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Abstract

A Study of Ligand Exchange Processes at Early Transition Metal Centres:
Synthesis, Mechanism and Applications to Polymer Synthesis

This thesis describes studies into the exchange reactivity of early transition
metal species containing mono- and dianionic ligands, examining both the intermetal
exchange of such ligands and the exchange to and from external substrates. Studies on
the metathesis polymerisation of functionalised monomers using well-defined Schock
initiators are described.

Chapter 1 highlights the electronic and structural aspects of the ligands
employed in this thesis (including oxo, imido, alkylidene, alkoxide and amide moieties)
and briefly reviews intermetal ligand exchange reactions. In addition, applications of the
olefin metathesis reaction, namely R.O.M.P and ADMET, are reviewed employing the
well-defined Schrock type initiators.

Chapter 2 describes the preparation of Mo(NBut)2(OBul);, and examines the
reactivity of its imido ligands towards a series of organic substrates including aryl
amines, benzaldehyde, dioxygen and isocyanates. Intermetal imido-imido exchange
reactivity is inspected for Mo(NR)»X5 and CpMo(NBut)7Cl systems. The intermetal
oxo-imido exchange reaction between Mo(NBul)2(OR)2 and Mo(O)2(OR)2 1s
investigated, in which the role of acid catalysis is examined. The effects of increasing
the electron withdrawing properties of the ancillary alkoxide ligands by progressive
fluorination are probed. The favourable position of the oxo-imido exchange reaction is
exploited in the synthesis of the oxo-imido complexes Mo(O)(NBul)(OBut)s,
Mo(O)(NBu‘)(OR[é)z and Mo(O)(NBu‘)Clz dme. The intermetal exchange reactivity of
mono-anionic X-type ligands is then explored in systems of the type MoQ2X7 (Q = O,
NBul; Q2 = (NAr)(CHCMesPh); X = Cl, OR, NHR).

Chapter 3 presents the attempted synthesis of a half-sandwich niobium bis
(imido) complex of general formula CpNb(NR1)(NR?), starting with the synthesis of
imido-amide complexes CpNb(NR)(NRIR2)CI (R =But, Rl =R2=Et; R=Ar, Rl =
Bu!, R2=H) via the reaction of CpNb(NR)Cl, with lithium amides. Further reaction of
these imido-amide species with lithium amides result in the formation of
CpNb(NBul)(NHBut); and CpNb(NBut)(NHBul)(NEtp). The reactivity of the imido
ligand in CpNb(NBu!)X3 is investigated towards aryl amines, butanol, dioxygen and
H0. Complexes of the type CPNb(NBu!)X3 (X = Br, OPri, ORp3, OR(® and NC4Ha)
are isolated and employed in mono-anionic intermetal exchange reactions, the results
from which are compared with those from analogous reactions in chapter 2.

Chapter 4 outlines metathesis polymerisation studies on hetero-cyclopentenes
using the well-defined molybdenum Schrock initiators. The R.O.M.P of 2,3- and 2,5-
dihydrofurans are reported. A metallacycle adduct is isolated in the reaction of
Mo(NAr)(CHCMe,Ph)(OBut); with vinylene carbonate. The reaction of 1-(amino)-3-
borolenes with the Schrock initiators is described and a product characterised as a 1-
(amino)-2-borolene by X-ray crystallography. The factors that may effect the
polymerisability of hetero-cyclopentenes are briefly considered. In addition, the
reactivity of functionalised acyclic diallyl species of the type Q(CH2CHCH2)2 (Q = O,
NH, PPh, O2CO) are explored with the Schrock initiators in acyclic diene metathesis
reactions (ADMET). Diallyl ether is found to undergo catalytic ring closure to 2,5
dihydrofuran, while diallyl phenyl-phosphine gives 1-phenyl-2,5 dihydrophosphole.



Chapter 5 gives experimental details for chapters 2-4.

Matthew Jolly (January 1994)
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Chapter One

Ligand exchange processess at Early Transition Metal centres -
An Overview of the Structure and Bonding of Mono- and Dianionic

Ligands and their Exchange reactivity.



1.1 Introduction

This thesis is concerned with mono- and dianionic ligand exchange processes at
early transition metal centres and their applications in polymerisation catalysis.

The first part of the study addresses the synthesis and exchange reactivity of
complexes of the Group 5 and 6 triads containing terminal oxo, imido and alkylidene
ligands, bound to the metal through multiple bonds.

Relatively little is kown about the intermetal exchange of such ligands, although
the synthetic utility of these processes is being increasingly exploited. The study is then
extended to the intermetal exchange of mono-anionic ligands, examples of which include
halide, amide and alkoxide moieties.

In the second part of this thesis, an important application of alkylidene exchange
reactivity is investigated, namely the exchange of metal-alkylidene and olefin fragments
(the olefin metathesis reaction). The Ring Opening Polymerisation (R.O.M.P) of
heterocyclopentenes has been investigated using well-defined Schrock initiators and
extended to acyclic diene metathesis (ADMET) studies on hetero-atom-containing o, ©-
dienes with a view to accessing new materials.

The remainder of this chapter is devoted to a review of topics relevant to the
subject matter of this thesis including the general structural and electronic characteristics
of the various types of ligand employed, a brief overview of intermetal ligand exchange
processes for both mono- and dianionic species and general aspects of Ring Opening
Metathesis (R.O.M.P) and Acyclic Diene Metathesis (ADMET) employing well-defined

transition metal alkylidene complexes.

1.2 Electronic and structural aspects

This section describes the bonding modes commonly observed for the various
ligands, concentrating mainly on the structural and electronic aspects of terminally bonded
species, and noting similarities between different ligands. As most of the complexes

described in this thesis are of the early transition metals in their highest possible oxidation
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state (d9), the ligands will mostly be described as closed shell anions. In this description,

productive n-bonding can be envisaged as arising from lone pair donation from the filled

ligand p-orbitals to the vacant d-orbitals of the metal centre.

1.2.1 Oxo complexes

Oxo complexes have been found to exhibit a wide number of bonding modes,
encompassing both bridging and terminal species. However, only terminal species will be
considered herein. For reasons previously outlined, transition metal centres possessing
vacant d-orbitals are required for productive m-bonding to arise, therefore the vast
majority of terminal metal-oxo compounds are d0, d! and d2 complexes, with only a few
d4 and d5 complexes known!-3, In complexes with more than two d electrons, an
unfavourable population of n* levels would occur, as shown in the ligand field diagram

for an octahedral mono-oxo (imido, alkylidyne) complex (figure 1.1).
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figure 1.1 The ligand field diagram for a mono-oxo complex

The d4 complexes Re(O)X(CaR2); get around this by adopting an unusual distorted
tetrahedral structure so that the four d-electrons can be accomodated in roughly non-

bonding orbitalsO.



The terminal oxo ligand can be considered to be a ‘two-faced’ n—donor, as it
possesses two orthogonal degenerate n-symmetry orbitals, which when counted with the
low lying o-bond means it has the potential to form a triple bond. However, the
attainment of this bond order depends on whether there is competition for the avaliable d
n-orbitals at the metal centre (discussed later in this section). Furthermore, as a
consequence of the high electronegativity of oxygen (can tolerate up to three electron
pairs), bond orders ranging from three to one can be envisaged. The principal ligand
frontier orbitals for the oxo ligand, together with their electronic occupancy are shown

schematically in figure 1.2 (considered as a closed shell anion - 02).

7 axis = metal-oxo bond vector

figure 1.2 The frontier orbitals of the terminal oxo ligand

1.2.2 Imido complexes

Both terminal-and bridging bonding modes have been encountered for the imido
ligand, of which the yy - bridging mode is the one most commonly encountered’-10.
Despite this, there are a large number of monomeric terminal imido complexes which are
particularly prevalent in sterically encumbered environments, or when the imido

substituent is bulky, some notable examples of which are shown below:
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figure 1.3 a) CopM(NBu!)Cly! 112112 b) W(CHBu!)(N-2,6-PrigCsH3)(OBu!)213,
c) Os(N-2,6-PrisCsH3)314.

The organoimido ligand (NR2-) is isoelectronic with the oxo ligand (O2-), and similarly
possesses two filled p orbitals perpendicular to the metal-ligand axis; therefore it can act
as a ‘two-faced’ m-donor. However, the imido ligand is generally construed to be a
stronger n-donor, consistent with the reduced electronegativity of nitrogen!3:16, A linear
M-N-R bond angle implies that the nitrogen is sp hybridised, forming two 7 and one ¢
bond to the metal centre, whereas a bent arrangement of the imido unit invokes the

presence of a lone pair of electrons on the nitrogen, as shown in figure 1.4.

a) b) oo
M=N—R M:———N\
R

figure 1.4 Bonding modes of a terminal imido ligand- a) linear, b) bent

Previously, it has been assumed that a linear or near-linear imido ligand donates it’s lone
pair of electrons to the metal centre. However, recently this has been drawn into question
For example, Bercaw and co-workers have synthesised Cp*,Ta(NPh)H (figure 1.5), the
X-ray structure of which shows a linear imido unit (Ta-N-C (ipso) = 177.8(9)0)17,
However, this infers that the complex has a 20 electron configuration at tantalum (Cp*
ligands are in the 13- coordination mode). The phenyl ring is in the equatorial plane of the

molecule (attributed to steric interactions), and therefore the lone pair of electrons would

4



- be localised on the nitrogen, owing to a lack of an avaliable orbital of the correct
symmetry at the metal centre!8. In this situation, confirmation of the electronic structure
would rest on the bond order and not the bond angle. The imido bond length was in fact
found to be significantly longer than in comparable terminal tantalum imido compounds,
implying that the complex could be an 18 electron species. The molecular structures
reported recently by Schrock!® Os(N-2,6-PripCgH3)3 and Bergman20
Cp2Zr(NBuY)(THF), similarly show formally 20 electron imido species possessing linear
imido ligands. In both these examples, a lone pair of electrons is located in a nitrogen

centred non-bonding orbital.

figure 1.5 Molecular structure of Cp*2Ta(NPh)H

There has only been one previously reported example of a structurally
characterised bent imido ligand - Mo(NPh)2(S2CNEt;)221, this complex contains both a
bent (Mo-N-C (ipso) = 139.9(4)°) and a near-linear (Mo-N-C (ipso) = 169.4(4)°) imido
ligands, and is described as having a double bond (Mo-N = 1.789A) and a triple bond
(Mo-N = 1.754A) respectively, using the three d-orbitals of © symmetry on the metal

centre.

13C NMR of tert-butyl imido complexes

13C NMR shifts have been reported for a number of tert-butyl imido
complexes!1:22-24 1t has been shown that the difference in chemical shift between the o-
and B-carbons (AS), gives an indication of the electron density on the imido nitrogen; a
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large A value corresponds to an electron deficient (electrophilic) imido nitrogen, whereas
a small value indicates an electron rich (nucleophilic) imido nitrogen?4. As one proceeds
upwards and to the right of the periodic table the Ad values increase, consistent with the
decreasing relative energy of the d-orbitals of the transition metal. This results in a shift of
electron density from the imido nitrogen to the metal, and hence rationalises the observed
electrophilic character of the imido ligand. Ashcroft and co-workers have shown that
imido ligands where A8 is less than 50, react metathetically with benzaldehyde25 (behave

as a nucleophile), as shown in equation 1.1.

M=NBu' PhCH M=0 + PhCH=NBu'

(1.1)

A9 is also dependent upon the number of multiply bonded groups on the metal centre, as
competition for avaliable d n-orbitals will arise. This has the effect of reducing the & bond
order of the metal-nitrogen bond and therefore increasing the charge on the imido
nitrogen. This trend is clearly illustrated in table 1.1, where successive replacement of the
oxo moiety with the better n-donor tert-butyl imido ligand in the osmium (VIII) oxo-
imido species, results in a corresponding decrease in AS. Table 1.1 also shows the

decrease in Ad on moving down the group 6 triad for the homologous series

M(NBut)2(OBut)y (M = Cr, Mo and W).



Complex _8C(w) dC(B) Ad Ref. |
Cr(NBul)7(OBut),@ 76.06 32.61/31.59b| 44.47/43.45 | 26
Mo(NBut)7(OBut),?@ 67.94 32.44/32.16 | 35.50/35.78 | 27

W(NBul)y(OBul), 65.58 33.79 31.79 28
OsO3(NBub) 82.73 27.49 55.24 29
OsO7(NBul)y 75.13 29.64 45.49 30
OsO(NBuY)3 71.42 30.09 41.33 30

a In CgDeg, all other values in C7Dg.b cannot differentiate between 8C(B) for OBut
and NBul.

table.1.1 13C chemical shift data (ppm) for some d° tert-butyl imido complexes
1.2.3 Alkylidene complexes

The main difference between the alkylidene ligand and the previbusly mentioned
oxo and imido ligands is that it can only act as a ‘single-faced’ ®-acceptor (when
considered as a closed shell dianion), and therefore can only form a double bond (¢ + )
to the metal centre. Furthermore, this ligand can only be regarded as a closed shell anion
(CR»2-) when it does not possess any heteroatom substituents and is attached to a high
oxidation state metal. In this situation, the complexes are known as ‘Schrock type’
alkylidenes; the first example, Ta(CHBut)(CH2But)33!, was synthesised in 1973 in an
attempted preparation of pentakisneopentyl tantalum(V). The other well known class of
alkylidene complex are the ‘Fischer carbenes’, the first of which
(CO)sW(CH3)(OCH3)32, was prepared in 1964. Fischer carbenes typically have a low
oxidation state metal centre, and possess an c-heteroatom substituent containing lone
pairs of electrons (e.g OR, NR», SR etc.). They differ mainly from Schrock alkylidenes
in that the carbon moiety is electrophilic, whereas the former tend to exhibit nucleophilic
behaviour. A series of ab initio calculations has laid the foundation to a fuller

understanding of the bonding in these complexes, thereby helping to rationalise the



observed reactivities33-37. The o and & bonds of the metal-carbon fragment fall into two

distinct types, shown in figure 1.6.

figure 1.6 Schematic representations of the two types of metal-alkylidene bonding:

ethylene - type covalent bonding (I) and donor-acceptor bonding (I1).

Type (I) depicts the bonding in Schrock alkylidenes where an interaction between the
triplet carbene and the triplet metal centre result in the formation of a covalent bond
(similar to that observed in ethylene). Type (II) shows the bonding in Fischer carbenes
with donation of a lone pair from the singlet carbene to an empty metal d-orbital,
stabilised by backbonding from a filled metal orbital into a vacant carbene p-orbital.
Owing to the presence of this vacant p-orbital, the carbon atom of Fischer carbenes is
electrophilic (albeit stabilised by metal back-bonding), whereas the triplet carbene of

Schrock alkylidenes is nucleophilic (as in ethylene).

1.2.4 Cis multiply bonded ligands

For both octahedral and tetrahedral d© transition metal complexes there are only
three orbitals avaliable for n-bonding, therefore it is only possible for one cis multiply
bonded ligand to form a triple bond, the other forming a double bond. For octahedral
complexes, the previously non-bonding dxy orbital in mono-multiply bonded species can

now be utilised (see the ligand field diagram in section 1.2.1). Whereas in tetrahedral



complexes both tg and eg orbitals can have the correct symmetry for n-bonding, however,
from perturbation theory the total number of n-bonds that can be experienced by the metal
centre is calculated to be three38.

In the majority of complexes containing homoleptic cis multiply bonded ligands,
averaging of the n electron density between the two groups arises, reflected by the similar
bond lengths and angles observed. Nonetheless, there are exceptions, including
Mo(NPh)2(S2CNEt7)239 and MoOj(acac)249, in which signficantly different bond
parameters are found . Where different cis multiply bonded groups are present, the better
n-donor tends to ‘win out’ forming the triple bond, resulting in a polarisation of electron
density on the other multiply bonded group. For example, in the protonation of
MoO(NPh)(S2CNEty); with HCI (shown in equation 1.2), the better m-donor imido

group is left intact with protonation occuring exclusively at the oxo moiety*1.

2 HCI
Mo(O)(NPh)(Et,dtc), —HZO——> Mo(NPh)Cly(Etdtc),

2 HCl1

- PhNH,
Mo(O)Cl,(Etxdtc);

(1.2)

This type of reactivity is substantiated further in the above example by the fact that the
imido moiety is protonated off in preference to the oxo ligand, when the more electron

withdrawing para-nitrophenyl imido congener is employed.
Spectator effects

A further consequence of a complex possessing cis multiply bonded ligands is the
increased reactivity observed for one of the groups. Goddard and Rappé have performed
several ab initio studies on a range of cis multiply bonded dioxo and and oxo-alkylidene
complexes, which show that reaction at the multiply bonded ligand is much more

favoured than in examples where only one multiply bonded group is present35:42. The



main reason for this is the formation of a triple bond or ‘super double bond’ at the metal
centre of the product. This is illustrated by further ab initio studies on the proposed
molybdate intermediates in the oxidation of propylene to acrylonitrile43. It has been
shown that in the first step (see figure 1.8), trapping of the proposed allyl radical at the

dioxo site is exothermic, whereas this step is endothermic at the mono-oxo site.

