotton57 described this metal-metal 
interaction in terms of splitting of the metal t2g level into degenerate o 
and 7C orbitals imposed by the three-fold symmetry of the bioctahedra. 
These orbitals f r o m each of the two metal centres can interact to form M -
M bonding orbitals of a and n types. Thus, the three metal d electrons can 
be accommodated to form a bonding a2ji4 configuration. 

The molecular structure of (4) indicated a Cr-Cr separation of 3.15A 
which is entirely consistent w i t h the value of 3.12A previously 
determined for Cs3Cr2Cl9.6l This value is indicative of repulsion between 
the two chromium atoms, thus no chromium-chromium bond can be 
inferred. The analogous molybdenum anion, [Mo2Cl9]3-,62 shows a Mo-
Mo separation (2.66A) and a magnetic moment intermediate between that 
of chromium and tungsten anions. The angles subtended by each of the 
three bridging chlorine atoms (81.6(1), 81.6(1) and 81.7(1)°) and the average 
Cr- | j ,Cl bond length of 2.407(2)A are in good agreement wi th literature 
values for this anion,52 and are characteristic of elongation of the 
bioctahedra along the C3 axis. Furthermore, the structure of (4) indicated 
that the anion is symmetrical about a plane through the three bridging 
chlorine atoms. 

Interestingly, the X-ray structure of (4) revealed the presence of 
hydrogen bonding interactions between the amine protons of the [NHEt3]+ 
cation and four of the terminal chloride atoms (Cl ( l ) , Cl(2), Cl(8) and 
Cl(9)), Figure 2.6. These interactions ranged between 2.21 and 2.68A which 
were consistent w i t h normal N - H - C l hydrogen bonding values, typically 
2.40A.63 The corresponding Cr-Cl bond lengths showed an associated 
elongation exhibiting an average bond length of 2.309(2)A compared to 
2.288(2)A for the remaining two non-hydrogen bonding terminal 
chlorines (Table 2.8). 

The reaction shown in Equation 2.5 was repeated replacing the 2, 6-
diisopropylphenyl amine (ArNH2) wi th tBuNH2 (4 equiv.). Once again a 
dark red product was isolated which proved, on analysis, to have a 
molecular formula consistent w i t h this product being identical to (4), 
indicat ing that the pr imary amine played only an indirect role in the 
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Figure 2.6 Packing diagram for [CrzClg] [NHEtsJs showing the N—H-Cl 
hydrogen bonding interactions. 



niobium (V) oxide (Nb205) or l i th ium niobate (LiNbOs), the most readily 
available niobium oxo salt, w i th two equivalents of either of the primary 
amines ArNH2 or tBuNH2 in the presence of NEts and TMSCl i n DME, 
according to Scheme 2.10, failed to afford any of the desired bis (imido) 
product. I H N M R of the crude reaction mixture revealed only unreacted 
starting materials. The niobate reaction was repeated using acetonitrile 
instead of DME as solvent, in the hope of breaking up the niobate oxide 
lattice, but once again, despite prolonged heating at 80°C, no reaction was 
observed. 

DME / 70 °C 
LiNbOg + 2RNH2 + 9 TMSCl + 4NEt3 X ^ 

Scheme 2.10 Attempted synthesis of niobium bis (imido) complexes 
(R= Ar, or ^Bu). 

2,5 Summary 

To date, only 0x0 salts of two metals have been shown to react wi th 
p r i m a r y amines to a f fo rd their corresponding bis or tris ( imido) 
derivatives. This reaction proceeds for molybdenum and rhenium 
according to equations 2.1-2.3. The lack of reactivity of tungsten has been 
explained by slow reaction at temperatures below that for decomposition 
of the bis ( imido) product. When this reaction is attempted w i t h 
chromium, a more energetically favourable pathway exists which allows 
the format ion of anionic chromium (III) salts, [Cr2Cl9]3-. The marked 
contrast between the reactivity of chromium and molybdenum is thought 
to be a consequence of the second and third row transition metals forming 
0x0 anions in their highest oxidation states which are not readily reduced, 
whilst the analogous first row metal anions undergo facile reduction. 
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Chapter Three- The Preparation, Reactivity, and Structure of Molybdenum 
Bis (Imido) Bis (Phosphine) and Bis (Imido) Olefin Complexes 



3.0 Introduction 

This chapter outlines attempts made to investigate the pseudo-
isolobal relationship between Group 4 bent metallocenes and Group 6 bis 
(imido) complexes. The study has included the synthesis of reactive bis 
(phosphine) and olefin complexes and relates their reactivity and structure 
to that of their Group 4 analogues. As an introduction to this study the 
origins of this relationship are discussed. 

The cyclopentadienyl group (Cp) is perhaps one of the most 
important groups in organometallic chemistry because it binds strongly to 
metals, is generally inert to both electrophiles and nucleophiles, and 
behaves as a stabilising ligand for many different types of complex. The Cp 
ligand is often regarded as a spectator ligand. 

There are three main classes of ri5-cyclopentadienyl (Cp) transition 
metal species, metallocenes, bent metallocenes and half-sandwich 
complexes. The former (Cp2M) consist of two Cp ligands symmetrically 
disposed above and below the central metal atom. The latter (CpMLx, x= 1 
to 4) have a single Cp r ing and adopt a piano-stool geometry. Early 
t ransi t ion metals attain the desired 18 electron configurat ion by 
incorporating additional ligands which forces the two Cp rings to fold back 
giving rise to the so-called bent metallocenes. The Group 4 derivatives 
display a rich chemistry and have found uses as reagents for a wide variety 
of processes that include hydrosi la t ion,! hydrozirconat ion,^ olefin 
m e t a t h e s i s , 3 and as soluble catalysts for Ziegler-Natta o le f in 
polymerisations.^ 

Imido ligands have been proposed as reactive intermediates in a 
number of catalytic reactions, such as "ammoxidation". Yet, organoimido 
ligands are frequently becoming used as ancillary ligands, much like the 
Cp moiety. A number of homogeneous catalytic reactions are known that 
employ imido complexes. Perhaps the most well documented example is 
Schrock's well-defined four coordinate metathesis catalyst. In general, the 
imido ligand is "flexible" and can change the number of electrons that it 
donates to the metal centre, readily al lowing other species to coordinate 
(cf. r ing slippage associated wi th the Cp ligand). 
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3.1 The Pseudo-Isolobal Relationship between CpiM, CpM'(NR), and 
M"(NR)2 

Simple - M O treatments of the 71-molecular orbitals of the 
cyclopentadienyl ligand [Cp] ' reveal that i t has an orbital of ai symmetry 
and a set of degenerate ei symmetry orbitals; the ai orbital is a and the ei 
pair are K bonding w i t h respect to the metal-ligand axis (Figure 3.1). The 
r ing system also possesses an e2 pair of 5 symmetry unoccupied acceptor 
orbitals, although any interaction wi th these orbitals w i l l be considerably 
weaker than wi th those of n symmetry. Early transition metals have no 
f i l l ed 5 symmetry orbitals on the metal that can donate into these orbitals. 
It is unlikely, therefore, that a significant bonding role is played by these 
levels. 

Figure 3.1 

[ C p ] -

o u •71 

[NR] 2-

K 71 

a 

Schematic representation of the frontier orbitals of the [Cp]' 
and [NR]-' fragments. 

Both this^ and Schrock's group^ have shown that the frontier 

orbitals of the imido ligand (NR^-) in a terminal linear geometry (sp 

hybridised nitrogen) resemble those of the cyclopentadienyl unit, and thus 

also bond to the metal via one a and 2 K interactions (Figure 3.1). This 

analogy has gained further support f rom PES studies of a range of osmium 

and i r i d ium cyclopenatadienyl-imido complexes.'' 

Detailed calculations have been performed which examine the 

bonding and resultant geometry of the bent metallocenes. Lauher and 

H o f f m a n n ^ have studied the system using extended-Hiickel molecular 

orbital (EHMO) calculations, whilst Zhu and Kostic^ used the Fenske-Hall 

quantum method. Both reported similar frontier orbital characteristics for 

the [M(ri-C5H5)2]2+ fragment. Hoffmann showed that as the angle between 

the normals to the rings in a metallocene decreases f rom 180° (i.e. a 
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ferrocene-like structure), towards that of a bent metallocene, three new 
highly directional metal based orbitals result. Figure 3.2. These new 
orbitals are used to bind further ligands to the metal centre and are 
essentially directed in the yz plane (Figure 3.2), the orbital being mainly 
of dyz character, while the two â  orbitals are formed f rom the metal's s, pz, 
dz2, and dx2.y2 atomic orbitals. Thus, other ligands that bind to the metal 
centre should lie in the yz plane, bisecting the Cp(centroid)-M-Cp(centroid) 
wedge angle. The two remaining metal d orbitals remain essentially non-
bonding.^0 

Figure 3.2 Contour diagrams of the three bonding orbitals in the bent 

metallocene fragment [CpzMJ. 

Further Fenske-Hall quantum chemical calculations have been 

performed^ which demonstrated that the frontier orbitals of Group 4 bent 

metallocene complexes are closely related to those of Group 5 half-

sandv/ich imido complexes. The frontier orbitals of the two fragments 

[CpNb(NR)]2+ and [Cp2Zr]2+ (Figure 3.3) are similar in their orientation. 

The only difference is in the composition of one of the low lying orbitals 

of 2ai symmetry which , for [CpNb(NMe)]2+, contains a significant 

cont r ibu t ion f r o m the N b dxz orbital . This lies out of the normal 

metallocene "equatorial" ligand binding plane of the Cp2M fragment and 

may account for the differences in the chemistry of the Cp2M and 

CpM'(NR) fragments. 

The cyclopentadienyl moiety formally donates five electrons to the 

valence electron count, whereas the linear imido ligand donates four 

electrons. Thus, in moving left to r ight across the series outlined in 

Figure 3.4, the Group 4 bent metallocene fragment is formally valence 

isoelectronic and pseudo-isolobal to the Group 5 half-sandwich complex. 

This analogy can be carried further^ to include Group 6 bis (imido) species, 

which possess t^vo, fornmlly four electron donor lignnd?. 
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Figure 3.3 

2â  a2 

Frontier MO's of the [CpiZr]^^ fragment (most important 

contributions only). 

Group 4 Group 5 Group 6 

\ 
Zr 

(I) 

N b ^ 

R N 

(II) 
Figure 3.4. 
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R N 
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/ 
R N 

(III) 

M o ; 

A comparative study has been made of the chemistry of species (I) 

and (II) (Figure 3.4).5,n xhe fol lowing two chapters are thus devoted to an 

investigation of some chemistry of Group 6 bis (imido) complexes. 

3.2 Reduction of Mo(NR)2Cl2.DME (R=Ar, tBu) in the Presence of PMes 

Both of the versatile precursors Cp2Ti(PMe3)2^'^ and Cp2Zr(PR3)2 

(PR3 = Me3, Me2Ph)^13 have been shown to react wi th alkynes. They afford 

syn the t i ca l l y u s e f u l metal lacyclopentadienes via in te rmedia te 

C p 2 M ( P M e 3 ) ( a l k y n e ) complexes, w h i c h can of ten be observed 

spectroscopically.l4 More recently, Cp'Nb(NAr)(PMe3)2 (Cp' = Cp or Cp*)15 

and W(NAr)2(PMe2Ph)2^^ have been isolated and have proven to be 

useful reagents for the synthesis of complexes containing unsaturated 
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hydrocarbon ligands. The niobium system also readily forms carbonyl and 
hydride derivatives. Hence, i t was decided to synthesise the potentially 
useful molybdenum bis (imido) analogue. 

3.2.1 Preparation of Mo(NAr)2(PMe3)2 (5) 

M o ( N A r ) 2 ( P M e 3 ) 2 (5) may be isolated as an extremely air and 
moisture sensitive dark green soHd via magnesium reduction of a THF 
solution of Mo(NAr )2Cl2 .DME in the presence of excess PMe3, Equation 
3.1.17 

9 / A r N 

A r N ^ r - O ^ THF,3h / ° - P M e 3 ' ' ' ' ' 
CI \ A r N 

(1) (5) 

Room temperature N M R data are consistent w i t h a h igh ly 

symmetric structure i n which the two imido ligands are equivalent. A 

single resonance at 5 1.03 ppm in the ^ H N M R spectrum attributed to 

bound PMe3 is broadened (1)1/2 36 Hz) due to rapid exchange wi th free 

phosphine. Consistently, addition of excess PMe3 to a solution of (5) led to 

a marked broadening of the phosphine methyl resonance, w i t h an 

associated shift of this resonance towards that of free PMe3. Similarly, 

addition of excess P(CD3)3 to a solution of (5) led to a decrease in intensity 

of the bound phosphine resonance, which again showed a shift towards 

the position of free phosphine. ^^C N M R data were consistent wi th this 

structure showing, once again, a broadened resonance for the phosphine 

methyl carbons. Exchange of bound and free phosphine is observed when 

2 equivalents of PMe2Ph are added to a solution of (5) in C6D6. 

Variable temperature ^ H N M R spectra of (5) in C/Ds (Figure 3.5) 

indicated that at l o w temperature the isopropyl groups became 

inequivalent. Two septets and two doublets were observed at lovv 

temperature which both exhibited a coalescence temperature (Tc) of 273 K. 

This inequivalence is believed to arise f rom slowing of the rotation of the 

imido r ing substituent about the N-Cipso axis. Schrock et al observed 

similar behaviour in the related tungsten system, W(NAr)2(PMe3)2. The 
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Figure 3.5 Variable temperature 400 MHz ^H NMR spectra for 
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inequivalence of the isopropyl groups can be rationalised by the averaged 
signals for an 'inner' pair being distinct f rom the averaged signals of the 
two 'outer' isopropyl groups (Figure 3.6). Averaging occurs through 
residual slow rotation of the phenyl rings. 

"Inner" 
isopropyl 

groups 
M o ^ ^ ^ 3 

^ P M e , 

Figure 3.6 

Schematic representation 

of the inequivalence 

observed for the 

isopropyl groups of 

Mo(NAr)2(PMe3)2. 

The rate constant of rotation, k, at the coalescence temperature (Tc) 

can be estimated f r o m the ^ H N M R spectra using the relationship 

A:=7u(Av)(2)-l/2, where Av is the separation (in Hz) at the slow exchange 

l imit , in this case 203 Using this data i t was also possible to obtain the 

free energy of rotation about the N-Cjpso bond using the relationship: 

AG* = -RT[ln ik/T) + In (h /K)] 

R = molar gas constant, 8.314 Jmol'^K.] 

K = Boltzmann's constant, 1.381 x 10-23 JK'l 

h = Planck's constant, 6.626 x 10-34 Js-l 

Tc = coalescence temperature, K. 

The results of this analysis gave values for the rate constant of rotation (k) 

and for the free energy of rotation (AG*) of 167.1±18 s-l and 55.0±1.0 

kJmol-1, respectively. 
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3.2.2 The Molecular Structure of Mo(NAr)2(PMe3)2 (5) 

Small prismatic dark green crystals of (5) were obtained f rom a 

cooled saturated diethylether solution maintained at -30°C. A crystal of 

dimensions 0.6 x 0.4 x 0.2 mm was selected for study and sealed in a glass 

Lindemann capillary under an inert atmosphere. The data were collected 

and the structure solved by Prof. J. A. K. Howard and Ms. C. Wilson 

w i t h i n this department. The molecular structure of (5) is illustrated in 

Figure 3.7, and selected bond angles and distances are collected in Table 3.1. 

The molecule is pseudo-tetrahedral w i t h N - M o - N and P-Mo-P 

bond angles of 137.1(5) and 97.0(2)° respectively. The M o - N bond 

distances, at 1.789(10) and 1.794(12) A, and their associated M o - N - C angles 

(172.0(9) and 170.9(9)°) are consistent w i t h Unear imido units bound to 

molybdenum through pseudo tr iple bonds. These parameters are 

comparable w i t h those of the tungsten analogue, W(N-2,6-

C6H3Pri2)2(PMePh2)2, whose structure has recently been determined by 

Schrock and c o - w o r k e r s . T h e r e is also a close correlation wi th the inter-

l igand angles found in the isolobal d^ complex (ri-C5H5)2Ti(PMe3)2l2, 

92.9(1)° for P-Ti-P and 133.2(5)° for the ring centroid-Ti-r ing centroid 

angle (c.f. 97.0(2)° for P-Mo-P and 137.1(5)° for N - M o - N ) . This similarity 

between the bent metallocene and the bis (imido) complexes underlines 

the structural analogy that relates these Group 4 and Group 6 species. 

Schrock et al have proposed that all four coordinate d^ bis (imido) 

complexes w i l l adopt a pseudo-tetrahedral geometry.20 In a tetrahedron, 

two imido ligands (each a l a + 27i donor) can not fo rm the maximum 

number of metal-nitrogen n bonds (four), there must be a "competition" 

for the four th 7c-bond.22 Only three K bonds can form in a trans square 

planar M(NR)2L2 species.^l 

The high reactivity of these d2 bis (imido) complexes is thought to 

be a direct consequence of the fact that four, five, and six coordinate species 

can all readily form. This is believed to be due in part to the "flexible" 

nature of the imido moiety as a ti bonding ligand. (cf. the cyclopentadienyl 

ligand in terms of K bonding.)22 Also, there is increased space at the metal 

centre (an M = N R species has only one atom interacting w i t h the metal 

centre while for the Cp-M fragment there are five). 
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Table 3.1 Selected bond distances (A) and angles (°) for (5) with 
estimated standard deviations in parentheses.. This complex crystallised 
with one full and two half molecules in the asymmetric unit. The data 

presented are for the one full molecule. 

Mo(3)-P(31) 2.400(4) Mo(3)-P(32) 2.405(5) 
Mo(3)-N(31) 1.805(13) Mo(3)-N(32) 1.797(10) 
P(31)-C(31) 1.821(18) P(31)-C(32) 1.813(14) 
P(31)-C(33) 1.838(18) P(32)-C(34) 1.823(15) 
P(32)-C(35) 1.817(18) P(32)-C(36) 1.825(15) 
N(31)-C(311) 1.390(19) C(311)-C(312) 1.422(17) 

C(311)-C(316) 1.418(20) C(312)-C(313) 1.412(22) 

C(312)-C(330) 1.490(21) C(313)-C(314) 1.385(22) 
C(314)-C(315) 1.356(19) C(315)-C(316) 1.378(22) 
C(316)-C(317) 1.502(17) C(317)-C(318) 1.504(20) 
C(317)-C(319) 1.504(17) C(330)-C(331) 1.504(19) 
C(330)-C(332) 1.504(17) N(32)-C(321) 1.414(15) 
C(321)-C(322) 1.423(19) C(321)-C(326) 1.421(17) 
C(322)-C(323) 1.390(17) C(322)-C(340) 1.501(18) 
C(323)-C(324) 1.360(20) C(324)-C(325) 1.376(22) 
C(325)-C(326) 1.384(18) C(326)-C(327) 1.504(19) 
C(327)-C(328) 1.504(21) C(327)-C(329) 1.504(24) 
C(340)-C(341) 1.504(25) C(340)-C(342) 1.504(21) 

P(31)-Mo(3)-P(32) 96.9(2) P(31)-Mo(3)-N(31) 98.9(3) 

P(32)-Mo(3)-N(31) 109.0(4) P(31)-Mo(3)-N(32) 110.1(3) 

P(32)-Mo(3)-N(32) 98.5(4) N(31)-Mo(3)-N(32) 1371(5) 

Mo(3)-P(31)-C(31) 112.8(5) Mo(3)-P(31)-C(32) 114.3(5) 
C(31)-P(31)-C(32) 101.3(7) Mo(3)-P(31)-C(33) 121.8(5) 
C(31)-P(31)-C(33) 101.4(8) C(32)-P(31)-C(33) 102.5(7) 

Mo(3)-P(32)-C(34) 113.1(6) Mo(3)-P(32)-C(35) 114.4(6) 

C(34)-P(32)-C(35) - 101.1(8) Mo(3)-P(32)-C(36) 121.8(6) 

C(34)-P(32)-C(36) 102.3(7) C(35)-P(32)-C(36) 101.5(8) 

Mo(3)-N(31)-C(311) 169.8(9) N(31)-C(311)-C(312) 119.4(12) 

N(31)-C(311)-C(316) 121.1(10) C(312)-C(311)-C(316) 119.5(13) 

C(311)-C(312)-C(313) 118.9(13) C(311)-C(312)-C(330) 120.5(13) 

C(313)-C(312)-C(330) 120.6(11) C(312)-C(313)-C(314) 119.5(13) 

C(313)-C(314)-C(315) 121.1(15) C(314)-C(315)-C(316) 122.0(15) 
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C(311)-C(316)-C(315) 118.8(12) C(311)-C(316)-C(317) 120.6(13) 
C(315)-C(316)-C(317) 120.6(13) C(316)-C(317)-C(318) 112.1(11) 
C(316)-C(317)-C(319) 112.8(11) C(318)-C(317)-C(319) 109.0(12) 
C(312)-C(330)-C(331) 111.1(11) C(312)-C(330)-C(332) 115.5(12) 
C(331)-C(330)-C(332) 109.1(11) Mo(3)-N(32)-C(321) 172.3(9) 
N(32)-C(321)-C(322) 120.5(10) N(32)-C(321)-C(326) 119.4(11) 
C(322)-C(321)-C(326) 120.1(11) C(321)-C(322)-C(323) 119.7(12) 

C(321)-C(322)-C(340) 118.5(10) C(323)-C(322)-C(340) 121.7(12) 
C(322)-C(323)-C(324) 118.5(13) C(323)-C(324)-C(325) 123.2(13) 
C(324)-C(325)-C(326) 120.4(13) C(321)-C(326)-C(325) 117.8(13) 
C(321)-C(326)-C(327) 121.2(10) C(325)-C(326)-C(327) 121.0(12) 
C(326)-C(327)-C(328) 109.3(13) C(326)-C(327)-C(329) 113.0(12) 

C(328)-C(327)-C(329) 109.1(12) C(322)-C(340)-C(341) 112.2(12) 
C(322)-C(340)-C(342) 113.4(14) C(341)-C(340)-C(342) 109.1(12) 
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3.2.3 Reaction of Mo(NAr)2(PMe3)2 (5) w i t h excess CO 

Rausch,i2 Siemeling,l5b and Poolers have demonstrated that the 
three related complexes Cp2Ti.(PMe3)2, Cp*Nb(NAr)(PMe3)2, and 
CpNb(NAr)(PMe3)2 respectively, all react cleanly wi th carbon monoxide to 
afford carbonyl derivatives via displacement of phosphine. Both the half-
sandwich imido complexes react to form exclusively the mono-phosphine 
mono-carbonyl adducts. Equation 3.2 (Cp* analogue), whereas the 
metallocene complex can react fur ther to a f f o r d the dicarbonyl , 
Cp2Ti(CO)2.^2 

CO(g) 
^ N V " . P M e 3 rt, 16h PMe3 ^̂ '̂ ^ 

^ P M e 3 ^01. \ ^ 

When a solution of the isolobal complex Mo(NAr)2(PMe3)2 (5) was 
sealed in a thick-walled glass ampoule under 1 atm of CO, an intractable 
mixture of soluble and insoluble carbonyl containing products was 
obtained. This observation has been attributed to the greater reactivity of 
these bis (imido) complexes compared to that of either the related C p S M ' 
or C p ' ( N A r ) M " (Cp' = Cp or Cp*; M'=Ti , Zr; M " = Nb, Ta) species, and is 
believed to be a consequence of the greater steric protection imposed by the 
cyclopentadienyl ring compared to the imido ligand. Thus, the bis (imido) 
complex reacts readily wi th CO leading to a variety of carbonyl containing 
products. These have not yet been explored. 

3.2.4 Reaction of Mo(NAr)2(PMe3)2 (5) w i t h H2 

Cp2Ti(PMe3)2, Cp*Nb(NAr)(PMe3)2, and CpNb(NAr)(PMe3)2 all 
react smoothly w i t h hydrogen. Cp*Nb(NAr)(PMe3)2 readily affords the 
stable dihydide complex Cp*Nb(NAr)(PMe3)(H)2,^^^ which can be isolated 
as colourless crystals. However, by comparison, the less bulky niobium 
cyc lopen tad ieny l (Cp) analogue has on ly been characterised 
spectroscopically ,24 as decomposition proceeds rapidly in solution at 
ambient temperature. 
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A similar study was undertaken w i t h Mo(NAr)2(PMe3)2 (5). A 
solut ion (CgDg) of (5) was sealed in an N M R tube under 1 atn\ of 
dihydrogen, and the reaction monitored by NMR. Surprisingly, even 
upon prolonged heating to 120°C no reaction was observed. This 
observation suggests that the pseudo-isolobal relationship that exists 
between Group 4 bent-metallocene and Group 6 bis (imido) complexes is 
largely a structural analogy that can not necessarily account for the 
reactivity of these species. 

3.2.5 Reaction of Mo(NAr)2(PMe3)2 (5) w i t h Olefins 

The reactive four coordinate 16 electron bis (phosphine) complexes 
all readily undergo reactions w i t h olefins. Similar reactivity has been 
observed fo r both the Group 4 bent metallocene bis (phosphine) 
c o m p l e x e s , 12 and for their isolobal Group 5 half-sandwich imido 
analogues. 15,23 More recently, the Group 6 W(NAr)2(PMe2Ph)2 complex25 
has been shown to react wi th a variety of olefins, affording a product 
dependent upon the size of the olefin.19 

Mo(NAr)2(PMe3)2 (5) reacts cleanly wi th both ethene and propene at 
room temperature to a f ford the unusual f ive coordinate complexes 
Mo(NAr)2(PMe3)2 (r i2 -CH2=CHR) where R is either H (6), or CH3 (7) 
(Equation 3.3).26 The ethene complex (6) is easily isolated as a solid, its X-
ray molecular structure having been determined (Section 3.3.2). However, 
i n comparison, dissociation of olefin in vacuo is facile for the propene 
adduct, affording the bis (phosphine) complex (5); thus (7) could only be 
characterised spectroscopically (Section 3.3.3). The increased olefin lability 
i n (7), has been attributed to the weaker interaction of this more sterically 
demanding olefin w i th the metal centre. 

Mo(NAr),(PMeo), *- Mo(NAr),(PMe,).(r|2-R(H)C=CH2) 
R(H)C=CH, 2 3 2 2 

(5) ^ 

(3.3) 

The retention of phosphine for both the molybdenum and tungsten 

systems is of interest for comparison wi th the related bent-metallocene bis 

(phosphine) complex Cp2Ti(PMe3)2.27 This reacts wi th an excess of ethene 

i n pentane at ambient temperature to af ford the 16 electron ethene 
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complex Cp2Ti(C2H4),27,28 ^v^ith displacement of both the coordinated 

phosphine ligands. Surprisingly, the analogous reaction w i t h acetylene 

yields the phosphine complex Cp2Ti(PMe3)(C2H2).29 The four coordinate 

Cp2M(PMe3)(C2H4) (M= Ti , Zr) complexes have only been s)mthesised by 

reaction of the parent bis (phosphine) wi th ethene under a pressure of 50-

60 bar.30 Moreover, the t i tanium complex has only been identif ied 

spectroscopically as an intermediate in this type of reaction. 

3.2.6 Reaction of Mo(NAr)2(PMe3)2 (5) w i t h Butadiene 

Mo(NAr)2(PMe3)2 (5) reacts wi th both ethene and propene to form 

f ive coordinate olefin adducts, without loss of phosphine. In an attempt 

to obtain the four coordinate mono-phosphine derivatives analogous to 

the metallocene examples,l2,l3,30 the potentially chelating di-olef in 

butadiene was employed (Scheme 3.1). 

A r N 

A r N 
A r N 

\ , ...>,* PMeo M o ^ ^ 

A r N A r N PMe3 

A r N p M e g 

Scheme 3.1 Reaction of Mo(NAr)2(PMe3)2, (5), with 1, 3 butadiene. 

One equivalent of butadiene was condensed onto a solution of (5) 

(C6D6) i n an N M R tube. On warming to room temperature the previously 

dark green solution turned an intense purple. N M R indicated that 

after 2 days at room temperature, smooth conversion of (5) to the five 

coordinate bis (phosphine) Tj2-olefin adduct had occurred. Scheme 3.1. 

Despite prolonged warming to 70°C, no displacement of phosphine was 

observed, the butadiene remaining bound in an TI^ manner to the metal 

centre. Attempts to isolate the Tj^ butadiene complex led only to the 

recovery of the bis (phosphine). 
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3.2.7 Attempted Reactions of Mo(NAr)2(PMe3)2 (5) w i t h tBuNH2 and 
Ph3P=C(H)(Ph) 

Work wi th in this group has shown that bis (imido) complexes of 
the type Mo(NR)2(OtBu)2 react wi th primary amines (notably ArNH2) to 
a f ford other imido species. The exchange is thought to proceed via a 
trigonal-bipyramidal base adduct (Schemes 2.7 and 2.8). 

Mo(NAr)5(PMeJ, X ^ Mo(NAr)(N*Bu)(PMeJ, 
xs ^BuNHj 

(3.4) 

Two equivalents of tert-butyl amine were added to a solution of 
Mo(NAr)2(PMe3)2 (5) in C6D6, in an attempt to isolate the tert-butyl imido 
containing species (Equation 3.4). On warming to room temperature there 
was no apparent colour change, the solution remained an intense dark 
green. Although the sample was kept at an elevated temperature (70°C) 
for two weeks no new species became apparent in the i H N M R spectrum. 
This is somewhat surprising as the bis (N^Bu) im ido der ivat ive 
(synthesised directly. Section 3.2.1) has proved relatively easy to isolate. 
The tert-butyl imido analogue differs in that it exists as the imido bridged 
d imer (Section 3.2.10). Imido complexes that contain the 2,6-
d i i sopropy lpheny l substituent are thought to favour mononuclear 
geometries on steric grounds.31 I t is often believed that tert-butyl 
substituents can allow a complex to adopt a bridging geometry, although 
the tert-butyl group is equally bulky. This implies that electronic effects 
are also likely to play a key role in controlling the resultant geometry of a 
complex. Thus, i f the exchange of imido substituent is to proceed, a 
change of geometry is necessary, (terminal imido to bridging imido). The 
barrier to this interconversion could be a considerable. 

The use of phosphoranes or phosphorus ylides such as 
PR3P=C(R')(R") to generate metal carbon double bonds, or alkylidenes, is 
w e l l documented.32 A n example of one such reaction is Schwartz's 
synthesis33 of the unusual bent metallocene alkylidene complex, 
illustrated in Scheme 3.2. This reaction takes advantage of the fact that the 
valence orbitals of the metallocene can readily interact wi th the k system 
of the ylide. Dissociation of phosphine then occurs, which leads to the 
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generation of the alkylidene moiety. A similar approach was adopted by 
Schrock for the synthesis of Cp2Ta(CHR)(CH3) (R= H , Me, Ph).34 

\ 
' PPh2Me 

H2C: T P h , Cp2Zr 

© 
0 / C H 2 - P P h 3 

PPh2Me 

-PPh, 

^ > CHt 

^ P P h j M e 

Scheme 3.2 Preparation of a zirconocene methylidene species. 

I n a comparable reaction, one equivalent of the y l ide , 
Ph3P=C(H)(Ph), was added to a C6D6 solution of (5) in an N M R tube. Even 
after warming to 70°C there was no indication that any reaction had taken 
place. 

The most likely explanation is that the ylide was too bulky to gain 
access to the metal centre to form a strong tc type interaction. Despite this 
observation Sundermeyer et fl/,35 have recently reported the synthesis of 
alkylidene complexes of Group 6 bis (imido) complexes. Equation 3.5. This 
latter reaction proceeds by a different mechanism to the reaction reported 
by Schwartz, i.e. by elimination of [Ph3PCH3]Cl. 

Cr(NR),Cl 
2Ph3P = CH2 

- [Ph.PCHJCl 

N R 

C r . + (3.5) 
R N ^ / oPPhj 

H 
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3.2.8 Reaction of Mo(NAr)2(PMe3)2 (5) w i t h Diphenylacetylene 

In an attempt to generate the molybdenum bis (imido) derivative of 

the two isolobal species Cp2M(PR3)(Ti2-PhC=CPh) (M=Zr, PR3= PMes or 

PMe2Ph;13 M = T i , PR3= PMe3l2) and Cp*Nb(NAr)(PMe3)(Ti2-PhCHCPh),36 

(5) was treated w i t h one equivalent of diphenylacetylene in an N M R tube 

i n C6D6. Both i R and 3lp N M R indicated that PMes was liberated [5( lH) 

0.78 p p m and 5(3lp) -62.0 ppm] , yet i t was unclear as to the stoichiometry of 

the product. Thus, the reaction was repeated on a preparative scale. 

C o m p l e x (5) reacted smooth ly w i t h 1 equivalent of 

diphenylacetylene, in toluene, over 12 hours at 60°C. On recrystallisation 

f r o m n-pentane flocculent orange needles were isolated i n low yield (30%) 

(8) (Equation 3.6). The resultant data are consistent w i t h the formation of 

the four coordinate complex Mo(NAr)2(PMe3)(r|2-PhC=CPh) (Equation 

3.11, Section 3.4.1). Recently, Schrock25 has shown that the four coordinate 

tungsten complex W(NAr)2(PMe2Ph)(T|2-HCsCSiMe3) can be isolated, 

although a f ive coordinate species W(NAr)2(PMe2Ph)2(Tl2-HCsCH) results 

i f acetylene itself is used. Both the structures and syntheses of the 

molybdenum bis (imido) acetylene complexes are discussed in Section 4.1. 

Mo(NAr),(PMeo)2 PhC=CPh ^ Mo(NAr)2(PMe3)(Ti2-PhC=CPh) 
^ • -PMeo ^ ^ 

(5) (8) 
(3.6) 

3.2.9 Preparation of [Mo(NtBu)(^-NtBu)(PMe3)]2 (9) 

I t has been noted that the chemistry of the two metal fragments 

[ M o ( N A r ) 2 ] and [Mo(NtBu)2] d i f fer considerably.37 The use of the tert-

butyl substituent allows access to complexes that adopt a four coordinate 

m a n i f o l d , w h i c h are therefore pseudo-isolobal to bent Group 4 

metallocene complexes. However , the more " f lex ib le" a ry l imido 

substituent favours the formation of a f ive coordinate geometry (i.e. the 

arylimido has the ability to rotate out of the way). I n general the tert-butyl 

imido substituent can be regarded as being bulky i n three dimensions 

whereas the arylimido is bulky i n only two. 
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Complex (9) may be isolated as an air and moisture sensitive dark 
b lue /green sol id via magnesium reduction of a THF solution of 
Mo(NtBu)2Cl2.DME in the presence of excess PMe3, Equation 3.7. 

CI ^ ' B u N PMe, 
'BuNi^ ,„ ,0». Mg,PMe3(xs) \ / 

^ M o '^^) • M o ''' • M o (3.7) 
* B u N ^ I O THF, 3h / ^ 

CI Me3P j N*Bu 

'Bu 
(9) 

The 400 M H z ^ H N M R spectrum (C6D6) (Figure 3.8) revealed that 
this bis (phosphine) complex (9) had adopted an entirely different 
geometry to that f ound for (5), and was consistent w i th one terminal 
imido (5 1.30 ppm) and one bridging imido (6 2.01 ppm) per metal. 
Equation 3.7. The structure of (9), [Mo(NtBu)( | i -NtBu)(PMe3)]2 , was 
supported by .both ^^C N M R data and elemental analyses. Attempts to 
g row crystals suitable for an X-ray structure determination were 
unsuccessful. 

The aryhmido bis (phosphine) (5) is thought unable to attain this 
type of dimeric structure as a consequence of the two bulky isopropyl 
groups on each of the imido phenyl rings, which tend to discourage such a 
br idg ing geometry. In i t ia l ly , the orientational preference of (9) was 
attributed to the steric bulk of the phosphine i n combination wi th the 
preference of the tert-butyl imido to adopt a bridging geometry. Yet, when 
the analogous synthesis was undertaken wi th both t r i (cyclohexyl) and tri 
(tert-butyl) phosphines, a comparable bridging geometry was achieved. 
This implies that for complex (9), it is the imido substituent that directs 
the resultant geometry. 

This type of binuclear structure is not uncommon. Nugent et al^^ 
isolated the dimeric complex [Mo(NfBu)()j.-NtBu)(Me)]2, Figure 3.9, which 
was the first example of an unsymmetrical bridging imido ligand. In this 
example each molybdenum exhibited a distorted trigonal-bipyramidal 
coordination. The asymmetry resulted f rom second order Jahn-Teller 
d is tor t ions , not un l ike the localisation of bonding expected for 
antiaromatic cyclic hydrocarbons (eg. C4H4, CsHs).^^ 

68 



N ' B u 

Figure 3.9 

[Mo(NiBu)(iiNiBu)(Me2)]: an 
unsymmetrically bridged 

imido complex. 

Unlike the reactive monomeric bis (phosphine) Mo(NAr)2(PMe3)2, 
the imido-bridged dimer (9) has proved very stable and unreactive. No 
reaction was observed wi th either 2 equivalents of ArNH2 or excess PMe3^ 
despite prolonged warming to 100°C. The reaction of (9) w i t h excess 
ethene in an N M R tube (CgDg) indicated the slow formation of new 
species on prolonged heating, yet their identity could not be estabUshed. 
Both the complexity and extremely slow rate of reaction precluded further 
study of this latter reaction. 

3.2.10 Reduction of Cr(NtBu)2Cl2 i n the Presence of PMes 

As previously demonstrated, it is possible to generate the reactive 
bis (imido) bis (phosphine) complexes of both molybdenum and tungsten. 
To extend this series to encompass the whole of the Group 6 triad, the 
synthesis of the chromium analogue was attempted. 

Cr(NtBu)2Cl2 was synthesised according to a literature procedure,''^ 
and was treated w i t h one equivalent of magnesium in THF solvent in the 
presence of excess PMe3 (Equation 3.8). Af te r 12 hours at room 
temperature, the solvent was removed in vacuo and the product extracted 
f r o m the magnesium chloride residues wi th n-pentane. Subsequent 
recrystallisation f r o m diethylether at -78°C afforded a small quantity of a 
dark brown/black amorphous solid. 

P M e , / E t , 0 , , , 
Cr(N'Bu).Cl2 ^ Cr(N'Bu)2(PMe3)2 (3.8) 

xs M g / THF 

i H N M R revealed a number of severely broadened resonances in 

the range 5 0 to 2 ppm. The broadening was attributed to the presence of a 

highly paramagnetic impuri ty. Elemental analyses were variable; the low 
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solubility of the material towards hydrocarbon solvents may be indicative 

of an aggregated or polymeric structure. 

3.3 Preparation of 5 Coordinate Bis (Imido) Olefin Complexes 

Transition metals are known to bind and activate a variety of 

unsaturated hydrocarbon ligands. Olefin complexes are involved in many 

reactions which are promoted or catalysed by these types of complex. 

A m o n g the more common examples are o le f in hydrogenation,^ i 

dimerisat ion, cyclisation, hydrocyanation,'*2 hydroformylat ion,^^ and 

isomerisation.44 

I n recent years an increasing research ef for t has focused on 

metallocene complexes, especially wi th regard to their potential for olefin 

pol5anerisation catalyst precursors.45 Equally, metal complexes containing 

m u l t i p l y bound oxo or imido ligands and their reactions w i t h neutral 

organic molecules such as olefins, have been scrutinised. These mult iply 

bound ligands have been postulated as intermediates i n a variety of 

catalytic processes such as ammoxidation,'*^ and oxidation.47 

For metals of the Group 6 triad there are few examples of such 

olefin containing bis (imido) species, to date the only direct.examples are 

the tungsten complexes described recently by Schrock. ̂  9,25 

3.3.1 Reaction of Mo(NAr)2Cl2.DME with Ethyl Magnesium Chloride 

Takahashi48 has recently shown that Cp2ZrCl2 reacts smoothly wi th 

C2H5MgBr i n the presence of a phosphine to yield the base stabilised 

metallocene olef in adduct. Figure 3.10. These types of species are of 

obvious importance w i t h their relevance to metallocene based olefin 

polymerisation catalysts. 

Zr '" Figure 3.10 Base stabilised 

'/ ^ zirconocene olefin complex. 
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To fur ther explore the pseudo-isolobal relationship that exists 

between Group 4 metallocenes. Group 5 half-sandwich imido, and Group 

6 bis (imido) complexes, a study of the bis (imido) olefin adducts was 

undertaken. 

Treatment of an ethereal solution of Mo(NAr)2Cl2 .DME wi th two 

equivalents of ethylmagnesium chloride in the presence of excess 

tr imethylphosphine resulted i n the formation of an intense maroon 

coloured solution. Equation 3.9. On work-up dark red/purple needles 

were recovered f rom a concentrated n-pentane solution at -30°C. 

CI I A r N p̂Meg 

Ar I .,x\0"-, 2EtMgCl 
M p : _ — r r r : ' ^ ^ ^ ^ ^ > Mo ' 11 (3.9) 

A r N ^ ^ ' I ^ ^ ^ O ^ ^ ^ ^ 3 ' - CH3CH3 ^ - - ^ 

CI ^ A r N P M e 
(1) (6) 

Both elemental analyses and N M R indicated that the reaction had 

indeed generated an olefin complex. The adduct had a stoichiometry 

consistent w i t h the formation of Mo(NAr)2(PMe3)2(ri2-C2H4) (6). Rather 

than a d o p t i n g a metallocene geometry analogous to either 

Cp2Zr(PMe3 ) (Ti2 -PhC=CPh )49 or CpNb(PMe3)(Ti2-C3H6),50 (6) had 

coordinated a second phosphine. The reaction shown in Equation 3.9 was 

moni tored by GC-MS, which revealed that ethane was generated 

consistent w i t h the fo rmat ion of (6) via P-e l iminat ion f r o m an 

intermediate di-ethyl species. I t has been shown that (6) can also be 

synthesised directly via the reaction of Mo(NAr)2(PMe3)2 (5) wi th ethene. 

Section 3.2.5. 

The room temperature 400 M H z i H N M R spectrum showed a 

single olefinic resonance at 5 1.70 ppm whose integration corresponded to 

all four of the ethene protons. A broad resonance at 5 3.42 ppm was 

assigned to the four methine protons f r o m the isopropyl groups of the 

aryl imido ligand. The poor resolution of this multiplet was attributed to 

either rotation of the olefin or rotation of the imido substituent about the 

Cipso-N bond. The room temperature 100 MHz 13C N M R spectrum was 

consistent w i t h the proposed structure of (6), indicating that the two ends 

of the bound olefin were equivalent, there being only a single olefinic 
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resonance at 5 32.77 ppm (^JCH 156.1 Hz). The coordinated ethene did not 
exhibit any phosphorus coupling in either the ^H or the l^c N M R spectra. 
Displacement of ethene (6 5.24 ppm) by rf4-ethene was observed to occur by 
I H N M R wi th in 12 hours at 60°C. This led to a corresponding decrease in 
the intensity of the bound olefin resonance. N M R data alone were 
insufficient to determine whether the olefin was lying in the M0N2 plane 
or perpendicular to i t ; however, this was resolved by a molecular 
structure determination, the results of which are discussed in Section 3.3.2. 

Variable temperature ^H N M R was performed on a sample of (6) in 
C7D8. The data were consistent wi th both ends of the olefin and the two 
phosphine ligands remaining equivalent on the N M R timescale at all 
temperatures over the range -80 to +50°C. 

The magnetic equivalence of the olefin in both the ^ H and ^^C 
N M R spectra indicated that the broadening observed in the ^ H spectrum, 
for the imido isopropyl group CH's, could be attributed solely to the 
rotat ion of the imido substituent about the C-N bond. Elevated 
temperature ^ H N M R spectra revealed considerably sharpening of the 
isopropyl septet. When the same sample was cooled, two septets became 
apparent at -80°C which exhibited a coalescence temperature, Tc, of 283 K. 

As described in Section 3.2.1, an estimation of both the rate constant 
and free energy of rotation for the imido substituent can be made f rom 
this variable temperature ^ H N M R data. Calculations based on the 
separation of the two isopropyl septets at the low temperature l imi t (641.6 
Hz) gave values for k and A G * of 1425±18 s"! and 52.1±1.0 k j m o l " ! , 
respectively. However, the same calculations using the separation of the 
two isopropyl doublets (100.8 Hz) gave slightly different values of 223±18 
s-1 and 56.5±1.0kjmol-l. 

This discrepancy has been rationalised in the fo l lowing terms. The 
coupling associated wi th the methyl protons and wi th the methine proton 
is inequivalent, as the angular distortion experienced by the methyl 
groups w i l l be more significant than for the methine proton. Steric 
interactions associated wi th the isopropyl groups are believed to be the 
cause. 
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3.3.2 Molecular Structure of Mo(NAr)2(PMe3)2(Tl2-C2H4) (6) 

Crystals suitable for a molecular structure determination were 

obtained f r o m a concentrated n-pentane solution of (6) at -30°C. A crystal 

of appropriate dimensions (0.08 x 0.18 x 0.46 mm) was mounted in a 

Lindemann capillary under an inert atmosphere. The X-ray structure was 

determined by Prof. W. Clegg at the University of Newcastle. Complex (6) 

is i l lustrated in Figure 3.12 w i t h selected bond distances and angles 

presented in Table 3.2. 

(6) was found to adopt a highly distorted trigonal-bipyramidal 

geometry, in which the two imido ligands are situated in the equatorial 

plane, whilst the two phosphines are located axially. The coordinated 

ethene Hgand was found to occupy an equatorial site, w i th the carbon-

carbon bond lying perpendicular to the trigonal plane, as shown in Figure 

3.12. Schrock's related tungsten complex, W(NAr)2(PMe3)2(ri2-C2H4),19 

and the recently synthesised Mo(N-2-C6H4tBu)2(PMe3)2(Tl2-C2H4)5i are 

both thought to adopt a similar geometry, although solid state structures 

have not been obtained in these cases. 

The M o - N bond distances of 1.831 (3)A indicate that the imido 

ligands bind to the metal centre through pseudo-triple bonds although 

there is an apparent elongation of the Mo-N bond distances relative to 

those observed for Mo(NAr)2(PMe3)2 (5), (1.789(10)° and 1.794(12)°); this 

may be indicative of weakened imido-metal interactions which w i l l in 

effect reduce the overall electron count for the complex. The Mo-N-C 

bond angle of 172.4(2)° is well wi th in the range for "linear" imido units.22 

The C ( l ) - C ( l ' ) separation w i t h i n the ethene l igand, at 1.386(8)A, is 

consistent w i t h a relatively small degree of back donation f rom the metal 

centre when compared w i t h the olefinic carbon-carbon bond distances 

observed i n either of the four coordinate complexes CpNb(N-2,6-

C6H3Cl2)(PMe3)(Ti2-C2H4) (1.431(5)A)52 and Mo(NtBu)2(PMe3)(Tl2-C3H6) 

(1.418(6)A).53 Some difference is to be expected as these latter two 

complexes adopt a metallocene like geometry (see for example Figure 3.15). 

The idealised carbon-carbon bond distances for double and single bonds is 

I.34A and I.54A, respectively.32a 
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Table 3.2 Bond lengths ( A ) and angles(°) for Mo(NAr)2(PMe3)2(il^-
C2H4) (6) with estimated standard deviations in parentheses. 

Mo-C(l ) 2.209(3) Mo-P 2.538(1) 

M o - N 1.831(3) C(l)-C(l') 1.386(8) 
P-C(2) 1.810(4) P-C(3) 1.806(5) 

P-C(4) 1.820(6) N-C(5) 1.366(4) 

C(5)-C(6) 1.428(4) C(5)-C(10) 1.420(5) 
C(6)-C(7) 1.394(5) C(6)-C(ll) 1.518(5) 

C(7)-C(8) 1.379(6) C(8)-C(9) 1.388(5) 
C(9)-C(10) 1.392(5) C(10)-C(14) 1.519(5) 
C(ll)-C(12) 1.525(5) C(ll)-C(13) 1.528(5) 

C(14)-C(15) 1.458(7) C(14)-C(16) 1.487(8) 

C(l)-Mo-P 79.5(1) C( l ) -Mo-N 107.7(1) 

P-Mo-N 87.2(1) C(l)-Mo-C(l ') 36.6(2) 

P-Mo-C(l') 116.0(1) N-Mo-C(l ' ) 107.3(1) 
P-Mo-P' 164.6(1) N-Mo-P' 87.9(1) 
N - M o - N ' 143.1(2) Mo-C(l)-C(l ') 71.7(1) 

Mo-P-C(2) 115.2(2) Mo-P-C(3) 114.3(1) 

C(2)-P-C(3) 103.7(2) Mo-P-C(4) 119.1(2) 

C(2)-P-C(4) 100.7(3) C(3)-P-C(4) 101.6(2) 
Mo-N-C(5) 172.4(2) N-C(5)-C(6) 122.3(3) 

N-C(5)-C(10) 118.5(3) C(6)-C(5)-C(10) 119.1(3) 

C(5)-C(6)-C(7) 118.4(3) C(5)-C(6)-C(ll) 121.9(3) 

C(7)-C(6)-C(ll) 119.6(3) C(6)-C(7)-C(8) 122.4(3) 
C(7)-C(8)-C(9) 119.2(3) C(8)-C(9)-C(10) 121.3(4) 

C(5)-C(10)-C(9) 119.5(3) C(5)-C(10)-C(14) 120.0(3) 
C(9)-C(10)-C(14) 120.5(3) C(6)-C(ll)-C(12) 111.8(3) 

C(6)-C(ll)-C(13) 113.0(3) C(12)-C(ll)-C(13) 109.1(3) 
C(10)-C(14)-C(15) 113.3(3) C(10)-C(14)-C(16) 111.7(4) 
C(15)-C(14)-C(16) 108.9(6) 
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Complex (6) could formal ly be described as a 20 electron species 

which possesses an occupied 7t* orbital. Hence, the N - M o - N bond angle is 

large (143.1(2)°, cf. 137.1(5)° for Mo(NAr)2(PMe3)2), i n order to reduce the 

overall M o - N bond order and minimise the destablising effect of the 

adopted configuration. Schrock et al attributed a similar effect to the 

d i s t o r t i o n observed i n the o s m i u m bis ( i m i d o ) complex 

Os(NAr)2(PMe2Ph)l2, (151.2(3)°).54 Should the N - M - N angle increase to 

180°, forcing the complex to adopt a square pyramidal geometry, then only 

16 electrons remain i n metal-centred bonding orbitals, making the metal 

centre electron deficient . Further discussion of the geometrical 

preferences for these types of species is given i n Sections 3.5 and 3.6. 

3.3.3 Reaction of Mo(NAr)2Cl2.DME with n-Propyl Magnesium Chloride 

A n attempt to synthesise a higher homologue of the five coordinate 

olefin adduct was undertaken using an analogous route. The reaction 

appeared to proceed cleanly, w i th the formation of an intense purple/red 

solution on st irr ing at room temperature for 3 hours (Equation 3.10). 

However, on removal of solvent in vacuo, the solution began to change 

colour, leaving an intense green coloured solid. Subsequent extraction 

w i t h n-pentane and recrystallisation at -30°C yielded Mo(NAr)2(PMe3)2 (5), 

the olefin having been removed under reduced pressure. As described in 

Section 3.2.5 the labi l i ty of the olefin has been attributed to the steric 

hindrance of the two bulky trimethylphosphine ligands, which inhibit a 

strong metal olefin interaction. 

Mo(NAr)2Cl2.DME + 2^PrMgCl 

(1) 

xs PMe3 

Et20 
Mo(NAr)2(PMe3)2(Tl-CgHg) 

(7) 

Vacuum 

Mo(NAr)2(PMe3)2 

(5) (3.10) 

The propene complex (7) can, however, be synthesised in situ 

through the reaction of the bis (phosphine) complex (5) w i t h 1 equivalent 
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of propene. In the N M R spectrum (C6D6) of this reaction, two 
resonances attributable to the methyl group of propene were observed. 
The multiplet at 6 1.54 ppm was assigned to free propene, whilst the other 
resonance, a doublet at 5 1.98 ppm, was attributed to the methyl group of 
bound propene Mo(NAr)2(PMe3)2(ri2-C3H6) (7). 

Homonuclear decoupling experiments were employed to confirm 
the assignment of the resonances due to the CH2 and C H of the 
coordinated olefin. Irradiation of the methyl resonance at 5 1.98 ppm 
caused a dramatic loss of intensity in the corresponding resonance of free 
propene, 5 1.54 ppm (C6D6). This behaviour has been attributed to slow 
reversible dissociation of bound propene. 

Such a dissociation process is equivalent to two species X and Y 
(bound and free propene, respectively) which are slowly interconverting 
w i t h first order rate constants kx and Aiy. Thus, an estimate of the rate of 
exchange of X and Y can be made using the Transfer of Saturation 
technique,55 according to the Equation Yx = Y O R I Y / ( R I Y + kx{[X]/[Y])) 
(where Yx and YQ are the intensities of the Y resonance in the absence and 
presence of saturation at X; R j y is the rate of spin-lattice relaxation of Y = 
1 / T I Y ) - S O , the term kx(DQ/[y]) represents the rate of saturation transfer 
f r o m X to Y, and may be thought of as a pseudo-first-order rate constant. 
The results of this kinetic analysis for propene dissociation gave values for 
TiY = 1.21 s, RiY = 0.83 s-1, Yx = 25.96, YQ = 67.97, and kx{[X]/[Y]) = 1.34 Hz. 

3.3.4 Attempted Isolation of Mo(NAr)2(ri2-C2H4)2 

A n attempt to isolate the diolefin derivative of (6) was undertaken 
via the reaction of Mo(NAr )2Cl2 .DME in diethylether w i t h two 
equivalents of C2H5MgCl under an ethene atmosphere. However, the 
reaction d id not a f ford a tractable product. This may indicate that a 
diethene (or metallocyclopentane) species is too reactive or unstable to 
al low for its isolation. Similar observations have been made by Dr. A. 
Poole for the analogous reaction using CpNb(NAr)Cl2.24 
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3.4 Other Attempted Reactions of Mo(NAr)2(PMe3)2(Tl2-C2H4) (6) 

The lability of the olefin in (6) has been explored through a variety 
of reactions. Simple dissociation of ethene, followed by coordination of 
other species was l ikely, by analogy w i t h Schrock's tungsten complex. 
However, i t was also envisaged that dissociation of phosphine could 
occur. 

a) Reaction of Mo(NAr)2(PMe3)2(ri^-C2H4) (6) with Hydrogen 

A CeDg solution of (6) was sealed in an N M R tube under one 

atmosphere of hydrogen. Despite prolonged warming to 100°C, no 

reaction was observed. This lack of reactivity is not surprising since no 

react ion was observed w i t h the bis (phosphine) complex, 

Mo(NAr)2(PMe3)2. 

b) Reaction of Mo(NAr)2(PMe3)2(ri^-C2H4) (6) with excess C2H4 

I t was envisaged that displacement of phosphine may occur, 

resul t ing i n the generation of either bis (ethene) or more l ikely 

metallacyclopentane species. Yet, N M R analysis of a CeDg solution of 

(6) w i t h 20 equivalents of ethene showed no reaction, despite heating for 

an extended period. A similar lack of reactivity has been reported for both 

CpNb(NAr)(PMe3)(ri2-C2H4)24 and Mo(NtBu)2(PMe3)(ri2-C2H4).56 

c) Reaction of Mo(NAr)2(PMe3)2(Ti^-C2H4) (6) with excess Propene 

In an attempt to generate the propene analogue, a solution of (6) 

was sealed in an N M R tube wi th an excess of the olefin. Heating to 70°C 

for two weeks gave no indication by ^ H N M R that any of the propene 

adduct had been generated. This lack of reaction was attributed to the 

much greater stability of the ethene analogue. The ethene derivative is 

readily isolated as a solid, yet the propene analogue proved unstable to 

vacuum, The overall stability of these five coordinate olefin complexes is 

dependent upon the size of the coordinated olefin. 

d) Reaction of Mo(NAr)2(PMe3)2(ri^-C2H4) (6) with excess CO 

Reaction of carbon monoxide w i t h the metallocene and half-

sandwich i m i d o bis (phosphine) complexes readi ly yields the 

co r re spond ing carbonyl der ivat ives , C p 2 T i ( C O ) ( P M e 3 ) , ^ 2 a^id 

CpNb(NAr)(PMe3)(CO).15a A similar carbonylation reaction wi th the bis 
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(phosphine) complex Mo(NAr)2(PMe3)2 gave a variety of carbonyl 
containing species, none of which could be identified. The complexity of 
this latter reaction prompted investigation of the interaction of (6) wi th 
CO; When an ethereal-solution of the olefin adduct was stirred under an 
atmosphere of CO at ambient temperature for 3 hours, a comparable 
intractable mixture of carbonyl species was obtained. 

3.4.1 React ion of M o ( N A r ) 2 ( P M e 3 ) 2 ( T l 2 . C 2 H 4 ) (6) w i t h excess 
Diphenylacetylene 

Analysis of the product obtained f r o m the reaction of the bis 
(arylimido) bis (phosphine) complex (5) wi th diphenylacetylene, indicated 
that an adduct had been formed. However, purification and analysis of 
this product proved d i f f icu l t . Section 3.2.9. Reactions w i t h the olefin 
adduct (6) proved more satisfactory. A heptane solution of (6) was treated 
w i t h one equivalent of diphenylacetylene and was heated to 60°C for one 
week (Equation 3.11) dur ing which time the solution gradually turned 
f r o m an intense red/purple to brown. On removal of the volatiles and 
subsequent recrystallisation at 5°C f r o m a saturated THE solution, 
flocculent fine orange needles of the acetylene adduct of (8) were isolated 
in low yield. 