AG (400°C)
/Kcal mol ™
0 OM
| |
Mo., ‘Mo .,
\O\\-/ \ /O/ + /"\‘ \O\\‘l \'IO/ +21
~0 O~ ) _0 O
ANF
0]
N AP N/
\\Mp/ SN, —_— M‘? -12
",O\ —— -

figure 1.8 Proposed allyl traping at mono- and dioxo molybdenum sites in the

oxidation of propylene to acrylonitrile.

The formation of a ‘pseudo’ triple metal-oxo bond in the product starting from the
dioxo molybdenum reactant favours the reaction at this species. This phenomonon,
termed a ’spectator group’ effect, is also found for an imido group in the analogous
reaction of the ammoxidation of propylene to acrylonitrileS!. However, the stabilisation
of the product by a spectator imido group is about half that calculated for the oxo group.
This factor was seized upon in the development of well-defined olefin metathesis
catalysts, where stabilisation of the metallacycle intermediate was required only in as
much as to make the relative energies of the metallacycle and products proximate. For this
purpose, the spectator 2,6-diisopropylphenyl imido ligand has been successfully

employed by Schrock in some of the most active metathesis initiators#4:43,
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1.2.5 Alkoxide complexes

The mono-anionic alkoxide ligand (OR") is isoelectronic to oxo and imido ligands
(0?- and NR?-), and similarly can potentially act as a ‘two-faced’ n-donor, forming a
triple bond to the metal centre. In extremely electron deficient transition metal complexes
this situation is realised, for instance, the ‘tritox’ ligand (Bu'3CO) in (tritox)2ZrCl3.LiCl
(OEtp); displays large M-O-C angles (169°) and short M-O distances (1.8954),
consistent with an sp-hybridised oxygen#6. Furthermore, the derivative (tritox)2ZrMe;
could be viewed as an analogue of CpaZrMej47, in that both cyclopentadienyl and
alkoxide ligands are 6 electron (mono-anionic) donors. Moreover, the symmetry of the
occupied frontier orbitals for both these respective ligands are similar, and in that respect
they may be regarded as being pseudo-isolobal (discussed further in section 1.2.7). The
other extreme is realised when there are no vacant d-orbitals avaliable on the metal centre
for n-bonding, here M-O-C bond angles can approach 1200 4849, However, in most
cases the observed bond angles lie well inbetween the two extremes.

A notable feature of alkoxide chemistry is the high affinity observed for this
ligand to bridge metal centres ( in the form of p7- and n3-OR linkages), which is
attributed to the basic nature of the oxygen30. The propensity for bridging is mainly
dependent upon the steric bulk of the alkoxy substituent, the more branched the

substituent, the less likely that bridging will occur.

1.2.6 Amide complexes

For a terminal metal alkyl amido complex there are two bonding possibilities, shown

in figure 1.7.
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figure 1.7 Metal-amide bonding possibilities in terminal metal-amides

Structure (I) shows a metal-nitrogen o-bond with a pyramidal sp3 hybridised nitrogen.
Structure (II) illustrates possible n-bonding from the p orbital orthogonal to the trigonal

planar sp? hybridised nitrogen atom, and is predominantly found for high oxidation state
early transition metal complexes (vacant d orbitals avaliable for m-donation). In this
bonding description the amide is acting as a ‘single-faced’ x-donor, similar to that of the
alkylidene ligand discussed previously. Examples of the amide ligand bridging metal
centres are less common than for alkoxide or imido units, presumably reflecting the
increased steric congestion around the nitrogen.

The amide ligand (NR»") is isoelectronic with the alkyl ligand (CR3) and shows a
number of similarities. For example, the imido-amide complex Ta(NR)(NHR)331 R =
alkyl) has it’s alkyl counterpart in the Schrock alkylidene complex Ta(CHR)(CH,R)330
(R = Bu!). Furthermore, early transition metal alkyls and amides undergo many similar

types of reactions, eg insertion and metathesis>2.

1.2.7 The isolobal analogy between n3-cyclopentadienyl and imido

ligands

The symmetries of the partly or fully occupied frontier orbitals of the m3-
cyclopentadienyl ligand and those of the imido ligand are similar, both possessing a ¢

orbital and two degenerate m-orbitals, as shown in figure 1.10 (a) and (b) .
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figure 1.10 The frontier orbitals of the 1°-cyclopentadienyl ligand (a) and the

organoimido ligand (b).

In this respect they may be regarded as being pseudo-isolobal, though not truly isolobal
since the n3-cyclopentadienyl ligand uses five atoms to coordinate to the metal centre
whereas the imido ligand only one, and also possesses 6-symmetry orbitals avaliable for
n-back donation. When considered as a neutral species the cyclopentadienyl ligand
contributes five electrons to the metal centre and therefore one fewer than the imido
ligand. Therefore successive progressions along the transition series accompanied by
sequential replacement of the cyclopentadienyl unit with an imido ligand would lead to a

series of isolobal and valence-isoelectronic species, as illustrated in figure 1.11.

figure 1.11

This concept is particularly useful in that structural and chemical analogies between
various established systems can be drawn, and furthermore, predictions of the derivative
chemistry of new systems made33.54. Recently, this relationship has been pointed out by

Schrock in comparing the chemistry of W(NAr); and CpoM (M = group IV metal)
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fragments33. Furthermore, the advantages of this analogy is that it not only describes
common features of imido and cyclopentadienyl complexes, but can be extended to
encompass a whole range of ligands with similar frontier orbital characteristics. It is of
particular relevance in this thesis, where the reactivity of related CpNb(NBul)X» and

Mo(NBut)»X» species will be examined.
1.3 Intermetal heteroatom exchange reactions

Many heteroatom exchange reactions between transition metal centres have been
reported which involve oxidation/reduction at respective metal centres. Such processess
can entail one, two and three electron changes>0. In 1976, the first documented case of

the intermetal exchange of an oxygen atom was reported>’ (equation 1.3).

MoV(O)(S,CNR)), + Mo(CO)xS,CNRy),

2 Mo Y (O)(S,CNRy), + 2 CO

(1.3)

The above example formally represents a two-electron redox process. More recently,
Woo and co-workers have examined reactions involving exchange of oxo, nitrido and

halide ligands in metalloporphyrin complexes, as shown in figure 1.1258-60,

(D) (TTP)MnY(N) + (OEP)Mn! — —» (TTP)Mn!! + (OEP)Mn Y(N)
(1) (TMP)Ru"1(0), + (TMP)Rul ——— 2 (TMP)Ru'"(0)

(III) (OEP)Mn"(N) + (TTP)Mn'®C] —» (OEP)Mn'"Cl + (TTP)Mn"(N)

figure 1.12 [ntermetal exchange processes: (1) 3 electron redox process, (I1) and (I1l)
are 2 electron processes.(TTP, OEP and TMP = tetradentate dianion

porphyrin ligands).
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In these systems, closely related porphyrin ligands are employed so that the reactions can
be readily monitored by 'H NMR spectroscopy. For the purpose of this discussion,
intermetal exchange reactions which involve a net redox process will not be discussed,

owing to the already extensive attention that this area has received.
1.3.1 Mono-anionic ligand exchange

The relatively facile scrambling of mono-anionic ligands between metal centres
has been known for some time, commonly being a documented outcome of a variety of
synthetic procedures®!:62. Consequently, there remains a relatively poor understanding of
the factors that influence such exchange processes. Yet, these factors are of fundamental
importance to our understanding of inorganic reaction chemistry. One of the earliest
examples of an intermetal ligand exchange reaction is the well known Schlenk

equilibrium®3,

2 RMgX =—= MgX, + MgR;

\q\iomn

MgX,.dioxan

(1.4)

In equation 1.4, there is an equilibrium between the mono alkyl-halide grignard (RMgX)
and the dialkyl grignard (MgR2). In non-coordinating solvents the equilibrium lies well
over to the left hand side but if dioxan is introduced, the magnesium halide is complexed
thus driving the equilibrium over to the dialkyl Grignard (MgR2). This alkyl-halide
exchange equilibrium can occur for early transition metal species and has been observed
by A.D.Poole in this laboratory during the attempted synthesis of Cp*Ta(NAr)MeCl via
reaction of Cp*Ta(NAr)Cly with one equivalent of MeMgCl64. Attempts to isolate the
pure mono alkyl species were unsuccessful since it was contaminated with the dialkyl

complex and the dihalide starting material. This was due to an alkyl-halide equilibrium
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demonstrated from the reverse direction by combining the dihalide/dialkyl complexes and

observing the formation of the mono alkyl species:

Cp*Ta(NADMe, + Cp*Ta(NAr)Cl, ;% 2 Cp*Ta(NAr)MeCl
Keq=10.8 (3)
(1.5)

Alkoxide scrambling between metal centres via bridging (u-OR) groups have
also been noted previously®3, but no specific mechanistic and thermodynamic details
were provided. However, one rare discrete example that has been reported for chloride-

aryloxide exchange is shown in equation 1.6%.

M°®-CsMegTa(DIPP),Cl + Ta(DIPP),Cls.OEt,

N

MS-CsMegTa(DIPP)Cl, + Ta(DIPP);Cl,. OEt,

(1.6)

The products are generated quantitatively, due to the formation of the themodynamically
~ stable tris aryloxide complex Ta(DIPP)3Cly.OEt. The relief of steric congestion around
the half-sandwich tantalum complex by substitution of a bulky diisopropyl phenoxide
group with a chlorine certainly warrants consideration in this case.
Mono-anionic ligand exchange has been briefly explored in a titanium (IV) system TiX4
(where X = halide, OR and NR»), in which reaction with another molecule TiY4 typically
gives rise to a mixture of products of general formula TiX4.nY6768. However, analysis
of the results obtained was complicated by the presence of the numerous mixed species
inherent in this system. In addition, associated species were postulated on the basis of the
low field NMR data which further complicated matters.

In general, the positidn of many of these equilibria often lie almost completely
over to the mixed products and therefore such exchange reactions have potential

widespread synthetic utility.

16



1.3.2 Dianionic ligand exchange

The intermetal exchange of dianionic ligands has been briefly exploited by
Schrock in the synthesis of new oxo- and imido-alkylidene complexes®9-71, as shown in

equation 1.7.

W(Q)(OBuY)4 + Ta(CHBu)L,Cl;

Q =0, NPh L=PMq,PEN

W(Q)(CHBu)LCl; + 0.5[Ta(OBut)4Cl];
(1.7)

The above reaction involves alkylidene exéhﬁnge (CR32-), accompanied by the
redistribution of the remaining one elt;ctron anionic ligands (Cl) and the neutral two
electror; ligands (PR3). The reactivity of the early transition metal tantalum neopentylidene
complex, in transferring the alkylidene moiety to theAfungsten centre, is parallelled to that
of a phosphorous ylid71. More recently, Schrock has exploited this type of reactivity in

synthesising the first alkylidene and alkylidyne complexes of osmium?2, via an

~ intermetal oxo-alkylidene exchange reaction, shown in figure 1.13.

_ Bu'
ﬁ 2 Ta(CHBuY)(CHBu'Y)3 Bu' h() ‘
\\\\- OS\ = N S B
- 2/x [Ta(O)(CHBu)i), '}
Bu } “‘Bu
PyrHOT{
- CMey
t
B l{ CBU
I, .-\\\Pyr
BU — (l)s -z Pyr
OTf

figure 1.13 alkylidene- and alkylidyne osmium complexes
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Of late, there has been interest in exchanging other dianionic ligands; for instance,
Gibson et al have shown that the relatively facile intermetal exchange of oxo, imido and
alkylidene ligands occur in coordinatively unsaturated Group V (Nb and Ta) and VI (Mo
and W) systems’3. A kinetic study of the oxo-imido exchange reaction between
Mo(NAr)2(OBut); and Mo(0)2(OBut); (equation 1.9) indicates that the exchange reaction
proceeds via a four centre transition state (shown in figure 1.13), consistent with the
negative entropy change calculated for this process. This particular oxo-imido exchange
reaction is investigated further for the tert-butyl imido analogue Mo(NBu!)2(OBut); in

chapter 2.

K
Mo(NAT){OBuY, + Mo(0),(OBuY) = 2 Mo(O)(NAr(OBu®),

Bu'O

via I
—
BulO— Mo
=

f

AI'N§ ‘
Mo — OBu'
AIN= | .

OBu'

O
O

figure 1.13 Reaction berween Mo(NAr)2(OBu!)2 and Mo(O)2(OBut);

As with mono-anionic exchange, the reactions often proceed to give one set of
products, especially in exchange reactions between different metal centres. For example,
Schrock has recently synthcsis_ed Os(0)2(NAr), quantitatively (equation 1.10) via
intermetal oxo-imido exchange’¥, whereas previously this species was only obtained

from a low yield synthesis1?.

0504 + Mo(NADN OBUY, — s Os(O)NAT), + Mo(O)2(OBu'),

(1.10)
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Furthermore, Os(O)(NAr)3 can be isolated in high yield when the stoichiometry is
adjusted to 1.5 equivalents of Mo(NAr)2(OBut);. The thermodynamical outcome of both
these reactions are rationalised by the preference of the oxo ligand for the early transition
metal molybdenum centre.

The synthetic applications of oxo- and imido-imido exchange equilibria are

highlighted in chapter 2 of this thesis.
1.4 Olefin metathesis

Metathesis, in chemical terms is the interchange of two units which both
individually comprise part of two larger entities. In the case of ‘olefin metathesis’, it is the
exchange of two alkylidene fragments, pairs of which constitute an olefin, as shown in

equation 1.11.

2RCH=— CHR' ==X RCH==CHR + R'CH==CHR

(1.11)

Calderon is credited with introducing the term ‘olefin metathesis’ in 1967, and
also for realising that the ring-opening metathesis polymerisation of cycloalkenes
(R.O.M.P), and the olefin exchange of acyclic olefins are, in fact, examples of the same
general type of reaction’>.

There are three broad classes of olefin metathesis reactions: (I) exchange or
disproportionation of acyclic olefins (as shown in equation 1.11), (I) the ring-opening
metathesis polymerisation (R.O.M.P) of cycloalkenes, and (III) intramolecular metathesis

reactions, of which (II) and (III) are shown below.
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figure 1.14 (I1) R.O.M.P of cycloalkenes and (I11) intramolecular metathesis

These types of reaction are not mutually exclusive, being similar processes, and are often
found to occur simultaneously for a given species.

The first example of an olefin metathesis reaction (albeit recognised sometime
thereafter) was the R.O.M.P of bicyclo[2.2.1] hept-2-ene (norbornene), using a titanium

(IV) catalyst (as shown in equation 1.12), reported in 1955 in a Du Pont patent76.
TiCl /EtMgBr =/ \}:
50°C \ 7 n

(1.12)

1.4.1 The mechanism of olefin metathesis

The now generally accepted mechanism for olefin metethesis was proposed in
1970 by Herrison and Chauvin, and involves the reversible [2+2] cycloaddition of the
olefinic carbon-carbon double bond to a metal carbene species, to afford a metallacyclo-
butane intermediate?’. This intermediate subsequently breaks up either to form a new
olefin (productive metathesis), or to regenerate the original olefin (degenerate metathesis),

as shown in equation 1.13.

M=CHR! Mt R! M=CHR?
+ e . +
R’CH=CHR’ R2 MRS RICH=CHR?
(1.13)



The main evidence for this mechanism at the time came from labelling studies on cross
metathesis reactions’8-80, and more recently by the fact that well-defined metal alkylidene

conplexes can behave as active R.O.M.P initiators81-83,

1.4.2 Metathesis initiators

There are three main types of metathesis initiator, the first of which are the early
classical ill-defined systems, which typically comprise two or more components. These
systems can be divided into heterogenous and homogenous formulations although the
distinction is not always clear. The second and third categories encompass well-defined
species, namely transition metal carbenes (including Schrock alkylidene and Fischer

carbene complexes), and metallacyclobutanes eg. Tebbes reagent.