A r N PMe, A r N 

\ . P h C = C P h \ , .--^ . ' Mo-— M o (3.11) 
/ / \ ^^P^^^^ / ^ ^ P h 

A r N PMe3 6 0 ° C / 1 0 d A r N \ 
- C 2 H 4 Ph 

(6) (8) 

Gibson and Poole^O observed that a similar displacement reaction 

performed w i t h CpNb(NAr)(PMe3)('n2-C3H6) d id not lead to quantitative 

conversion to the acetylene complex. Instead, an equilibrium mixture was 

obtained which was rationalised according to the greater steric bulk of the 

acetylene destabilising its associated complex. This observation could 

explain the l o w yield of Mo(NAr)2(PMe3)(ri2-PhCsCPh), although no 

equi l ibr ium was observed upon monitoring the reaction by NMR. A 

further discussion of acetylene complexes is given in Section 4.1. 
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3.4.2 Reaction of Mo(NAr)2(PMe3)2(Tl2-C3H6) (7) w i t h excess C2H4 

To explore reactivity of the propene complex (7), a sample was 
generated i n an N M R tube via reaction of the bis (phosphine) complex (5) 
wi th propene. Once the adduct had formed (monitored by ^H NMR), the 
N M R tube was vented of excess propene. Subsequently, one equivalent of 
ethene was condensed into the tube. The reaction led to the generation of 
the more stable ethene complex slowly over 12 h at room temperature. 

3.5 Preparation of 4 Coordinate Bis (Imido) Ole f in Complexes 

The previous study has shown that f i ve coordinate o lef in 
complexes are formed w i t h the [Mo(NAr)2] fragment due to the ability of 
the arylimido unit to rotate out of the way. To generate olefin complexes 
that adopt a four coordinate metallocene-like geometry the tert-butyl 
imido ligand has been investigated. 

3.5.1 Reaction of Mo(NtBu)2Cl2.DME w i t h Ethyl Magnesium Chloride 

Treatment of Mo(NtBu)2Cl2.DME w i t h two equivalents of ethyl 
magnesium chloride i n the presence of excess trimethylphosphine in 
diethylether. Equation 3.12 (R= H (10); R= Me (11)), afforded yel low 
crystals on work-up f rom a cooled (-30°C) n-pentane solution. Both N M R 
(^H and ^^C) and elemental analyses were consistent w i t h the formation of 
the mono-olefin mono-phosphine complex Mo(N*Bu)2(PMe3)(ri2-C2H4) 
(10).53 As for (6), GC-MS analysis of the volatiles generated during the 
reaction were consistent w i th (10) having formed via P-elimination f rom 
an intermediate diethyl species. 

' B U N : 

*BuN-

9 B u ' N 

..,oO--\ RCHjCHjMgCl \ ,,sPMe3 
M o : : ^ \ — - — ' M o ; 0.12) 
• ^ ^ ( ^ PMeg (xs) ^ ^ 

^ , E t p B u ' N V CI ^ R 
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A room temperature 400 M H z ^ H N M R spectrum of (10) indicated 
that the two ends of the olefin were inequivalent. The ^ H N M R data are 
presented i n Figure 3.13. The spectra were complicated by the coincidence 
of part of the olefinic resonances w i t h the tert-butyl imido signals and the 
doublet f r o m bound PMea. 500 M H z ̂ H N M R spectra proved insufficient 
to resolve all three resonances. 

The 100 M H z 13c N M R spectrum of (10) indicated that the two 
olefinic carbons were inequivalent, 5 20.96 ppm 0]cH 156.1 Hz) and 5 31.76 
p p m ( iJcH 152.4 Hz). The two iJcH coupling constants are w i th in the 
range for sp2 hybridised carbon atoms. The N M R data were supportive of 
(10), having adopted a bent metallocene-like geometry i n which the 
olefinic carbons were occupying a plane w i t h the M o and P atoms 
perpendicular to the N = M o = N plane. Conclusive proof of the orientation 
of the o le f in could only be obtained f r o m a solid state structure 
determination which proved unobtainable. I t is thought that (10) would 
adopt a structure analogous to that determined by Rausch et al for 
Cp2Zr(PMe3)(Ti2-C2H4).57 

Close inspection of the two olefinic carbon resonances revealed that 
the resonance at 5 31.76 p p m showed a small coupling to phosphorus, 2jpc 
9.9 Hz , whi le the other carbon resonance at 6 20.96 ppm showed no 
ind ica t ion of phosphorus coupl ing. Further discussion of this 
phenomenon is made i n the fo l lowing Section. Attempts to assign the 
hydrogens, and thus the carbons of the ethene ligand in (10), by NOE 
(nuclear Overhauser effect) and HETCOR (heteronuclear correlation 
spectroscopy) experiments proved unsuccessful. 

3.5.2 Reaction of Mo(NtBu)2Cl2.DME w i t h "Propyl Magnesium Chloride 

The reaction of Mo(NtBu)2Cl2.DME using n-propyl magnesium 

chloride to generate the propene complex has also been studied (Equation 

3.12). Upon work-up, yel low crystals were isolated f r o m a saturated n-

pentane solution at -30°C. N M R and elemental analyses were consistent 

w i t h this complex having the molecular formula of Mo(NtBu)2(PMe3)(ri2-

C3H6),53 (11), analogous to the ethene adduct (10). GC-MS analysis 

supported the intermediacy of a dialkyl species i n the generation of the 

olef in complex. 
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The I H N M R spectrum was complicated due to the unsymmetrical 

nature of the coordinated olefin and to the pro-chiral nature of the metal 

centre g iv ing rise to an A A ' M M ' spin system for the coordinated olefin; 

i H N M R analysis (including {3lp}) was undertaken to f u l l y assign the 

spectra, the results being shown in Figure 3.14 and Table 3.3. 

Assignment I R 500 M H z 1H{31P} Coupling 

5 (ppm) multiplicit ies Constants (Hz) 

CH2=CH(Me) 3.23 (tqd) tq 3 J H H 10.8, 

3 J H H 6.3, 3jpH 

1.4 

CH2=CH(Me) 2.24 (d) d 3 J H H 6.3 

NCMe3 1.36 (s) s 

NCMea 1.34 (td) s 

CH2=CH(Me) 1.22 (ddd) dd 3 J H H 10.8, 

2 J H H 5.4, 3jpH 

5.2 

PMe3 1.12 (d) (s) 2 J P H 8 . 7 

CH2=CH(Me) 1.02 (ddd) (dd) 3 J H H 10.8, 

2 J H H 5.4, 3jpH 

5.2 

Table 3.3 Selected 500 MHz NMR data for Mo(NiBu)2(PMe3)(v^-

CsHeh (11). 

13c N M R data (Figure 3.14c) were also consistent w i t h the 

fo rmula t ion of (11) and emphasised the inequivalence of the imido 

ligands. Resonances at 5 39.93 and 37.46 ppm were attributed to the 

carbons of the coordinated olef in (supported by a ^ H - 13c HETCOR 

experiment), the latter exhibiting a coupling to phosphorus of 9.6 Hz. The 

intermediate values of the ^JcH coupling constants (148.6 and 148.8 Hz, 

respectively) are supportive of significant % back bonding f r o m the olefin 

to molybdenum; thus, a metallacyclopropane bonding picture is 

appropriate. These data, i n conjunction wi th both the proton coupled 13c 

N M R spectrum and the solid state molecular structure (Section 3.4.9), 

enabled the absolute assignment of these two olefinic resonances. The 

carbon that is adjacent and effectively cis to the phosphine experiences a 

greater phosphorus coupling. 
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Similar couplings to phosphorus have been detected for the 
acetylenic carbons of Mo(NtBu)2(PMe3)(PhC=CH) (16) (Section 4.14). The 

asymmetric nature of the coordinated acetylene in conjunction with the 
results from a difference NOE experiment allowed the unambiguous 
assignment of the N M R spectra. As for (10) the unsaturated carbon atom 
that is adjacent to the phosphine exhibited the strongest 31 p coupling. 
Similar coupling to phosphorus was observed for Cp2Zr(PMe3)(ri2-C2H4) 
(JPC= 12.1 and 3.3 Hz).57 

A similar geometric assignment was made by Bercaw et al for the 
complex Cp*2Ta(H)(ri2-C2H4), which exhibited a small (2.7 Hz) coupling 
between the endo ethylenic hydrogens and the metal-bound hydride 
atom.58 

Both (10) and (11) are readily soluble in hydrocarbon solvents and 
are stable for prolonged periods (months). Yet, both of these olefin 
complexes decompose rapidly in chlorocarbon solvents, a feature also 
observed for the five coordinate adduct, (6). In all cases free amine is 
liberated. 

3.5.3 Molecular Structure of Mo(NtBu)2(PMe3)(ri2-C3H6) (11) 

Yel low cubic crystals of suitable dimensions for a molecular 

structure determination were mounted in Lindemann capillaries under 

an inert atmosphere. The X-ray data were collected and the molecular 

structure solved by Prof. J.A.K. Howard and Ms. C. Wilson wi th in this 

department. Selected bond angles and distances are given in Table 3.4 and 

the molecular structure is illustrated in Figure 3.15.̂ 3 

(11) was found to adopt a pseudo-tetrahedral geometry w i t h mean 

N - M o - N and N-Mo-P angles of 123.0 and 100.7° respectively. The angles 

subtended at the molybdenum by the C(l)-C(2) centroid of the olefin and 

the NtBu and PMe3 ligands are 113.8 (mean) and 99.5(1)°. The Mo, P, C(l) 

and C(2) atoms lie i n a pseudoplane (mean deviation 0.04lA), which 

bisects the N - M o - N angle (deviation f rom orthogonality 0.4°). The Mo-N-

C angles of 168.3(3) and 162.6(3)°, lie wi th in the range of 'linear' imido 

units whi le the M o = N distances, at 1.774(3) and 1.765(3)A, are slightly 

elongated compared to those typical ly observed i n mono- imido 

molybdenum complexes;22 this is a reflection of the competition which 

exists between the two imido groups for the available 7C-symmetry metal 
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orbitals in a tetrahedral geometry.22,25 xhe C(l)-C(2) separation within the 

propene ligand, 1.418(6)A, is consistent w i th considerable back donation 

f r o m the d^ metal centre, and the alignment is supportive of bent-

metallocene-like frontier orbitals for the [Mo(NtBu)2] fragment. 

Of the two possible isomers of (11), exo and endo , only one isomer 

is observed in solution by both ^ H and 13c N M R spectroscopy. Difference 

NOE measurements were supportive of the exo geometry established in 

the solid state. Comparison of the molecular structure of (11) wi th that for 

Cp2Zr(PMe3)(ri2-C2H4)57 indicated that a metallocene geometry had been 

adopted. 

The propene adduct (11) was readily converted to the ethene 

analogue (10) upon treatment of (11) wi th one equivalent of ethene at 60°C 

for 10 hours. This reflects the greater steric congestion at the metal centre 

in the propene derivative. Similar steric arguments were used to explain 

the lack of stability of the five coordinate propene complex (7) compared to 

its ethene analogue. Section 3.3.3. 
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Table 3.4 Selected bond lengths (A) and angles (°) for 

Mo(NiBu)2(PMe3)(ri2-C3He) (11) with estimated standard deviations in 

parentheses. 

Mo(l)-P( l ) .2.445(1) M o ( l ) - N ( l ) 1.774(3) 
Mo(l)-N(2) 1.765(3) Mo(l) -C(l ) 2.228(4) 
Mo(l)-C(2) 2.182(3) P(l)-C(12) L790(5) 
P(l)-C(13) 1.813(5) P(l)-C(14) 1.813(5) 
N(l)-C(4) 1.447(4) N(2)-C(8) 1.455(6) 
C(l)-C(2) 1.418(6) C(2)-C(3) 1.521(7) 
C(4)-C(5) 1.529(6) C(4)-C(6) 1.514(7) 
C(4)-C(7) 1.528(6) C(8)-C(9) 1.533(11) 
C(8)-C(10) 1.592(14) C(8)-C(ll) 1.527(11) 
C(8)-C(9A) 1.482(24) C(8)-C(9B) 1.514(27) 
C(8)-C(10A) 1.538(29) C(8)-C(10B) 1.575(30) 
C(8)-C(11A) 1.578(26) C(8)-C(11B) 1.576(23) 
C(9)-C(9A) 0.735(32) C(9)-C(9B) 0.627(29) 
C(10)-C(9A) 2.016(28) C(10)-C(10A) 0.684(27) 
C(10)-C(10B) 0.624(28) C(11)-C(11A) 0.770(29) 
C(11)-C(11B) 0.806(30) C(9A)-C(9B) 1.297(40) 
C(9A)-C(10B) 1.556(39) C(9B)-C(11A) 1.723(34) 
C(10A)-C(10B) 1.262(35) C(10A)-C(11B) 1.450(38) 
C(11A)-C(11B) 1.546(38) 

P( l ) -Mo( l ) -N( l ) 101.7(1) P(l)-Mo(l)-N(2) 99.7(1) 
N( l ) -Mo( l ) -N(2) 123.0(1) P(l)-Mo(l)-C(l) 81.1(1) 
N( l ) -Mo( l ) -C( l ) 116.0(2) N(2)-Mo(l)-C(l) 119.1(2) 
P(l)-Mo(l)-C(2) 118.4(1) N(l)-Mo(l)-C(2) 108.2(1) 
N(2)-Mo(l)-C(2) 106.5(2) C(l)-Mo(l)-C(2) 37.5(2) 
Mo(l)-P(l)-C(12) 116.3(2) Mo(l)-P(l)-C(13) 114.1(2) 
C(12)-P(l)-C(13) 102.2(3) Mo(l)-P(l)-C(14) 116.0(2) 
C(12)-P(l)-C(14) 103.6(2) C(13)-P(l)-C(14) 102.8(3) 
Mo(l)-N(l)-C(4) 162.6(3) Mo(l)-N(2)-C(8) 168.3(3) 
Mo(l)-C(l)-C(2) 69.5(2) Mo(l)-C(2)-C(l) 73.0(2) 
Mo(l)-C(2)-C(3) 116.3(3) C(l)-C(2)-C(3) 119.6(4) 
N(l)-C(4)-C(5) 110.4(3) N(l)-C(4)-C(6) 108.5(3) 
C(5)-C(4)-C(6) 109.9(4) N(l)-C(4)-C(7) 109.1(3) 
C(5)-C(4)-C(7) 110.2(4) C(6)-C(4)-C(7) 108.7(4) 
N(2)-C(8)-C(9) 109.0(5) N(2)-C(8)-C(10) 106.4(5) 
C(9)-C(8)-C(10) 108.9(7) N(2)-C(8)-C(ll) 108.3(5) 
C(9)-C(8)-C(ll) 116.1(7) C(10)-C(8)-C(ll) 107.7(7) 
N(2)-C(8)-C(9A) 110.9(11) C(9)-C(8)-C(9A) 28.1(12) 
C(10)-C(8)-C(9A) 81.9(12) C(11)-C(8)-C(9A) 134.8(12) 
N(2)-C(8)-C(9B) 110.4(11) C(9)-C(8)-C(9B) 23.7(11) 
C(10)-C(8)-C(9B) 127.9(12) C(11)-C(8)-C(9B) 94.3(11) 
C(9A)-C(8)-C(9B) 51.3(15) N(2)-C(8)-C(10A) 109.0(11) 
C(9)-C(8)-C(10A) 127.8(11) C(10)-C(8)-C(10A) 25.2(10) 
C(11)-C(8)-C(10A) 83.5(11) C(9A)-C(8)-C(10A) 103.8(15) 
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C(9B)-C(8)-C(10A) 
C(9)-C(8)-C(10B) 
C(11)-C(8)-C(10B) 
C(9B)-C(8)-C(10B) 
N(2)-C(8)-C(11A) 
C(10)-C(8)-C(11A) 
C(9A)-C(8)-C(11A) 
C(10A)-C(8)-C(11A) 
N(2)-C(8)-C(11B) 
C(10)-C(8)-C(11B) 
C(9A)-C(8)-C(11B) 
C(10A)-C(8)-C(nB) 
C(11A)-C(8)-C(11B) 
C(8)-C(9)-C(9B) 
C(8)-C(10)-C(9A) 
C(9A)-C(10)-C(10A) 
C(9A)-C(10)-C(10B) 
C(8)-C(11)-C(11A) 
C ( n A ) - C ( l l ) - C ( l l B ) 
C(8)-C(9A)-C(10) 
C(8)-C(9A)-C(9B) 
C(10)-C(9A)-C(9B) 
C(9)-C(9A)-C(10B) 
C(9B)-C(9A)-C(10B) 
C(8)-C(9B)-C(9A) 
C(8)-C(9B)-C(11A) 
C(9A)-C(9B)-C(11A) 
C(8)-C(10A)-C(10B) 
C(8)-C(10A)-C(11B) 
C(10B)-C(10A)-C(11B) 
C(8)-C(10B)-C(9A) 
C(8)-C(10B)-C(10A) 
C(9A)-C(10B)-C(10A) 
C(8)-C(11A)-C(9B) 
C(8)-C(11A)-C(11B) 
C(9B)-C(11A)-C(11B) 
C(8)-C(11B)-C(10A) 
C(8)-C(11B)-C(11A) 
C(10A)-C(11B)-C(11A) 

139.1(16) N(2)-C(8)-C(10B) 103.9(11) 
89.1(11) C(10)-C(8)-C(10B) 22.7(10) 
128.3(11) C(9A)-C(8)-C(10B) 61.1(15) 
111.0(14) C(10A)-C(8)-C(10B) 47.8(14) 
106.7(10) C(9)-C(8)-C(11A) 91.0(10) 
132.6(11) C(11)-C(8)-C(11A) 28.7(10) 
115.8(14) C(9B)-C(8)-C(11A) 67.7(13) 
110.5(14) C(10B)-C(8)-C(11A) 147.6(15) 
104.9(10) C(9)-C(8)-C(11B) 139.9(11) 
80.6(11) C(11)-C(8)-C(11B) 30.0(11) 
143.3(15) C(9B)-C(8)-C(11B) 122.0(14) 
55.5(14) C(10B)-C(8)-C(11B) 103.0(14) 
58.7(14) C(8)-C(9)-C(9A) 72.1(20) 
76.4(26) C(9A)-C(9)-C(9B) 144.5(35) 
46.7(8) C(8)-C(10)-C(10A) 73.0(26) 
114.0(27) C(8)-C(10)-C(10B) 77.1(30) 
36.1(28) C(10A)-C(10)-C(10B) 149.4(41) 
79.3(20) C(8)-C(11)-C(11B) 78.3(18) 
157.6(29) C(8)-C(9A)-C(9) 79.8(21) 
51.4(9) C(9)-C(9A)-C(10) 129.0(24) 
65.6(16) C(9)-C(9A)-C(9B) 16.3(16) 
113.0(18) C(8)-C(9A)-C(10B) 62.4(14) 
141.7(28) C(10)-C(9A)-C(10B) 13.7(10) 
126.1(22) C(8)-C(9B)-C(9) 79.9(28) 
63.1(16) C(9)-C(9B)-C(9A) 19.2(21) 
57.9(12) C(9)-C(9B)-C(11A) 136.4(35) 
117.6(23) C(8)-C(10A)-C(10) 81.8(26) 
67.6(18) C(10)-C(10A)-C(10B) 14.6(20) 
63.6(16) C(10)-C(10A)-C(11B) 145.2(37) 
130.7(28) C(8)-C(10B)-C(10) 80.2(29) 
56.5(14) C(10)-C(10B)-C(9A) 130.2(35) 
64.6(18) C(10)-C(10B)-C(10Aj 16.0(22) 
114.7(25) C(8)-C(11A)-C(11) 72.0(21) 
54.4(12) C(11)-C(11A)-C(9B) 122.0(28) 
60.6(14) C(11)-C(11A)-C(11B) 11.4(16) 
111.4(20) C(8)-C(11B)-C(11) 71.6(18) 
61.0(14) C(11)-C(11B)-C(10A) 127.2(26) 
60.7(13) C(11)-C(11B)-C(11A) 10.9(14) 
117.4(20) 
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3.6 Calculations and Bonding i n Complexes Containing the "M(NR)2" 
Fragment 

Schrock59 has recently reported detailed SCF-Xa-SW calculations on 

the M(NH)2(PH3)2 fragment and its interaction wi th olefins to form a five 

coordinate adduct. This study has shown that the symmetry properties 

and related energies of the frontier orbitals calculated for the "W(NH)2" 
fragment are analogous to those obtained for the MCp2 system.8 This 

correlation strongly supports the proposed pseudo-isolobal relationship 

that exists between Group 6 bis (imido) complexes and bent Group 4 
metallocenes. 

From these calculations it was possible to rationalise the geometries 

adopted by both W(NAr)2(PMe3)2 and W(NAr)2(PMe3)2(Ti2-C2H4) (this 

later structure being predicted f rom the molecular structure determination 

of it's molybdenum analogue). The H O M O (level 4ai) consisted largely of 

a linear combination of dx2-y2 and dz^ character orientated in the y-

direction. This is equivalent to the H O M O being of dy2 character. The 

next highest levels were 2b2 and 5ai. 

I f the two phosphorus atoms are considered to be in a four 

coordinate geometry (cf. W(NAr)2(PMe2Ph)2) then the linear combination 

of the P a-orbitals transforms as A1+B2 symmetry. The B2 component can 

then interact w i th the metal 2b2 level, the interaction being at a maximum 

when the P-W-P angle is 90°. The remaining A ] combination can 

therefore interact w i t h either the 4ai or 5ai. Interaction w i t h the 4ai level 

was found to be disfavoured as this led to the occupation of a high lying a* 

orbi ta l , whereas the interaction w i t h the 5ai level was found to be 

stabilising. This latter interaction was found to increase as the P-W-P 

angle decreased. The experimentally determined value of this angle was 

95° in the case of W(NAr)2(PMe2Ph)2. 

The results of these calculations were used to probe the bonding of 

the related f ive coordinate o lef in adduct. The H O M O remained 

unchanged on coordination of the olefin, remaining the 4ai level, the W-

N - H a and the W - N K levels changed only slightly. The orientation of the 

H O M O for W(NH)2(PH3)2 forces the olefin to align in the yz plane 

perpendicular to the N = W = N wedge, such that K backbonding is possible. 

This predicted bonding preference is reinforced by the molecular structure 

determinat ion of the molybdenum analogue, Mo(NAr)2(PMe3)2(ri2-

C2H4),60 which does indeed show the olefin orientated in this manner. 
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3.7 F e n s k e - H a l l Calculat ions on the Model Compounds 

Mo(NH)2(PMe3)2(C2H4) and Mo(NH)2(PMe3)(C2H4) 

Similar calculations using the Fenske-Hall quantum method have 

been undertaken by Dr. C. Housecroft (University of Cambridge)^! to 

explore the bonding in both the four coordinate and five coordinate olefin 

complexes of molybdenum (Sections 3.3.2 and 3.5.3). These calculations 

were based upon the X-ray structural data obtained for the complexes 

Mo(NAr)2(PMe3)2(Tl2-C2H4)60 and Mo(NtBu)2(PMe3)(Tl2-C2H4) 53 although 

calculat ions were s i m p l i f i e d by us ing the model complexes 

Mo(NH)2(PH3)2(Tl2-C2H4) and MO(NH )2 (PH3) (TI2 -C2H4) , whose geometry 

was based upon the experimentally determined structural data. 

a) [Mo(NH)2] fragment: Frontier MO's as a Function of N-Mo-N angle 

Calculations indicated that litt le variation of the molecular orbitals 

occurred as the N - M o - N angle is varied between 120 and 150°. The 

composition of each of the MO's was found to be virtually independent of 

the actual angle which obviously includes both the H O M O and the LUMO. 

b) Analysis of the MoiNWiiPHsK^^-CiH^) Fragment 
The interfragment interactions between MO's of the olefin and the 

bis ( imido) fragment [Mo(NH)2(PH3)] were classified according to the 

Dewar-Chatt-Duncanson model as being either a donating or % back 

donating. The participation of the phosphorus atom, albeit weak, may be 

significant. 

To address the question w h y should the olef in prefer to bond 

w i t h i n the plane containing the Mo-P bond (i.e. i n a bent metallocene-like 

geometry), point calculations were carried out on the [Mo(NH)2(PH3)] 

fragment; the fragment was held constant whilst the olefin was rotated 

through 90° i n 10° steps. The total MOP (MuUiken Overlap Population) 

between the fragments decreases f rom 0.341 to 0.258; the interaction which 

corresponds to the overlap between a molybdenum dxz orbital and the 

o le f in 7C* M O has a major contribution when 6=0° (i.e. the olefin is 

orientated as observed in (11)), which falls to zero when 6=90°. Just as the 

SCF-Xa SW calculations showed the main dr iv ing force for a particular 

olefin orientation is maximisation of metal-olefin d7C-pji back bonding. 

87 



c) Analysis of the Mo(NH)2(PH3)2(v^-C2H4) Fragment 
The frontier orbitals of the olefin in this fragment are identical to 

those observed for the olefin in the Mo(NH)2(PH3)(ri2-C2H4) fragment. It 
is to be noted that these MO's are almost identical to those calculated by 
Schrock fo r the analogous [W(NH)2(PH3)2] fragment. As w i t h 
Mo(NH)2(PH3)(ri2-C2H4) the interactions of the bis (imido) fragment wi th 
the olefin in this f ive coordinate adduct may readily be classified in terms 
of a donation and K back donation. 

The same exercise was performed for this olefin fragment as for the 
previous complex. The olefin was rotated through 90° i n 10° steps and 
point calculations were used to assess the changes in the interfragment 
interactions as a function of this angle 6. (6=0° for the experimentally 
determined orientation). A t 6=0°, the total Mull iken Overlap Population 
is 0.33 which drops to 0.250 for 6=90°. Two important metal-olefin 
interactions (dyz and olefin K* MO) were optimised at 6=0° and fell to zero 
at 6=90° . As i n the four coordinate complex, the interfragment 
interactions that become allowed as the olefin rotates f rom 6=0° to 90 are 
not effective enough to compensate for the loss of the olefin-metal 
interaction, once again demonstrating that the orientation of the olefin is 
dominated by dn-pn back bonding. 

The calculated frontier molecular orbitals for the model fragment 
Mo(NH3) (PMe3) (C2H4) , shown in Figure 3.16, agree wel l w i th those 
calculated for the two fragments that have been postulated as being 
pseudo-isolobal to the former, namely [Cp2Zr] and [CpNb(NAr)]. 

H N 

M o -

HOMO L U M O 

t>2 

Scheme 3.16 

â  

Most important calculated MO's for the [Mo(NR)] 

fragment. 
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3.8 Displacement Reactions of Mo(NtBu)2(PMe3)(Ti2-C2H3R), R= H , (10), 

R= Me (11) 

The displacement reactions of the f ive coordinate olefin adduct 

Mo(NAr)2(PMe3)2(Ti2-C2H4) and its tungsten analogue^^, 25 ^ere limited to 

either exchange of olefin or acetylene. The olefin was smoothly displaced 

by CO, acetylenes, and a variety of mul t ip ly bonded ligands f r o m the 

directly related half-sandwich niobium imido system, to afford tractable 

products. Thus, a similar study was undertaken for the metallocene-like 

molybdenum tert-butylimido complexes (10) and (11). 

3.8.1 Reaction of Mo(NtBu)2(PMe3)(Ti2-C2H3R), R= H , (10), R= Me (11) 

with H2 

A CeD^ solution of (10) was sealed in an N M R tube under 1 atm of 

hydrogen. Almost immediately a resonance attributable to tBuNH2 was 

observed by ^ H NMR. On prolonged warming at an elevated temperature 

(60°C) the originally yellow solution changed to l ight brown. After one 

week at this temperature no free dihydrogen could be observed in the ^H 

spectrum. A variety of a lkyl resonances was observed, including 

resonances attributable to ethane, tBuNH2 and free PMes; no new olefinic 

signals were observed; 31p N M R showed 4 resonances at 5 11.66, 10.92, -

3.11 and -62.0 ppm (free PMes). No proton resonances were observed that 

could be assigned unequivocally to metal hydride species over the range 5 

20 to -20 ppm. 

A similar reaction was attempted w i t h the propene adduct (11), 

which again generated a number of alkyl species, tBuNH2 and free PMe3. 

However, the complexity of this reaction precluded further study. 

3.8.2 Reaction of Mo(NtBu)2(PMe3)(Ti2-C2H3R), R= H , (10), R= Me (11) 

with C O 

Previous ly i t has been demonstrated that a so lu t ion of 

C p N b ( N A r ) ( P M e 3 ) ( T i 2 - C 3 H 6 ) reacts cleanly w i t h carbon monoxide 

liberating propene. The carbonyl complex CpNb(NAr)(CO)(PMe3)50 is 

readi ly isolated and is analogous to the Group 4 complexes 
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Cp2M(PMe3)(CO) (M=Ti , Zr)l2,l3. similar reactivity has been reported for 

Cp2Ti(Ti2-C2H4),62 which cleanly affords the dicarbonyl, via dissociation of 

o le f in . 

However, treatment of either Mo(NtBu)2(PMe3)(ri2-C2H4) (10) or 

Mo(NtBu)2(PMe3)(ri2-C3H6) (11) wi th excess carbon monoxide in pentane 

resulted i n the almost instantaneous formation of an insoluble yellow 

precipitate. Infra red spectroscopy indicated that carbonyl species in at least 

three environments had formed. The f ive coordinate ethene complex 

also reacted to give a variety of carbonyl containing products (Section 3.4). 

Group 6 bis (imido) olefin complexes exhibit enhanced reactivity 

towards CO compared to their Group 5 half-sandwich imido and Group 4 

metallocene analogues. Replacment of the sterically demanding Cp group 

w i t h the much less bulky imido ligand is believed to be the cause. 

3.8.3 Reaction of Mo(NtBu)2(PMe3)(ri2.C3H6) (11) w i t h Acetylenes 

A variety of Group 4 metallocene and Group 5 half-sandwich imido 

complexes exist that contain a coordinated acetylene l igand; the 

metallocene complexes are useful for a w ide variety of organic 

transformations involving the acetylenic moiety.63 

To generate the parallel Group 6 bis (imido) complexes the ready 

dissociation of the o lef in moiety was exploited. The reaction of 

Mo(NtBu)2(PMe3)(ri2-C3H6) (11) wi th one equivalent of diphenylacetylene 

in heptane at 60 °C for 1 0 days readily afforded crystals of the acetylene 

adduct (15) in virtually quantitative yield, according to Equation 3 . 1 2 (R=H, 

Ph). 

Mo(N'Bu)2(PMe3)(Ti2-C3H6) + P h C = CR 
(11) (3.12) 

heptane 

6 0 ° C / lOd 
Mo(N*Bu)2(PMe3)(Ti2- P h C = CR) 

(15) 

Further discussion of this and other complexes containing mult iply 

bonded units (eg. PhC^CH, PhN=NPh, R F - P = P - R F ) is to be found in 

Sections 4 .2 . 
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3.8.4 Reaction of Mo(NtBu)2(PMe3)(ri2.C3H6) (11) w i t h Se 

Although a vast number of mononuclear terminal oxo and sulfido 

complexes exist, comparatively few examples of the analogous selenido 

and tellurido compounds can be found. Group 5 half-sandwich imido 

compounds containing terminal selenide and telluride moieties have 

recently been synthesised by this group (Figure 3.17)M Therefore an 

attempt has been made to extend this series of complexes to include bis 

(imido) derivatives. 

Figure 3.17 

^ ^ N b - . . , „ p i ^ e Half-Sandwich Chalcogenide 
A r N ^ ^ Complex (E= S, Se, Te). 

E 

Once again the ready displacement of bound olefin f rom the four 

coordinate bis (imido) olefin complexes was utiUsed. A heptane solution 

of (11) was treated w i t h one equivalent of selenium in the presence of a 

further equivalent of PMes (used to deliver the chalcogenide to the metal 

centre) (Equation 3.13). On warming the mixture at 60 °C for 10 days, a 

dark red solid (12) was afforded after removal of solvent under reduced 

pressure. Subsequent recrystallisation f rom pentane yielded small intense 

dark red crystals. 

Mo(N*Bu)2(PMe3)(ri2-C,H.) + Se + PMe, — ^ ^ P ^ ^ " " ^ 

^11) - C 3 H , 

(12) 

(3.13) 

Both ^ H and N M R revealed that the reaction had not followed a 

simple l igand displacement reaction (eg. Equation 3.13); six terminal 

imido environments were observed, w i t h a resonance corresponding to 

only one bound phosphine (Figures 3.18 and 3.19). Careful examination of 

the 31 p N M R spectrum revealed the presence of selenium satellites 

symmetrically disposed about the single phosphine resonance (Figure 

3.20). 
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95.4 M H z 77Se N M R spectra of (12) were subsequently obtained 
which showed a doublet resonance at 5 598.9 ppm (y\/2= 10.5 Hz) wi th a 
JSe-p coupling constant of 56.3 Hz, which correlated well wi th the value of 
49.9 Hz obtained f rom the phosphorus spectra. The magnitude of this 
coupling is out side of the range associated with a ĴseP coupling (200 to 
1100 Hz).65 Furthermore, the chemical shift of the selenium resonance 
was not indicative of a coordinated Me3P=Se moiety.^6 No l3c-7"Se 
coupling was observed in the ^^C N M R spectrum, suggesting that the Se 
has not coupled w i t h hydrocarbon and thereby provides support for 
terminal or bridging Se atoms. 

Comparison w i t h the recently determined value of the ''''Se 
chemical shift for Cp*Nb(NAr)(PMe3)(Se), a singlet resonance at 5 2532.2 
ppm, (v i /2= 28.4 Hz), proved of little use. In general, selenium chemical 
shifts are governed by the electron density at the selenium atom, so that 
Se(IV) and Se(VI) have chemical shifts in the high frequency part of the 
range.65 Yet, there is an abundance of evidence indicating that in certain 
circumstances other effects can dominate. 

The six differ ing imido environments precludes a simple geometry 
for (12), the formation of a metal cluster being most likely. There are 
many examples of the tert-butyl imido group adopting a bridging position, 
especially i f there is competition for n bonding orbitals at the metal 
centre.67 Furthermore, structurally characterised metal complexes 
containing chalcogenides in a wide variety of geometries especially 
cubane-like structures have been reported.68 

Elemental analyses, in f ra red and mass spectroscopies were 
inconclusive as to the exact structure of (12). Crystals have been submitted 
for a molecular structure determination. 

-0.398 

Figure 3.20 262 MHz ^^P{^H} 

Showing 775g satellites. 

I I I 1 1 1 1 1 [ 1 r 1 1 

0 -1 ppm 
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3.9 Reaction of M0O2CI2 with Ethylmagnesiiun Chloride 

The Phillips catalyst used industrially for the large-scale production 

of polyethylene is based upon silica impregnated w i t h CrOs which is 

activated under oxygen at 800°C.69 In an attempt to mimic the first 

insertion with.ethene we desired to isolate a dioxo analogue of either of 

the imido olefin complexes (6), (10), or (11). 

To this end, MoO2Cl2''0 in DME was treated wi th two equivalents of 

ethylmagnesium chloride in the presence of excess PMe3 at -196 °C 

(Equation 3.14). After 3h at room temperature an olive green solution was 

extracted by fi l trat ion f rom the magnesium chloride residues. Removal of 

solvent under reduced pressure afforded a blue/green solid (13) in low 

yield (=20%). 

2Mo(0)2Cl2 + 4EtMgCl ^^^^ > Mo(0)(PMe3)3Cl2 + MoCl3(PMe3)3 

(3.14) 

xs PMe, , , 
^ (14) 

The 400 M H z ^H N M R spectrum of (13) indicated a pseudo triplet at 

5 1.38 p p m (arising through virtual coupling of two "mer" PMe3 

ligands^^), and a doublet at 5 1.27 ppm. This spectrum was consistent wi th 

the unexpected fo rmat ion of Mo(0)(Cl)2(PMe3)3, as described by 

Wilkinson ,72 w i t h further support being provided by its characteristic 

infra red spectrum. 

Further investigation of the 400 M H z ^H N M R spectrum revealed 

two broad upf ie ld contact-shifted resonances at 5 -16.25 and 5 -32.90 ppm 

attributed to the presence of a small amount of the paramagnetic impurity 
MoCl3(PMe3)3.73 

3.10 Reaction of Cr(NtBu)2Cl2 with RMgCl (R= Et, "Pr) 

Examples of o lef in containing bis ( imido) complexes of both 

molybdenum and tungsten have been reported, yet little investigation has 

been made of such complexes for chromium, despite the well known role 

of chromium for the polymerisation of ethene in the Phillips process.69 

Hence, we have made an attempt to generate these lighter congeners using 

similar reactions to those used for molybdenum. 
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The only direct route into chromium bis (imido) chemistry is 

th rough Cr(NtBu)2(OTMS)2/-^^ which can readily be converted to the 

corresponding dichloride (14) i n vir tual ly quantitative yield. Scheme 

3.5.39,74 I t was envisaged that treatment of (14) wi th two equivalents of an 

appropriate Grignard in the presence of phosphine wou ld afford the 

desired olefin complex, yet realisation of this simple transformation has to 

date proved elusive. 

CrO.CL + 4 *BuNH(TMS) ^ ^ ^ ^ " ^ > Cr(NtBu),(OTMS), 
^ ^ 6 0 ° C / l h 

2BCI3 

CH2CI2 

Cr(NtBu)2Cl2 (14) 

Scheme 3.5 Synthesis of Cr('N^Bu)2Cl2 (W. 

In i t ia l attempts involved direct treatment of the dichloride (14) 

w i t h Ethyl Grignard in the presence of PMes, the reaction turning f rom 

dark red/purple to black wi th in 12h. N M R of the black solid obtained was 

thwarted by the paramagnetic nature of the product. Elemental analyses 

also proved inconclusive due to facile decomposition of the product and 

to the "waxy" nature of the product obtained. Similar problems were 

encountered when the reaction was repeated using n-propyl Grignard 

reagent, again no tractable product being recovered. 

In an attempt to overcome this apparent lack of crystaUinity, the 

Grignard reaction was repeated in the presence of either PMeiPh or PPh3, 

yet similar black or dark b rown highly air and moisture sensitive 

paramagnetic materials were isolated. Disappointingly neither of these 

complexes could be conclusively identified. A C6D6 solution of a sample 

of the product obtained f rom the reaction wi th PPhs decomposed slowly to 

liberate ethene and tBuNH2 (by ^ H NMR). Despite prolonged monitoring 

no other diamagnetic species were observed. The observation of ethene 

impl ied that formation of the desired olefin complex had been achieved. 

To monitor this reaction more carefully, the tertiary phosphine 

adduct Cr(NtBu)2(PPh3)Cl2 was first synthesised. Cr(NtBu)2(PPh3)Cl2 (14a) 

was isolated as an orange solid through treatment of Cr(NtBu)2Cl2 wi th 

one equivalent of the phosphine in toluene (Equation 3.15). Subsequent 
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recrystallisation f r o m warm THF afforded (14a) i n 55% yield. Unlike the 
PMe2Ph and PMe3 adducts reported by Wilkinson74 (14a) was only 
sparingly soluble in THF. 

Cr(NtBu)2Cl2 + PPh3 ^ Cr(N*Bu)2(PPh3)Cl2 (3.15) 

(14) (14a) 

A n ethereal solution of (14a) was treated w i t h ethylmagnesium 

chloride at -196 °C which, on warming to room temperature, afforded a 

dark red solution after 20 minutes. On work-up, a small quantity of a dark 

red/purple solid was isolated. Analyses indicated that the product was 

similar to that obtained f r o m the "one-step" reaction. 

Both the paramagnetic nature and instability of these chromium 

olefin complexes compared to their molybdenum and tungsten analogues 

is l ikely to be attributable to the enhanced propensity for reduction of the 

first row metals. 

3.11 Summary 

Our efforts to f i n d a convenient entry into molybdenum bis (imido) 

chemistry via compounds of the general type Mo(NR)(NR')Cl2 have been 

realised through the synthesis of a variety of six coordinate DME stabilised 

complexes. Mo(NAr)Cl2 .DME (1) and Mo(NtBu)Cl2.DME were obtained in 

excellent yields using a simple "one-pot" reaction involving the treatment 

of Na2Mo04 w i t h the appropriate primary amine. 

Use of these reagents allowed us to probe the pseudo-isolobal 

relationship that exists between Group 4 bent metallocenes. Group 5 half-

sandwich imido and Group 6 bis (imido) species. This study has included 

the synthesis of a synthetically useful bis (phosphine) complex 

M o ( N A r ) 2 ( P M e 3 ) 2 (5) (Scheme 3.6) and its ter t-butyl counterpart 

[ M o ( N t B u ) ( | i - N t B u ) ( P M e 3 ) ] 2 (9). Treatment of the six coordinate 

dichloride precursors w i t h 2 equivalents of either ethylmagnesium 

chloride or n-propylmagnesium chloride i n the presence of PMe3 allowed 

an en t ry i n t o the phosph ine s tabi l i sed o l e f i n complexes 

Mo(NAr)2(PMe3)2(Tl2-C2H4) (6), and Mo(NtBu)2(PMe3)(Ti2-C2H3R) (R = H 

(10); R = Me (11)). N M R and molecular structure studies revealed that (6) 
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adopted an unusual five coordinate geometry, whereas both (10) and (11) 
were isolated as four coordinate bent metaliocene analogues. 

This study has reinforced the idea of an isolobal relationship that 
links the three seemingly unrelated fragments, [Cp2M], [CpM'(NR)] and 
[M"(NR)2] , yet has underlined the fact that this is a essentially structural 
analogy and can not be used to predict reaction pathways. The nature of 
the imido substituent for the Group 6 bis (imido) complexes has a 
profound influence upon the nature of the products obtained. These ideas 
are further investigated in Chapter 4. 
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Chapter Four- Preparation and Reactivity of Bis (Imido) Phosphine 

Complexes Containing Acetylene and A l k y l Ligands 



4.0 Introduction 

This chapter w i l l be concerned w i t h the attempts to synthesise 
acetylene, benzyne, and alkylidene derivatives containing the "Mo(NR)2" 
moiety. As a prelude to this study, relevant chemistry f rom the pseudo-
isolobal bent metallocene system w i l l be outlined. 

Countless transition metal complexes containing the acetylene 
moiety have been structurally characterised, the ligand adopting a variety 
of orientations as described in Chapter 1. This diversity arises as acetylenes 
possess two perpendicular k systems that can both donate electrons to the 
metal centre.! Hence, i t is capable of acting as either a 2 or 4 electron donor 
Hgand. 

A n empirical relationship has been reported by Templeton et al that 
correlates the number of electrons formally donated by acetylene ligands 
(N) and the chemical shift of the bound acetylene nuclei in a series of 
mononuclear tungsten and molybdenum complexes.2 The results of this 
study are given in Table 4.1 and Figure 4.1. 

N 

- 1 1 1 1 1 1 1 1 1 -

110 130 150 170 190 210 

^^C - Chemical Shift (ppm) 

Figure 4.1 

Acetylene ^^C 

chemical shifts vs. 

formal number of 

electrons donated 

per acetylene. 

N o other l igand that features in organometallic chemistry displays 

such a large l^C chemical shift range upon coordination (== 100 ppm). The 

abi l i ty to vary its electron donation has important implications for 

catalytic reactions that involve interchange between 16 and 18 electron 

species. 
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Complex 5(R13C<:R) 5a V N Ref. 

W(CO)(detc)2(HC=CH) 206.1,207.1 206.6 4 2 

W(CO)(detc)2(HC=CPh) 205.7 205.7 4 2 

(Ti-Cp)W(CO)(CH3)(HC^H) 192.5,187.4 190.0 4 3 

Mo(CO)(dmtc)2(HC=CH) 203.7 203.7 4 2 

Mo(CO)(detc)2(HC^Ph) 205.3 205.3 4 2 

W(CO)(EtC^Et )3 191.1,170.8 181.0 3 | 
2 

[(ri-Cp)W(CO)2(MeC^C4H9)]+ 162.2,159.4, 152.0 3 4 

144.8,141.5 

Mo(detc)2(HC<:Ph)2 183.2,177.1 180.2 3 2 

(Ti-Cp)2Mo(HC=CH) 117.7 117.2 2 5 

(Ti-Cp)2Mo(MeC=CMe) 115.3 115.3 2 2 

Table 4.1 ^-^^ Chemical shifts of acetylene complexes bound to Moill) 

and W(II). N= Formal number of electrons donated per acetylene ligand. 

Al though there are many f u l l y characterised simple acetylene 

complexes, the number is relatively small compared to that for the 

corresponding metal o lef in species. This is because many acetylene 

complexes are quite reactive, often undergoing ligand coupling reactions 

to produce more elaborate species or organic products. In particular, 

metallocene complexes containing the acetylene moiety Have received 

much attention i n organic chemistry as reagents for a range of 

t ransformat ions . Hydroz i r cona t ion of te rminal acetylenes using 

Schwartz's reagent (Cp2Zr(H)Cl) proceeds w i t h cis stereochemistry at the 

coordinated C=C bond, placing the metal at the terminal carbon atom. 

Unsymmetr ical ly disubsti tuted acetylenes readily a f ford mixtures of 

a lkenylz i rconium derivatives i n which the size of the substituents 

determine the preferred direction of insertion. Yet, i f a slight excess of 

Cp2Zr(H)Cl is present then equilibration leads generally to mixtures 

greatly enriched in the less-hindered complex. 
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Cp2Zr(H)Cl + RC^CR" 

.Cl .Cl 
\ 

R 

NBS 

Br R 

H " "R ' H ' ^R 

Scheme 4.1 Hydrozirconation using Schwartz's reagent followed by 

cleavage with N-bromosuccinimide, illustrating the retention of a cis 

configuration. 

The reason that this chemistry is important is that a great deal of 
useful reactions can be performed at the Zr-C bond. For example, cleavage 
by N-bromosuccinimide produces the corresponding v iny l halide wi th 
retention of the cfs geometry (Scheme 4.1).6 Protonation readily affords 
the hydrocarbon, and bromination the alkyl bromide.'' Oxidation leads to 
the alcohol, much l ike hydroborat ion/oxidat ion. This mechanism of 
electrophilic cleavage is unusual for transition metal alkyls as no 
inversion of configuration is observed. This inversion is normally 
associated w i t h oxidation of the metal fol lowed by Sn2 displacement. 
However, Cp2Zr(R)Cl is a d^ complex and, as such, cannot readily undergo 
further oxidation.^ 

For some time i t has been known that free metallocenes (i.e. Cp2M, 
M = T i , Zr, and H f ) can reductively couple two acetylenes resulting in the 
fo rmat ion of symmetrically tetrasubstituted metallacyclopentadienes. 
This is generally assumed to proceed via a discrete metallocene acetylene 
complex (Scheme 4.2). There are many examples of these diene complexes 
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that involve diphenylacetylene. There are also a few examples where 
similar chemistry has allowed the isolation of metallacycles involving 
reactions w i t h other internal acetylenes such as 2-butyne, 3-hexyne, and 
dimethyl acetylenedicarboxylate.9 

R 

"CpjM" RC^CR CpnM RC^CR, CpjM 
R 

R 

R 
Scheme 4.2 Reductive coupling of acetylenes to form a 

metallacyclopentadiene complex. 

Hydrolysis or iodinolysis-hydrolysis of metallacyclopentadienes 
afford the corresponding organic diene, again wi th the associated retention 
of configuration. The yield for this type of reaction is characteristically 
h igh. 

Af te r the in i t ia l formation of the metallacyclopentadiene other 
unsaturated reagents such as olefins, CO, nitriles, aldehydes, and even 
sulphur dihalides can be introduced. These species w i l l subsequently 
undergo oxidative addition wi th concomitant r ing expansion. Thus, this 
type of reactivity is particularly useful for the synthesis of a variety of 
functionalised r ing systems (Scheme 4.3). 

C2H4 
PMe, 

Scheme 4.3 An example of organic ring synthesis using a zirconocene 

acetylene complex. 
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The coordination of acetylenes in metal complexes is known to 

stabilise certain unstable species. For example, metal complexes 

containing cyclohexyne (a molecule that is unstable in its free state) have 

been synthesised and structural ly characterised. 10 Even halogen-

substituted acetylenes, which are in general explosive, are stabilised upon 

coordination to a metal (e.g. [WC15(C1C=CC1)]-[PPh4]+ ) . l l Perhaps the 

most remarkable examples of acetylene stabilisation are complexes which 

contain the highly reactive benzyne moiety, C6H4 (see Section 4.0). 

I 
..Ta>, (4.1) 

M e \ _ _ / 

A number of such species have been synthesised. The f i rs t 

structurally characterised example was of a cyclopentadienyl tantalum 

derivative, synthesised by Schrock et al (Equation 4.1).12 Examples of other 

ri^-benzyne complexes have been reported (Table 4.2). 

Complex N Ref. 

CpTa(Me)2(Tl2-C6FLi) 4 12 

Ni(Ti2-C6H4)((C6Hii)2PCH2CH2P(C6Hii)2) . 2 13 

[Nb(ri2-C6H4)2Ph3(LiPh.THF(Li.THF)4] 0.5THF 2 14 

Ru(PMe3)4(Tl2-C6H4) 2 15 

Cp2Zr(PMe3)(Ti2-C6H4) 2 16 

. [Re(Ti2-2-C6H3Me)(2-C6H4Me)2(PMe3)2][l5] 2 17 

Table 4.2 Representative examples of structurally characterised r\^-

benzyne complexes. N denotes the number of electrons donated by the 

benzyne moiety. 

Several research groups have published synthetic routes for the 

generation of this type of benzyne complex. Perhaps the most general 

strategy has been through the synthesis of sigma bound diphenyl species. 

Thermolysis (often in situ) generates the desired fragment. However, 

many discrete benzyne complexes can not be isolated, but are trapped by 

other reagents such as acetylenes (as above). A n example of just such an 
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approach is given i n Scheme 4.3.^8 The reaction proceeds via ortho-
hydrogen abstraction between the phenyl rings eliminating benzene. 

\ 

O 
-C6H6 

PhCnCPh 

Scheme 4.3 Thermolysis of Cp2Zr(Ph)2 in the presence of 

diphenylacetylene. 

Benzyne complexes have proved to be useful in a range of organic 
transformations. Coupling reactions w i t h olefins and acetylenes have 
been demonstrated, the former generating the so-called metallaindan 
derivatives by reductive coupling,!^ while the latter fo rm metallacyclic 
species containing the aromatic ring. Similarly, reaction wi th elemental 
selenium affords the diselenametallacycle, whils t nitriles lead to the 
formation of azazirconacyclopentenes (Scheme 4.4). Substituted benzynes 
have also been synthesised, which allow for the formation of substituted 
benzocyclobutenes, through reaction wi th ethylene.^O 

CP2M 

CP2M RC=N 
N = ^ 

CP2M-

2Se 

C2H4 
Cp^M 

Scheme 4.4 Some general reactions associated with benzyne complexes. 
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I n an elegant study. Hart and co-workers have detailed the use of 

benzdijme equivalents i n organic synthesis. Subsequently, Buchwald has 

outlined a s)Tithesis of a benzdiyne complex stabilised by two zirconocene 

fragments (Equation 4.2),21 which on treatment w i t h olefin, iodine and 

excess n-BuLi yield benzbicydobutanes. This provides further testimony 

to the use of metal complexes to stabilise useful reactive organic 

fragments. 

OMe 

OMe - C H , 

OMe 

ZrCp, 
\ PMe, / A 
\ V — ^ Cp,Zr 

M e \ j 
PMe 

OMe 

One research area of particular recent interest is that associated wi th 

alkylidene complexes which have long been associated w i t h the useful 

olef in metathesis reaction. The mechanism for this process is given in 

Scheme 4.5.22,23 

[M]: CHR 

+ 

CHR [M] CHR 

+ 

R'HC R - H C = C H R " R'HC CHR" 

Scheme 4.5 Chauvin and Herisson olefin metathesis mechanism 

CHR" 

A n example of one such complex is Tebbe's reagent (Cp2Ti(n-

CH2)(M.-Cl)AlMe2)24 which , when combined w i t h a nitrogen base is 

synthetically equivalent to the nucleophilic metallocene alkylidene 

Cp2Ti=CH2, although the reagent never dissociates into the alkylidene and 

Me2AlCl themselves (Scheme 4.6). I t reacts readily wi th olefins, forming 

stable metallacycles i n the presence of base (used to help remove the 

a luminium fragment), which are generally more convenient precursors 

for "Cp2Ti=CH2" than the al imiinium reagent itself. These metallacycles 

readily exchange w i t h other olefins via metathesis processes. 
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Cp2TiCl2 + [AlMeglj C p j T i ^ ^ A l M e j + V2 [AlMe2Cl]2 
CI ^ 

=< 
CpjTi 

^ R " 

R' R" 

Base 

Scheme 4.6 Synthesis and reaction of Tebbe's reagent. 

4.1 Synthesis and Reactivity of Acetylene Complexes of the type 

Mo(NR)2(PMe3)(ri2-R'C=CR") [R=tBu, NAr ] 

4.1.1 Reaction of Mo(NAr)2(PMe3)2(ri2-C2H4) (6) w i t h PhCnCPh 

Takahashi25 has structurally characterised the Group 4 bent 

metallocene acetylene adduct Cp2Zr(ri2-PhCHCPh)(PMe3). This was 

synthesised by treating Cp2ZrCl2 w i th two equivalents of n-BuLi followed 

by the a d d i t i o n of d iphenylace ty lene i n the presence of 

trimethylphosphine, according to Scheme 4.7. However, this strategy 

proved specific to the synthesis of this particular complex. Rausch^^ has 

shown that the bis (phosphine) complex Cp2Ti(PMe3)2 dissociates one 

equivalent of phosphine when treated w i t h a variety of acetylenes 

(including PhC^CPh and C2H2) to generate the corresponding metallocene 

acetylene adduct. 

78°C 0°C 
Cp2ZrCl2 ' Cp2Zr("Bu)2 

2 "BuLi PhCsCPh 
PMe, 

Cp2Zr 
PMe3 

....<> Ph 

Scheme 4.7 Synthesis of CpiZriri^-PhC^PhKPMe^). 
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A n a l o g o u s l y t rea tment of M o ( N A r ) 2 ( P M e 3 ) 2 , (5), w i t h 

diphenylacetylene led to the isolation of the four coordinate acetylene 

complex Mo(NAr)2(PMe3)(Ti2 .phC=CPh) (8) i n low yield (Equation 4.3). 

However, this approach proved impractical as the reaction generated a 

number of uncharacterisable side products (as discussed in Chapter 2), 
al though the related reaction for tungsten has proved to be more 

reliable.27 

A r N A r N 

M o ' I h C C l h ^ j ^ o ..aWPh (4.3) 

/ / ^ P M e 3 -PMe3 ^ 

A r N A r N f 

Ph 
(5) (8) 

The synthetic strategy that proved most productive involved 

displacement of coordinated olefin f r o m Mo(NAr)2(PMe3)2('n2-C2H4) (6), 

according to Equation 4.4. Similar olefin displacement reactions have 

been repor ted f o r the related ha l f - sandwich i m i d o system, 

CpNb(NAr)(PMe3)2(ri2-C2H4),28 and for a hafnocene isobi^tene complex 

Cp2Hf(PMe3)2(Tl2-C4H8).29 

The molybdenum reaction proceeded smoothly i n heptane at 60°C 

over 10 days; fine orange needles of the acetylene adduct (8) were isolated 

in 66% yield on cooling to room temperature. A sample was recrystallised 

f r o m a concentrated THF solution at -10°C. Formation of the four 

coordinate adduct was confirmed by N M R spectroscopy and mass 

spectrometry (a parent ion at m / e 702 was observed). Elemental analyses 

were inconsistent due to residual THF solvent which could not be 

removed despite prolonged exposure to vacuum. Formation of the four 

coordinate complex is believed to be favoured over the five coordinate 

adduct on steric grounds. 
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A r N pMe, A r N 

^ I I - T i l - i ^ y ^ T - » l _ 

M o 

A r N 

FhCCPh ^ M o , - . . . » ^ ^ P h (4.4) 

r > M e 3 - I ' ^ ^ B / 

(6) (8) 
Ph 

The room temperature 400 M H z ^ H N M R spectrum of (8), Figure 

4.2, exhibited only one isopropyl sepfet associated w i t h the imido, 

a l though the corresponding me thy l resonance appeared as two 

overlapping doublets. Distortion of the isopropyl groups through steric 

interactions is believed to be the cause of this inequivalence, the methyl 

groups experiencing a greater effect than the methine proton. 

A broad doublet resonance at 5 7.88 ppm has been attributed to the 

ortho protons of the acetylene phenyl r ing which is effectively cis to the 

phosphine. This was assigned by analogy w i t h the spectra obtained for the 

related tert-butyl imido complex (see Figure 4.3). Absolute assignment of 

the remainder of the phenylacetylene resonances proved d i f f icu l t despite 

the use of ^ H - ^ H COSY and NOE experiments (Figures 4.3 and 4.4), and 

was fur ther complicated by the broadening observed on many of the 

aromatic proton resonances (elevated temperature spectra (60°C) exhibited 

similar broadening). This observation has been attr ibuted to slow 

(hindered) ro ta t ion of the acetylene moiety. I r rad ia t ion of the 

trimethylphosphine resonance dur ing NOE experiments gave responses 

f r o m all the acetylenic and the imido protons. This suggests that the 

acetylene must be rotating "end-over-end" at a rate comparable wi th the 

timescale of the NOE experiment (ca. 10s). 