Classical initiators

Historically, this type of initiating system was the first to be developed and often
comprised two or more components, one of which is usually a transition metal species in
it’s highest oxidation state. Heterogenous formulations include mixed metal oxide species
such as RepO7/A1,0384, Mo03/Co0O/Al,0385 and WO3/Si0,86, whereas homogenous
formulations include WClg/EtOH/EtAICI;87, WOCIl4/SnMe488 and MeReO3/AICI389.
This list is only partially representative of the numerous other initiating systems avaliable,
which are reviewed in greater detail in Ivins book90. Unfortunately, there are many
drawbacks associated with these classical initiating systems, in that for any given
formulation, the activity is dependent upon a number of factors. For example, the
chemical, thermal and mechanical history, and order and rate of mixing of the catalyst,
olefin and co-catalyst. Therefore, quite often results were irreproducible unless particular
care and attention to detail was paid. Furthermore, the tolerance of any functionalities
present is frequently low, owing to the high Lewis acidity of the metal centre, thereby

restricting the number of monomers that could be metathesised. In light of these apparent
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disadvantages, the pursuit of Lewis acid free initiators became of paramount importance
in this field®l. A vast research effort by Schrock culminated in the synthesis of highly
active four-coodinate molybdenum and tungsten initiators which have many advantages
over classical systems!3.92, The activity of these catalysts can be ‘tuned’ towards
reactivity with acyclic olefins or for the R.O.M.P of cyclic monomers, and therefore they
are the choice of initiator employed throughout this thesis, with further discussion

concerned solely with their application.

Well-defined four-coordinate molybdenum and tungsten Schrock initiators

The four coordinate ‘Schrock’ type molybdenum and tungsten initiators
M(CHR)(NAr)(OR’)213:92 (M = Mo, W; R = But, CMeoPh; R’ = Bu!, CMe,CF3 and
CMe(CF3)7), have only recently become synthetically avaliable. The pseudo tetrahedral
geometry of these complexes allows small substrates, such as olefins, to bind to the metal
centre, whilst the bulky alkoxide and ‘spectator’ 2,6-diisopropylphenylimido ligands help
to prevent decomposition via alkylidene coupling reactions. The molecular structure of
W(CHBu!)(NAr)(OBu'); is shown in figure 1.15, this being typical of the analogous

initators.

W.0-C = 144-148°
W-0 = 1.85-1.87A

figure 1.15 Two views of the molecular structure of W(CHBu')(NAr)(OBu!)2
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The triply bonded imido group (W-N-C = 169°) forces the B-carbon atom of the
alkylidene unit to lie in the same plane as the tungsten, nitrogen and o-carbon atoms. The
alkylidene substituent points towards the imido ligand (syn rotamer) in the molecular
structure, however, in solution the other isomer in which the alkylidene points away from
the imido group (anti rotamer) has been observed®3. The consequences of these isomers
on the polymerisation process are significant, displaying both widely differing reactivities
with certain monomers, and affecting the resultant stereochemistry of the polymers
generated®* (discussed further in chapter 4).

The activities of these initiators with acyclic olefins vary dramatically with the
nature of the ancillary alkoxide ligands. For example, W(CHBuY)(NAr)(OCMe(CF3)2);
will metathesise cis-2-pentene at a rate of ~ 103 turnovers/minute in toluene at room
temperature, whereas with W(CHBuY)(NAr)(OBul),, the corresponding rate of
metathesis is only - 2 turnovers/hour93. As both these initiators are isostructural, this
result is almost certainly related to the different electronic properties of the alkoxides. If
the reaction is viewed as the electrophilic attack of the metal on the olefin, then the metal
is significantly more electrophilic in W(CHBu!)(NAr)(OCMe(CF3)72)2 than in
W(CHBub)(NAr)(OBuY),, thus rationalising the much increased metathesis rate. The
reduced reactivity of the bis tert-butoxide derivative is exploited in the polymerisation of
cyclic olefins, in that both the molybdenum and tungsten analogues will react with the
strained double bond in norbornene to yield polymers, however, they will not metathesise
the double bonds in the growing polymer chain. Therefore polymers can be produced in a

controlled ‘living’ manner.

1.4.3 Living R.O.M.P using well-defined initiators

For a living polymerisation, each monomer unit must add irreversibly, chain
transfer and chain termination must be slow on the timescale of the polymerisation
reaction itself, and the rate of initiation must be approximately equal to or greater than the

rate of propagation?6-98, Furthermore, the number average molecular weight, My, is a
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linear function of conversion, thereby implying that My can be controlled by the
stoichiometry of the reaction. If the above criteria are satisfied, then polymers with the
narrowest possible molecular weights can be prepared (polydispersities approaching
1.00). Another advantage of a living polymerisation is that block co-polymers can readily
be synthesised?”.

The mechanism of living R.O.M.P

The mechanism for the living R.O.M.P of the highly strained bicyclic norbornene

using the initiator W(CHBut)(NAr)(OBut); is shown in figure 1.16100,

[W]=CHBY + ﬂ& Initiation (W1
k;

[W] = W(NAr)(OBu'),

Propagation L&
x-1 /]
kP

Bu'
e~
X
\Termination
PhCHO
T e
X

figure 1.16 The mechanism of the living R.O.M.P of norbornene
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In the first step, the initiator reacts with the monomer to form a metallacyclobutane
intermediate, which breaks up at a rate k; to form a propagating alkylidene (first insertion
product). This then further reacts with another molecule of monomer at a rate kp. More
monomer can be added and will be continuously consumed at a rate kp, until termination
of the reaction by addition of an aldehyde (typically benzaldehyde), where the polymer is
cleaved from the metal centre in a “Wittig like” capping reaction. Throughout the
polymerisation, the active site is always attached to the polymer chain and therefore this is
an example of a living process. As the identity of the active site on the initiator is known,
it’s progress can be monitored during the course of initiation and propagation by several

techniques.

1.4.4 R.O.M.P of 5-membered rings

Thermodynamic considerations

For highly strained bicyclic olefins, such as norbornenes and norbornadienes, the
associated ring strain is large and therefore ring opening is thermodynamically favoured
under most conditions. However, for mono-cyclic olefins, the size of the ring is critical in
determining whether polymerisation will occur. For 3-,4- and 8-membered rings,
R.O.M.P is generally favoured, and will proceed if a suitable mechanism is avaliable9!.
However, in the case of 5-, 6- and 7-membered rings the thermodynamic parameters are
finely balanced, due to the small ring strain associated with these species. Physical factors
such as temperature, pressure and monomer concentration become more critical in these
circumstances, as well as chemical factors, such as the nature of the substituents and their
position in the ring. It is notable that cyclohexene does not polymerise as a result of it’s
small strain energy (AH is too small to offset the large positive value of-TAS). Generally,
favourable conditions for the attempted polymerisation of new species are high monomer
concentration (makes AS less negative), low temperature (if AH is negative) and high

pressure (if AV is negative).
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R.O.M.P of cyciopentene

There are many reports of the polymerisation of cyclopentene with classical
initiator systems, owing to the potential importance of poly(l-pentenylene) as an
elastomer?0. However, for the purpose of this review, attention will be focused on it’s
R.O.M.P with well-defined initiators. Cyclopentene has been examined by Schrock and
co-workers using the well-defined initiator W(CHBut)(NAr)(OBul)7101. At -400C,
approximately 95% of the monomer has been converted to polypentamer, but at 25°C,
there is only approximately 80% of the original monomer still present. This reversible
R.O.M.P of cyclopentene reflects the delicate balance between polymerisation and de-
polymerisation in 5-membered ring systems, owing to the small inherent ring strain. In
addition, a general feature of the R.O.M.P of this cyclopentene (and certain other cyclic
olefins), is that often as well as the formation of high polymer, low n?olecular weight
fractions are also present, consisting of cyclic oligomers. The formation of these species
is favoured at low monomer concentrations (i.e in dilute solution) and when the ring
strain is lower than that present in the monomer. In this respect, the R.O.M.P of
heteroatom containing cyclopentenes is of interest in possibly generating both new cyclic

and polymeric materials, which may have technological relevance.

R.O.M.P of functionalised cyclopentenes

To date, there have been very few examples reported of the R.OM.P of
heterocyclopentenes, for both classical and well-defined initiating systems. Classical
systems are generally intolerant of functionalities (as previously discussed). However,
the well-defined molybdenum Schrock initiators show a high tolerance to varied
functionalities102-104 although interestingly, the same tolerance is not displayed by the
tungsten analogues!05. A possible reason for this may be the increased electrophilicity of
tungsten, thereby making it prone to react more readily with a given functionality, or

active protons in the polymer chain. Owing to the relatively recent development of the
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molybdenum Schrock initiators, there is undoubtedly an early opportunity to explore their
activity with hetero-cyclopentenes (in chapter 4).

One rare example of the R.O.M.P of a hetero-cyclopentene, is that of 1,1-
disubstituted sila-3-cyclopentenes, which has been successfully polymerised using
classical systems106, and more recently with Mo(CHCMePh)(NAr)(OCMe(CF3)7)7107.
In the case of the well-defined molybdenum initiator, novel 10-membered ring systems
(cyclo-dimers) can also be isolated depending upon the reaction conditions. For instance,
in dilute aromatic solvent (dg-benzene), there is an equilibrium mixture of the 10-
membered ring (disilacyclodeca-3,8-diene), monomer and a trace of living oligomers.
However, in the absence of solvent, the product formed is exclusively polymer. The
cyclo-dimer arises by the secondary metathesis or backbiting reactions in which the living
alkylidene metathesises a double bond in the living polymer chain. This is consistent with
the highly feactivc nature of the hexafluoro-t-butoxide initiator, which has been shown to
be capable of metathesising ordinary olefins?2. The overall reactivity is summarised in

figure 1.17.
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figure 1.17 The living R.O.M P of 1,1-disubstituted silacyclopent-3-ene

A further related example of the living R.O.M.P of a 5-membered heterocycle is
that of disilacyclopent-3-ene (figure 1.18), which is found to polymerise irreversibly in
high yield and high stereoselectivity (97% trans), using the molybdenum Schrock initiator

Mo(CHMePh)(NAT)(OCMe(CF3)3),108.

SiMCz
q SiM62

figure 1.18 1,1,2,2-tetramethyl-1,2-disilacyclopent-3-ene

On dissolution of a sample of the crude living polymer in dg-benzene, there is no

evidence for the formation of any linear or cyclic oligomers. The irreversibility of this
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reaction is credited to the high torsional strain present in the ring, due to conformationally

enforced eclipsing of the methyl groups on the silicons.
1.4.5 Acyclic Diene Metathesis (ADMET)

Acyclic a-,w-dienes have significant importance in olefin metathesis reactions in
that theoretically, given the right conditions, it is possible for polymer to be formed.
However, until the advent of well-defined Schrock initiators, the potential of these
materials for the synthesis of polymeric materials could not be achieved.

Both inter- and intramolecular metathesis reactions can occur for o-,w-dienes,
resulting in the formation of several possible products. For instance, the intramolecular
cyclisation shown below for octa-1-7-diene is particularly favoured, owing to the

formation of cyclohexene!0%.

initiator
CZ o () on

91% yield

initiator = MoCl o(NO),(PPhs)y/Me 3AL,Cls

figure 1.19 Intramolecular cyclisation of octa-1-7-diene

Intermolecular reactions generally arise when rings with low strain energies (i.e 5- and 6-
membered rings) cannot be formed. For example, the double bonds in hexa-1,5-diene are
unfavourably situated for intramolecular reaction of either the parent diene (would afford
cyclobutene) or the initial metathesis products deca-1,5,9-triene, which would give

cycloocta-1,5-diene, as shown in figure 1.20.
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figure 1.20 Intramolecular cyclisation of (1) hexa-1,5-diene and (11) deca-1,5,9-triene

In fact, linear products of the type CHp=[CHCH,CH,CH»CH]};=CH3 are found when
the reaction is catalysed by WClg/EtAlpCl3/MeCCI(OH)CH,Cl/PPh3, with n up to 8
monomer units!10, Greater molecular weights are achieved when the monomer was
treated with WClg/EtAICl; , and a slight vacuum applied to the system!!1, The removal
of the ethylene gas evolved (determined by G.C) drives the equilibrium (shown in figure

1.21) over to the product side.

initiator
NN = %:\/\%: +  CHy
n

initiator = WCl ¢/EtAlCI 5
figure 1.21 ADMET polymerisation of 1.5-hexadiene

However, the molecular weights achieved were found to be less than 5000, clearly
demonstrating that there was some way to go before genuine high polymers could be
generated. The low molecular weights were ascribed to competing side reactions,
particularly acid catalysed vinyl addition. The evidence for this process was elucidated
when styrene was reacted with the aforementioned initiating system. Productive
metathesis of this monomer would lead to the formation of stilbene, however, the actual

product was polystyrene, formed by vinyl addition reactions, as shown in figure 1.22.
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figure 1.22 Reaction of styrene with WClg/EtAICI)
L
The lewis acid metal centres are blamed for the above side reaction, therefore a catalyst
free of any lewis acid co-catalyst was required if polymers rather than oligomers were to

be obtained.

1.4.6 ADMET using the well-defined four coordinate molybdénum and

tungsten initiators

The well-defined hexafluoro-tert-butoxide molybdenum and tungsten Schrock
initiators are ideal catalysts for ADMET in that they are capable of metathesising ordinary
olefins and behave in a uniform manner. Furthermore, they do not contain very strong -~
llewis acid centres and are therefore not likely to propagate vinyl addition reactions83. This /
was indeed shown to be the best choice of initiator; in subsequent reactivity studies with
styrene (readily disposed to undergo vinyl addition chemistry), they were found to not
only generate the metathesis product (stilbene), but to exhibit more activity than a host of
other initiators (see figure 1.22)112. When 1,5-hexadiene was treated with
W(CHBu)(NA1)(OCMe(CF3)2))2113, the polybutadiene produced was of molecular
weight My ~ 14,000. Higher molecular weights could be achieved by redissolving the
previously prepared polymers and subsequently reacting with a second portion of

catalyst. The reaction was performed under high vacuum so that it could be driven

towards the product side (by removal of generated ethylene).
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As a consequence of the tolerance to functionalities displayed by the molybdenum
Schrock initiator (discussed in section 1.4.4), ADMET polymerisation has been put to
prolific use by Wagener over the past three years for a variety of functionalised a-w-
dienes. Unsaturated polymers containing ether!14, thioether! 13, carbonate!16 ester!17,

silane!18, siloxane!1? and ketone!20 functionalities have been prepared with this initiator.
Mechanism of ADMET polymerisation
Figure 1.23 displays a typical acyclic diene metathesis polymerisation using for

example the molybdenum Schrock initiator Mo(CHBut)(NAr)(OCMe(CF3)7)2, in which

only the simple productive metathesis steps are shown for simplification.

[Mo]=CHBu! [Mo] —" Bu'
- _
+ - |
AR
AR
[Mo] = (NAD(OCMe(CF 3)) lT
Bu'CH=CH,

+
)
Mo=CH” N~

GoH; /;/ \\\f\ R

[Mo] — R\/

[Mo] —, Polymerisation
/\ R J——— CyCIC Lf\ R /§
/\ R/\\\\ //
[Mo]=CH,
+
xR~k

figure 1.23 Mechanism for productive ADMET polymerisation with
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The metal alkylidene can attack at either carbon-carbon double bond in the monomer.
Ethylene is produced in the polymerisation cycle and therefore, as the process is an
equilibrium, the reaction can be driven to completion by the its removal. However, very
reactive methylidene complexes are generated which are inherently unstable and therefore
could result in the premature end of the cycle, which probably explains why monomer
turnovers of greater than 500 equivalents have not been observed!14. The overall process
is therefore a step propagation condensation type polymerisation which should produce a
molecular weight distribution of 2.0, whereas in R.O.M.P molecular weight distributions
can approach 1.097 (consistent with the living chain addition polymerisation for the

latter).
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Chapter Two

The Synthesis and Exchange Reactivity of Molybdenum
Complexes of the type - MoQ2X»



- 2.1  Introduction

This chapter describes the results of investigations into the heteroatom exchange
reactivity of four coordinate molybdenum (VI) complexes of the type MoQ2X>2 (Q =0,
NR, (NAr)(CHCMe,Ph); X = Cl, NHR, OR). The mechanistic details of the
intermetal oxo-imido exchange reaction are probed, and the factors that affect these
equilibria are examined. In certain cases a favourable equilibrium may be exploited to
synthesise new oxo-imido complexes. The intermetal exchange of mono-anionic (X-type)
ligands in several systems of the type MoQ2X7 are also investigated and the results
discussed in conjunction with one mono-anionic ligand exchange for the CpNb(NBu")X>
system later in chapter 3.