R 
N 

V ...otU\PMe3 
M o ' ^ ' 

N 
R 

CIS 

•trans' 

PMeg 

Figure 4.3 Geometry of 

Mo(NR)2(PMe3)(ri^-Ph2C2) 

(R= fBu, Ar). 
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The aromatic region of the 100 M H z l^c N M R was complicated by 

the proximity of the resonances f rom both the imido substituents and the 

coordinated acetylene. The doublet resonance observed in both the proton 

coupled and decoupled spectra at 5 154.33 ppm has been attributed to the 

acetylenic carbon that is cis to the phosphine l igand and displays a 

phosphine coupling of 16.0 Hz. A similar value was obtained for the cis 

acetylenic carbon of the tert-butyl analogue of this complex (see Sections 

3.4.6 and 4.1.2). 

Assignment of the other aromatic carbon atoms was made by 

comparison w i t h the spectra obtained for Mo(NAr)(NtBu)(PMe3 ) (Ti2-

PhC=CPh)30 and through the use of both HETCOR and COSY N M R 

experiments. 

4.1.2 Reaction of Mo(NtBu)2(PMe3)(ri2-C2H4) (6) w i t h FhC=CPh 

The four coordinate olefin complex Mo(NtBu)2(PMe3)(Ti2-C2H4) (10) 

was treated w i t h one equivalent of diphenylacetylene in heptane at 60°C 

f o r ten days. Slow cool ing to room temperature a l lowed 

Mo(NtBu)2(PMe3)(Ti2-PhC=CPh) (15) to be isolated as yellow needles in 

v i r tua l ly quantitative yie ld (Equation 4.5); the complex appears only 

slightly sensitive to both air and moisture, decomposing slowly over a 

period of 24 hours. However, the complex is not stable i n chlorocarbon 

solvent , decomposing w i t h i n several minutes to a f f o r d free 

diphenylacetylene and tert-butyl amine amine. 

*BuN *BuN 

. x N ^ ^ " " ^ p u r r P h • 
M o PhCCPh ^ M o ,....o\Ph (4.5) 

*BuN *BuN i 

Ph 

(10) (15) 

400 M H z i H N M R (Figure 4.4) confirmed the predicted metallocene-

l ike geometry w i t h the acetylene coordinated i n a plane perpendicular to 

the N - M o - N wedge (Figure 4.3). ^ H NOE experiments were used to assign 
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the orientation of the diphenylacetylene ligand (Figure 4.5). Support for 

this geometry was also obtained f rom the 100 M H z N M R data (Figure 

4.6). Assignments were made on the basis of correlations obtained f rom 

/ HETCOR experiments. Phosphorus-carbon couplings were 

confirmed by acquiring {31p} N M R spectra. The acetylene does not 

readily rotate about the metal-ligand(centroid) axis on the N M R timescale. 

As discussed in Section 4.0, Templeton has correlated the number of 

electrons. donated to the metal w i t h the chemical shift of the two 

acetylenic carbons. The chemical shifts observed for (15), 5 149.41 and 

154.62 ppm, lie approximately between values typically observed for two 

electron (110-120 ppm) and four electron (190-210 ppm) donor acetylenes. 

This intermediacy has been attributed to partial donation from the f i l led 

orthogonal 7t-system of the alkyne which would then be in competition 

w i t h the p7i-d7i metal-ligand interactions of the two imido groups. 

4.1.3 Molecular Structure of Mo(NtBu)2(PMe3)(Ti2-PhC=CPh) (15) 

A small (1.0 x 0.2 x 0.2 mm) yellow needle of (15) was mounted in a 

Lindemann capil lary under an inert atmosphere and a molecular 

structure determination performed. The data were collected and the 

structure solved by Prof. J.A.K. Howard and Miss C. Wilson at the 

University of Durham. Selected bond distances and angles are presented 

in Tables 4.3 and 4.4. 
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Table 4.3 Bond lengths (Angstroms) with estimated standard 

deviations in parentheses for Mo(NiBu)2(PMe3)(ri^-PhC=CPh). 

Mo-C(l ) 2.082(9) Mo-C(2) 2.155(10) 
M o - N ( l ) 1.762(8) Mo-N(2) 1.758(7) 

Mo-P 2.466(3) C(l)-C(2) 1.308(13) 
C(l)-C(101) 1.447(13) C(2)-C(201) 1.475(12) 
C(101)-C(102) 1.410(12) C(101)-C(106) 1.428(12) 

C(102)-C(103) 1.366(14) C(103)-C(104) 1.371(14) 

C(104)-C(105) 1.384(14) C(105)-C(106) 1.368(13) 

C(201)-C(202) 1.409(13) C(201)-C(206) 1.422(12) 

C(202)-C(203) 1.394(13) C(203)-C(204) 1.393(13) 

C(204)-C(205) 1.393(14) C(205)-C(206) 1.385(13) 

N(l)-C(3) 1.443(12) C(3)-C(4) 1.504(15) 

C(3)-C(5) 1.533(14) C(3)-C(6) 1.511(16) 

N(2)-C(7) 1.452(12) C(7)-C(8) 1.517(19) 

C(7)-C(9) 1.507(15) C(7)-C(10) 1.519(20) 

P-C(l l) 1.797(11) P-C(12) 1.827(10) 

P-C(13) 1.791(10) 

Table4,4 Bond angles (Degrees) with estimated standard deviations in 

parentheses for Mo(NiBu)2(PMe3)(ri2-PhC^Ph). 

C(l)-Mo-C(2) 35.9(4) C( l ) -Mo-N(l ) 107.5(3) 

C(2)-Mo-N(l) 120.3(3) C(l)-Mo-N(2) 109.2(4) 

C(2)-Mo-N(2) 119.3(4) N(l ) -Mo-N(2) 117.5(3) 

C(l)-Mo-P 121.9(3) C(2)-Mo-P 86.0(3) 

N( l ) -Mo-P 100.6(3) N(2)-Mo-P 100.7(3) 

Mo-C(l)-C(2) 75.1(6) Mo-C(l)-C(101) 142.9(6) 

C(2)-C(l)-C(101) 142.0(9) Mo-C(2)-C(l) 69.0(5) 

Mo-C(2)-C(201) 152.6(7) C(l)-C(2)-C(201) 138.4(9) 

C(l)-C(101)-C(102) 121.7(8) C(l)-C(101)-C(106) 122.2(7) 

C(102)-C(101)-C(106) 116.1(8) C(101)-C(102)-C(103) 121.6(8) 

C(102)-C(103)-C(104) 120.5(9) C(103)-C(104)-C(105) 120.7(9) 

C(104)-C(105)-C(106) 119.5(9) C(101)-C(106)-C(105) 121.7(8) 

C(2)-C(201)-C(202) 121.4(8) C(2)-C(201)-C(206) 120.5(8) 

C(202)-C(201)-C(206) 118.0(8) C(201)-C(202)-C(203) 120.5(9) 
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C(202)-C(203)-C(204) 121.1(9) C(203)-C(204)-C(205) 118.4(8) 
C(204)-C(205)-C(206) 121.8(8) C(201)-C(206)-C(205) 120.0(9) 
Mo-N(l)-C(3) 162.6(6) N(l)-C(3)-C(4) 108.9(9) 
N(l)-C(3)-C(5) 110.2(8) C(4)-C(3)-C(5) 109.2(9) 
N(l)-C(3)-C(6) 109.0(9) C(4)-C(3)-C(6) 109.7(10) 
C(5)-C(3)-C(6) 110.0(9) Mo-N(2)-C(7) 171.6(7) 
N(2)-C(7)-C(8) 107.3(9) N(2)-C(7)-C(9) 109.8(9) 
C(8)-C(7)-C(9) 110.2(9) N(2)-C(7)-C(10) 108.9(9) 
C(8)-C(7)-C(10) 111.3(11) C(9)-C(7)-C(10) 109.3(10) 
Mo-P-C(l l ) 112.9(4) Mo-P-C(12) 115.3(3) 
C(ll)-P-C(12) 103.1(5) Mo-P-C(13) 117.0(4) 
C(ll)-P-C(13) 102.9(5) C(12)-P-C(13) 104.0(5) 
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As predicted, the molecular structure was entirely consistent w i t h 
(15), having adopted a metallocene-like pseudo-tetrahedral geometry 
(Figure 4.7a). The coordinated diphenylacetylene carbons lie i n a plane 
w i t h the M o and P atoms, which deviates only 0.0164A f r o m planarity. 
The ipso-carbon atoms of the phenyl substituents also lie in this plane, the 
rms deviation f r o m the plane defined by atoms C( l ) , C(2) and C(201) being 
O.OOI5A and O.OO99A i f the molybdenum atom is included in the 
definit ion of the plane. The phenyl rings themselves are, however, tilted 
out of this plane; the r ing defined by atoms C(101)-C(106) is twisted by 
22.8° and the C(201)-C(206) containing ring by 103.0° (Figures 4.7b). This 
uneven distortion and the unsymmetrical coordination of the acetylene 
[Mo-C( l ) 2.082(9)A, Mo-C(2) 2.155(10)A] are both l ikely consequences of 
constraints imposed by the bulky phosphine. 

There is considerable bending at the acetylenic carbon atoms as 
shown by the bond angles C(l)-C(2)-C(201) and C(2)-C(l)-C(101) which are 
138.4(9) and 142.0(9)° respectively. This, together w i th the considerable 
lengthening of the C(l)-C(2) bond, 1.308(13)A relative to the un­
coordinated acetylene (= 1.20A) is indicative of considerable back-donation 
f rom the d^-metal centre. Thus, the coordinated acetylene resembles a cis 
o le f in , something that is typical of the dis tor t ion arising upon 
coordinat ion of the unsaturated l igand.^l The metal to C=C bond 
midpoint distance of 2.36A and C(l)-C(2) bond length are both consistent 
w i t h the acetylene acting as a two electron donor ligand, by comparison 
w i t h Cp2Mo(Ti2-FhC=CPh).32 

The isolobal complex Cp2Ti(CO)(r |2-PhC=CPh) (Figure 4.8) 
synthesised by Floriani and co-workers33 coordinates the acetylene in a 
relatively symmetrical manner (Ti-C(l) 2.384(9)A, Ti-C(2) 2.369(10)A). The 
two phenyl substituents twist out of the plane defined above by only 23.9° 
and 47.4°. The acetylenic C-C bond distance also reflects the close approach 
of the ligand to the metal centre. More back-donation making the bond 
significantly longer (C(l)-C(2) 1.345(15)A) (cf. 1.308(13)A for (15)). 

The Mo-N-C bond angles of 162.6(6) and 171.6(7)° are typical of 
linear imido ligands,34 whi le the M o - N bond distances of 1.762(8) and 
1.758(7)A (equivalent to w i th in l a ) agree well w i th those obtained for the 
related propene complex (11) described in Chapter 3. The N - M o - N angle 
of 117.5(3)° deviates little f r o m the idealised tetrahedral angle. 
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. . . .I 'Ph Floriani's CpzTUCOXri^-PhC^Ph) 

complex. 

The basic geometry of the z i r con ium complex Cp2Zr(T)2-

PhC=CPh)(PMe3)28 is very similar to that exhibited by (15). The major 

structural parameters for the two species are compared i n Table 4.5. This 

similarity reiterates the structural analogy that relates these two seemingly 

disparate complexes. 

Cp2Zr(Ti2-PhCsCPh)(PMe3) Mo(NtBu)2(Tl 2-PhC=CPh) (PMes) 

Cp(c)-Zr-Cp(c) 127.38° N - M o - N 117.5(3)° 

1.36(6)A 1.308(13)A 

C(2)-C(l)-C(101) 134(4)° C(2)-C(l)-C(101) 142.0(9)° 

( C ^ ) m — Z r 2.I2A ( C ^ ) m — M o 2.O5A 

C(l)-C(2)-C(201) 133(4)A C(l)-C(2)-C(201) 138.4(9)° 

Zr-C(l) 2.20(4)A Mo-C(l) 2.082(9)A 

Zr-C(2) 2.25(4)A Mo-C(2) 2-.155(10)A 

Table 4.5 Comparison of the main structural parameters of the pseudo-

isolobal complexes Cp2Zr(ii^-PhC=CPh)(PMe3) and Mo(NiBu)2(j]^-

PhC^PhHPMes). {Cp(c) = Cp ring centroid; (C^)m = acetylene bond 

midpoint) 

4.1,4 Reaction of Mo(NtBu)2(PMe3)(Ti2.C2H4) (10) w i t h F h O C H 

Treatment of Mo(NtBu)2(PMe3)(ri2-C2H4) (10) w i t h one equivalent 

of phenylacetylene fol lowed by heating to 60°C for three days in an N M R 

tube smoothly afforded the corresponding phenylacetylene complex (16), 

Equation 4.6. 
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*BuN 

phr=rH ^ 
Mo(N*Bu)2(PMe3)(Ti2-C2H4) ^ " 

(10) 
C2H4 

*BuN y (4,6) 

Ph 
(16) 

The acetylene aligns such that the substituent is located in an outer 
iexo) position This was established through NOE experiments; the only 

response observed when the methyl resonance of the PMea was irradiated 

came f r o m the acetylenic proton . The observed orientational preference 

of the unsaturated moiety minimises any interaction between the 

substituent and the phosphine. 

The 400 M H z ^ H N M R spectrum (Figure 4.9) revealed a low field 

resonance (5 8.58 ppm) which was assigned to the acetylenic proton. As for 

both of the diphenylacetylene complexes (8) and (15), the ortho protons of 

the phenyl r ing were deshielded, appearing as a doublet at 5 8.17 ppm. The 

two tert-butyl imido substituents were equivalent, which indicated that 

the acetylene moiety was aligned i n a plane containing the molybdenum 

and phosphorus atoms, and which bisected the N-Mo-N angle as observed 

in the solid state structure of (15). There was no evidence for rotation of 

the acetylene moiety on the N M R timescale. 

I n the N M R spectrum of (16) the acetylenic carbon at 5 138.25 

exhibited coupling to phosphorus G]PH 23.6 Hz). Thus, the carbon atom 

that was effectively cis to the phosphine displayed the greater coupling. 

Templeton's analysis of 13c N M R acetylenic carbon shifts indicates that 

the acetylene i n this complex is acting as m i d way between a 2 and a 4 

electron ligand. This implies partial donation f rom the f i l led n system of 

the acetylene, although this w i l l be i n competition wi th the pK-d% metal 

ligand interactions. 

The orientation of the phenylacetylene was determined f r o m 

spectroscopic data and by comparison wi th the structurally characterised 

diphenylacetylene adduct. Support for this geometry was gained f rom two 

other diphenylacetylene adducts synthesised w i t h i n this group, 

M o ( N A d ) 2 ( P M e 3 ) ( T l 2 - P h C = CPh) ( A d = A d a m a n t y l ) and 

Mo(NtBu)(NAr)(PMe3)(Tl2-PhC=CPh).35 N M R data for the former was 

suf f ic ien t to unequivocal ly say that the complex had adopted a 

119 



0££ L 

E 
o. 

Ql 

CM 

SIX) 

B9E"Z 

in 

u ' 
r--

^ 3 

in 

U 

CD 

O 

CD 

S3J•e-
6^1-8-

U 
III 

U 235-e-

on 

CD 

CD 

5 

60 

re 
o 
re 

00 
c 

o j : : 

Q 
y 

u 
III u 

—̂̂  
CN 

3 

N 

o o 

0̂  

' M 

S 
60 



metallocene-like geometry. Yet, NOE experiments on the mixed imido 

analogue indicated that the structure was not static and that on the NMR 

timescale the acetylene moiety was rotating w i t h a rate somewhere 

between 0.1 and 40 Hz (based upon the t ime-window of the NOE 

experiment) . A s imi lar effect was also observed for Mo(N-2-

C6H4tBu)2(PMe3)(ri2-PhC=CPh). 

The N M R data for Mo(NAr)2(PMe3)(ri2-PhC=CPh) (above) indicated 

that rotation of the acetylene was occurring. Such rotation is wel l 

established for acetylene ligands on transition metals.36 A trend became 

apparent: complexes that possessed aromatic imido substituents exhibited 

slow rotation of the acetylene ligand, yet their alkyl-imido analogues 

appear static on the N M R timescale. This effect is likely to be due to the 

more electron donating alkyl groups (tert-butyl and adamantyl) raising the 

energy of the partially f i l led (d2) metal d orbitals Thus, a better energy 

match w i t h the K* orbitals of the acetylene is achieved thereby forming a 

stronger 7C-back bond which wi l l raise the energy barrier to rotation.37 

4.1.5 Reaction of Mo(NR)2(PMe3)(ri2.phC=CPh) w i t h PhC=CPh 

A n attempt was made to generate a diacetylene complex, which 

migh t undergo oxidat ive coupling w i t h the second equivalent of 

diphenylacetylene to generate a metallacycle, as demonstrated by Rausch 

for the related t i tan ium complex Cp2Ti(PMe3 ) (r i2 -HC=CH ) .38 The 

aryl imido acetylene complex (8) was treated wi th a second equivalent of 

diphenylacetylene in an N M R tube (C6D6). Despite prolonged warming at 

70°C no further reaction was apparent. 

The reaction was repeated using the tert-butylimido analogue (15). 

Still no reaction was observed. Strong coordination of the phosphine in 

both cases is believed to be the cause of the inactivity. 

4.1.6 Magnes ium Reduction of Mo(NR)2Cl2 .DME i n the Presence of 

Ph2C2 

The synthesis of a diacetylene complex was also attempted directly. 

A n ampoule was charged wi th Mo(NAr)2Cl2.DME, diphenylacetylene and 
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an excess of activated magnesium turnings, according to equation 4.7. 
TFIF was added and the reaction stirred at room temperature for 18 hours. 

Ph 

Mo(NAr) ,CL .DME = " 
M g ( x s ) / T H F 

ArN 

ArN 
M o 

•Ph 

•Ph 

Ph 

(4,7) 

The solution s lowly changed colour f r o m red to dark b rown w i t h 

precipitation of MgCl2 (as identified by IR). Subsequent removal of all 

volatiles in vacuo and extraction of the residue into diethylether, followed 

by recrystallisation at -78°C afforded a small amount of a pale yellow solid, 

w h o s e na tu re remains u n i d e n t i f i e d , a l t h o u g h unreac ted 

diphenylacetylene could be detected in the crude product. 

When a similar reaction was performed wi th Mo(N*Bu)2Cl2.DME 

in the presence of PMe3 the only product proved to be the imido-bridged 

diphosphine species, Mo2(N'Bu)2(M.-N'Bu)2(PMe3)2 (9), (Scheme 4.8). No 

further reaction is l ikely to occur wi th the diphosphine as it has proved 

particularly unreactive. 

*BuN 
*Bu 

Mo(N'Bu)2Cl2.DME 

PMe3 
2 P h C ^ P h 

M g (xs) 
THE 

1 

/ 

M o " M o 
/ 

PMe, 

MegP 

' B U N 

M o 

'Bu (9) 

N ' B u 

Scheme 4,8 Magnesium reduction of Mo(N^Bu)2Cl2.DME in the presence 

of two equivalents of diphenylacetylene. 
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4.1.7 Reaction of Mo(NR)2(PMe3)(Ti2-PhOCPh) w i t h H2 and C2H4 

C6D6 solutions of the diphenylacetylene adducts (8) (R= Ar) and (15) 

(R= tBu) were both sealed under one atmosphere of hydrogen in N M R 

tubes. Despite prolonged warming at 100°C, no new species were formed, 

the N M R spectrum of the acetylene complex remaining unaltered in 

both cases. This lack of reactivity was somewhat surprising i n l ight of a 

similar reaction performed w i t h the related ter t-butyl imido ethylene 

complex (10) which underwent a slow reaction w i t h hydrogen resulting in 

the formation of an as yet unidentified complex. 

In an attempt to generate a bis (imido) metallacyclopentene a CsDs 
solution of the tert-butyl imido olefin complex (15) was treated w i t h excess 

ethylene. Despite prolonged heating to 60°C no reaction was forthcoming. 

4.2 Displacement Reaction of Mo(NtBu)2(PMe3)(Ti2.C3H6) (11) w i t h 

PhN=NPh 

The last section demonstrated the appl icabi l i ty of o le f in 

displacement reactions involving Mo(NtBu)2(PMe3)(Ti2-C3H6) (11) for the 

generation of bis ( imido) complexes containing other, unsaturated 

hydrocarbon ligands. To explore the limits of this strategy, reactions wi th 

other mul t ip ly bonded species were attempted. 

A variety of transition metal complexes that contain the 1,2-diazene 

or azobenzene moiety have been isolated. They usually utilize one or 

both lone pairs on N as a donors to give i]^ or bridged compounds (Figure 

4.10).39 

R \ R ^ 

M M R 

^ . N = N < : \ N = N r 
M > ^ M > ^ " ^ M 

Figure 4.10 7]^ bonding modes of azobenzenes. 
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However, azobenzenes are also capable of bonding in an r) 2 olefin-
Uke manner (Figure 4.11), although TC bonds may also be used (cf. RCsCR'). 
For example the following two complexes have been structurally 
characterised: Cp2Ti(ri2-PhN=NPh)40 and (P{tol)3)3Ni(ri2-PhN=NPh). 

R \ / R R \ / R 
^ N = N ^ ^ N = N ' 

\ / « 
M M 

R 

N 
R 

M M 

Figure 4,11 772 and n-hridging bonding modes of azobenzenes. 

4.2.1 Reaction of Mo(NtBu)2(PMe3)(ri2-C3H6) (11) w i t h PhN=NPh 

A C(P(, solution of Mo(NtBu)2(PMe3)(ri2-C3H6) was treated wi th one 

equivalent of azobenzene (freshly sublimed) i n an N M R tube. After 

heating the sample at 60°C for ten days, ^H N M R clearly indicated that 

displacement of propene had taken place and that a single new species was 

formed. Thus, the reaction was repeated on a preparative scale. 

Af te r 10 days the reaction mixture (Equation 4.8) had changed 

colour f rom yellow to dark red. The heptane solution was filtered hot and 

allowed to cool slowly. 

*BuN *BuN 
\^ ..,»\PMe3 heptane \v ...,«> PMej 

Mo:; + PhN=NPh ^ M Q ; ^ N P h 
/ 6 0 ° C / 1 0 d / 

(4.8) 
* B U N / -C3H6 ' B u N N 

(11) (17) 

I 
Ph 
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A yellow solid (17) precipitated on reaching room temperature 

which was isolated in low yield. 200 MHz N M R analysis indicated the 

presence of both unreacted azobenzene and a new species. Despite 

repeated recrystallisation f rom a variety of solvents, and sublimation 

under reduced pressure, the complex was never isolated wi thout 

azobenzene being present, a result of facile dissociation (possibly a 

consequence of both steric and electronic effects); this hampered IR and 

elemental analyses. The N M R spectra did, however, indicate that there 

were inequivalent imido groups and that the phosphine had remained 

coordinated to the metal centre. 

Bergman and co-workers^^ have structurally characterised a base 

stabilised zirconocene complex [Cp2Zr(PhN=NPh)(py)] which does indeed 

possess coordinated azobenzene. The nitrogen atoms of the azobenzene 

are clearly tetrahedral.42 One phenyl ring lies above and the other phenyl 

r ing below the plane defined by the atoms Zr, N ( l ) , N(2), and N(py), Figure 

4.12. I f a similar geometry is adopted by (17) this wou ld explain the 

inequivalence of the imido groups. 

Figure 4.12 

Cp2Zr(PMe3)(ri^-PhN=NPh): 

showing the tetrahedral 

geometry at each azobenzene 

nitrogen atom. 

Interestingly (17) possesses two types of "NR" groups bound directly 

to the metal, Mo^N^Bu and Mo(ri2-PhN=NPh). Thus, an attempt was 

made to exchange these ligands to fo rm the mixed tert-butyl / phenyl bis 

( imido) and the unsymmetrical 1, 2-diazene, tBuN=NPh. However, 

despite prolonged heating to 120°C the N M R of the complex remained 

unaltered. 

4.3 Attempts to Synthesise a Mo(NR)2(PMe3)(ri2-Benzyne) Complex 

The recent synthesis of CpNb(NAr)2(PMe3)(ri2-C6H4)43 led us to 

attempt the synthesis of the pseudo-isolobal molybdenum bis (imido) 

analogue. 
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4.3.1 Reaction of Mo(NAr)2a2 .DME (1) w i t h PhMgCl 

Treatment of M o ( N A r ) 2 C l 2 - D M E w i t h two equivalents of 

phenylmagnesium chloride i n the presence of PMes using diethylether 

solvent cleanly affords the f ive coordinate diphenyl PMes complex (18) as 

shown in Equation 4.9. The complex can be isolated in excellent yield after 

removal of all volatiles in vacuo, fo l lowed by recrystallisation f rom a 

saturated pentane solution at -30°C 

Mo(NAr)Cl2.DME + 2 PhMgCl 

(1) 

xs PMe3 

N = M o 

(4.9) 

Both the 400 M H z and 100 M H z ^^C N M R spectra were 

unremarkable but consistent w i t h the formation of the f ive coordinate 

base adduct (Figures 4.13 and 4.14). 

Complex (18) has proved stable over a period of months in both the 

solid state and in hydrocarbon solution (under an inert atmosphere) at 

ambient temperature (~20°C). Unlike the olefin or acetylene compounds 

described previously (18), is stable i n chloroform at room temperature for 

several days. 

4.3.2 The Molecular Structure of Mo(NAr)2(Ph)2(PMe3) (18) 

Crystals suitable for an X-ray structure determination were obtained 

by prolonged cooling of a saturated pentane solution of (18). A crystal of 

suitable dimensions (0.25 x 0.20 x 0.30 mm) was sealed in a Lindemann 

capillary under an inert atmosphere. The data were collected and the 

structure solved hfy Prof. J.A.K. Howard and Miss S. Bahar at the 

Universi ty of Durham.44 The molecular structure of (18) is illustrated in 
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Figure 4.15 w i t h selected bond distances and angles collected i n Tables 4.6 

and 4.7.45 

The structure determinat ion revealed that there were two 

independent molecules i n the uni t cell. Both molecules exhibited a 

distorted trigonal b ipyramidal geometry in which the phenyl ligands 

occupied equatorial sites w i t h the PMes in an axial position, and 

somewhat unexpectedly the imido groups occupied both axial and 

equatorial sites; this resulted i n an average N - M o - N angle of 108.65(2)°. 

However, this inequivalence does not extend to the solution state since 

the l H N M R spectra down to -60°C (CjDg) maintained equivalent imido 

environments . 

The average M o - N bond lengths of 1.778(3)A (axial) and 1.764(3)A 

(equatorial) are unexceptional and consistent w i t h pseudo triple bonds.46 

The sightly elongated axial M o - N bond may be a consequence of the trans 

influence of the PMe3 ligand. The average angles at the imido nitrogens, 

170.75(3)° for the longer axial and 152.3(3)° for the shorter equatorial 

groups reinforce the notion that the angle at the imido nitrogen is not a 

particularly sensitive indicator of M - N bond order.47 
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Figure 4.15 Molecular structure of Mo(NAr)2(PMe3)(Ph)2. 



Table 4.6 Bond angles (Degrees) with estimated standard deviations in 

parentheses (one of the crystallographically independent molecules only) 

for Mo(NAr)2(Ph)2(PMe3)2 (18). 