Due to the enhanced reactivity of multiply bonded ligands in systems of this type
(as discussed in section 1.2.4), the reactivity of the multiply bonded imido ligands in
Mo(NBut)2(OBut); towards a variety of substrates are investigated.

2.2 Imido ligand exchange reactivity of Mo(NBut)2(OBut);

2.2.1 Reaction of Mo(NBut)Cl, with LiOBut
Preparation of Mo(NBut)2(OBW!); (1)

The reaction of Mo(NBut);Clp! with two equivalents of LiOBut in diethyl ether

occured rapidly on warming to room temperature, according to equation 2.1:

Mo(NBu',Cl; + 2LiOBu' —= Mo(NBu(OBu'), + 2LiCl
, (D

(2.1)

Recrystalisation of (1) from the mother liquor failed to yield a solid product. Nonetheless,
(1) was eventually isolated in excellent yield, after removal of the solvent in vacuo , as a

low melting pale green solid (Mpt = 25-270C). This low melting point is credited to the
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presence of four bulky tert-butyl substituents on the metal centre which would
undoubtedly reduce intermolecular forces.

The 'H NMR (400 MHz, C¢Dg) spectrum of (1) revealed two singlet resonances
of equal intensity at & 1.36 and 1.38. An assignment of these methyl resonances to their
respective tert-butyl imido and alkoxide ligands could not be made, owing to similar
chemical shifts in both the 1H and 13C NMR. The mass spectrum (CI) showed an
envelope for the protonated parent (monomeric) molecular ion (Mo%8) at 387.

The tunsten and chromium analogues of (1) are known?2:3, the former being a
yellow distillable oil at room temperature. Since the molybdenum derivative described
here was to feature extensively in the subsequent investigations of imido ligand exchange

reactivity, the solid state structure was also of considerable interest to us.
2.2.2 The molecular structure of Mo(NBut)>(OBut); (1)

Chisholm has synthesised the para-tolyl and phenyl imido analogues of (1) via

reaction of Mop(OBut)g with aryl azides as shown in equation 2.24:

MoxOBut)s + 4 ArN; —3= [Mo(NAr)OBu'%} + 4 N, + 2 BuOH

(2.2)

In addition, the 2,6 diisopropylphenyl imido analogue has also been synthesised>-.
The molecular structure of the para-tolyl imido derivative is reported as an imido
bridged dimer (figure 2.1). However, in solution this complex is monomeric, as

determined by cryoscopic molecular weight methods.
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NAr
Bu‘O,,,h. ” ~Ar

MomN
Bub/ ‘\z \? “\\\OBu‘
N=Mo_
Ar” I ~>opy!
NAr

figure 2.1 Molecular structure of [Mo(NAr)(OBut)2(UNAr)];

Suitable pale green cubic crystals of (1) were mounted in 0.5 mm Lindemann
capillary tubes under an inert atmosphere at ambient temperature.The X-ray data were
collected at low temperature (150K) owing to the large thermal vibrations of the complex
at room temperature. The structure was solved by Ms.C.Wilson and Professor
J.A . K.Howard of Durham University. The molecular structure is illustrated in figures
2.2(a) and 2.2(b) and selected bond distances and angles are given in in }able 2.1. Figure
2.2(b) views the molecule in the N(1)-Mo-N(2) plane, from which the two
crystallographically distinct imido groups can easily be distinguished (Mo-N(1)-C(9) =
169.6(6)°, Mo-N(1) = 1.714(5)A; Mo-N(2)-C(13) = 157.1(5)°, Mo-N(2) = L.776(6)A).
The bent imido ligand has a substantially longer metal-nitrogen bond distance than the
near linear imido ligand, which may reflect a relative reduction in the 7 bond order for
this imido bond. These differences in imido ligand bond parameters may arise due to
competition for the three avaliable 7 bonding orbitals at the metal centre. Each imido unit
can potentially form two 7 bonds (formally a sp hybridised, 4 electron donor) to the metal
centre, but for the tetrahedral geometry there are insufficient © bonding orbitals available.
Therefore, there is potentially an electronic compromise in which the bent imido could be
considered to form one 7 bond (formally sp2 hybridised, 2 electron donor). However this
is an extreme description that is not entirely applicable. In reality, these electronic
extremes are not realised, instead averaging of the electron density between both imidos at

the metal centre (the difference in Mo-N-C bond angles being only 13°) will occur.
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Figure 2.1 The molecular structure of Mo(NBu!)2(OBu!); (1).

(b) View of the molecule in the N(1)-Mo-N(2) plane.



Mo(1)-O(1) 1.866(5) Mo(1)-0(2) 1.875(3)

Mo(1)-N(1) 1.714(5) Mo(1)-N(2) 1.776(6)
o)-C(1) 1.424(7) 0O(2)-C(3) 1.424(6)
N(1)-C(9) 1.474(7) N(2)-C(13) 1.444(10)
C(1)-C(2) 1.483(13) C(1)-C(3) 1.480(10)
C(1)-C4) 1.482(11) C(6)-C(5) 1.519(10)
C(N-C(5) 1.480(13) C(5)-C(8) 1.519(10)
C(9)-C(10) 1.524(12) CHO)-C(11) 1.527(13)
C(9)-C(12) 1.525(8) C(13)-C(14) 1.418(20)
C(13)-C(15) 1.584(14) C(13)-C(16) 1.542(17)
C(13)-C(14A) 1.615(21) C(13)-C(15A) 1.510(24)
C(13)-C(16A) 1.389(24)

O(1)-Mo(1)-0(2) 107.9(2) O(1)-Mo(1)-N(1) 110.2(3)
O(2)-Mo(1)-N(1) 109.5(2) O(1)-Mo(1)-N(2) 108.1(2)
0O(2)-Mo(1)-N(2) 108.8(2) N(1)-Mo(1)-N(2) 112.2(3)
Mo(1)-O(1)-C(1) 143.5(4) Mo(1)-O(2)-C(5) 141.7(4)
Mo(1)-N(1)-C(9) 169.6(6) Mo(1)-N(2)-C(13) 157.1(5)
O(1)-C(1)-C(2) 106.3(5) O(N)-C(1H)-C(3) 110.1(7)
C(2)-C(1)-C(3) 108.8(6) O(1)-C(1)-C4) 111.1(5)
C(2)-C(1)-C4) 109.3(8) C(3)-C(1)-C4) 111.0(6)
0O2)-C(5)-C(6) 105.2(5) 0(2)-C(5)-C(7) 108.9(5)
C(6)-C(5)-C(7) 111.6(7) 0(2)-C(5)-C(8) 109.6(5)
C(6)-C(5)-C(8) 110.7(6) C(7)-C(5)-C(8) 110.6(6)
N(1)-C(9)-C(10) 108.9(6) N(1)-C(9)-C(11) 106.8(6)
C(10)-C(9)-C(11) 110.9(6) N(1)-C(9)-C(12) 109.6(4)
C(10)-C(9)-C(12) 110.6(7) Ca1D-CH)-C(12) 110.1(6)
N(2)-C(13)-C(14) 110.9(8) N(2)-C(13)-C(15) 106.3(9)
C(14)-C(13)-C(15) 113.3(10) N(2)-C(13)-C(16) 107.9(9)
C(14)-C(13)-C(16) 109.4(12) C(15)-C(13)-C(16) 108.9(8)
N(2)-C(13)-C(14A) 101.3(9) N(2)-C(13)-C(15A) 114.1(12)
C(14A)-C(13)-C(15A) 97.5(14) N(2)-C(13)-C(16A) 109.5(15)

C(14A)-C(13)-C(16A) 115.1(16) C(15A)-C(13)-C(16A) 117.8(14)

table 2.1Selected bond distances (Ao) and angles (°) for Mo(NBut)2(OBu!)2 (1)

There are relatively few crystal structures of monomeric four coordinate group VI
bis imido complexes for comparison, but a closely related structure W(NBu)2(O-2,6-
PhyCgH3)o possessing imido bond angles of 159.2(3) and 166.5(3)° has been reported’.
By contrast, the structures of M(NBut)2(2,4,6-Me3CgH2)2 (M = Cr, Mo) reveal
equivalent imido group bond angles (M-N-C ~ 160°)8. The six coordinate complex
Mo(NPh)2(Etpdtc); displays large differences in imido group bond angles (Mo-N-C =

169.4 and 139.49)9, but this complex is a coordinatively saturated, formally 20 electron
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species and therefore some distortion may be expected, in order to alleviate build up of

charge at the electron rich metal centre.

2.2.3 Reaction of Mo(NBut)3(OBut); (1) with primary aromatic amines -

ArNHj (Ar = 2,6-Pri;C¢H3, 2,6-Cl3CgH3, C6Fs)

a) Reaction of Mo(NBu')2(OBut); (1) with ArNH3 (Ar = 2,6-PrioCsH3)
Mo(NBut)2(OBul)2 was mixed with two equivalents of ArNHj in CgDg at room
temperature. A slow reaction ensued with free ButNH and Mo(NAr)(NBut)(OBul); (2)
evident in the 1H NMR spectrum after 2 hours. The mixture was warmed to 60°C
whereby equilibrium was attained after 48 hours, with the approximate percentage

concentrations of species shown in equation 2.3:

Mo(NBu'),(OBu'), Mo(NAr),(OBu');
(010)/0 Nwz ArNH% 35%
BuNH BuNH,
Mo(NBu)(NAr)(OBu;
)
65%
(2.3)

The mixed complex (2) is the most favoured species; however, a substantial amount of
Mo(NAr)2(OBut); is also present. The same equilibrium concentrations are found when
Mo(NAr)2(OBul); is treated with two equivalents of ButNH,10, although here the
attainment of equilibrium is distinctly slower (11 days at 60°C). The reaction is believed
to proceed via a bis amide intermediate; this will be discussed in more detail in section
3.4.1, where an analogous imido/amine exchange at a four coordinate half-sandwich
niobium complex is examined.

The rate of formation of (2) can be dramatically increased by acid catalysis (the

effects of which are discussed later in section 2.4).
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b) Reaction of Mo(NBu')2(OBu')3 (1) with ArC! NHy (ArCl = 2,6-Cl2CgH3)

The presence of electron withdrawing chlorines on the aryl imido substituent
could be foreseen to have a two-fold effect, firstly to increase the relative acidity of the
amine and thereby assist in the protonation of the nitrogen of the tert-butyl imido ligand
and secondly, to influence the thermodynamic stability of the chloro-arylimido products.

Treatment of Mo(NBut)2(OBut); (1) with two equivalents of ArC! NHj in dg-
benzene resulted in the formation of Mo(NArCH(NBul)(OBut); (3) within minutes.
Equilibrium was reached by 32 hours at room temperature (Keq = 0.08), with

approximate percentage concentrations as shown in equation 2.4:

2 AI‘CINHz
Mo(NBu'(OBu' 7= Mo(NAr“))(NBu)(OBu’),
1) Bu'NH, 3)
70% 30%

\.= — ArClNHz
N

Mo(NAr“),(OBuY),

(2.4)

The equilibrium position was heavily in favour of the starting complex (1), indicating the
mixed species (3) to be thermodynamically less favourable. There was no evidence for
the formation of Mo(NATCl),(OBuY)y. A possible explanation for (3) being disfavoured is
the presence of repulsive interactions between lone pairs of electrons on the chlorines of

the aryl-imido substituent and the oxygens of the alkoxides.

¢) Reaction of Mo(NBut)2(OBut); (1) with ArfNH; (Arf = CgFs)

The reaction of Mo(NBu!)2(OBub); (1) with two equivalents of ArFNH3 in CgDg
at room temperature resulted in the formation of Mo(NArF)(NBut)(OBuY); (4), with
equilibrium attained in less than 20 hours. Equation 2.5 shows the approximate

percentage concentrations at equilibrium:
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2 ArFNH2

Mo(NBu'(OBu'), =~ Mo(NAr")(NBu)(OBu'),

@ Bu'NH; @)
50% 50%

\.=,| _. ArNH
A
Mo(NAr ,(OBuY),

(2.5)

The relatively fast rate of attainment of equilibrium cf.(a), is probably a consequence of
reduced steric interactions for this particular amine. As observed for (b), no bis-aryl
imido is observed, suggesting that two electron-withdrawing imido groups are not
favoured on this electron deficient 14 electron metal centre. It is apparent that the 2,6-
Pri;CgHj3 substituted imido is a special case in that the bis-aryl imido is favoured to a
significant degree. This could possibly be ascribed to the amphoteric character of the aryl
group in that electronic density can be released or removed depending on the requirements

of the metal centre.
2.2.4 Reaction of Mo(NBut);(OBut), (1) with PhCHO

Metal-oxo species have been obseved from the treatment of early transition metal
imido complexes with aldehydes and ketones!1-13, Substituted aldehydes have also been
employed in functionalising living alkylidene polymer chains via ‘Wittig like’ capping
reactions of the alkylidene moiety!4. Despite these widespread applications, only one

metal-oxo complex has been synthesised directly by addition of an aldehyde!5:

Cr(NBu')OSiMesz), + PhCHO —== Cr(O)(NBu")(OSiMes), + PhCHNBY

(2.6)

The above reaction stops cleanly after the introduction of one oxo group.
Treatment of Mo(NBut)(OBut); (1) with two equivalents of PhCHO in CgDyg at

room temperature gave rise to slow formation of the oxo-imido complex
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Mo(O)(NBuY)(OBut); (5) and the corresponding Schiff’s base PhCHNBut, according to

equation 2.7:

PhCHO PhCHO
Mo(NBu')(OBu'y, === Mo(O)(NBu YOBu'), === Mo(O) 2(OBu')
(1 )

2.7)

The reaction mixture was warmed to 60°C whereby after 5 days the product was almost
exclusively (3), with a trace amount of the dioxo species Mo(0O)2(OBut),. No further
changes in concentration of these species occured over a prolonged period of time
implying that equilibrium had been achieved. However, if the reaction is carried out using
an excess of PhCHO (10 equivalents), the reaction proceeds over a period of one week at
ca. 60°C, to afford the dioxo complex Mo(O)2(OBut); exclusively.

Mo(NBut)>(OBul); (1) is far more reactive towards benzaldehyde than the 2,6-
PriyCgH3 aryl imido analogue Mo(NAr)(OBut)210. After heating M(;(NAr)z(OBul)g
with ten equivalents of PhCHO to 60°C for 7 days in CgDg, there is only 60%

conversion to the mono oxo substituted species Mo(O)(NAr)(OBul); (see section 2.4.5)
2.2.5 Reaction of Mo(NBut)2(OBut), (1) with dioxygen

Molecular oxygen has been found to react with the imido moiety to form a

nitrosyl complex in the following example!6:17;

[Re(NAr)Cly(PPha), )y %6-% ReCly(ArNO)(OPPh3)

(2.8)

Chisholm has exploited the reactivity of oxygen with molybdenum alkoxide

species to synthesise oxo complexes!$;
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Mo(OBu'Yy + O == [Mo(OBu"(0»)]

Mo(OBu ‘;/ \é ButO-

2 Mo(O)(OBu'‘y Mo(Q),(OBu'),

(2.9)

Mo(NBul)2(OBul) (1) was treated with a large excess of dry oxygen (~1000
equivalents) in dg-benzene at room temperature. On heating to 60°C for two weeks the
product was exclusively Mo(O)(NBu!)(OBut); (5). The presence of uncoordinated
Bu!NO was noted in the !H NMR spectrum at § 1.05 (s, 9H, Butl), however, several
other side products were also present including tert-butanol and 2-methyl propene
MesC=CHj {8 4.74 (s, 2H, CHy), 1.61 (s, 6H, CMe»)} . Given the triplet character of
oxygen, the reaction is expected to govia a radical mechanism and therefore tert-butoxy
radicals could be formed, subsequent proton abstraction by these radicals could provide a
rationale for the formation of (CH3),C=CHj> (formed from a tert-butyl group). On further
heating small quantities of the dioxo complex Mo(O)7(OBut); were obs‘erved. Equation

2.10 summarises the overall reaction:

I b -BuNO & !
Mo(NBu(OBu'), + Oy=—3= Mo(O)(NBu)(OBu),

(1) ©O)
-BulNO

Mo(0)2(OBu'),

(2.10)
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2.2.6 Reaction of Mo(NBut)2(OBut); (1) with ArNCO (Ar = Ph, 2,6-
PriyCgH3)

Isocyanates have found wide application in converting an oxo group to an imido

moiety19:20, Recently, they have been utilised to convert one imido group to another2!:;

[(MeCﬁ)Mo(NPh)m—NPh)]z%% [(MeCsHy) Mo(NAD)(1—NPh)1,

Ar = p-tolyl

(2.11)

Mo(NBut)2(OBul); (1) was found to react rapidly with two equivalents of
PhNCO at room temperature. The 'H NMR spectrum after a few minutes showed that all
the starting material (1) had been consumed, however, a large number of new resonances
prevented identification of any of the new complexes. Isocyanates can ur‘ldergo formal [2
+ 2] coupling reactions via both the RNC=0 and RN=CO linkages with the metal-imido
moiety, as well as forming stable metallacycles; for instance Mo(NAr)2(OBul); is
believed to form a bis (ureato N, N’) complex when treated with PhN COS. Therefore, the
reactivity of (1) with PhANCO may lead to a number of possible products. In an attempt to
gain a clearer interpretation of the lH NMR spectrum, reaction with 2,6-PriyCgH3NCO

was attempted, but again several unidentifiable products were obtained.
2.2.7 Other attempted reactions of Mo(NBut);(OBut); (1)

The following organic substrates did not effect reaction with Mo(NBut),(OBut);
(1):
a) BulOH (4 equivalents, 2 weeks at 100°C). The imido group of (1) is stable to BultOH
as is that of Mo(NAr),(OBul), 10, however late transition metal species have been found
to react with alcohols to give bis(alkoxide) species22.

b) PhN=NPh (1 equivalent, 1 week at 95°C).
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c) (Me3Si)C=N=C(SiMe3) (1 equivalent, 2 weeks at 100°C)
For both azabenzenes and carbodiimides, low valent early transition metal centres

seemed to be required for reaction to afford new imido complexes?3.24,

2.3 Intermetal imido ligand exchange reactivity of Mo(NR),XY complexes

(R =But, Ar, X = Y = OBut; R = But, X = Cp, Y = C))

2.3.1 Reaction of Mo(NBut)2(OBut); (1) with Mo(NAr)2(OBut);
Preparation of Mo(NAr)(NBu')(OBu!); (6).

The reaction of Mo(NBut)>(OBut); (1) with one equivalent of Mo(NAr)(OBut);
in CgDg results in the formation of the mixed imido complex Mo(NAr)(NBut)(OBut),

(6), according to equation 2.12:

Mo(NBu')(OBu'); + Mo(NAr)(OBu'),

(1) AN

2 Mo(NAr)(NBu)(OBuY;,
6)

(2.12)

Equilibrium is attained after 5 days at 60°C (Keq = 25), lying heavily in favour of the
mixed imido complex (6). The reaction is believed to go via the bridging of aryl and tert-
butyl imido groups and is therefore slow compared with oxo-imido exchange, as a result
of the steric bulk of these groﬁps. The exchange process of these imido groups is
sensitive to the coordination geometry of the metal centre; for example, the closely related
6 coordinate bis imido complexes (shown in equation 2.13) do not undergo exchange in
CgDg when heated to 60°C for several weeks3, implying that coordinative unsaturation at

the metal centre is a prerequisite for efficient exchange.
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Mo(NBu%),Cls.dme + Mo(NAr)Cl,.dme

Sic A
|\
2 Mo(NAD)(NBuY)Cl,.dme
(A)

(2.13)

In order to illustrate the synthetic utility of such exchange processes, the reaction
was repeated on a preparative scale. Equimolar quantities of (1) and Mo(NAr)(OBul);
were mixed in heptane and the mixture warmed to 60°C for one week. Analytically pure
(6) could be isolated upon crystallisation from pentane at -20°C as a yellow/orange solid
in a low yield (15%). When a sample of (6) was dissolved in dg-benzene at room
temperature, low intensity resonances due to (1) and Mo(NAr)2(OButl); appeared in the
IH NMR spectrum over several days, thus demonstrating the equilibrium process from

the reverse direction.
2.3.2 Reaction of Mo(NAr);(OBut); with CpNb(NBut)(OBut);

Mo(NAr)2(OBul)2 was mixed with one equivalent of Cpr(NBu‘)(OBu‘)z25 in
CgDg at room temperature. Reaction was only observed when the mixture was warmed to
110°C, with signals due to (6) evident in the 1H NMR spectrum. More forcing conditions
were applied by further heating of the mixture to 140°C, whereby equilibrium was

reached after 7 days (Keq = 0.25).

Mo(NAr)OBu'Y), + Cpr(NBu‘j(OB u')

NN

Mo(NAr)(NBu')(OBuY), + CpNb(NAr)(OBu',
(6) Q)

(2.14)

The highly elevated temperature required reflects a relatively high energy barrier to

product formation. The small equilibrium constant signifies a greater thermodynamic
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stability of reactants over products, which is probably due to the unfavourable steric
interactions present in CpNb(NAr)(OBut); (7), discussed later in 3.4.1(a).

Furthermore, intermetal imido exchange in the half-sandwich imido system
(equation 2.15) is even slower and requires a temperature of 140°C for several weeks in

order to attain equilibrium!10:

Cp*Nb(NAT)Cl, + CpNb(NBu)Cl,- === Cp*Nb(NBW)Cl; + CpNb(NAr)Cl,

(2.15)

From these investigations it can be concluded that the rate of intermetal imido exchange
for the differing coordination environments increases 1n the order:

CpNb - CpNb < CpNb - Mo < Mo - Mo
This is consistent with decreasing steric interactions in the four coordinate molybdenum

complexes.

2.3.3 Reaction of CpMo(NBut)>Cl with LiOBut
Attempted preparation of CpMo(NBu!)2(OBut)

- In order to assess the effects of increasing the steric demands and the f&mal
electron count at a four coordinate molybdenum bis imido centre, the 18 electron complex
CpMo(NBu');Cl was synthesised, according to the method used by Sundermeyer?26.
Substitution of the chloride fora ten—butoxide ligand was deemed necessary to avoid
complication from coincident exchange between different mono-anionic ancillary"l‘igands
i.e all the X type ligands would be the same. Mono-anionic ligand exchange is discussed
separately in section 2.6.

Chilled.diethyl ethgr was added to a solid equimolar mixture of CpMo(NBut)7Cl
and LiOBut. On allowing the mixture to reach room temperature there was no apparent
reaction, however a precipitate was formed over several days. Subsequent filtration and
removal of the solvent in vacuo produced an oily solid. The I_H NMR spectrum revealed

the solid to be a mixture of unreacted CpMo(NBut)2Cl and Mo(NBut)2(OBut); (1) ina_
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1:1 ratio, with a small quantity of LiCp present. A reaction scheme was devised in order
to rationalise the above observations (see figure 2.3). The formation of a short-lived
intermediate is inferred which could either be Mo(NBu!)2(OBut)Cl or
CpMo(NBut)2(OBuY); the former arising from initial substitution of the cyclopentadienyl

ligand, whereas the latter involves replacement of the chloride:

CpMo(NBu%Cl + 0.5 LiOBu'

: Li;/ \-;a
slow

0.5 Mo(NBu'),(OBu)Cl 0.5 CpMo(NBu')(OBu")

0.5 LiOBY! fast 0.5 LiIOB!

Mo(NBu')(OBu, + LiCl
(D

figure 2.3 Proposed scheme for the reaction of CoMo(NBu!)Cl with LiOBu!

The reactive intermediate once formed would once formed could react very quickly with
LiOBut forming (1). This scheme provides a satisfactory explanation for the observed
stoichiometry of (1) and CpMo(NBut)2Cl. The initial target, CpMo(NBul)2(OBul), is

probably disfavoured owing to unfavourable steric interactions.
2.3.4 Intermetal exchange reactivity of CpMo(NBut),ClI

a) Reaction of CpMo(NBu!)Cl with Mo(NAr)2(OBu!);

Equimolar quantities of CpMo(NBu)2Cl and Mo(NAr)2(OBut); were mixed in
deg-benzene at room temperature. After heating to 60°C for 48 hours, small amounts of
Mo(NAr)(NBut)(OBut); (6) and CpMo(NAr)(NBut)Cl (9) were evident in the 1H NMR
spectrum. The reaction was extremely slow at 60°C, so the mixture was heated to 1000C,
where shortly thereafter the presence of Mo(NBut)2(OBut)2 (1) and CpMo(NAr),Cl (10)
was noted. Equilibrium was achieved after 6 months; the approximate percentage

concentrations of the half-sandwich molybdenum species are shown in equation 2.16:
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Mo(NAr) 2 (OBu'); Mo(NAr)3 (OBu'),
CpMo(NBu‘)zCl == CpMo(NAr)(NBu‘)Cl z_? CpMo(NAr)Cl

10% 60% 30%
9) (10)
(2.16)

Figure 2.4 depicts the Cp and methine septet (aryl diisopropyl groups) regions of the 1H

NMR, clearly showing the three Cp and four aryl proton environments.

Y CpMo(NBut)2Cl
A CpMo(NBul)(NAr)Cl 9
t  CpMo(NAr)Cl (10)
Q Mo(NBut)(NAr)(OBub)2 (2)
. Mo(NAr)(OBub)y -
Cp (CsHs) region
Methine (CHMe3) region
A
A
Q
)y
¥
—-\—'- 1 _4_
Tlllll]llll‘lllI]llll]llll]llllT
4.0 3.6 PPM 3.4
I W
111]1111]11 ]IIIIITXT
6.140 6.05 6.00 5.95 PPM

figure 2.4 IH NMR (200 MHz) spectrum of the reaction of CoMo(NBut)2Cl!
with Mo(NAr)2(OBu!)2 after 6 months at 1000°C.
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As there are six metal complexes present there are a large number of possible intermetal
exchange pathways affecting the overall equilibrium position, however, imido exchaﬁge
between two “CpMo” species could be discounted as this would be slow compared to
“CpMo - Mo” and “Mo - Mo” exchange. Chloride-butoxide exchange can probably also
be disregarded; for example when CpMo(NBu!)2Cl was mixed with one equivalent of
Mo(NBut),(OBul); (1) in CgDg, no exchange products were observed in the H NMR

spectrum even on heating to 100°C for several months:

CpMo(NBu',Cl + Mo(NBu'n(OBu'),

(1) \’I,,
N
CpMo(NBu"%(OBuY) + Mo(NBu')(OBu")Cl
)]

(2.17)

In accordance with the observations from section 2.3.1, the mixed imido species
{(6) and (9)} are the most favoured, although in this system the exchange rate is much
slower due to unfavourable steric and electronic interactions of the crowded four

coordinate half-sandwich molybdenum complex.

b) Reaction of CpMo(NBu!)2Cl with CpoNb(NAr)Clz

Equimolar quantities of CpMo(NBut)2Cl and CpNb(NATr)Cl»26 wre mixed in dg-
benzene at room temperature. No reaction occured at this temperature or even on heating
to 1000C for 2 weeks. After 1 month at 100°C there were traces of CpMo(NAr)(NBuhCl
(8) and CpNb(NBul)Cl; present in the 'H NMR, but to date (~ 3 months) the intensity of

these signals has not appreciably changed.



CpMo(NBu'),Cl + CpNb(NAnCl,

AN

CpMo(NAr)(NBu)Cl + CpNb(NBu)Cly
)]

(2.18)
Increasing the steric bulk of both starting complexes clearly retards the reaction rate.

c¢) Reaction of CpMo(NBu!');Cl with CoNb(NMe)Cl
CpMo(NBub),Cl was mixed with one equivalent of CpNb(NMe)Cl»26 in CDCl3
at room temperature. Reaction was found to occur at 100°C and reached completion after

one week, according to equation 2.19:

CpMo(NBul)ZCI + CpNb(NMe)Cl,
T~
CpMO(NMe)(NBul)Cl + Cpr(NBu[)Clz

%7 (11)

precipitate

(2.19)

Resonances in the |H NMR were found only for CpNb(NBut)Cly. However, a dark
insoluble precipitate was present and assigned to CpMo(NMe)(NBu')Cl (11) (or more
likely the subsequent decomposition product thereof). Reaction with CpNb(NMe)Cly was
much faster than that observed in (b), reflecting the reduced steric bulk of the methyl

imido unit.
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2.4 A mechanistic study of intermetal oxo-imido exchange

The intermetal oxo-imido exchange reaction has been the subject of a preliminary

kinetic study by Dr.J.P.Mitchell for the following system!0:

Ki
Mo(NAr)4OR), + Mo(O)z(OR)zz;"'f_ﬂ> 2 Mo(O)(NAr)(OR)

(2.20)

For R = Bul, the above reaction was found to proceed slowly over 24 hours at room
temperature to reach equilibrium (Keq = 0.08), whereas for the hexafluoro tert-butoxide
analogues (R¢®) the reaction was much slower, taking several days at 60°C to attain
equilibrium. This slower rate may be rationalised due to the stronger oxo and imido-
metal multiple bonds, as well as the greater steric interactions for the fluorinated species.
The negative entropy determined for the above reaction is consistent with an ordered four-
centred transition state containing bridging oxo and imido groups (see section 1.3.2).

For comparative purposes, the tert-butyl imido analogues Mo(NBut)2(OR); were
synthesised as part of this study, as well as the corresponding oxo analogues

Mo(0)2(0R)2 (R = Bul, R(3, R(5).
2.4.1a) Reaction of Mo(NBut)3(OBut), (1) with Mo(0)2(OBut);

Reaction of equimolar quantities of Mo(NBut)2(OBut); (1) with Mo(O)(OBut),
in dg-benzene proceeded rapidly at room temperature reaching completion within 40

minutes (equation 2.21). The equilibrium position lies heavily towards the mixed oxo-

imido complex (Keq > 2 x 102).
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Mo(NBu')(OBu"); + Mo(0)(OBu'), %&_‘—&‘E’ 2 Mo(O)(NBu)(OBu'),
@) ®)

(2.21)

Resonances in the 1H NMR spectrum for (5) were present at § 1.38 (NBut) and 1.25
(OBut), the former resonance being coincident with the NBu!/OBut signal for (1). Figure

2.5 displays the IH NMR spectrum of the reaction after 5 minutes at room temperature.

Mo(NBut)2(OBub)2 (1)

Mo(O)(VBuf)(OBut),

.

Mo(O)2(0But),

- Mo(O)(NBuY)(OBu);
|]l]|l|llIl]III]]llll]lllllll11]lll7—'
1.4 1.3 1.2 1

figure 2.5 H NMR (200 MHz) spectrum of the reaction of Mo(NBuw!)2(OBu'); (1)
with Mo(O)2(OBut) after S minutes.
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The tert-butoxide resonances for Mo(O)2(OBul)2 and Mo(O)(NBut)(OBut); (5) are
significantly broadened, a phenomenon attributable to intermetal alkoxide exchange at a
rate comparable with the NMR timescale. We have found that this is a general
phenomenon, and is also observed for the fluorinated alkoxide species. Intermetal
alkoxide exchange will be occuring between all three complexes at different rates (ky, ko

and k3), as labelled in figure 2.6:

Mo(NBu(OBu'),

Mo(O)(NBu)(OBu'y, =——= Mo(0)»(OBu’);
(5) k3

figure 2.6 Intermetal multi-site alkoxide exchange

The rate of alkoxide exchange is likely to increase in the order:
k1 <kp < k3, based on decreasing steric congestion by replacement of the oxo group with
the large imido unit. It is quite fortuitious that k3 is comparable with the NMR timescale.
Independent determination of this rate constant is difficult, since it is a function of 12
parameters {4 for each species, consisting of relaxation time (T1), population, chemical
shift difference (Ad) and rate constants (kp)}27. However, on cooling a sample of the
reaction in dg-toluene (-10°C), the resonances due to the tert-butoxide protons of
Mo(0O),2(OBut), and (5) are found to sharpen considerably, consistent with a reduced rate
of alkoxide exchange (k3).

Owing to the position of the equilibrium (lying essentially over to the right), the
kinetic data could be interpreted by a 2nd order non-reversible approach28, the rate law

for which is given in equation 2.22:

Rate = d [Mo(O)YNBu)(OBu"%] = k; [Mo(NBu')(OBu')][Mo(O)(OBu')]
dt

(2.22)
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A plot of 1/a-x versus time gave a straight line of gradient k1 = 3.6(5)x10-2 1 mol-1s-1,
However, this rate could not always be reproduced and occasionally fluctuated by factors
of up to 2-3. Some other external factor was obviously affecting the observed rate of the

reaction and it was therefore necessary to investigate this further.

b) Reaction of Mo(NBu!)2(OBu')y (1) with Mo(Q)2(OBuW!); in the presence of NEt3
The oxo-imido exchange reaction was performed in the presence of 3, 7 and 20%

(% of total moles reactants) and the rate constants determined, as recorded in table 2.2.

reagent kj/x10-31 mols-! kj (relative)

- 36(3) 36

3% NEf3 1.27(9) 1.3
7% NEt 1.0(13) 1
20% NEt3 1.06(11) 1.1
20% BulOH 60(4) 60
3 BulOH 1.39(4) 1.4
5% PhCOoH 94(7) 94

table 2.2 Rate constants for oxo-imido exchange (R = Bu!)