N ( l l ) - M o ( l ) - P ( l ) 162.8(1) C(10)-C(9)-C(8) 120.9(5) 
N(12)-Mo(l)-P(l) 88.7(1) C(ll)-C(12)-C(7) 118.7(4) 
N(12 ) -Mo( l ) -N( l l ) 108.5(1) C(108)-C(8)-C(7) 122.5(4) 

• C(6l)^Mo(l)-P(l) 75.7(1) C(108)-C(8)-C(9) 119.3(4) 
C(61)-Mo(l ) -N(l l ) 98.3(1) C(112)-C(12)-C(7) 121.3(4) 
C(61)-Mo(l)-N(12) 111.6(2) C(112)-C(12)-C(ll) 119.9(4) 
C(67)-Mo(l)-P(l) 77.9(1) C(202)-C(102)-C(2) 111.2(4) 
C(67)-Mo(l ) -N(l l ) 94.1(1) C(203)-C(102)-C(2) 113.7(4) 
C(67)-Mo(l)-N(12) 111.6(2) C(203)-C(102)-C(202) 111.6(5) 
C(67)-Mo(l)-C(61) 128.1(2) C(206)-C(106)-C(6) 113.1(5) 
C(1001)-P(l)-Mo(l) 116.0(2) C(207)-C(106)-C(6) 110.3(5) 

C(1002)-P(l)-Mo(l) 111.7(2) C(207)-C(106)-C(206) 111.4(5) 

C(1003)-P(l)-Mo(l) 119.7(2) C(208)-C(108)-C(8) 113.3(5) 
C(1002)-P(l)-C(1001) 100.9(3) C(209)-C(108)-C(8) 109.6(5) 
C(1003)-P(l)-C(1001) 102.2(3) C(209)-C(108)-C(208) 111.2(5) 
C(1003)-P(l)-C(1002) 104.1(3) C(212)-C(112)-C(12) 112.3(5) 

C ( l ) - N ( l l ) - M o ( l ) 169.4(3) C(213)-C(112)-C(12) 111.7(5) 
C(7)-N(12)-Mo(l) 153.1(3) C(213)-C(112)-C(212) 110.2(5) 
C(2)-C(l) -N(l l ) 118.8(4) C(62)-C(61)-Mo(l) 115.9(3) 
C(6)-C(l) -N(l l ) 119.8(4) C(66)-C(61)-Mo(l) 126.4(3) 

C(8)-C(7)-N(12) 120.3(4) C(68)-C(67)-Mo(l) 117.9(3) 

C(12)-C(7)-N(12) 119.5(4) C(72)-C(67)-Mo(l) 125.2(3) 
C(6)-C(l)-C(2) 121.4(4) C(66)-C(61)-C(62) 117.7(4) 

C(3)-C(2)-C(l) 117.1(4) C(63)-C(62)-C(61) 120.8(4) 

C(4)-C(3)-C(2) 121.7(4) C(64)-C(63)-C(62) 120.2(5) 

C(5)-C(4)-C(3) 120.6(4) C(65)-C(64)-C(63) 119.7(4) 

C(6)-C(5)-C(4) 121.2(4) C(66)-C(65)-C(64) 120.4(5) 

C(5)-C(6)-C(l) 118.0(4) C(65)-C(66)-C(61) 121.2(4) 

C(102)-C(2)-C(l) 121.1(4) C(72)-C(67)-C(68) 116.8(4) 

C(102)-C(2)-C(3) 121.9(4) C(69)-C(68)-C(67) 122.4(5) 

C(106)-C(6)-C(l) 122.4(4) C(70)-C(69)-C(68) 120.6(5) 

C(106)-C(6)-C(5) 119.6(4) C(71)-C(70)-C(69) 119.4(5) 

C(12)-C(7)-C(8) 120.2(4) C(72)-C(71)-C(70) 120.6(5) 

C(9)-C(8)-C(7) 118.2(4) C(71)-C(72)-C(67) 120.1(5) 
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Table 4.7 Bond lengths (Angstroms) with estimated standard 
deviations in parentheses (one of the crystallographically independent 
molecules only) for Mo(NAr)2(Ph)2(PMe3)2. 

M o d ) - P(l) 2.682(1) C d 2 ) - C d l 2 ) 1.532(6) 

P(l) -C(lOOl) 1.819(5) C(102)- C(202) 1.516(8) 

P(l) -C(1002) 1.808(7) C(102)- C(203) 1.528(7) 

P(l) -C(1003) 1.794(7) C(106)- C(206) 1.521(8) 

M o d ) - N d l ) 1.781(3) Cd06)- C(207) 1.537(8) 

M o d ) - N(12) 1.764(3) Cd08)- C(208) 1.520(8) 

N d l ) - C ( l ) 1.385(5) C(108)- C(209) 1.514(9) 

N(12) - C(7) 1.405(5) C(112)- C(212) 1.542(8) 

Cd) -C(2) 1.416(6) Cd l2 ) - C(213) 1.510(8) 

Cd) -C(6) 1.412(6) M o d ) - C(61) 2.174(4) 

C(2) -C(3) 1.400(6) M o d ) - C(67) 2.176(4) 

C(3) -C(4) 1.366(7) C(61) - C(62) 1.407(6) 

C(4) -C(5) 1.374(7) C(61) - C(66) 1.376(6) 

C(5) -C(6) 1.390(6) C(62) - C(63) 1.387(6) 

C(7) -C(8) 1.417(6) C(63) - C(64) 1.375(7) 

C(7) -Cd2) 1.402(6) C(64) - C(65) 1.372(7) 

C(8) -C(9) 1.390(6) C(65) - C(66) 1.391(7) 

C(9) -CdO) 1.370(8) C(67) - C(68) 1.388(6) 

cdo)-cdi) 1.363(7) C(67) - C(72) 1.393(6) 

cdi)-cd2) 1.382(6) C(68) - C(69) 1.380(7) 

C(2) -Cd02) 1.504(6) C(69) - C(70) 1.355(8) 

C(6) -Cd06) 1.516(6) C(70) - C(71) 1.372(8) 

C(8) -Cd08) 1.515(7) C(71) - C(72) 1.416(7) 

128 



4.3.3 Thermolysis of Mo(NAr)2(Ph)2(PMe3) (18): Attempted Synthesis of 

Mo(NAr)2(PMe3)(Ti2-Benzyne) 

I n an attempt to prepare a molybdenum benzyne complex, a CgDg 

solution of the diphenyl species (18) was heated under an atmosphere of 

nitrogen at 60°C. After one week the i H N M R spectrum shown in Figure 

4.16 was obtained. This remained unchanged despite prolonged heating. 

I t appears that there are two clearly defined sets of resonances attributable 

to " M o ( N A r ) " species, s ignif ied by the two isopropyl septets. The 

resonance at 5 3.97 ppm has been shown to be fluxional, two new septets 

being obtained at l o w temperature. Similarly, the broad singlet at 5 8.13 

ppm splits into two doublets on cooling. 

The ^ H N M R spectrum clearly indicates that, not only has benzene 

been liberated but also biphenyl.48 The latter formed presumably through 

reductive elimination f r o m the diphenyl precursor. The formation p f 

biphenylene through benzyne coupling was ruled out by comparison wi th 

the N M R spectra of a known sample.49 2D N M R was used to correlate the 

resonanceis observed in the spectrum, although no correlation was 

observed for the signal at 5 8.13 ppm (Figure 4.17). 

The 162 M H z 31p{H} N M R spectrum (CsDe) (Figure 4.18) showed 

three resonances at 5 5.68 (t, J P P 16.7 Hz), -5.76 (d, J P P 16.7 Hz> and -21.79 (s, 

0)1/2 41.8 Hz) ppm i n a ratio of 1 : 2 : 12. As shown in Scheme 4.12, 

cyclometallation of the phospine could be possible. However, the 

phosphine chemical shifts are not characteristic of this type of species 

(typically - l lOppm) supporting the notion of there being more than one 

reaction pathway. The small doublet at 6 0.54 ppm (J 6.8 Hz, 2H) in the ^H 

N M R spectrum is thought to be associated w i t h the smaller of the 

phosphine resonances. 

S y n t h e s i s o f the p a r t i a l l y d e u t e r a t e d c o m p l e x 

Mo(NAr)2(PMe3)(d5-Ph)2 (19) was undertaken. Subsequent thermolysis of 

(19) afforded a similar i H N M R spectrum to its per-protio analogue, 

although the resonances attributed to biphenyl and the broad resonance at 

5 8.13 ppm were absent. This spectrum confirmed the origins of some of 

the aromatic species observed, and allowed the aromatic signals f rom the 

inequivalent imido ligands to be assigned. 
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N = M o 

• 'Mo(NAr),(PMeJ" 

A r N 

A r N 

Scheme 4.12 

A r N ^ 

M o 

A r N ^ ^ ^ ^ 2 

Me. 

Possible products from the thermolysis of 

Mo(NAr)2(Ph)2(PMe3). 

Preparative scale reactions using the diphenyl complex (18) were 

attempted i n a sealed vessel under an atmosphere of nitrogen. 

Decomposition proved facile i f toluene was used as a solvent.50 Yet, if the 

thermolysis was performed in benzene or heptane Mo(NAr)2(PMe3)2 (5) 

could be isolated in low yield. GC-MS of volatiles produced indicated only 

the presence of PMes and solvent. 

To explore the thermolysis reaction further, a variety of other bis 

( imido) d ipheny l complexes were synthesised. The complexes 

M o ( N R ) 2 ( P h ) 2 ( P M e 3 ) (R= ^Bu (20) and Adaman ty l (21)) and 

Mo(NAr)2(Ph)2(PMe2Ph) (22) were all synthesised f r o m their parent 

dichlorides. Despite repeated attempts, no tractable product resulted f rom 

the reaction of Mo(NPh)2Cl2.DME w i t h phenylmagnesium chloride. 

Attempts to synthesise the related complex Mo(NAr)2(PMe3)2(2-C6H4Me)2 

resulted in the formation of an impure brown intractable product. 
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Thermolysis of the diphenyl species (20), (21), and (22) led only to 

the generation of biphenyl and a number of other products. The 

formation of more than one product reinforces the idea that multiple 

reactions can take place, as indicated in Scheme 4.12. 

In attempts to "trap" the reactive benzyne fragment both selenium 

and ethene were added to the thermolysis products of (18). The reaction 

w i t h selenium led to decomposition whi le the reaction w i t h ethene 

caused the previously brown solution to rapidly turn dark red/purple. 200 

M H z ^H N M R of the latter reaction indicated the formation of new species 

which, despite comparison w i t h the spectroscopic data obtained for 

Erker 's^l zirconocene metallaindane remain unident i f ied . However, 

resonances that resemble those f rom Mo(NAr)2(PMe3)2(ri2-C2H4) (6) were 

present. This, combined w i t h the observation of small quantities of 

Mo(NAr )2 (PMe3 )2 being isolated f rom various large-scale thermolysis 

reactions suggests that instead of generating the stable monophosphine 

benzyne complex, Mo(NAr )2 (PMe3 )2(Tl2-C6H4) may be formed. By 

comparison w i t h Mo(NAr)2(PMe3)2(ri2-C3H6), the bis (phosphine) benzyne 

is unlikely to be stable to isolation. 

Thus, i n summary, the generation of molybdenum bis (imido) 

benzyne complexes has proved problematical. Further studies are thus 

required to fu l ly explain the thermolysis reaction of (18). 

4.4 At tempted Preparation of Molybdenum bis ( imido) Alkyl idene 

Complexes 

To extend the chemistry of molybdenum alkylidenes an attempt 

was made to generate bis (imido) complexes containing this functionality. 

These would be analogous to the unusual half-sandwich imido alkylidene 

complex (Figure 4.19a) synthesised recently by A.D. Poole in this group.52 

This latter species is isolobal w i t h Schwartz's zirconocene alkylidene 

complex (Figure 4.19b).53 

Section 3.2.8 described an attempt to synthesise a bis (imido) 

alkylidene via reaction of Mo(NAr)2(PMe3)2 wi th Ph3P=C(H)(Ph), which 

proved unsuccessful, as d id the reaction of Mo(NtBu)2(PMe3)(ri2-C3H6) 

w i t h one equivalent of the same phosphorane (Section 4.2.1). Thus, a 

different approach was adopted. 
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H n Z r ^ 

A r N 

Ph 
(a) (b) 

Figure 4.19 Isolobal Group 5 half-sandwich imido and Group 4 
Zirconocene alkylidene complexes (R'= CH2CMe3). 

4.4.1 Reaction of Mo(NAr)2Cl2.DME (1) w i t h K(CH2Ph) i n the Presence of 
Excess PMea 

The benzyl group was chosen over other alkyls such as neopentyl or 

neophyl as i t was believed that the comparatively small size of the benzyl 

group wou ld allow ready access of the donor PMe3 ligand to the metal 

centre and thereby aid a H-abstraction. 

Thus, the dichloride (1) was treated w i t h two equivalents of 
potassium benzyl (KCH2Ph) in the presence of excess trimethylphosphine 
using diethylether solvent. Stirring at room temperature for twelve hours 
gave a dark maroon solution which was accompanied by the precipitation 
of KCl (identified by IR). The solvent was then removed under reduced 
pressure and the product extracted and recrystallised f rom pentane (-30°C). 
This afforded an orange microcrystalline solid in good yield. 

N M R and elemental analyses revealed that instead of forming the 
desired bis (benzyl) phosphine complex, preferential formation of the 
DME adduct Mo(NAr)2(CH2Ph)2.DME (23) had occurred (Equation 4.10). It 
is thought that both sterics and the stability lent to the complex by the 
chelate effect of the coordinated DME favour the formation of this six 
coordinate base adduct over formation of the phosphine complex. 
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CH2 
A r N ^ I / xsPMeg ^ ^ ^ " ^ I ^ 0 - - i 

M o ( N A r ) C l 2 . D M E + 2 K(CH,Ph) ^ Mo^T 
(1) A r N ^ ^ i ^ O ^ 

(23) 
Ph 

\ 

(4.10) 

Thermolysis of C6D6 solutions of (23) (70°C) both in the absence and 

the presence of trimethylphosphine failed to yield any new products. The 

failure of the DME to dissociate prevents the two ini t ia l ly trans benzyl 

groups f r o m adopting a mutual ly cis relationship suitable for an a-

hydrogen abstraction process. 

To overcome this problem attempts were made to isolate a DME 

free bis (benzyl) species by treat ing M o ( N A r ) 2 C l 2 - D M E w i t h 

benzylmagnesium chloride i n the presence of excess phosphine (by 

analogy w i t h the Grignard reaction used to synthesise the olef in 

complexes described in Chapter 2). It was envisaged that the nascent 

"magnesium" generated in the reaction might coordinate the DME and 

remove i t f r o m the metal coordination sphere. Yet, the reaction resulted 

only in the formation of an intractable brown oil.54 

During the course of these studies Schrock reported the synthesis of 

Mo(NAr)2(CH2Ph)255 via treatment of Mo(NAr)2Cl2.DME wi th KCH2Ph 

in the presence of THE. A sample of this complex when heated in the 

presence of excess trimethylphosphine, remained unreacted.56 

The fai lure to generate the f ive coordinate d ia lky l phosphine 

complex analogous to Mo(NAr)2(Ph)2(PMe3) (18) indicates the subtle 

stereoelectronic effects that governs the stability of these molybdenum bis 

(imido) complexes. 

4.4.2 Reaction of Mo(NtBu)2Cl2 w i t h K(CH2Ph) i n the Presence of Excess 

PMes 

Treatment of M o ( N t B u ) 2 C l 2 . D M E w i t h two equivalents of 

potassium benzyl i n the presence of excess FMes afforded only a brown 

intractable oi l . 

133 



Molybdenum bis (arylimido) dichloride can only be isolated as its 

DME base adduct. Yet, the analogous bis (tert-butyl) complex can be 

isolated as the base-free dichloride according to a reaction reported by 

Osborn, (Equation 4.11).57 a sl ightly modif ied procedure was used to 

prepare the dichloride, which was subsequently recrystallised f rom hot 

heptane.58 

CHgCN 
M0O2CI2 + 2*BuNCO ^^^^ *• Mo(N*Bu)2Cl2 + 2CO2 

(4.11) 

A n ethereal solution of this base-free dichloride and one equivalent 

of potassium benzyl was treated w i t h excess trimethylphosphine. On 

st i rr ing at room temjferature for 12 hours the yellow solution turned 

r e d / b r o w n w i t h associated precipitation of KCl . After removal of the 

diethylether in vacuo and subsequent extraction and recrystallisation f rom 

pentane at -78°C, Mo(NtBu)2(CH2Ph)(Cl)(PMe3), (24), was obtained as a red 

crystalline solid i n good yield. 

The 200 M H z N M R (CsDe) data for compound (24) were 

consistent w i t h the complex having an Ti^ coordinated benzyl, group. 

The reaction of the mono-benzyl species w i t h a further equivalent 

of potassium benzyl or treatment of the dichloride wi th two equivalents of 

potassium benzyl, both i n the presence of excess phosphine, led to the 

formation of the same product, the base free complex Mo(NtBu)2(CH2Ph)2 

(25) (Equation 4.12). This lack of phosphine coordination could be 

attributed to both steric and electronic effects. Yet, recently i t has been 

shown that (25) does not coordinate the small rod-like acetonitrile 

molecule, indicating that either electronic effects or agostic interactions are 

the cause. 
xs PMe, 

Mo(N*Bu)Cl2 + 2K(CH2Ph) - Mo(N*Bu)2(CH2Ph)2 

(25) 
(4.12) 

However, no a-agostic interactions^^ were apparent f r o m either the 

400 M H z I H and 100 M H z 13c N M R (Figures 4.21 and 4.22) despite (25) 

being a formal ly 14 electron species.^O There was also no evidence to 

suggest that the benzyl groups had coordinated i n an T]^ or t|3 manner. The 
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latter is usually indicated by the geminal coupling constant of the CH2 

unit, approaching that of an sp2 rather than an sp^ hybridised carbon, a 

highfie ld shift for the orf/;o-protons (=5 6.5 ppm) and the fpso-carbon 

having an associated chemical shift of between 110 and 113 ppm.61 Figure 

4.20 illustrates the Ti^, r i^ , and r i^ benzyl coordination modes. 

H 
H 

M 

Figure 4.20 Different bonding modes of the benzyl group. 

Despi te p r o l o n g e d hea t ing of a C 6 D 6 so lu t ion of 

Mo(NtBu)2(CH2Ph)2 (25) in the presence of excess PMes, no reaction 

occurred. This lack of reactivity may be caused by reversible formation of 

an "n^ benzyl (Scheme 4.10) blocking the vacant coordination site. 

To establish i f this was the case, a similar reaction was performed 

w i t h Mo(NtBu)2(CH2C(Me)2Ph)2 which can not rearrange and coordinate 

the alkyl group in anything but an r j ^ manner. Yet, even after similar 

treatment no coordination of phosphine was observed, the bis (neophyl) 

complex remaining unaltered. Thus, formation of an ti^ or r j ^ benzyl 

group does not cause the lack of reaction toward phosphine, i t is more 

likely that steric effects play a much greater part. However, this result can 

not eliminate the possibility of a-agostic interactions. 

In order to determine whether an agostic interaction is involved in 

the bonding of (25) both partial deuteration and molecular structure 

studies must be undertaken. 

*BuN, 

M o , 

^ B u N ^ 

Scheme 4.10 Reversible isomerisation of Mo(N^Bu)2(CH2Ph)2. 
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I t is believed that a set of conditions need to be satisfied for 
successful a-abstraction to occur.62 j h e a-hydrogen has to be "activated" 
towards abstraction, a process that is normally associated wi th the metal. 
A crowded coordination sphere may also be important. This latter point is 
likely to be the cause of the contrasting reactivity of Cp*Nb(NAr)(CH2Ph)2. 
Thermolysis of this half-sandwich complex in the presence of PMes slowly 
affords the desired benzylidene complex. The related cyclopentadienyl 
complex can not be isolated; decomposition of the latter is thought to 
proceed via an unstable benzylidene intermediate.63 Thus, there is a fine 
balance between benzylidene formation and decomposition. 

Interestingly, samples of both Mo(NAr)2(CH2Ph)2 and its tert-butyl 
counterpart appear to be light sensitive. C6D6 solutions of each darken 
appreciably on standing in daylight, a process that is accelerated at higher 
temperatures. Yet, ^ H N M R indicates that the two species remain 
unchanged. This suggests that a likely strategy for the synthesis of the 
sought after bis (imido) alkylidene species may be through photolysis of 
these bis (benzyl) precursors, especially in the light of a report by Schrock 
which indicates that a-hydrogen abstraction reactions are enhanced by 
light.64 

4.5 Attempted Synthesis of Molybdenimi Tris (Imido) Complexes 

Bergman^S has recently reported the synthesis of the mononuclear 
complex Cp2Zr=NtBu as its THF adduct (Scheme 4.15). . It was isolated 
f r o m the reaction of Cp2ZrMe2 wi th four equivalents of tert-butyl amine 
which generates init ial ly the methyl amide. Subsequent loss of a further 
equivalent of methane yields the imido species. The complex is reported 
as having a near linear (174.4(3)°) and therefore four electron imido, 
making i t formal ly a 20 electron complex. As a consequence the Z r - N 
distance is elongated, 1.826(4) A. 
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4 * B u N H , / A , A/TRF 
Cp^ZrMe^ — ^ Cp2ZrMe(NH*Bu) 

CH4 -CH4 

THF 

/ ^ ' = = N ' B u 

Scheme 4.15 Synthesis of Cp2(THF)Zr=N^Bu. 

Entry into this zirconocene imido system can also be achieved 

through the bis (amide) complex Cp2Zr(NH*Bu)2 which on thermolysis 

transiently generate the desired imido species. 

The advent of a practical synthesis of the niobium and tantalum bis 

(imido) complexes M(=NAr)2Cl(py)2^^ readily allows the preparation of 

the Group 5 half-sandwich bis ( imido) analogues of Bergman's 

zirconocene imido. 

4.5.1 Preparation of Mo(NtBu)2(NEt2)(Cl) 

Bergman and Wigley's strategy involv ing generation of a bis 

(amide) species which is deprotonated to afford an imido complex, was 

attempted for the molybdenum bis (imido) system. The tert-butyl system 

was chosen due to the ready availability of the base free dichloride 

Mo(NtBu)2Cl2. Mo(NtBu)2(NEt2)(Cl) (26) was then synthesised by treating 

an ethereal solution of Mo(N*Bu)2Cl2 w i th one equivalent of LiNEt2 
(Equation 4.13). After removal of volatiles under reduced pressure, an 

analytically pure y e l l o w / b r o w n oi l was obtained. Despite repeated 

attempts, (26) could not be isolated as a solid. 

' B u N 

+ LiNEtn \^ ....vO\\NEt2 
Mo(N*Bu)2CL » M o _ (4.13) 

- L i C l ^ 

*BuN 
(26) 
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Two inequivalent imido ligands were observed in the 400 M H z ^H 
N M R spectrum. One of the two amide methylene groups 5 2.64 ppm was 
severely broadened even at low temperatures (Figure 4.26). This is 
beUeved to be due to the proximity of a quadrupolar chlorine nucleus. 
The 100 M H z N M R spectrum was unremarkable. 

4.5.2 Reaction of Mo(NtBu)2Cl(NEt2) (26) w i t h L i N H A r 

In an attempt to generate the bis (imido) complex a solution of (26) 
in ether was treated w i t h one equivalent of L i N H A r in the presence of 
excess PMes (Equation 4.11). The base was included in an attempt to force 
the two amides together and to stabilise the resulting imido complex. 

Mo(N^Bu)2(NEt2)Cl 

(26) 

+ L i N H A r 
LiCl 

' B u N 

\ .,ov\\NEt2 
Mo"" 

' B u N 

PMeg (- HNEt2) 

' B u N 

M o ^ = N A r 

•B I " " " " " ™ ^ 3 
B u N 3 

(4.14) 

The l ight yel low solution was stirred at room temperature for 12 

hours, the solution darkening to red wi th precipitation of LiCl (identified 

by IR). Removal of volatiles in vacuo afforded a dark red/brown oi l . A l l 

attempts at recrystallisation/purification of the product were unsuccessful. 

A i H N M R spectrum of the crude product indicated that decomposition 

had occurred w i t h a significant amount of ArNH2 being generated. 

Attempts to isolate the bis (amide), Mo(N^Bu)2(NEt2)(NHAr) gave 

only similar intractable oily products. The instability of this bis (amide) is 

thought to result f rom the presence of the acidic amide proton. 

138 



CNl 

X 
u 

I 

X 
u 
Z 

X 
CN 

£ 
u 

I 
CN 

X 
u 
z 

LE9-S-

w 

rsi 
3 
CQ 

a. 

a. 

N 
a; 
o o 

CM 

u 3 

-2 

o 

a <3 

2 -C 

1§ 



4.6 Summary 

This chapter has fur ther probed the pseudo-isolobal relationship 

between Group 4 bent metallocenes and Group 6 bis (imido) complexes. 

The synthesis of a variety of acetylene complexes was achieved via 

displacement f rom the appropriate olefin complex. It has been shown that 

complexes of the type Mo(NR)2(PMe3)(Ti2-R'Ci^2R") adopt a metallocene-

like geometry i n which the atoms Mo, P, C i and C2 lie i n a plane that 

bisects the N - M o - N angle. Scheme 4.16. 

A r N PMe. 

Mo; 

(6) 
A r N PMe3 ^ C ^ : ^ - ^ r N 

M o _ .,..o»v\Ph 

R N 

PMe3 ^ ^ . 0 { 
t t ^ , Ph 

M o - - ' 

/ V 
B u ' N 

(10) 

Scheme 4.16 Synthesis of Mo(NR)2(PMe3)(ri2-PhC^Ph), IR= Ar, 

iBu]. 

Solution N M R data indicated that when R is aromatic (e.g. Ar , 2-

tBuC6H4) the structure is not static on the N M R timescale, w i t h the 

acetylene rotating about the metal—C=C midpoint axis. However, when 

R is alkyl (e.g. Adamantyl , ^Bu) the structure is r ig id w i t h the acetylene 

located i n the plane defined above. 

A number of d iphenyl compounds, inc luding the structurally 

characterised complex Mo(NAr)2(PMe3)(Ph)2, have been synthesised as 

potential precursors to Tj^-benzyne species via thermally induced a-

el iminat ion. Attempts to generate the unusual four coordinate bis 

(imido) phosphine complex, Mo(NAr)2(PMe3)(Ti2-C6H4), led to a variety of 

products. 

139 



Bis (imido) benzyl complexes have been synthesised via treatment 
of either Mo(NAr)2Cl2 .DME or Mo(NtBu)2Cl2 w i t h potassium benzyl but 
don't afford benzylidene complexes when treated wi th excess PMes. 

This chapter has further highlighted the applicability of the pseudo-
isolobal relationship between bent metallocenes and Group 6 bis (imido) 
complexes for predicting both reactivity and geometry. However, during 
this study i t became apparent there were differences i n the reactivity of 
these two systems. This is l ikely to be a consequence of replacing the 
sterically demanding cyclopentadienyl group w i t h the less bulky imido 
ligand. The cyclopentadienyl moiety interacts w i t h a metal through five 
atoms, whereas an i m i d o interacts through only one (M=NR). The 
reactivity of bis (imido) species is also intimately dependent upon the 
nature of the l i g a n d subst i tuent , r i ng substituent effects fo r 
cyclopentadienyl complexes are much less pronounced. 
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similar to that exhibited by a normal sp3 hybridised C H (=120 Hz). 

See: M . Brookhart and M . L . H . Green, / . Organomet. Chem., 1983, 

250, 395; M . Brookhart, M . L . H . Green, and L.L. Wong, Prog. Inorg. 

Chem., 1988, 36, 1. 

60 However, the aromatic region of the ^ H spectrum was complicated 

which was attributed to rotation and "cogwheeling" of the phenyl 
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rings. Despite the acquisition of high temperature spectra further 
resolution of this region was not forthcoming. 
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1991, 10, 2857; D.J. Crowther, R.F. Jordan, N.C. Baenziger, and A. 
Verma, Organometallics, 1990, 9, 2574; A.K. Hughes, A. Meetsma, 
and J.H. Teuben, Organometallics, 1993,12, 1936. 

62 J.H. Wengrovius and R.R. Schrock, /. Organomet. Chem., 1981, 205, 
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Chapter Five- The Phillips Catalyst: An XPS and Mass Spectroscopic Study 



5.0 Introduction 

This chapter is concerned wi th the Phillips polymerisation catalyst 

(Cr03/Si02) and uses XPS to examine the changes that occur at the surface 

during high temperature activation. The thermolysis of bulk samples of 

Cr203 and CrOs was studied and the observations made related to the 

supported system. Further investigations involved an in situ mass 

spectroscopic study of the activation of the related Cr3(OH)2(Ac)7 /Si02 

system. A model system was used to probe the decomposition of the 

chromium ( III) acetate groups on the surface. Lastly, a cursory 

examination of both the pre-reduction and polymerisation processes was 

undertaken using mass spectroscopy. 

Supported oxide catalysts have played an important role in catalysis. 
They have a number of advantages over homogeneous systems which 
include: 

a) The potential for separation and recovery of the catalyst. 

b) Durabil i ty - the catalysts are capable of use in a variety of 

environments such as fixed and fluidized beds. 

c) Generally high activity. 

d) Thermal stability. 

e) Ease of handling. 

However, sometimes there is a fine balance betv^een the use of 

homogeneous and heterogeneous systems. Heterogeneous systems have 

the fo l lowing disadvantages: There is often more than one active site, in 

general the nature of the support is ill-defined, and that the selectivity of 

supported systems is usually low. 

A number of supports are in common use such as silica, titania and 

alumina, although more recently organic polymer supports have become 

more widespread.! The oxide supports tend to have the advantage that 

they are more robust at high temperatures and are not degraded by 

reactive species such as oxygen. Thus, the fo l lowing discussion w i l l be 

l imi ted to oxide supports only. The nature of such supports can be 

controlled in a variety of ways.2 Surface area and chemical nature of the 

support are both important considerations for many catalyst systems.^ The 

use of mixed oxide supports such as titania/alumina or silica/titania allow 

147 



the surface acidity or basicity to be varied, of ten an important 
consideration. 

Many silicas used for catalyst supports are synthetic and are 
produced in one of two main ways. The first involves the acidification of 
silicate solutions.^ Changes in reaction conditions causes variations in 
the nature of the resultant silica. Two types of oxide can be produced this 
way, sol-gel^ and precipitated silicas. They differ in agglomerate size, the 
former having a large, wel l defined-internal surface, whilst precipitated 
silicas have less internal surface and more of an external surface. Lastly, 
fumed silica (e.g. Aerosil®) is formed when a volatile silicon compound 
such as SiCU is injected into an oxygen/hydrogen flame, where high 
temperature hydrolysis occurs. This again generates a high external 
surface area silica.5 

A normal silica surface contains hydrophilic silanol (Si-OH) and 
hydrophobic siloxane bridges (Si-O-Si).^ The silanol groups have been 
classified by IR as isolated, hydrogen bonded, or geminal according to their 
environments (Figure 5.1).̂ ^ 
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H H 
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Si 
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/ \ / 
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Si Si 
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Si 

H 

Si 

•H 
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Figure 5.1 Classification of silanol groups: (a) Isolated single group, (b) 

geminal groups, (c) hydrogen-bonded vicinal groups, and (d) hydrogen-

bonded geminal groups. 