Figure 2.7 displays the second order plot for the oxo-imido reaction in the presence of

3% NEt3:
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figure 2.7 2nd order plot for the oxo-imido reaction (R = Bu!) in the presence of 3%

NEt3

The observed rate constants are (within error) effectively the same (kj ~ 1.0 x 10-3 I mot-
ls-1), This rate constant is much reduced from that observed in the absence of added base
cf.k; = 3.6(5)x10"1 1 mol-Is-1. Triethylamine is a good basic ¢ donor and could be
envisaged to coordinate to the metal centres, hence curtailing the bridging of oxo and
imido groups. Nevertheless, there is no evidence of NEt3 adducts in the !H NMR
spectrum and even if adduct formation were occuring there would be insufficient base
present to reduce the rate by the large factor observed (x 36). It now seemed likely that
the reaction could be susceptible to acid catalysis, and that the role of NEt3 could be in

removing acidic species.

¢) Reaction ofMo(NBu’)z(OBu‘)j (1) with Mo(O)2(OBut); in the presence of PhCOH
The oxo-imido exchange reaction was performed in the presence of benzoic acid
(5%), where the rate was found to be substantially increased (almost 3 times) over that
observed in the absence of external reagents (table 2.2), and two orders of magnitude
greater than the runs in the presence of NEt3. This undoubtedly established that the
reaction is acid catalysed. The acid would be most likely to hydrogen-bond to the basic
oxygen of the ancillary butoxide ligands. This would “tie up” one of the oxygen lone

pairs and therefore increase the electrophilicity of the metal centre (shown in figure 2.8).
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The increased lewis acidity of the metal centre would encourage the bridging of multiply
bonded ligands between metal centres to occur, inevitably resulting in the relatively rapid
formation of the oxo-imido product. This process is a general one, and is therefore likely
to be of fundamental importance for the exchange of both dianionic and mono-anionic

groups between metal centres.

MoiQ
RQ/ Q
-
/
R'O

figure 2.8 The reactive intermediate in the oxo-imido exchange reaction

A related hydrogen-bonded intermediate has been observed in a late transition metal

system and is discussed in section 3.5.11.

d) Reaction of Mo(NBu!)2(OBu!)y (1) with Mo(O)2(OBu')2 in the presence of BWOH
The most likely source of acid in the oxo-imido exchange reaction in the absence
of external reagents would be dissociated Bu'OH itself. The reaction was performed
firstly in the presence of a small quantity of BulOH (20%), and secondly a large excess (3
equivalents, the second order plot for which is shown in figure 2.9). The resultant rates
are shown in table 2.2. A dual role for BulOH is clearly apparent: at low concentration,
Bu'OH acts as an acid catalyst, increasing the rate of reaction noticeably, whereas at high
concentration it slows the rate profoundly. In the former, the rate although substantially
increased, is not as large as that observed for a relatively small concentration of benzoic
acid. This reflects the greater acidity of benzoic acid, which would lead to stronger
hydrogen bonding interactions with the alkoxide ligands, and therefore generate a more
electrophilic metal centre. In excess, the catalytic effects of ButOH are overridden by it’s
capacity to bind to the metal centre, hence hindering bridge formation of the multiply

bonded groups.
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figure 2.9 2nd order plot for the oxo-imido reaction (R = But) in the presence of

3 equivalents of BWOH
2.4.2 Reaction of Mo(NBut)2(ORg3); (12) with Mo(O)2(ORg); (13)

Equimolar quantities of Mo(NBut)2(OR¢3) (12) and Mo(O)2(OR¢3)2 (13) were
mixed in dg-benzene at room temperature and the presence of the mixed species
Mo(O)(NBut)(OR¢3), (14) was noted soon thereafter. The reaction proceeded to

completion over about 36 hours (Keq > 2 x 102).

k
Mo(NBu(OR¢), + Mo(0)x(ORF), 4——]_2' 2 Mo(O)(NBUY)(OR¢),
(12) (13) (14)

(2.23)
Figure 2.10 shows the IH NMR spectrum (200 MHz) after 7 hours, in which the methyl

resonances of the trifluoro tert-butoxide ligands of (13) and (14) are clearly merged (see

section 2.4.1(a)).
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Figure 2.10 ’H NMR spectrum of the reaction of (12) with (13) after 437 minutes.
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To assess the susceptibility of the reaction to acid catalysis, the reaction was performed
separately in the presence of NEt3 (20%) and benzoic acid (5%). The rate constants are
tabulated in table 2.3 {along with those for the hexafluoro tert-butoxide system (R¢®)).
The reaction rate is not slowed down by the addition of small amounts of NEt3, but is
speeded up in the presence of PhCO2H, demonstrating that the reaction is susceptible to
acid catalysis. However, the affects of acid catalysis are small compared to those
observed for R = Bu! (section 2.4.1). A possible explanation for this could be the
reduced basicity of the oxygen of the trifluoro tert-butoxide group, therefore rendering it

less susceptible to hydrogen bonding.

system reagent ki _/_x=19'3 1 mols-1
Re - 5.4(4)x10°1
R¢3 20% NEt3 5.2(3)x10°!
R 5% PhCOoH 1.03(5)
R(6 - 1.3(1)
R¢6 3% NEt3 1.25(6)
RS 5% PhCO,H 9.6(1)x101

table 2.3 Rate constants for oxo-imido exchange (R = R, Rf)

The 2nd order plot for the oxo-imido reaction (R = Rg3) in the presence of 5% benzoic

acid is shown in figure 2.11:
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figure 2.11 2nd order plot for the oxo-imido exchange reaction (R = Rf3 )inthe

presence of 5% benzoic acid.
2.4.3 Reaction of Mo(NBut)2(OR5), (15) with Mo(O)2(OR0); (16).

Reaction of Mo(NBut)2(OR(®), (15) with one equivalent of Mo(O)2(0OR¢0); (16)

in dg-benzene occured smoothly at room temperature, according to equation 2.24:

k
Mo(NBu%(OR®), + Mo(0)2(OR ), <__—-i> 2 Mo(O)(NBuY)(ORf®),
(15) (16) (17)

(2.24)

Successive !H NMR (400 MHz) spectra at various time intervals are shown in figure
2.12. Tt is noticeable in figure 2.12, that shifting and coalescing of the methyl resonances
(R6) occurs between (16) and the mixed species Mo(O)(NBut)(OR¢0)2 (17), in a similar
manner to that observed for R = But, Ri3.

The reaction was performed in the presence of NEt3 (20%), however
complications arose in that an adduct was formed between NEt3 and Mo(O)2(OR6),
(16). The adduct was confirmed by the stoichiometric reaction of (16) with one equivalent
of NEt3 in CgDg, for which new signals were observed in the 1H NMR spectrum (see
Experimental). The structure of the adduct (shown in figure 2.13) is likely to be closely
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Figure 2.12 Stack plot of the 'H NMR spectra for the reaction of (15) with (16).
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related to the 5 coordinate trigonal bipyramidal base adducts observed for the hexafluoro
tert-butoxide derivative of the Schrock catalyst Mo(NAr)(CHCMe,Ph)(ORf%)).L, where

L = Bu!NH;10, PMe329.

figure 2.13 NE13 base adduct of Mo(0)2(ORf);

An adduct arises in this example as a consequence of the highly acidic and sterically
accessible metal centre of (16). This adduct was found to be inert to oxo-imido exchange,
the reaction typically proceeding until all uncomplexed (16) had been consumed. The
réaction was performed using a smaller quantity of NEt3 (3%, the second order plot for
which is shown in figure 2.14), where adduct formation would not signif;cantly affect the
rate; here the reaction was found to proceed at the same rate as observed in the absence of
external reagents (see table 2.3). It is questionable, however, whether an acid source
would be removed if all the NEt3 present is bound to the metal centre of (16).
Interestingly, the reaction was found to proceed at the same rate when performed in the
presence of PhCOyH (5%) suggesting that PhCOH may not be sufficiently acidic to

hydrogen bond to the oxygens of the hexafluoro-tert-butoxide ligands.
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figure 2.14 2nd order plot for the oxo-imido reaction (R = Rf6 ) in the presence

of 3% NE3
2.4.4 Reaction of Mo(NBu!),Cly.dme with Mo(0)2Clz.dme -

Mo(NBut)7Clp.dme30:31 was treated with one equivalent of Mo(O)2Clz.dme in
CeDg at room temperature. After 5 hours, resonances due to Mo(O)(NBut)Clp.dme (18)

were observed at & 1.40(NBut), 3.41(dme) and 3.07(dme). The reaction was complete
after about 3 days (Keq ~ 200), the rate constant for the forward reaction being

2.3(2)x10-4 1 mol-1s-1.

k
Mo(NBut),Clp.dme + MO(O)2C12.dmC<§____IB’ 2 Mo(O)(NBut)Cl,.dme
(18)

(2.25)
The rate of reaction is much slower than those observed for 4 coordinate oxo-imido

exchange (sections 2.4.1-3), consistent with the increased steric congestion for a 6

coordinate system.
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2.4.5 Summary

The rate of oxo-tert-butylimido exchange (in the presence of NEt3) is much faster
than found for the corresponding oxo-arylimido exchange!0. The tert-butyl imido
nitrogen is more basic than the arylimido nitrogen and therefore will have a greater
propensity for bridging, thus lowering the activation energy for formation of the
proposed bridged intermediate and thereby assisting the reaction.

Changing the ancillary alkoxide ligands has little effect on the rate of oxo-tert-
butylimido exchange, the rate constants (kj, | mol-1s-1) for which are:

Bu! (1.0x103) ~ Rf6 (1.3x103) > R (5.3x104)

This is in direct contrast to the apparently large variation in rates observed on fluorination
of the ancillary alkoxide ligands for the oxo-arylimido exchange reaction!0. However, as
the effects of acid catalysis were not clear in the latter system, the rate constants are not
directly comparable. Fluorination of the ancillary alkoxides should increase the strength
of the respective oxo and imido multiple bonds (decrease rate), nonetheless it would also
increase the electrophilicity of the metal centre (increase rate). Presumably a trade-off of
effects could possibly be occuring.

The equilibrium constants for all the oxo-tert-butylimido exchange reactions are
similar, Keq > 2 x 102, showing a strong thermodynamic preference for the oxo-imido
species. For oxo-arylimido exchange, the situation is the reverse with the equilibrium
position favouring the reactants (Keq = 0.08). The origin of this preference may arise as a
consequence of competition for the 3 avaliable 7 orbitals at the metal centre between the
two multiply bonded groups. When these groups are electronically disparate, a natural
favourable polarisation could occur whereby the stronger n donor would dominate (form
2 © bonds), whereas the weaker m donor would only form one rt bond. For the oxo-tert-
butylimido complex the difference is large; with the basic tert-butylimido ligand acting as
the 2  donor, whereas for the oxo-arylimido complex this difference would not be as

wide, disfavouring this species.
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2.5 Synthesis of oxo-imido species

The synthesis of several oxo-imido species were undertaken in an attempt to
exploit the favourable position of the oxo-imido exchange equilibria. The reaction

conditions employed were as close as possible to those in the NMR experiments.

2.5.1 Reaction of Mo(NBut);(OBut); (1) with Mo(0)2(OBut);
Preparation of Mo(O)(NBut)(OBu!); (5)

Equimolar solutions of Mo(NBu')2(OBut); (1) and Mo(O)2(OBut); in toluene
were mixed at room temperature. After 1.5 hours the solvent was removed and the pale
brown amorphous solid residue was sublimed (298K,< 10-3 mm Hg), affording

Mo(O)(NButY}(OBuY)2 (5), as a colourless crystalline material in 68% yield.

. .
Mo(NBu)(OBuY, + Mo(0)2(OBuY) == 2 Mo(O)(NBu)(OBu'),
) (5)

(2.26)

Complex (5) was extremely unstable, decomposing over several days even under
rigorous dry box conditions. The oxo stretch in the infra red spectrum could not be
assigned owing to an abundance of bands in the region for a typical mono oxo complex,
900 - 1100 cm-1, 32, Complications arise due to the presence of alkoxide group bands in
this region (M-O and O-C fall in the range 900 - 1150 cm-1)33,

CgDg was condensed onto a sample of (5) at liquid nitrogen temperature, the
sample warmed quickly to -78°C and a TH NMR (400 MHz) spectrum was acquired. The
spectrum displayed two singlet resonances at & 1.38 and 1.25 in the ratio (1:2)
attributable to the tert-butyl hydrogens of the imido and alkoxide ligands respectively. On
rapid warming to room temperature low intensity resonances due té (1) and
Mo(O)2(OBul);y grew in over several minutes, demonstrating approach to equilibrium in

the opposite direction.
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2.5.2 Reaction of Mo(NBu®);(OR); (15) with Mo(0)2(ORS)2 (16)
Preparation of Mo(O)(NBut)(OR{5)2 (17) |

An equimolar ethereal solution of Mo(NBut)2(OR9); (15) and Mo(0)2(OR¢6),
(16) was stirred for 4 days at room temperature to give a yellow-green solution.
Recrystallisation from the reaction solvent at -780C afforded yellow crystals of

Mo(O)(NBut)}(OR¢®); (17) in a 49% yield, according to equation 2.27:

Mo(NBu'p(ORf); + Mo(0)2(0RE), === 2 Mo(O)(NBu)(ORf®),
(15) (16) amn

(2.27)

As found for complex (5), these crystals were inherently unstable at room temperature
under an inert atmosphere, readily decomposing to afford an orange coloured material.
The mass spectrum (EI / my/z) revealed a fragment of mass 531 assignable to [M - CHaj*,
along with a fragment due to CF3* (69). Equilibrium with (15) and (16) occured over

several days when a sample of (17) was dissolved in dg-benzene.

2.5.3 Reaction of Mo(NBut);Clz.dme with Mo(0),Cly.dme
Preparation of Mo(O)(NBu!)Cly.dme (18)

Diethyl ether was added to a solid equimolar mixture of Mo(NBu!)2Clp.dme and
Mo(Q),Cly.dme and the resultant mixture stirred for 5 days at room temperature.
Mo(O)(NBut)Clp.dme (18) was recrystallised from ether at -780C as a pale green solid in
low yield (26%).

k
Mo(NBu%Clp,dme + Mo(O),Clo.dme .4._"——1'9' 2 Mo(O)(NBu)Cl,.dme
(18)

(2.28)
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The related oxo-imido complex Mo(O)(N-1-Adamantyi)Cly.dme has been synthesised in
our laboratory34, a structural determination for this compound shows cis multiply bonded
oxo and imido ligands in a distorted octahedral geometry

When a solution of (18) in CgDg was left for several weeks, resonances due to the
starting materials were difficult to detect, suggesting that the equilibrium position may lie
further to the right than originally perceived (see section 2.4.4). Fluxional behaviour for

the methyls of the dme ligand was observed, the resonance at & 63.27 in the 13C NMR

spectrum being substantially broadened.

2.6 Mono-anionic (X-type) intermetal ligand exchange in Mo(Q)2X;

system

Relatively little is known about the exchange between metal centres of formal one
electron ligands, with only a few examples having been reported in the literature (for a
brief review see section 1.3.1). It is the aim of the following sections to examine the
exchange equilibria for a given pair of X and Y ligands in several four coordinate
molybdenum (VI) systems of the type Mo(Q)2X2 {(Q)2 = (NBub)z, (O)2 and
(NAr)(CHC(CH3)7Ph)). For simplicity, these systems were chosen so that reaction with

another molecule of the type Mo(Q)»Y2, could only possibly afford one mixed product:

Keq ,
Mo(Q) X2 + Mo(Q)2Y2 —= 2 Mo(Q)XY

(2.29)
The findings of the subsequent reactions are incorporated in a general discussion

in chapter three (section 3.5.11), where a comparison with analogous monovalent

exchange reactions for the half-sandwich niobium system CpNb(NBut)X> is made.
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In order to conduct this study, suitable precursors had first to be synthesised
containing a variety of X type ligands spanning halide, amide, and alkoxide moieties.

These species were chosen to enable steric and electronic influences to be probed.

2.6.1 Reaction of Mo(NBut);Cly.dme with LiNHBut
Preparation of Mo(NBu!)2(NHBu'); (19).

The synthesis of Mo(NBut)2(NHBut)2 (19) has been previously reported from
the reaction of Mo(NBu!)2Clp! with two equivalents of LINHBut by Wilkinson and co-
workers35. Here, (19) is prepared using the dme precursor Mo(NBut)2Cly.dme. The
reaction of Mo(NBu!)2Cl,.dme with two equivalents of LiINHBut proceeds slowly over

two days at 60°C in THF, according to equation 2.30.

THF
Mo(NBu')Cl,.dme + 2LiNHBu‘—% Mo(NBu')(NHBu'), + 2LiCl
: 60
(19)

(2.30)

Sublimation afforded pure (19) in 60% yield as a pale yellow solid. The 'H NMR (400
MHz, CgDg) spectrum displayed a resonance arising from the amide proton at § 5.69,
and two equal intensity tert-butyl resonances at & 1.42 and 1.30. A nuclear Overhauser
(nOe) experiment was necessary in order to establish which tert-butyl resonances
belonged to the amide/imido ligands. The amide resonance displayed an enhancement
when the tert-butyl resonance at § 1.30 was irradiated, thus allowing the assignment of
this signal to that of the tert-butylamide ligand. This contradicts the assignment made for
these respective signals in the previously reported synthesis35. Subsequently, a 1H - 13C
heteronuclear correlation (HETCOR) experiment then enabled the assignment of B-carbon
resonances for the tert-butyl amide/imido groups at 8 33.64 (NHBu!) and 32.84 (NBu!).

A characteristic amide N-H stretch was present in the infrared spectrum at 3350 cm1,
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2.6.2 Reaction of Mo(NBut),Cl,.dme with LiOPri
Preparation of Mo(NBu!)2(OPF); (20).

The reaction of Mo(NBut);Cly.dme with two equivalents of LiOPri proceeded
smoothly at room temperature in diethyl ether to afford Mo(NBut)(OPr); (20), isolated

as a pale yellow oil, according to equation 2.31:

Mo(NBu')Clzdme + 2 LiOPr' ——= 0.5 [Mo(NBu'j(OPr)p)h, + 2 LiCl
(20)

(2.31)

Crystallisation of (20) could be induced on cooling below it’s melting point (17 - 20°C).
Resonances corresponding to the iso-propoxide groups were located in the I1H NMR
spectrum (400 MHz, CgDg) at 6 4.71 (septet) and 1.28 (doublet), for the methine and
methy! protons respectively. The mass spectrum (CI, m/z, 98Mo) revealed the protonated
parent ion at 359; however the presence of low intensity higher molecular weight
fragments was also noted. A crystal structure of (20) was therefore desirable in order to

determine the degree of association in the solid state.
2.6.3 The molecular structure of Mo(NBut)3(OPri); (20)

Small cubic crystals of (20) were picked rapidly at ambient temperature (low
melting point ca.17 - 20°C) and mounted in 0.5 mm Lindemann capillary tubes under an
inert atmosphere. X-ray data were collected at 150K by Ms.C.Wilson and Professor
J.A K Howard. Preliminary analysis of this data shows the structure to be dimeric and
suggests that the bridging units are propoxide ligands (shown schematically in figure

2.15). However, at this stage the structural refinements are incomplete.
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figure 2.15 Molecular structure of [Mo(NBu')2(OPF)(LLOPr)]2

Iso-propoxide ligands show a greater tendency for bridging than corresponding butoxide
groups because of the less crowded steric environment around the oxygen36. This is
exemplified by the monomeric structure of the tert-butoxide analogue Mo(NBut)2(OBut);
(1), shown in section 2.2.1. Of special note in this case is the apparent preference for

bridging alkoxides as opposed to bridging imido groups.

2.6.4 13C NMR - chemical shifts (5, ppm) of the tert-butyl imido group

in Mo(NBut);X;, complexes

Nugent has shown that the difference in chemical shift between the o- and B-
carbons of the tert-butyl imido, A8, gives an indication of the electronic nature of the
imido group37. From examination of a series of structurally diverse d° tert-butyl imido
complexes, decreasing the electron density on the imido nitrogen leads to a downfield
shift in the a-carbon resonance and a corresponding upfield shift in the B-carbon
resonance. The type of chemical reactivity of the imido group can be predicted on the
basis of Ad values; a large A value is indicative of less charge on the nitrogen and
consequently the imido will exhibit electrophilic behaviour, whereas a small AS value is
characteristic of a nucleophilic imido group. As discussed previously (section 1.2), Ad
varies dramatically on changing the metal or number of imido units on the metal centre.
However, changes in A are much more subtle on changing the ancillary ligands for a
particular systemZ20, The - and B- carbon resonances, together with the A values for a
series of four coordinate molybdenum bis imido complexes of the type Mo(NBut)2X are

recorded in table 2.4:
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X 3C(ar) 8C(B) AS
NHBut 67.22 32.64 33.58
OPri 69.09 33.16 35.93
OBut 67.94 32.16/44 | 35.50/35.78
OR¢3 70.02 31.84 38.18
OR¢® 72.23 31.32 40.91
Cl! 74.13 30.11 44.02

table 2.4 73C chemical shift data (ppm) for Mo(NBu!)2X

The magnitude of A lies in the range 33 - 44 ppm and increases in the order:
NHBut < OBut < OPri < ORg3 < ORf® < ClI
At the lower limit is the tert-butyl amide group, which is consistent with the decreased
electronegativity of the nitrogen relative to that of the oxygen in the alkoxide species. The
trend in Ad on fluorination of the tert-butyl alkoxide groups is clear:
OBu! < ORg? < ORf®

This is consistent with increasing the electronegativity of the alkoxides by the addition of
successive CF3 units. At the upper limit, the halide (Cl) shows the largest A8 values of
the series, reflecting the high electronegativity and poor © donor ability compared to the
alkoxide species. This series shows clear trends that are useful for comparisons with

other systems (see section 3.5.9).

2.6.5 Mono-anionic (X-type) intermetal ligand exchange in the

Mo(NBut);X, system

Typically, equimolar quantities (38 pmols) of Mo(NBul)2X7 and Mo(NBul);Y>
were mixed in CgDg (800pl), and the reactions followed by 1H NMR spectroscopy. The
relative intensities of the mixed species Mo(NBul)2XY and reactants at equilibrium

allowed the determination of equilibrium constants (Keq):
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Keg
Mo(NBu'%X; + Mo(NBu'),Y, == 2 Mo(NBu'%XY

(2.32)

a) Reaction of Mo(NBut),Cly with Mo(NBu!)2(OBut); (1)

Equimolar quantities of Mo(NBut)7Cly and Mo(NBut);(OBut); ( i) were mixed at
room temperature. A 'H NMR (200 MHz) spectrum was obtained 5 minutes after mixing
and the reaction found to have gone to completion (no residual reactants observable). As
thg reaction was tovo fast to be followed convenicntly by !H NMR at ambient temperature,
a lower limit can be estimated for the second order rate constant ky > 7.7 1 mol-1s-! at

298K (based on the reaction being 99% complete after 5 minutes).

Mo(NBu),Clz + Mo(NBu'y(OBu'), ;%: 2 Mo(NBu'y(OBu)Cl
a (8

(2.33)

The mixed complex Mo(NBut);(OButCl (8) is overwhelmingly favoured (Keq > 104).
The 'H NMR (CgDg) chemical shifts for the mixed species Mo(NBut)2(OBut)Cl (8) are
recorded in table 2.5, along with selected chemical shift values of other mixed species of

the general formula Mo(NBut);XY:
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comv lex 1H NMR (Cg¢Ds¢, 200 MHz, & (ppm))
X Y NBu! X Y
Cl OBu! 1.29 - 1.26
Cl NHBut 1.32 - 1.14, 8.10(br)
OBut NHBut 1.40 1.42 1.26, 6.62(br)
OBut OPri 1.37  [1.28(d),4.70 (sept) 1.37
OBut ORg 1.32 1.30 1.37(m)
OBul OR(® 1.27 1.26 1.49(sept)
ORg3 OR¢0 1.23 1.27(m) 1.44(sept)

table 2.5 TH NMR data for Mo(NBu')2XY complexes.

b) Reaction of Mo(NBu!')2Cly with Mo(NBu!);(NHBu!)z (19)
The reaction of Mo(NBut)2Cly with Mo(NBut)a(NHBut); (19) was also found to
have reached completion after 5 minutes at room temperature (Keq > 109), according to

equation 2.34:

K
Mo(NBu'),Cl, + Mo(NBu‘)z(NHBu‘)zﬁ_$‘ 2 Mo(NBu'(NHBW)Cl
(19) (21)

(2.34)
The chemical shifts in the TH NMR spectrum (CgDg) for (21) are given in table 2.5.
c¢) Reaction of Mo(NBu!)2(OBu!); (1) with Mo(NBu')2(NHBu!); (19)
In contrast to the reactions described in (a) and (b), the reaction between

Mo(NBut)2(OBul); (1) and Mo(NBul)2(NHBut)2 (19) was very slow at room

temperature, requiring 15 days for equilibrium to be attained {Keq =20(2)}.
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K
Mo(NBu'p(NHBUY), + Mo(NBu')(OBu"), ﬁ 2 Mo(NBu'(NHBu)(OBU")
(22)

(19) @
(2.35)

The reaction was closely monitored and the data analysed according to the integrated rate

law for a second order reversible reaction28:

| - [

] kit (2.34)

X (a - 2Xo) + axe
Xe

In
a (Xe- X)

where a = starting concentration of (1),
X = concentration of (22) at time t,

Xe = equilibrium concentration of (22).

The plot of In [x (a - xe) + axe / a (Xe - x)] = In (f), versus time is shown in figure 2.16,

the slope of which is [2a (a - x¢) / Xe] ki, thus allowing the determination of k; =

5.2(3)x10° | mol-1s-1,

4-
3-1
s ] G
£ 2
11 (o]
0 ~T T 1
0 1000 2000
time /103 s

figure 2.16 Plot of In (f) versus time for OBu! - NHBu' exchange
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This reaction is unique for one electron exchange studies of four coordinate molybdenum
systems, in that equilibrium is not established almost immediately i.e before 5 minutes (k;
> 7.7 1 mol-Is-1). The rate of reaction is at least 5 orders of magnitude slower than that
observed for chloride - butoxide (a) and chloride - amide (b) exchange. This is a
consequence of the combination of sterically demanding tert-butoxide and tert-butylamide
ligands hindering bridging between the two metal centres. This will be discussed in more

detail in section 3.5.11.

d) Reaction of Mo(NBu')2(OBu!); (1) with Mo(NBw!)2(OPri)2 (20)
A 'H NMR spectrum arising from an equimolar mixture of Mo(NBu!)2(OBut);
(1) and Mo(NBut),(OPri); (20), showed the reaction to be complete within 5 minutes at
room temperature.
. Kq ,
Mo(NBtgz)(OBu‘)z + MO(NB(;;%(OPIJ)Z =2 Mo(NBu‘)éé))l?u‘)(OPr')

(2.37)

Assignment of the resonances in the IH NMR due to Mo(NBut)2(OBut)(OPri) (23) was
difficult owing to the presence of at least 3 signals corresponding to the 5 possible tert-
butyl environments, in the range 6 1.36 - 38 ppm. This small range in chemical shift
values reflects the similar electronic environments of the products and the reactants. A
separate experiment in which (1) and (20) were mixed in a 2:1 ratio was performed and
the relative intensities of the 3 signals compared. This enabled the assignment of
coincident tert-butyl resonances at & 1.37 (OBu!, NBut) for (23) to be made. Both
experiments were consistent with a final equilibrium position of Keq = 3.0(3). This
equilibrium constant shows little thermodynamic preference for either reactants or
products, having almost a statistical value for an A + B = 2C equilibrium. Iso-propoxide
and tert-butoxide ligands would be expected to exhibit similar electronic and orbital
characteristics at the metal centre, consequently there would be expected to be only a

slight energetic difference between reactants and products.
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e) Reaction of Mo(NBu!)2(OBw!); (1) with Mo(NBu‘)z(ORf?)z (12)
Equilibrium was established between S and 10 minutes for the reaction of

Mo(NBut)2(OBuY)3 (1) and Mo(NBut)2(OR3); (12) at rcom temperature.

Mo(NBu')(OBu'), + Mo(NBu‘)Z(ORf3)2;—TKj'=;> 2 Mo(NBu’)(OBu')(OR¢)
(D 2) Q4)

(2.38)

The equilibrium constant {Keq = 7.0(7)} reflects a slight preference for the mixed product

Mo(NBut)2(OBut)(OR3) (24).

f) Reaction of Mo(NBu!)2(OBu')7 (1) with Mo(NBu‘)z(OR/é)z (15) -
Equimolar quantities of Mo(NBut)2(OBut), (1) and Mo_(NBu‘)z(ORé)z (15) were
mixed at room temperature, whereby equilibrium was reached between 5 and 10 minutes

{Keq = 50(3)}.

Mo(NBu')(OBu%); + Mo(NBu’OR$), %%% 2 Mo(NBu')(OBu)(OR§)
(1) : (15) o @25)

(2.39)

IH NMR resonances for the mixed compléx Mo(NBu‘)z(OBui)(ORfﬁ) (25) are collected
in table 2.5.
g) Reacfion of Mo(NBut)(OR#); (12) with Mo(NBut)2(OR{); (15)

The reaction of Mo(NBut);(ORg3)7 (12) with Mo(NBut)2(OR¢9); (15) reached
equilibrium in about 15 minutes at room temperature {Keq = 7.0(2)}. The rate at which
equilibrium is reached is qualitatively slower than in both (e) and (f), reflecting increased
steric_ congestion (possibly arising due to fluorine-fluorine intcractions) in the transition A

state {see section 3.5.10(f)-(h)}.
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Ko
Mo(NBu')(ORP) + Mo(NBu'y(ORf), === 2 Mo(NBu')(OR/)(ORS)
(12) (15) (26)

(2.40)

Figure 2.17 shows the 'H NMR (200 MHz) at equilibrium. Notably, the equilibrium
constant is identical to that achieved in (e). In both cases there is a difference of one CF3

group between each reactant pair.
The equilibrium constants for reactions (a) - (g) in CgDg at 298K are collected in

table 2.6:

X Y Keg |
Cl OBu! > 104
Cl NHBut > 104

OBut NHBut 20(2)

OBu! OPri 3.0(3)

OBut ORg3 7.0(7)

OBut ORf® 50(3)

ORg OR¢® - 7.02)

table 2.6  Equilibrium constants (Keq) for X - Y exchange in the Mo(NBu!)2X7

system

2.6.6 Intermetal alkoxide exchange in the Mo(NAr)(CHCMe;Ph)(OR)»
(R = But, Rg3, Rf6) system |

The importance of molybdenum alkylidene complexes38 in olefin metathesis
prompted an investigation of alkoxide ligand exchange in this system. The alkoxide

exchange equilibrium between the bis tert-butoxide (Bu!) and bis hexafluoro tert-butoxide
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figure 2.17 ' 23.%.%@2\:5 of the reaction o,\ (12) with (15) after N.m_ minutes.
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(R0) derivatives has been previously reported!0 (Keq = 150). The equilibria of the two
other possible permutations i.e (OBut - OR¢3 and OR¢3 - OR¢9) are described herein.

a) Reaction of Mo(NAr)(CHCMeyPh)(OBu); with Mo(NAr)(CHCMeaPh)( OR/3 )2 .
Equimolar quantities of the complexes Mo(NAr)(CHCMesPh)(OBut); and

Mo(NAr)(CHCMezPh)(ORf3)2 were mixed at room temperature. Equilibrium was

attained within 5 minutes; equation 2.41 gives the approximate percentages of species at

equilibrium:

Mo(NAr)(CHCMe,Ph)(OBuY, + Mo(NAr)(CHCMePh)(OR?),

19% \\Kl 19%

2 Mo(NAr)(CHCMe,Ph)(OBuY)(OR¢)
@7
62%

(2.41)

The 'H NMR (400 MHz) spectrum (figure 2.18) shows the resonances due to the mixed
species Mo(NAr)(CHCMePh)(OBut)(ORg3) (27), the characteristic alkylidene proton
signal fdr which is observed at 8 11.50. The alkylidene signal for (27) is almost ex#ctly
half way inbetween the alkylidene resonances of the reactant complexes at d 11.32(But)
and 11.67(R¢3), and is an indication of an ‘averaged’ electronic environment in this mixed
complex. The equilibrium constant {Keq = 11.0 (5)} was determined by integration of the
alkylidene and methine septet (NAr) regions of the spectrum. The data was acquired
using a large number of pulses (256) of long relaxation delay time (3 seconds), owing to
the long relaxation times (T1) of alkylidene protons. The equilibrium constant for
analogous OBut - OR¢3 exchange in the Mo(NBut)2X3 system is 7.0(7), corresponding
to percentage equilibﬁum concentrations of 57% (mixed), 21.5% and 21.5%. The
difference between these two equilibrium constants does not give a large difference in the

equilibrium concentrations of the comparable species.
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figure 2.18 'H NMR spectrum of the reaction of Mo(NAr)(CHMezPh)(OBu'); with Mo(NAr)(CHMeaPh)( ORf);

a Mo(NAr)(CHMe,Ph)(OBut),
B Mo(NAr)(CHMePh)(OR¢3),

® Mo(NAr)(CHMe;Ph)(OBut)(OR3)
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b) Reaction of Mo(NAr)(CHCMezPh)(ORp )2 with Mo(NAr)(CHCMesPh)(ORf);

The reaction of Mo(NAr)(CHCMePh)(OR¢3)7 with one equivalent of
Mo(NAr)(CHCMe,Ph)(OR¢0), at room temperature occured rapidly, the following
equilibrium being established{Keq = 8.0(5)}:

Mo(NAr)(CHCMe,Ph)(OR?)y, + Mo(NAr)(CHCMePh)(ORS),

R

2 Mo(NAr)(CHCMe,Ph)(ORP)(ORS)
28)

(2.42)

The alkylidene proton resonance for the mixed ébmplex (28) is at & 11.89 in the 1H
NMR (400 MHz) spectrum, again almo;t exactly the average of the reactant alkylidene
compex;s chemical shifts of § 12.12(R¢6) and 11.67(R¢3). The equilibrium constant for
the reaction is very similar to that observed prcviougly in the Mo(NBuY2X>, system for
OR¢3 - ORO exchange {Keq = 7.0(2)}.The equilibrium constants for alkoxide exchange
in both Mo(NBut)2X» and Mo(NAr)(CHCMezPh)X systems, although not identical are
very similar. However, equilibrium is established at a faster rate in the latter system as a
conséquence of the increased electrophilicity of the metal centre; encouraging alkoxide

bridging between the metal centres and subsequent exchange to take place.