One of the most important properties of a silica support is the 

surface hydroxyl (silanol) density. This controls the number and dispersity 

of catalytically active species on the surface, as metals are typically attached 
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to the oxide through siloxide bonds, Si-O-M. The surface silanols have 
pKa's that lie i n the range 4 to 7 and are thus weakly acidic or neutral. 
This value is dependent on the method of preparation of the silica. ̂  The 
silanol density has been estimated using a number of chemical methods 
such as the thermal desorption of water and f r o m surface reactions 
involving D2, D2O, Grignard reagents, halogen-containing molecules such 
as BCI3, AICI3, SiCU and chlorotr imethylsi lanes, a l k y l a l u m i n i u m 
compounds, B2H6 etc.l Experimental techniques such as IR and 29si 
(MAS) N M R have also been employed. 

Siloxane bonds (Si-O-Si) are generally much less reactive and so 
don't play a large role in anchoring metals to the surface, although there is 
IR evidence to suggest that to some extent strained siloxane bridges in 
unannealed silica can be involved.^ 

Thermal treatment to 200°C is thought to remove all physically 

bound water, but hardly affects the surface silanols. The surface has a 

typical silanol density of 5 O H groups nm-2 (the precise number of silanols 

is dependent upon the nature of the silica). A t elevated temperatures 

water is progressively eliminated as neighbouring silanol groups combine. 

A t 800°C the number of silanols has decreased to approximately 1 

O H nm-2^ which are believed to be isolated geminal functionalities. 

Despite prolonged heating to over 1000°C some silanol groups always 

remain at the surface. 

Line narrowing studies of ^ H N M R spectra have demonstrated that 

the protons associated w i t h the silica surface, migrate f r o m oxygen to 

oxygen.9 The proton "hopping" rate was observed to increase w i t h 

temperature. The average "hopping" frequency was estimated to be 

approximately 10-4 s"! at 500°C. 

Heterogeneous silica-supported transition metal compounds play 

an increasingly important role as catalysts i n the petrochemical industry. 

Since its discovery i n the early 1950's^^ the Phillips catalyst has been the 

subject of much research. Even today the debate continues over the 

nature of the active chromium species and over the polymerisation 

mechanism. The catalyst is prepared by impregnating a chromium 

compound onto the surface of silica and then calcining under oxygen to 

activate the catalyst. 

Hogan and Banks' original catalyst was prepared by impregnating 

silica w i t h an aqueous solution of CrOs, to a 1% chromium loading. 

Today many variants on this theme are employed. There is a gradual 
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conversion to the use of chromium (III) precursors replacing toxic 
chromium (VI) species. Many reports have been made of mixed oxide 
supported catalysts (e.g. silica-titania). Promoted systems containing 
species l ike a luminium are becoming more prevalent. The work in this 
thesis has been restr ic ted to t w o systems C r 0 3 / S i 0 2 and 

Cr3(OH)2(Ac)7/Si02. 
The first question posed is the nature of the chromium species that 

results on activation (O2 / 800°C), prior to contacting ethene. Changes in 

hydroxy l populat ion have been measured i n attempts to differentiate 

between chromate- and dichromate-like functionalities. A chromate 

species should react w i t h two hydroxyls per chromium while dichromate 

w i t h only one. These studies proved inconclusive, different results being 

obtained at different temperatures.^2 This inconsistency arises because 

more hydroxyls are lost at 200°C than at 800°C, thus the A O H / C r 

replacement ratio w i l l not be a constant 2 or 1, but w i l l tend towards 2 at 

lower temperatures and 1 at higher temperatures. Thus, the number of 

displaced hydroxyls w i l l depend upon the number and distribution of 

hydroxyls at the surface before impregnation. 

A study which impregnated silica wi th chromyl chloride (Cr02Cl2) 

vapour was undertaken.13 Chromate-like attachment wou ld leave no 

chlorines at the surface, whereas a dichromate-like structure would leave 

one. Figure 5.2. Calcination up to 400°C led to no remaining chlorines. 

The polymerisation kinetics and polymer properties using the resultant 

catalyst were indistinguishable f r o m those observed for the normal 

Cr03 /S i02 system. However, the mono-chloro catalyst proved inactive for 

polymerisation. This study indicates that pairing of chromium atoms (e.g. 

a dichromate-like structure) is not a requirement for polymerisation. 

\// \// 
Cr Cr CI 

/ \ / 
O H O H CrO^Q; ^ O O O 

77:777777^777- 771777777J777- 7737777777777-

Chromate Dichromate-like 

Figure 5.2 CrOiCh used as a model for CrO^. 
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Now, many researchers postulate that for chromium loadings of up 

to - 1 % polymeric CrOs oxide is broken up and becomes anchored to the 

silica surface via Cr-O-Si bonds, the most direct evidence came from using 

Raman spectroscopy.^4 x^g reaction proceeds w i t h the elimination of 

water leaving a mononuclear, tetrahedral chromate species (Figure 5.3) on 

the oxide surface. Yet, i f activation temperature was increased, a tendency 

for the formation of dichromate species became apparent. Most recently, 

Overton et al have identif ied chromate species to be the predominant 

product of calcination, although aggregates of CrOs were also detected 

using TPR, UV-VIS, and EPR.15 

O O 

\// 
Cr 

/ \ 
o o 

TTTTJTTTTTT? ' / / / / / / / 

Figure 5.3 Mononuclear chromium species believed to result from 

oxygen activation of CrO^/SiOz-

This process is remarkable, as bulk CrOa decomposes to Cr203 and 

O2 at approximately 190°C. Yet, in the presence of silica CrOa is stabilised 

up to about 900°C. For this stabilisation to occur, the chromium loading is 

critical. Activat ion of a system containing approximately 3% chromium 

leads to the formation of not only chromate species but also bulk a-Cr203. 

Perhaps the biggest area of debate concerning the Phillips catalyst is 

the nature of the metal polymerisat ion centre, and the resultant 

polymerisat ion mechanism. Reports have been published that have 

postulated that the active chromium site could have an oxidation state 

f rom (II) to (V). 

Much of the early work used ESR to try and elucidate the valence 

state of the chromium and favoured chromium (V).^^ These studies were 

usually complicated by the presence of more than one oxidation state, and 

was only indirect evidence at best.^7 xhis highlights one of the main 

problems in t rying to pin down the precise valence state, i.e. the inability 

of many experimental techniques to only probe the active chromium sites. 

These studies are fur ther hampered because of the 1% chromium 
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impregnated onto the support, i t is believed that only a few percent 

(typically 3-10%) of this is responsible for ethene polymerisation. 

By far the most likely oxidation state for chromium is (11). The first 

evidence for this came f rom Krauss^^ ^^ho quantitatively reduced the 

activated catalyst wi th CO at 350°C to chromium (II). This new species was 

found to readily support polymerisation. Since then a whole series of 

reports have been made that indicate that Cr (II) is in fact the valence state 

after in i t i a l reduction of the surface dichromate s p e c i e s . P o l y m e r 

produced by both a CO pre-reduced catalyst and the normal catalyst were 

found to be identical. This is indicative of the involvement of Cr(II) as 

many researchers have observed that small changes i n catalyst 

pretreatment can dramatically change the properties of the resulting 

polymer. Further support for this value was obtained f rom an XPS study 

performed by Merryf ie ld et fl/.20 His study revealed that there was no 

apparent difference between the XPS spectra of the catalyst reduced by 

ethene and spectra f rom a CO reduced sample. 

Despite the direct evidence in support of a Cr(II) site several 

research groups have proposed Cr(III). The most recent direct evidence 

came f r o m Lunsford, who impregnated CrCl3 onto silica.2l Subsequent 

calcination in vacuo gave a catalyst that readily polymerised ethene. 

To this day, the true valence of the active site st i l l remains a 

mystery. Detection of the small amounts of catalytically active chromium 

s t i l l remains a major problem. However , w i t h the advent of 

organochromium catalysts such as the Unipol System, Cp2Cr/Si02,22 it 

becomes increasingly evident that i t is not just the valence state of 

chromium that is important, but also the nature of the ligands directly 

bound to chromium. 

Many reports have been made which indicate that after oxygen 

act ivat ion the catalyst is not immediately capable of support ing 

polymerisation and that there is an induction time before polymerisation 

occurs .23 However, once in i t i a t ion has taken place, the rate of 

polymerisation then increases throughout the reaction. This dormant 

period is believed to result f rom simple reduction of the surface chromate 

by ethene a f ford ing formaldehyde. Figure 5.4.24 Chromium (VI) is a 

power fu l and well known oxidising agent which reacts wi th many organic 

compounds. 
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Figure 5.4 Reduction of surface chromate species by ethene. 

Although most people now agree over the likely oxidation state of 

the active chromium species, the problems of initiation and subsequent 

polymerisat ion s t i l l have not been answered. However, distinction 

between these two processes is d i f f i c u l t as the latter is int imately 

dependent on the former. 

McDaniel stated that the incorporation of the first ethene is probably 

slower than incorporat ion of succeeding monomer units.25 Krauss 

proposed that the chromium (II) species init ial ly coordinates two ethene 

molecu les , w h i c h unde rgo o x i d a t i v e a d d i t i o n f o r m i n g a 

metallacyclobutane species w i t h subsequent rearrangement to an al ly l 

species and a chromium hydride.26 Yet, this mechanism does not account 

for the formation of terminal groups (methyl or vinyl) that have been 

detected i n the resulting polymer. Many other similar mechanisms were 

also postulated.27 Some mechanisms were speculated to involve two 

adjacent chromium centres. A low temperature mechanism involving a 

Cr-CH2-R-CH2-Cr intermediate was intimated by Rebenstorf et a/. 28 Dalla 

Lana and co-workers using IR proposed that ethene adsorbs molecularly 

and dissociatively fo rming a reactive pair of alkylidene structures l inked 

to two chromium sites. Figure 5.5). Polymerisation is then believed to 

occur via normal insertion mechanisms. 
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Figure 5.5 Initiation mechanism involving a pair of chromium 
alkylidene intermediates. 

Alkyl idene moieties have been postulated as being involved in the 

polymerisat ion process.29 The mechanism they postulated is shown in 

Figure 5.6. However, this mechanism does not account for initiation and 

the source of the first H atom. Although a study by Weiss and Hoffmarm 

demonstrated that the reduced Phill ips catalyst when treated w i t h a 

carbene source and olefins produced cyclopropanes i n good yield.^^ They 

suggested that such species could play a part in the chemistry associated 

w i t h the Phillips system. 

Other researchers have discussed the possible effect of surface 

silanols i n the in i t ia t ion step. Water molecules evolved dur ing the 

reduction/activation of the Cr03 /S i02 system can adsorb to form silanol 

groups adjacent to the chromium centres. Interaction between these two 

species may result i n a decrease in the coordination unsaturation of the 

chromium sites, but could also oxidise the chromium (Equation 5.1).31 

Cr^^ + 2 H p ^ C r ^ + 2H2 + O2 (5.1) 

Groenveld et al 32 suggested direct involvement of silanols during 

the adsorption of the ini t ia l ethene molecule as shown in Equation 5.2. 

Furthermore Eley and co-workers33 demonstrated that silanol groups 

interacted physically w i t h the growing polymer chain. Overall the 

evidence suggests that silanol groups do play a intimate part i n the 

initiation and polymerisation process. 

H+(silanol) + Cr^^ ^ H - C r ^ ^ CH3CH2-Cr^ 

(5.2) 

A n IR study of the O H region of the spectrum by Dalla Lana et al 

suggested that proton migration f r o m silanols to chromium is caused by 

ethene adsorption and is not an equi l ibr ium process as proposed by 
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Figure 5.6 Polymerisation mechanism postulated by Ghiotti et al. (a) 

chain initiation, (b) propagation. 
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Groenveld (above). Another recent IR investigation using FTIR has 

intimated that methylene groups become bound to silanol groups adjacent 

to the active chromium centres.34 
13c N M R spectroscopy on the polymer isolated f rom a series of 

labelled monomer polymerisations indicated that there was no hydrogen 

scrambling dur ing init iat ion which would be expected f rom some of the 

a lkyl idene mechanisms pu t forward ,35 although they can not be 

discounted. IR and N M R analysis of homopolymers produced using the 

Phillips system nearly always indicate the presence of one terminal v inyl 

and one methyl per chain, although structures w i t h internal unsaturation 

occur very infrequently. This supports the idea that P-elimination is likely 

to cause chain termination, a view that fits in w i t h the known chemistry 

of metal alkyls. I t is wel l documented that transfer of hydrogen f rom the 

growing polymer chain to the chromium centre (and back again) occurs.34 

The rate of chain termination relative to propagation determines 

the molecular weight of the polymer.36 The molecular weight of the 

resulting polymer can be controlled once polymerisation has started by 

altering reaction conditions. For example, raising the temperature has 

been f o u n d to enhance the rate of chain termination. However, 

decreasing the ethene concentration has the reverse effect. Act ivi ty has 

been shown to be related to the propagation by near first qrder kinetics. 

Increasing the o le f in concentration increases propagation wi thout 

affecting termination, resulting i n higher molecular weight polymer. In 

Ziegler-Natta chemistry hydrogen is known to act as a very efficient chain 

transfer reagent, and is used to control the molecular weight of the 

polymer. The hydrogen is believed to cause chain termination through a-

bond metathesis w i t h the growing polymer chain. However, dihydrogen 

has no effect on Phillips systems, a-bond metathesis w i l l only occur for 

metals w i t h a d^ electron count, and thus is not l ikely to occur wi th 

Phillips catalysts (Figure 5.7).37 

R 

•L Ho 

R 

Zr . H • Zr 
- R - H , 

H 

Figure 5.7 Schematic representation of o-hond metathesis. 

156 



Polymerisation reactions are generally performed either in the gas 

phase (60-100°C) using a f luidized bed system, i n hydrocarbon solvent at 

elevated ethene pressures and temperatures (<50 atm, 125-170°C), or in a 

slurry (poor solvent at 60-100°C).38 The physical nature of the support 

itself can have a profound influence on the nature and molecular weight 

of the f ina l polymer. Surface area and pore size distribution have been 

shown to be important catalyst parameters, bringing about differences in 

catalyst activity, molecular weight, and molecular weight distribution of 

the po lymers produced.35 Silicas w i t h large pore volumes can 

accommodate chromium centres w i t h i n the silica particle. Thus, when 

polymerisation has been init iated the growing polymer chain grows 

through the oxide particle.39 A t a critical polymer mass the silica w i l l be 

forced to fragment exposing new active polymerisation centres. This 

means that as pore size is increased so the molecular weight of the 

polymer decreases. 

5.1 Dehydroxylation of Silica 

In order to examine the Phillips catalyst system in detail, no study 

would be complete without an examination of the oxide support itself. To 

this end, dehydroxylation of high surface area silica^O has been examined 

using both XPS and quadrupole mass spectrometry.^! 

5.1.1 XPS Studies of the Dehydroxylation of Silica 

Samples of Crosfield silica were dehydroxylated to varying extents 

by heating under a dry nitrogen f l o w for f ive hours over a range of 

temperatures. The high temperature l imi t was taken as 780°C, to avoid 

any possible sintering of the silica, a process that is knovm to occur at 

approximately 900°C.'*2 The treated samples were then transferred under 

anhydrous conditions to the spectrometer via a nitrogen atmosphere dry 

box. XPS spectra were obtained for both the Si (2p) and O (Is) regions. 

A l l the treatments gave, perhaps surprisingly, two overlapping Si 

(2p) XPS signals, which appeared at almost identical binding energies of 

=99.8eV and =101.8eV. The relative peak areas of these two signals did not 
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change significantly upon heating (Table 5.1). The more intense higher 

binding energy peak has been attributed to surface silicon functionalities, 

whi ls t the smaller peak is thought to arise f r o m contributions f rom the 

bulk of the oxide. 

The O (Is) region proved more interesting. Again two signals were 

detected, yet this time their relative peak areas changed significantly upon 

dehydroxylation (Table 5.1 and Figure 5.8). 

Dehydroxylation 

Temperature Si (2p) BE (± 0.2eV) O (Is) BE (± 0.2eV) 

(°C) 

N o n e 99.7 (8.6%) 101.8 (91.1%) 530.6 (1.9%) 533.4 (98.1%) 

200 99.8 (8.6%) 101.5 (91.4%) 530.5 (3.0%) 533.6 (97.0%) 

300 99.8 (9.0%) 101.8 (91.2%) 530.4 (3.1%) 533.6 (96.9%) 

450 99.8 (8.9%) 101.8 (91.1%) 530.5 (3.8%) 533.7 (96.2%) 

600 99.8 (8.6%) 101.6 (91.1%) 530.5 (4.3%) 533.5 (95.7%) 

800 99.9 (8.9%) 101.8 (91.1%) 530.7 (4.9%) 533.4 (95.1%) 

Table 5.1 Si (2p) and O (Is) XPS signals obtained from 
dehydroxylation of silica under nitrogen. 

the 

Comparison of the graphs shown in Figure 5.8 w i t h that presented 

by Hogan for the thermogravimetric analysis of silica (Figure 5.9),^ 3 
reveals a s imilar discontinuity at approximately 100-150°C. Hogan 

attributed this sharp discontinuity to the end of loss of free water, and to 

the beginning of the more gradual loss of water by combination of silanol 

groups. These features are not nearly so we l l marked in the XPS 

experiments, presumably a consequence of the XPS study being preformed 

under U H V conditions which wou ld remove some of the physisorbed 

water. 
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Figure 5.8a) Changes in peak area of the higher energy (=^533.5eV) O (Is) 
XPS signal associated with thermal dehydroxylation of silica under 

< 

1 

nitrogen. 

• 

• 

• 

- • ° 

' • 

T ^ 

0 200 400 600 800 1000 
Temperature (°C) 

Figure 5.8b) Changes in peak area of the lower energy (==530.5eV) O (Is) 
XPS signal associated with thermal dehydroxylation of silica under 

nitrogen. 
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Figure 5.8c Example of the results obtained from the 0(ls) region of SiOi 
dehydroxylated under Nzat 200°C. 
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Thermogravimetric analysis of silica. 

This agrees wel l w i t h the assignments that can be made f rom the 
relative binding energies of the two O (Is) signals. 
A simple treatment involving electronegativity arguments wou ld predict 
that a terminal silanol (Si-OH) or chemisorbed water molecule would 
have oxygen atoms that are more electron deficient than those associated 
w i t h b r idg ing Si-O-Si units.44 Thus, the higher binding, energy peak 
(=533.5eV) is believed to be attributable to oxygen atoms in both of the 
former environments. Hence, the lower b inding energy peak can be 
assigned to oxygens in bridging positions, Si-O-Si. 

This argument is consistent w i t h the relative changes i n intensity of 
the two O (Is) peaks. As the dehydroxylation temperature is increased 
then the relative intensity of the high binding energy peak decreases. This 
is consistent w i t h loss of chemisorbed water and combination of adjacei\t 
silanol groups. Conversely, at higher temperatures, the percentage of 
oxygen atoms f r o m Si-O-Si linkages increases. This latter peak can never 
become the major contributor to the O (Is) spectrum as i t is impossible to 
completely dehydroxylate the silica surface, even on prolonged heating. 1 
Only near surface species have been considered i n this argument as XPS 
has a sampling depth of approximately 10-30A.45 

Similar dehydroxylation experiments were performed under a dry 

oxygen f low, as this is the gas that is used to "activate" the Phillips catalyst 

itself. The results obtained were almost identical to those obtained when 

nitrogen was employed. 
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5.1.2 In Situ Mass Spectroscopic Studies of the Dehydroxylation of Silica 

Further exploration of the dehydroxylation process was made using 

an in situ quadrupole mass spectrometer and Temperature Programmed 

Desorption (TPD) techniques. 

A small ( Ig) sample of Crosfield silica was loaded into a quartz 

microreactor tube.46 The temperature was then raised at l ° C / m i n u t e (as 

for the previous study), and subsequently maintained at 780°C for 5 hours. 

Throughout this process the carrier gas (Ar or O2) was monitored by a 

quadrupole mass spectrometer. 

Carrier Gas 

1st Peak Intensity 

(Temp °C) 

2nd Peak Intensity 

(Temp °C) 

Argon 

Oxygen 

4.5 (150°C) 

3.5 (90°C) 

3.3 (480°C) 

0.5 (460°C) 

Table 5.2 Dehydroxylation of Silica. Water (mass 18) TPD profile, with 

corresponding peak heights. 

As expected only one mass, mass 18, corresponding to the loss of 

water was observed under both argon and oxygen. Water was evolved in 

two discrete temperature bands. Figure 5.10, which have been assigned as 

fol lows: 

1st Peak 

2nd Peak 

Loss of physisorbed water 
Loss of water through combination of adjacent silanol 

groups ;47 

As Figure 5.10 indicates, there are differences apparent between the 

profiles obtained when oxygen and argon are employed. The peaks 

obtained under an oxygen atmosphere are attenuated and shifted to a 

slightly lower temperature than when argon is used. This observation has 

not been f u l l y rationalised, although oxygen is likely to interact w i th the 

surface Si-OH groups and physisorbed water. This interaction must 

facilitate the loss of water, as dehydroxylation is occurring at a lower 
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Figure 5.10 Comparison of the water loss profiles for silica. (Top: Under 
Ar, Bottom: Under Oi). 



temperature. Curiously, the surface components seem identical for both 

samples when examined by XPS.48 
Atomic oxygen is k n o w n to stabilise surface species and can 

markedly change reaction pathways.'*^ Single crystal studies on the 

reaction of H 2 O w i t h Ag( l lO) suggested that surface water molecules 

equilibrated rapidly w i t h oxygen atoms at the surface via proton exchange. 

The water exhibited a very strong interaction w i t h the surface oxygen 

species. 

5.2 XPS Studies of the Thermolysis of Bulk CrOs and Cr203 

I n breaking the Phillips catalyst system (Cr03 /S i02) up into its 

ind iv idua l components, the next logical step is to consider the effects of 

various treatments upon bulk chromium oxides. To this end, chromium 

(III) and (VI) oxides have been examined in a similar manner to that 

employed for silica. As before, the bulk oxides were heated under a f low of 

the appropriate gas i n a quartz microreactor. Subsequently, the residues 

were taken into a nitrogen atmosphere d ry box where they were 

transferred to the spectrometer. 

I n the fo l lowing study, changes observed i n the chromium (2p3/2) 
region of the XPS spectrum w i l l be described i n detail. The effects that 

were observed were mirrored i n the chromium ( 2 p i / 2 ) region (arising 

through spin orbit coupling^O), although due to the lower intensity of this 

peak, curve f i t t ing proved more diff icult . Thus, discussion is l imited only 

to the Cr (2p3/2) region of the spectrum 

5.2.1 Thermolysis and XPS Analysis of Bulk CT2O3 

Untreated chromium (III) oxide (I), gave three overlappirfg Cr 

(2p3/2) XPS peaks as shown in Table 5.3 and Figure 5.11. The most intense 

peak appeared at lowest binding energy. A sample of (I) was heated under 

an oxygen f low to afford sample (II), w i t h no apparent colour change. For 

comparison, a sample of (I) was subjected to the same thermal treatment 

as before, this time under nitrogen, affording sample (III). 

Similarly, a sample of the untreated oxide (I) was subjected to 

outgassing at 10"3 torr for twenty four hours to give (IV), which was also 
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Figure 5.11 Cr (2p3/2) region of untreated CrzOs. 



525 527 529 531 533 eV 

Figtire 5.12 O (Is) region of untreated CrzO^. 



examined by XPS. The Cr (2p3/2) XPS region again revealed three peaks 
which had similar intensities and binding energies to those observed for 
the untreated sample.. This indicated that effects due to physisorbed water 
were minimal. Further comparisons w i l l however, be made using sample 
( IV) as the reference for untreated Cr203. These results are summarised in 
Table 5.3. 

SAMPLE BINDING ENERGY eV (± 0.2 eV) F W H M 
(eV) 

Cr203 (I) 576.2 (73.2%) 578.2 (21.5%) 581.4 (5.4%) 2.8 
Cr203/A/02 (II) 576.3 (62.9%) 578 2 (27.9%) 580.3 (9.2%) 2.8 
Cr203/A/N2 (III) 576.1 (66.0%) 578.2 (26.3%) 581.2 (7.7%) 2.8 
Cr203 Vac. (IV) 576.3 (69.3%) 578.5 (23.2%) 581.2 (7.5%) 2.8 

Table 5.3 Summary of Cr (2ps/2) XPS data for CrzOs. Relative peak 
areas shown in parentheses. 

Analysis of the O (Is) XPS spectra. Table 5.4 and Figure 5.12, for the 

same four samples revealed three peaks. However, the sample heated 

under oxygen, ( I I ) , also gave a new signal at 532.7 eV and showed the most 

dramatic shifts in binding energy. The sample that was outgassed at room 

temperature, ( IV) , gave three overlapping O (Is) signals, similar to (I). The 

peak at 530.1 eV exhibited a relative increase in intensity, indicating that 

the other two signals both had a contribution f rom physisorbed surface 

contaminants. 

SAMPLE BINDING ENERGY eV (± 0.2 eV) 

Cr203 (I) 

Cr203/A/02 (II) 

Cr203/A/N2 (III) 

Cr203 Vac. (IV) 

528.2 (5.1%) 
528.8 (5.4%) 
527.8 (4.1%) 
527.7 (2.3%) 

530.0 (74.5%) 
530.2 (71.4%) 
529.6 (71.0%) 

530.1 (79.9%) 

531.7 (20.4%) 
531.6 (17.6%) 
531.4 (24.9%) 
531.9 (17.8%) 

532.7 (5.6%) 

Table 5.4 Summary of O (Is) XPS data for CrzO^. Relative peak areas 

shown in parentheses, and FWHM = 2.2 eV in all cases. 

In a previous study, Allen^l stated that the O (Is) peak for untreated 

Cr203 was broadened to the high-binding energy side by water absorbtion. 

He found that in general a peak at CA. 2 eV greater than in the anhydrous 

sample was visible. This trend is not obviously apparent in our study. 
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although complete removal of all absorbed species was unlikely to have 
been realised under such a mi ld treatment. 

5.2.2 Thermolysis and XPS Analysis of Bulk C1O3 

Untreated CrOs (V) was examined as above and gave two 

overiapping peaks in the Cr (2p3/2) XPS spectrum at 577.3 and 579.8 eV, 

which had intensities of 15.9 and 84.1% respectively. Samples of CrOs 

were only heated to 150°C to avoid sublimation and decomposition. On 

heating under a f l ow of oxygen to afford sample (VI) , an additional peak 

appeared at the expense of the 579.8 eV peak. Sample (VI I ) was obtained 

through the thermal treatment of CrOs (V) under nitrogen. These results 

are summarised in Table 5.5 and Figure 5.13. 

SAMPLE BINDING ENERGY eV (± 0.2 eV) F W H M 

(eV) 

Cr03 (V) 577.3 (15.9%) 579.8 (84.1%) — 2.6 
Cr03/A/02 (VI) 577.4 (14.8%) 579 (75.8%) 582.8 (9.4%) 2.6 
C r 0 3 / A / N 2 (VII) 577.6 (15.9%) 579.8 (75.6%) 582.9 (8.5%) 2.6 
Table 5.5 Summary of Cr Up^ji) XPS data for CrOs samples. Relative 

peak areas shown in parentheses. 

Two overlapping O (Is) peaks were found for all three samples of 

Cr03 . Each sample displayed peaks of approximately .similar binding 

energies. The important difference between the three samples was in the 

relative intensities of the peaks. The untreated sample (V) had peak 

intensities of 75.0 and 25.0%, whereas for the oxygen activated sample (VI) 

the intensities were 80.4 and 19.6%, w i t h the nitrogen activated sample 

( V I I ) exhibiting similar intensities of 82.5 and 17%, Table 5.6 and Figure 

5.14. 

164 



SAMPLE BINDING ENERGY eV 

(± 0.2 eV) 

F W H M 

(eV) 

Cr03 (V) 530.7 (75.0%) 532.4 (25.0%) 2.5 
Cr03/A/02 (VI) 530.7 (80.4%) 532.4 (19.6%) 2.5 
C r 0 3 / A / N 2 (VII) 530.8 (82.5%) 532.8 (17.5%) 2.5 

Table 5.6 Summary of O (Is) XPS data for CrOs samples. Relative peak 

ares are shown in parentheses. 

By way of comparison, samples of some readily available chromates 

and dichromates were examined by XPS. These samples both gave one 

signal in the Cr (2p3/2) region, and a doublet for the O (Is). The Cr (2p3/2) 

and O (Is) XPS results f rom these samples are summarised in Table 5.7. 

Cr (2p3/2) F W H M 

BINDING O (Is) BINDING (eV) 

SAMPLE ENERGY (eV) ENERGY (eV) C r / O 

K2Cr207 (VIII) 580.0 530.7(85.1%) 532.7 (14.9%) 2.2 / 2.3 
K2Cr04 (IX) 579.6 530.1 (77.0%) 532.0 (23.0%) 2.0 / 2.2 

Table 5.7 Chromate and Bichromate Cr (2p3/2) and O (Is) XPS data. 

Relative peak areas shown in parentheses, binding energies have an 

associated error of ±0.2 eV. 

5.2.3 Discussion of the Thermolysis of Bulk Samples of Cr203 and CrOs 

By way of comparison potassium dichromate and chromate were 

included i n the study. Both samples gave two signals in the O (Is) XPS 

region, the peak at lower binding energy having the greater intensity. 

These peaks have been assigned to bridging and terminal oxo groups as 

illustrated in the fo l lowing discussion. I t is noted however, that previous 

studies have been unable to detect discrete doublets in the O (Is) region, 

although a slight broadening of this peak was noted.51/52 

The dichromate anion is constructed f rom two tetrahedral Cr04, 

units l inked by sharing one oxygen atom, as shown in Figure 5.15. 
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Figure 5.15 Schematic 
representation of the dichromate 

anion. 

X-ray crystallographic studies have shown that all six terminal oxo 
groups are equivalent.53 The anion 2- charge is believed to be delocalised 
over these groups. Thus, two types of oxygen are present in the ion, 
t e r m i n a l and b r i d g i n g . F rom a considerat ion of re la t ive 
electronegativities, i t is not unreasonable to assign a higher electron 
binding energy to an oxygen atom that occupies a bridging site relative to 
that for a terminal oxygen atom. 

A comparison between the structure of the dichromate anion and 
the structure of the organic polymer poly (ether ether ketone), or PEEK, 
can be drawn. Figure 5.16. PEEK contains oxygen atoms in both ketone 
and ether environments. As expected two signals are observed in the O 
(Is) region i n a 1:2 ratio, at binding energies of 531.25 and 533.33 eV 
( F W H M = 2.1 eV), respectively. From their relative intensities the peak at 
lower binding energy has been attributed to the ketonic oxygen, the other 
being assigned to oxygen atoms of the ether linkage.54 Thus, assignment 
of the two O (Is) peaks for the dichromate anion can be made in terms of 
terminal versus bridging oxygen atoms. This was based on the relative 
intensities of the two signals, 1:5.6. Furthermore, the six electron rich 
terminal oxo groups (O^-) would be expected to display a lower binding 
energy relative to the bridging oxygen (O'). 

Figure 5.16 The structure of Poly (ether ether ketone), PEEK. 

For comparison the chromate anion was examined, K2Cr04 (IX): 

This consists of isolated [Cr04]- tetrahedra^S in which all the oxygen atoms 

are equivalent, and should therefore give rise to only one O (Is) peak. 

Surprisingly, two peaks were observed at binding energies of 530.12 and 

532.03 eV w i t h intensities of 77.0 and 23.0% respectively. Table 5.7. This 
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second higher b inding energy O (Is) signal has been attributed to the 
formation of surface Cr -OH functionalities, a phenomenon that has been 
observed previously.^! Alternatively this peak could be attributed to the 
asymmetry that must be present at the surface of the bulk chromate. It is 
not unreasonable to v iew the chromate as i n Figure 5.17, where two or 
more oxygen environments result f r o m oxygen atoms that are either 
present at the surface or involved i n the bulk structure. The oxygen atoms 
that occupy sites in the bulk are expected to have lower binding energies 
than for those associated w i t h the "free" surface oxygens, especially i f 
interactions w i t h the associated potassium cations a;re invoked. XPS being 
a surface sensitive technique (typical sampling depths of =30A) would 
preferentially detect the surface environment over the bulk structure, 
leading to the observed discrepancies in the O (Is) spectra. 

Surface O 
\ ^ \ \ F i g u r e 5.17 Schematic 
./w«/wvwv C J W W W W W representation of the surface of a 

/ \ bulk chromate. 
BuWr ^ o 

This rationale allows the spectrum of bulk CrOs (V) to be assigned 

in terms of terminal versus bridging oxygen atoms. The oxide consists of 

infinite chains of Cr04 tetrahedra linked by the sharing of two vertices, as 

shown in Figure 5.18. 

l^O^ ^,,N\0^ .̂ "̂̂ Â̂  Figure 5.18 Schematic 
Cr Cr representation of the structure of 

/ / \ / / \ crOs. 
o o o o 

Two O (Is) peaks were observed, one at 530.7 eV (75.0%) and the 

other at 532.4 eV (25.0%). Some delocalisation of charge on adjacent 

terminal oxo groups is l ikely to cause their binding energy to be lower 

than expected. The br idg ing oxo groups should, f r o m the assignments 

made for the dichromate sample (VII I ) , have O (Is) binding energies of 

approximately 532 eV, which fits wel l w i th the experimentally determined 
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value of 532.4 eV for this sample. The two peaks would be expected to 
show relative intensities of 1:2 (Cr-O-Cr : Cr=0) , yet a ratio of 1:3 was 
observed. This anomaly has been attributed to the hygroscopic nature of 
(V) . Adsorbed water forming Cr-OH bonds, causing an increase in the 
intensity of the peak at 532 eV (cf. the value of the high binding energy 
peak observed for (VIII)). These surface Cr-OH species are likely to exhibit 
similar O (Is) electron binding energies to those exhibited by a bridging 
oxygen atom, e.g. Cr-O-Cr. 

Two peaks were observed for both samples (VI ) and ( V I I ) , at 

positions now thought to be indicative of terminal oxo and bridging oxo 

groups. The major difference between the untreated sample, (V), and 

activated samples, (VI) and (VII) , is the change in their ratios. Table 5.3. 

The peak at 530 eV increases i n size f rom 75.0% in sample (V), to 80.4% 

and 82.5% in samples (VI ) and (VII ) respectively. This effect has been 

attributed to the thermally induced loss of surface-bound hydroxyl groups, 

and is consistent w i t h assignment of the higher binding energy peak 

observed for (IX). 
One surprising feature of this study was the observation of a weak 

N (Is) XPS signal f rom the oxygen treated sample of Cr203. The peak had 

an associated b ind ing energy of =404 eV which is characteristic of 

chemisorbed nitrogen.56 The only possible source of the,nitrogen was 

f r o m the nitrogen atmosphere used for the handl ing of the treated 

samples. This implies that some very active surface species must form 

d u r i n g the thermolysis of this sample under oxygen. Yet, N 2 is 

isoelectronic w i t h CO. Activated chromium species of the type likely to be 

at the oxide surface are known to react readily wi th CO, and thus, i t is not 

unlikely that they could also react w i th N 2 . 

5.2.4 Siunmary of the XPS Analysis of the Thermolysis Products of CrOa 

and Cr203 

The formation of a new high binding energy O (Is) signals for the 

oxygen treated Cr203 sample, (VI) , is consistent w i t h the formation of 

what appear to be surface dichromate species (cf. the spectrum of K2Cr207). 

This latter signal is unl ikely to be due to Cr -OH contaminents as the 

sample was prepared under conditions where water was rigorously 

excluded. Similar conclusions have been reached by Zecchina using IR 
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spectroscopy, who also observed species that were consistent w i th the 
fo rmat ion of surface dichromate functionalities.57 The thermolysis 
product of Cr203 heated under nitrogen^ sample ( I II ) , exhibited only 
redistribution of the intensities of the three O (Is) XPS signals compared to 
the untreated sample (I). 

Complementary evidence f o r the oxygen induced surface 
transformation of Cr203 was obtained f rom the Cr (2p3/2) XPS region. On 
heating (I) under oxygen a new signal became apparent at 580.3 eV. This 
correlates we l l w i t h the spectrum of K2Cr207. Lit t le variation was 
observed for the remaining Cr (2p372) signals. After similar treatment of 
(I) under nitrogen no new high binding energy peak was detectable. 

When a similar study was performed w i t h CrOs, again no new O 
(Is) signal was observed. The m i l d conditions employed to avoid 
decomposing the oxide were not sufficient to bring about any surface 
rearrangement. However, a loss of intensity of the higher binding energy 
peak, of similar magnitude for each sample did result. This is consistent 
w i t h Allen's^l view that this signal is attributable to surface adsorbtion of 
water, fo rming Cr -OH functionalities. In contrast, a new high binding 
energy Cr (2p3/2) peak (582.8 eV) was observed after heating under both N 2 
and O 2 . This is believed to be associated wi th partial dehydroxylation of 
the surface (cf. the value of 585.8 eV observed for water adsqrbed on Cr03 
referenced against the A u 4f7/2 lineal). 

From this study i t seems that the activation process used to obtain 

an active Phillips ethene polymerisation catalyst, namely the thermolysis 

of chromium (VI) oxide impregnated silica under oxygen at 780°C, is likely 

to produce chromate or dichromate like surface species. This is in accord 

w i t h the view presented by a number of researchers.58 

5.3 XPS Studies on the Phillips Catalyst System 

Having examined both the silica support and bulk chromium 

oxides by XPS, the next step was to examine the Phillips catalyst itself. Two 

systems were examined. The t radi t ional system, C r 0 3 / S i 0 2 and 

Cr3(OH2)(Ac)7/Si02. 
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5.3.1 XPS of Si02 / 1% Cr(VI) 

Samples of the catalyst were activated under an oxygen atmosphere. 
The temperature was increased at a rate of l ° C / m i n u t e to 780°C, where i t 
was maintained for f ive hours under a slow oxygen f low (1 1/hour). The 
catalyst was then allowed to cool under oxygen to room temperature at the 
same rate. The orange catalyst sample was then transferred (without 
exposure to the atmosphere) to a nitrogen atmosphere dry box f rom where 
i t could be introduced into the spectrometer. XPS data were collected in 
the regions for chromium, oxygen and silicon. The results obtained f rom 
both the silicon and oxygen regions were uninformative, both resembling 
the spectra that were obtained for blank silica. This is believed to be due to 
the low chromium oxide content at the surface (typically 1%). The 
Cr(2p3/2) spectra were more informative. Figure 5.19. 

O 2 / A 
Cr(2p3/2): 579.7 eV ^ 578.6 eV AE =-1.1 eV 

O 2 / A 
C r : S i 0.31 ^ 0.26 

Figure 5.19 Comparison of the Crdps/z) XPS data obtained from 

unactivated and activated CrO^/SiOz-

Activat ion is commonly believed to anchor the previously bulk 

chromium oxide to the silica surface through two siloxide bonds: Cr-Si-

0.59 This results i n the formation of chromate-like species at the silica 

surface. The b inding energy of 578.5 eV for the activated catalyst is in 

excellent agreement w i t h the value obtained when bulk Cr203 was heated 

to similar temperatures (578.2 eV, Section 5.2.1). The latter was ascribed to 

the formation of chromate- or dichromate-like species at the oxide surface. 

The XPS data are thus consistent w i t h the idea that there are indeed, 

chromate type species present at the surface of activated Phillips catalysts. 

Differentiation between the two proposed structures (a) and (b) in Figure 

5.20 is not possible using XPS, as the electronic environment of chromium 

in both structures is similar. 
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Figure 5.20 Oxygen activation process to afford either chromate (a) or 
dichromate (h) species at the surface. 

McDaniels has studied this problem using IR.13 His study indicated 

that for impregnations of up to 3% Cr, subsequent oxygen activation 

formed solely chromate (a) type structures on the silica surface. 

The change in the chromium to silicon ratio that was observed 0.31 

(unactivated) and 0.26 (activated) is consistent wi th "Cr" species becoming 

mobile i n this temperature range and "spreading" over the silica surface. 

Similar mobil i ty of chromium species across the support surface has been 

observed in an 29si (MAS) N M R study.60 

One surprising feature of this XPS study was that an N (Is) signal 

was observed at 401.2 eV. This is characteristic of molecular physisorbed 

N 2 . Again, as for the bulk oxides, this has been attributed to the extreme 

reactivity of the chromium species that are generated at the surface during 

the activation process. Once again, the isoelectronic relationship of N 2 
and CO is cited to explain this phenomenon. CO is known to react readily 

w i t h the activated Phillips catalyst. To the best of our knowledge there has 

been only one other report of nitrogen interacting w i t h silica supported 

chromium species, i n which N 2 was observed to chemisorb weakly by 

IR.58 
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5.3.2 XPS Studies on Si02 /1% Cr (III) acetate 

A similar s tudy was performed on silica impregnated w i t h 

chromium (III) acetate (to 1% Cr). The results f r o m this analysis are 

presented in Figure 5.21. 

O 2 / A 
Cr (2P3/2): 578.2 eV ^ 578.5 eV AE = +0.3 eV 

O2 / A 
C r : Si 0.46 ^ 0.29 

Figxue 5.21 Cr (Ip^/z) XPS results from activated and unactivated 

Cr3(OH)2(Ac)7/Si02. 

The Binding Energy of the new chromium species (578.5 eV) is 
identical, w i t h i n experimental error, to the value obtained for the 
C r 0 3 / S i 0 2 system. This implies that the two systems possess similar 
chromium species after activation. This is consistent w i t h the data 
obtained for the polymerisation process and for the properties of the 
polymer obtained f r o m each system.^l 

Similarly, the degree of "spreading" of chromium across the surface, 
as measured by the Cr : Si ratio is virtually the same as for the Cr03/Si02 
system (Figure 5.19). 

5.4 Mass Spectroscopic Studies of Si02 / Acetic Acid and Si02 / Cr(III) 

Acetate 

The polymer isa t ion mechanism of the Phi l l ips catalyst has 
remained the focus of study since its discovery i n the early 1950's.62 
Recently, industrial ly based chromium catalysts have moved away f rom 
the original chromium (VI) systems, and now use silica impregnated wi th 
soluble chromium (III) precursors. Activation of these chromium (III) 
systems affords catalysts that are identical i n their activity and in the 
resultant pol5mier properties to the older chromiimi (VI) systems. 
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This current study has focused on the activation of a chromium (III) 
acetate / silica catalyst. To study the activation of the final catalyst a model 
catalyst system was bui l t up f rom the individual components, or their 
closest analogues. The information obtained f rom each stage was then 
applied to the actual catalyst system. Break-up of the ind iv idua l 
components has revealed interactions that can not be observed f rom a 
study of the actual catalyst system itself. 

Control samples comprised of bulk chromium acetate, high surface 
area silica (Section 5.1.1), and silica washed wi th acetic acid (to 1 w t % 
acetate), followed by rinsing wi th distilled water.63 The catalyst precursor 
was prepared by impregnating silica w i t h an aqueous solution of basic 
chromium acetate Cr3(OH)2(CH3C02)7 (Crosfield Chemicals) and then 
dried. 

Small (Ig) samples of the various materials were loaded into a 
quartz microreactor. The reactor was then purged wi th the appropriate 
carrier gas (argon or oxygen). Subsequently, TPD studies were performed. 
These involved the slow heating of each sample ( l ° C / m i n ) to 780°C. 
Dur ing this process the carrier gas was monitored using an in situ 
quadrupole mass spectrometer. This was multiplexed wi th a PC, which 
allowed up to 50 mass fragments to be analysed simultaneously. 

TPD peak heights were normalized wi th respect to mass 20 under 
argon, and mass 16 under oxygen, and then multiplied by a factor of 100. 
A strong mass 14 signal was taken as being indicative of ketene;^ whereas 
intense peaks at mass 15 and mass 16 were characteristic of methane. The 
assignment of carbon monoxide, oxygen and carbon dioxide was 
confirmed by the absence of adjacent hydrocarbon masses. 

Molecule Masses 

CH2=C=0 14 

CH4 16,15 

H2O 18 

CO 28 

O 2 32 

CO2 44 

Table 5.8 Assignment of masses evolved during TPD experiments. 
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5.4.1 TPD of Acetic Acid / Silica 

Silica impregnated w i t h aqueous glacial acetic acid exhibits 
physisorbed water desorption temperatures of around 110°C, Figure 5.22. 
The amount of physisorbed water desorbing is reduced relative to blank 
silica for both oxygen and argon treatments. Tables 5.2, and 5.9. 

Mass 110°C 320°C 380°C 500°C 
14 1.6 0.2 (b) — — 
18 3.0 — — 0.5 
16 0.2 — — — 
44 0.6 — 0.4 — 

H2O + 
CH2=C=0 + 
CFl4 + CO2 

CH2=C=0 CO2 H2O (b) 

Table 5.9 Summary of TPD feature peak heights for acetic acid / silica 
under argon (uncorrected for mass spectrometer sensitivity). 

Under argon, water evolution occurs at the same low temperature 
that mainly ketene and carbon dioxide are evolved. Schemes 5.1 and 5.2. 
The formation of ketene through decomposition of surface acetate groups 
fo rmed by the dissociation of acetic acid on metal surfaces is wel l 
documented.65,66,67 However, this decomposition is known to be 
somewhat more complicated on oxide surfaces.^8 

CHo 

O ^ ' O 

«AA/WV g j JVVVVVVWVVW gj .AAAAAAAA/-

- CH2=C=0 

-H2O 

Scheme 5.1 Mechanism of ketene formation from silica impregnated 

with acetic acid 
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Figure 5.22 Comparison of the water loss profile from SiOilAcetic acid 
under oxygen (top) and under argon (bottom). 



- C H ^ / C O ^ 

Scheme 5.2 Mechanism of methane and carbon dioxide formation fi'om 

silica impregnated with acetic acid 

The high temperature water peak, centred at approximately 500°C, is 

strongly attenuated wi th respect to the blank silica sample. This suggests 

that either surface hydroxyls are consumed at lower temperatures for this 

system forming ketene and carbon dioxide , or that surface hydroxyls were 

replaced by acetate groups during the wet impregnation step (Equation 5.3). 

Some carbon dioxide is also evolved at higher temperatures (380°C), and 

most probably originates f rom the decomposition of chemisorbed acetate 

groups. Similar decomposition products were obtained i n a study by 

Madix.69 Acetic acid adsorbed on an Ag(l lO) single crystal gave CO2, CH4, 

ketene and CH3COOH as decomposition products at 640K. 

O 

Si-OH + C H X O O H — T T T T - ^ S i O C CH, (5.3) 
^ -H2O 

I n the case of oxygen carrier gas (Table 5.10), the broad high 

temperature water feature remains attenuated compared to the oxygen 

treated silica sample. The selectivity of reactions occurring at low 

temperatures shifts in favour of combustion products (i.e. carbon 

monoxide and carbon dioxide) rather than ketene. 
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Mass 110°C 360°C 

14 1.0 — 

18 2.5 0.5 

28 0.6 0.3 
44 1.9 0.5 

H2O 

CH2=C=0 

CO + CO2 

CO2 + CO 

Table 5.10 Summary of TPD feature peak heights for acetic acid / silica 

under oxygen carrier gas (uncorrected for mass spectrometer sensitivity). 

5.4.3 TPD of Bulk Cr3(OH)2(Ac)7 

As for the silica and silica /acetic acid samples the bulk acetate was 
also subjected to a TPD analysis. On completion of the experiment under 
argon, the residue in the microreactor was still dark green in appearance, 
consistent w i t h the sample having been converted to chromium (III) 
oxide.70 

Mass 380°C 400°C 450°C 

12 — 0.5 — 

14 1.0 — 0.8 

15 — 4.0 3.8 

16 — 5.5 5.2 

32 3.2 — 4.0 

28 0.2 — 4.0 

44 3.5 7.9 5.0 

H2O (b) CO+ O2 CO2+ CH4 CO2+ CH4 

50-380°C + CH2=C-0 + CO+ O2 

+ CH2=C=0 

Table 5.11 Summary of TPD feature peak heights for bulk 

Cr3(OH)2(Ac)7 under argon (uncorrected for mass spectrometer 

sensitivity), (b) indicates that the peak was broad. 
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The evolution of carbon dioxide and methane at 400°C occurs at the 

temperature at which water desorption drops, indicating that surface 

species which lead to water format ion are consumed dur ing carbon 

dioxide and methane production. This higher temperature profile results 

f r o m simple combustion of ketene, CO and oxygen. Both types of 

decomposition mechanism operate at 450°C. Scheme 5.3. 

-MeCOOH^ 
-Ketene [Cr] [Cr] 

[Q] [Or] 

Scheme 5.3 Reaction occurring at 380°C for decomposition of 

Cr3(OH)2(Ac)7 under argon. 

On completion of the experiment under oxygen, the residue was 

again green i n appearance.22 The use of oxygen as carrier gas led to the 

simple combustion of the chromium acetate at 280°C. 

Mass 280°C 

28 21.0 

44 6.8 

H20(b) CO + CO2 

50-490°C 

Dip at 230°C 

Table 5.12 Summary of TPD feature peak heights for hulk Cr3(OH2)(Ac)7 
under oxygen (uncorrected for mass spectrometer sensitivity). 

5.4.4 Silica impregnated with 1% Cr (III) acetate 

On completion of the experiment under argon, the residue i n the 

microreactor was green i n appearance, this can be taken as being indicative 

of Cr (III). There is a w i n d o w i n the H2O prof i le (Figure 5.23) which 

corresponds to the onset of precursor decomposition du r ing which 

methane and carbon dioxide are evolved. Scheme 5.4. A t this 

temperature there was a slight d ip i n the mass 18 (H2O) TPD profile. This 

177 



400 
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Figure 5.23 Water loss profile for Crs(OH)2(Ac)7lSi02 under argon. The 
arrow indicates the "dip" in the profile. 



is believed to result f rom consumption of H2O forming species during the 
combustion reaction. Combination of the latter w i th the observation that 
methane is evolved implies that mobile surface protons are used to form 
methane, this being the only likely source. 

Cr(CH,CO,) + Si—OH A r 
Si—O—Cr + CO2 + CH4 

Scheme 5.4 Reaction of surface protons with bound acetate groups with 
subsequent formation of methane. 

Mass 90°C 400°C 600°C 

15 — 0.9 — 

16 — 1.1 — 
18 2.8 0.3 dip 2.0 (b) 
28 0.2 . 0.3 — 
44 — 1.1 — 

H2O + CO2 CO2 + CH4 H2O 

Table 5.13 Summary of TPD feature peak heights for silica impregnated 
with Cr(III) acetate under argon (uncorrected for mass spectrometer 

sensitivity), (b) indicates that the profile is very broad. 

This reaction occurs at precisely the same temperature (400°C) to 
that observed for bulk chromium acetate under the same conditions. 
However, the adjacent TPD features previously noted for bulk chromium 
acetate are absent when supported on silica. 

Mass 110°C 90°C 

14 0.1 — 

18 1.3 0.2 

28 0.5 0.2 
44 1.5 0.5 

CO2 + CO + H2O CO2 + CO + H2O 

Table 5.14 Summary of TPD feature peak heights for silica impregnated 

with Cr(III) acetate under oxygen (uncorrected for mass spectrometer 

sensitivity). 

On completion of the experiment under oxygen, the residue in the 

microreactor had turned bright orange, which was taken as being 
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indicative of Cr (VI). Carbon dioxide and water are the major desorption 
species during thermolysis. Carbon monoxide is most likely to arise f rom 
incomplete corhbustion of the methyl groups contained in the acetate 
groups. This part ial combustion is thought to occur through slow 
"delivery" of oxygen to the surface i n an equi l ibr ium set up by the 
adsorption and desorption of surface species. 

I t is interesting to note that chromium acetate supported on silica 
decomposes much more readily than i n its bu lk state (i.e. at lower 
temperatures). The availabil i ty of surface species opens up new 
decomposition pathways that are not present in the bulk. 

5.4.5 Mass Spectroscopic Studies of Si02 / CrOs 

A n identical in situ mass spectroscopic study of the activation of the 
Cr03/Si02 system has been carried out. Again, the catalyst (Ig) was loaded 
into the microreactor and the system purged wi th the appropriate carrier 
gas (argon or oxygen) before commencing the experiment. 

When oxygen carrier gas was used the only product that was 
observed was water. This was evolved in one broad peak at 110°C wi th a 
relative intensity comparable to that associated w i t h the chromium (III) 
acetate system (=1.0). A broad, high temperature water loss feature was 
observed, centred at =480°C. This is believed to correspond to the 
transformation of bulk oxide into the surface anchored chromate species. 
After thermolysis the catalyst is a characteristic bright orange. 

When the same experiment was repeated using argon as carrier gas 
the catalyst turned green. Water and a small quantity of oxygen was 
evolved in a broad feature starting at approximately 180°C. This was taken 
as being indicative of decomposition of CrOs giving Cr203. 

5.4.6 Conclusions 

The mechanism for dehydroxylation of untreated silica under argon 

and oxygen appear to differ markedly in the amount of water that is 

actually removed f r o m the oxide surface. The dehydroxylation process 

occurs between neighbouring hydroxy l groups, which combine to 

eliminate water.9 Under oxygen i t appears that this process is inhibited, 

possibly due to the physisorption or weak chemisorption of either O2 or 
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02-; this is l ikely to inhibi t proton migration across the oxide surface 

meaning that only physically adjacent hydroxyl groups can interact to 

eliminate water. 

TPD analysis performed under both argon and oxygen of bulk 

Cr3(OH)2(Ac)7 and Cr3(OH)2(Ac)7 impregnated onto silica, revealed that 

the reaction mechanism is intimately dependent upon the carrier gas 

used. Generally, samples treated under dry argon exhibited the desorption 

of ketene indicated by the presence of mass fragment 14.69 Surprisingly, 

the decomposition pathway altered slightly for the supported sample 

under argon, which showed both a lower decomposition temperature and 

the direct involvement of a surface proton species. This reacted wi th 

acetate groups liberating methane. Both supported and unsupported 

samples of the acetate exhibited partial combustion when treated under an 

oxygen atmosphere as expected. 

The observation that the surface hydroxyl groups can play an active 

part i n the chemistry that occurs at the oxide surface has important 

implications for the polymerisation mechanism of the Phillips catalyst. 

Often, the hydroxyls are assumed to have no role i n this reaction.35,71 

5.5 Mass Spectroscopic Investigation of the Ethene Polymerisation 

Process 

In an attempt to probe the f i rs t insertion process of an active 

Phillips type catalyst w i t h ethene, the same in situ mass spectroscopic 

system was utilised. Throughout this study the Cr3(OH)2(Ac )7 /S i02 

catalyst was employed. Activation was achieved by calcination under an 

oxygen f l o w (1 1/hour). The temperature was increased at l ° C / m i n to 

780°C where the temperature was maintained for 5 hours. The system was 

allowed to cool under an oxygen f low. During the activation process mass 

spectra were recorded. These were compared w i t h the results obtained in 

Section 5.4.4. I f either the mass spectra differed or i f after activation the 

catalyst was not orange i t was discarded and presumed inactive. 
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5.5.1 A Mass Spectroscopic Study of the C O Pre-reduction Catalysts 

I t is we l l documented that i f , after calcination under oxygen, the 

active orange catalyst is pre-reduced under a f l o w of carbon monoxide at 

elevated temperatures then the induc t ion t ime before ethene 

polymerisation occurs is eliminated.72 The reaction is generally assumed 

to generate chromium carbonyl species which then react w i th ethene. To 

study this process fur ther a sample of the catalyst was calcined under 

oxygen as normal. The system was then cooled to 350°C under oxygen 

affording a bright orange catalyst. Neat CO was then passed over the 

catalyst at this elevated temperature for 15 minutes while mass spectra 

were being collected. 

On contacting CO the catalyst instantaneously txirned a very intense 

bright red. This colour faded over a period of one minute to give a dark 

blue/green coloured catalyst, known to be characteristic of the pre-reduced 

system. 73 No further changes were apparent. 

Carbon dioxide was evolved simultaneously w i t h the formation of 

the intense red colour (Figure 5.24). N o other species were observed over 

the mass range 1-50. The two terminal oxo groups present are removed 

f r o m the chromium centre as CO2 leaving a chromium carbonyl species at 

the surface (Scheme 5.5). IR studies have proved inconclusive as to the 

nature of the resultant carbonyl,''^ although chemisorption experiments 

indicated that the dicarbonyl was the preferred product f rom reduction at 

approximately 300°C. 

O o 

Cr Cr 

/ \ x s C O / 3 5 0 ° C / \ 

O o O O 
-2CO2 I 

nf/nnilni n)iiiui}in 

-2CO2 

Scheme 5.5 Pre-reduction using CO. 

After CO pre-reduction the system was switched over to a dry argon 

gas f l o w (1 1/hour) and purged while the temperature was allowed to 

reach 110°C. A t this temperature ethene was admitted as a 50/50 argon 

mix at a similar f l o w rate. Mass spectroscopic studies were performed 

throughout the ethene reaction time (typically three hours). 
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Figure 5.24 Treatment of activated Cr3(OH)2(Ac)7/Si02 with CO leads to 
the evolution CO2 at 350°C. 








































































































