2.6.7 Intermetal alkoxide exchange in the Mo(O)2(OR)2
(R = Bu!, R3, Rf5) system

Alkoxide exchange in the four coordinate molybdenum (VI) system Mo(O)2(OR);
(R = But, Re3, R¢9) has been investigated.
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a) Reaction of Mo(O)2(OBut)y with Mo(O)z(ORﬂ)z (13)
Equimolar quantities of Mo(O)2(OBut); and Mo(0)2(0OR3)7 (13) were mixed at

room temperature, where equilibrium was established within 5 minutes.

K
Mo(0)2(OBu'), + Mo(O)x(OR?), 2%_2 2 Mo(0),(OBu)(OR{)
(13) 29

(2.43)

A large broadened signal ( peak width ~ 22 Hz) centred at § 1.11 was present in the 'H
NMR (200 MHz) spectrum. This signal incorporated resonances due to all three
complexes and was broadened due to alkoxide exchange taking place at rates comparable
with the NMR timescale (see section 2.4.1). Unfortunately, the extent of alkoxide
exchange broadening was such that an accurate evaluation of the equilibrium constant was
not possible, nevertheless, an estimate can be made which places this constant in the

range Keq~ 5 -15.

b) Reaction of Mo(0)2(0OBu!); with Mo(O)2(ORS); (16)
Reaction of Mo(O)2(OBut); with one equivalent of Mo(0)2(OR)1 (16) resulted

in equilibrium in less than 5 minutes at room temperature, according to equation 2.44:

K
Mo(0),(OBuY, + Mo(O)xOR), 4-—(!{_5? 2 Mo(0),(OBu')(OR )
(16) (30)

(2.44)

Resonances in the 1H NMR (200 MHz) attributable to the mixed species (30) were

present at & 1.24(sept,OR5) and 1.03(OBut). The relative intensities of the reactants were
difficult to calculate because of alkoxide exchange broadening, however, they were of a
lower relative intensity than the reactants in (a) and an estimate of the range of the

equilibrium constant Keq = 30 - 80 can be made.
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¢) Reaction of Mo(O)2(ORF )2 (13) with Mo(0)2(OR/)2 (16)
Treatment of Mo(O)2(ORg3)2 (13) with one equivalent of Mo(O)2(0OR); (16)

resulted in an equilibrium established within 5 minutes at room temperature.

Ko
Mo(O)((ORP), + Mo(0)«ORE) === 2 Mo(0) 2(ORF)(ORE)
(13) (16) 31)

(2.45)

The resonances for the mixed species (31) in the !H NMR (200 MHz) spectrum could
just be discerned from those of the reactants, but were broadened substantially due to a
significant proportion of reactants being present. A rough estimate of the equilibrium
constant was made (Keq ~ 5 - 10).

Overall, the reactions (a) - (¢) proved disappointing for the cvalugtion of accurate
equilibrium constants, owing to alkoxide exchange broadening occuring on the NMR
timescale. However, qualitative information could still be gathered; the equilibrium
position of reactions (a) and (c) appeared to be of similar magnitude, whereas for (b) the
position was further over to the side of the products (Keq = 30 - 80). This is consistent
with the corresponding alkoxide exchange equilibrium constants for Mo(NBut)2(OR)2
and Mo(NAr)(CHC(CH3)7Ph)(OR); systems (see sections 2.6.5 and 2.6.6 respectively).
It is of interest that the smaller oxo ligand brings the rate of alkoxide ligand exchange
within the NMR timescale. Under favourable circumstances, this might have been quite
useful for mechanistic investigations. The interchange between 3 species, however,

complicates any analysis considerably.
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2.6.8 Reaction of Mo(NBut);X, with ROH

a) Reaction of Mo(NBu!)2(OBu!); (1) with ROOH
Treatment of Mo(NBut)2(OBut); (1) with two equivalents of ROOH in CgDg
resulted in equilibrium within 5 minutes at room temperature, according to equation 2.44,

for which the approximate % concentrations of species are given:

Mo(NBu'(OBu'), Mo(NBu')(OR£),
(1) % (15)
12% \\g H RfOH / 12%

BuOH Bu'OH
Mo(NBu'(OBu)(ORP)
25)
76%
(2.46)

The same equilibrium position is realised from the other side when (15) is treated with
two equivalents of BulOH. The greater acidity of R©®OH compared to ButOH does not
drive the equilibrium over to (15); of more importance is the relative thermodynamic
stability of (25) {see section 2.6.5(f)}. The resonances for (15) in the 'H NMR spectrum
were shifted considerably from their normal position, also there was an additional tert-
butyl resonance which led to the proposal of the hydrogen bonded adduct
Mo(NBul)2(OR6)9.ButOH, probably related to the hydrogen bonded species observed
by Bergman and coworkers39. In addition, significant hydrogen bonding between the
two alcohols was evident in the TH NMR spectrum with a broadened signal for the
hydroxyl protons at 6 2.2 - 2.4, and the corresponding alkyl proton resonances for
Bu!OH and R@POH were shifted from their normal positions. The proportions of metal
species are very similar to those observed for OBut - OR¢® intermetal exchange {section
2.6.5(f)}. In this system, alkoxide transfer can be viewed as occuring between a proton

and a metal centre. Although the mechanism is clearly different from that of intermetal
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alkoxide exchange, the two processes can be likened to one another in that both the

proton and the high valent early transition metal centre are acidic centres.
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b) Reaction of Mo(NBu!)2(NHBu!)2 (19) with BW'OH
Mo(NBut)2(NHBul), (19) was mixed with two equivalents of ButOH in dg-
benzene at room temperature. The 'H NMR (200 MHz) spectrum after 5 minutes showed

that the product was exclusively Mo(NBut)2(OBut); (1)

Mo(NBu')(NHBUY), + 2 BulOH ——== Mo(NBu‘(OBu', + BuNH,
(19) (1)

(2.47)

The increased acidity of tert-butanol relative to tert-butylamine may assist the above
transformation.

The high reactivity of early transition metal amides with alcohols has been
exploited in the past to synthesise metal alkoxides240, and has been rationalised in terms
of the metal centre having a higher affinity for oxygen36. The amphoteric nature of
oxygen is an important factor in early transition metal complexes in that oxygen can both
accomodate negative charge (due to it’s high electronegativity), as well as participate in

substantial 7t back donation (can act as a two faced ® donor). In both these aspects the

oxygen of the alkoxide is superior to the amide nitrogen (single faced 1 donor).

2.7 Summary

In this chapter, a variety of ligand exchange reactions have been studied for four
coordinate molybdenum systems, including the inter-metal exchange of both mono- and
dianionic groups. Further discussion of these findings is deferred until the results for

related systems in the following chapter have been considered.
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Chapter Three

The Synthesis and Reactivity of Half-sandwich Niobium
Imido Complexes of the type - CpNb(NR)X,



3.1 Introduction.

This chapter describes attempts to synthesise a half-sandwich niobium bis-imido
complex and intermetal ligand exchange reactions in this half-sandwich system.

A convenient entry into simple half-sandwich niobium imido systems of general
fomula CpNb(NR)CIj (R = But, 2,6-PriyCgH3) has previously been established in our
laboratory by Dr.D.N.Williams!. In an attempt to synthesise suitable precursors to the bis
imido system, these parent half-sandwich imido dichlorides were reacted with lithium
amides to form mono-amide complexes of the type CpNb(NR)(NRIR2)Cl (R! = R2 =Et,
; R1=2,6-PriyCgH3, But and R2 = H). These compounds were then subsequently reacted
with a further equivalent of lithium amide in an attempt to induce an at—elimination
reaction, where disproportionation of the proposed bis-amide intermediate was envisaged

to occur, forming the bis imido complex and releasing one equivalent of free amine:

b + LINHR —>

2 No

RN NR

+
R'R2NH

figure 3.1 Envisaged reaction of CoNb(NR)(NRIR2)CI with LINHR

Proton transfer in the intermediate would be expected to occur to the most basic

metal amide nitrogen; i.e one of the amide groups would be acting in a sacrificial role2.3.
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Intermetal and reagent-induced exchange reactions in the half-sandwich niobium
system CpNb(NBu!)X» (X = halide, OR, NRIR2) are then described, involving both
dianionic and monoanionic ligands. A mechanistic study of X-type ligand exchange is
carried out for a range of ligands and this together with imido exchange is compared with
the observed results from the pseudo-isolobal and valence isoelectronic four coordinate

molybdenum system Mo(NBut)2X>.

3.2 Preparation of the imido-amide derivatives

In general, the following reactions were performed by allowing a suspension of
the parent imido complex CpNb(NR)Cl> (R = But, 2,6-PriyCgH3) and one equivalent of
the appropriate lithium amide to warm to room temperature from -78°C in diethyl ether.

Reaction in most cases was complete within a few hours

3.2.1 Reaction of CpNb(NBut)Cl; with LiNEt,
Preparation of CoNb(NBu!)(NE1)Cl

Reaction of CpNb(NBut!)Cly with one equivalent of LiNEt occurs rapidly on
warming to room temperature to afford CpNb(NBut)(NEtp)Cl (1) as a dark red viscous

oil in near quantitative yield (equation 3.1).

CpNb(NBu)Cl, + LiNEty ———— CpNb(NBu)(NEr)Cl + LiCl
(0

(3.1)

As found previously for Group § and 6 transition metals, the presence of the
bulky, highly solubilising diethylamide group can disfavour crystallisation*:. Elemental
analysis of complex (1) supports the stoichiometry NbCj3H24N2Cl and a parent

molecular ion peak at m/z 336 (35Cl) is observed in the mass spectrum.
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The 'H NMR (4OOMHz,C6D6) spectrum revealed four multiplets at 6 4.15, 3.70,
3.26 and 3.01, each integrating to one proton. These signals were assigned as the four
methylene protons on the diethylamide ligand. As a consequence of the chiral niobium
metal centre the methylene protons are diastereotopic; furthermore, slow rotation about
the niobium - nitrogen bond renders them inequivalent on the NMR time scale as shown
in figure 3.2. The coupling of methylene protons to the two inequivalent methyl groups
produces two pseudo triplets at 8 1.04 and 0.91. The assignments in figure 3.2 were
aided by homonuclear decoupling experiments. Irradiating the methylene protons
specifically allowed the signal due to its diastereotopic partner to be identified as well as

the resonance arising from the closeby methyl group.

94



n
(=1
m
<

U
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3.2.2 NMR saturation transfer experiments - determination of the

energy barrier to rotation about the niobium - nitrogen bond

An anomally observed in each homonuclear decoupling experiment (section
3.2.1) was the disappearance of one of the methylene proton signals on the other carbon.
This effect may be explained as arising from saturation transfer. Rotation around the
niobium - nitrogen bond by 1800 interchanges pairs of diastereotopic methylene protons
and therefore spin saturation can occur if the rate of rotation is comparable with the
relaxation rate of the protons. Cooling the sample in CDCIl3 slows the rotation rate and
allows the protons time to relax thus allowing the return of the signal, as shown in
figure 3.3. On warming the sample in CgDg to 50°C coalescence was almost achieved
between the interchanging pairs of multiplets, but the resolution was poor due to uneven
temperature distributions (eddy currents).

When the rate of rotation is similar to the relaxation time of the nuclei, it can be

determined according to equation 3.26.

k=1LR - R (3.2)
Ik

k = rotation rate (s1),

Ix = intensity of the signal at location Y when irradiating at X,

Io = intensity of the signal at location Y in the absence of

irradiation at X,

R = relaxation rate of the nuclei = 1/T1, where T is the

relaxation time.

This technique allows for the determination of exchange rates much slower than
those determined from line broadening (k = 102 s-1). The rates of rotation determined at

various temperatures are listed in table 3.1
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figure 3.3 Variable temperature homonuclear decoupling of the methylene protons in CpNb(NBu!')(NEt2)Cl (1)
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Temperature (K) k(sD

263 0.11
268 0.47
273 1.29
278 4.53
283 14.93

table 3.1 calculated rates of rotatiion

The Arrhenius plot for this data is shown in figure 3.4, affording the activation

energy barrier E, = 151(5.0) kJ mol-L.

3-
2-

Ink
o
1

-3 T T v T T T T 1
3.5 3.6 3.7 3.8 3.9
T (K)x 1073

figure 3.4 Arrhenius plot for rotation around the nitrogen-niobium bond

The energy barrier to rotation around the nitrogen-niobium bond is three times as
large as that determined for rotation around the nitrogen-carbon bond in N, N-

dimethylacetamide”-8, E, = 50 kJ mol-! (figure 3.5).
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Me ., N' (<O
Me™ % Me
figure 3.5 N, N-dimethylacetamide

While rotation is hindered in around the nitrogen-carbon bond in N, N-
dimethylacetamide, owing to significant lone pair donation from the nitrogen to the
electrophilic carbon, nitrogen lone pair donation is likely to be greater to the electrophilic
niobium d© metal centre in (1), invoking increased multiple bond character and thereby
restricting rotation. In addition, significant steric interactions are present in (1) as a
consequence of the bulky diethylamide group in the half-sandwich niobium coordination

sphere, which is likely to augment the barrier to rotation.

3.2.3 a) Reaction of CpNb(NBu!)Cl, with LiNHAr
b) Reaction of CpNb(NAr)Cl; with LiNHBut
Preparation of CoNb(NAr)(NHBW)CI (2).

a) The reaction of CpNb(NBu!)Cl, with one equivalent of LINHAT in diethyl ether was

found to proceed slowly at room temperature (equation 3.3):

CpNb(NBu)Cl; + LiNHAr ——— CpNb(NAr)(NHBu)Cl + LiCl
@

(3.3)

Recrystallisation of the oily product from toluene at -20°C yielded yellow cubes
of CpNb(NAr)(NHBuY)CI (2) in low yield (30%). The complex was highly moisture

sensitive decomposing readily to release tert-butylamine.

The 1H NMR spectrum (CgDg, 400MHz) exhibited a very broad resonance at §
8.0 due to the amide proton (Al/; ca. 144 Hz). This broadening may be attributed to the

quadrupolar 14N nucleus (I = 1), and in conjunction with the deshielded environment is
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characteristic of mono-amide complexes of this type?:10. An amide stretch was evident in
the infra red spectrum at 3274 cm"! as were strong bands at 1200 cm'! and 812 cm!

assignable to the aryl imido ligand!1.

b) The reacton of CpNb(NAr)Cly with one equivalent of LiNHButin diethyl ether

proceeded smoothly over 16 hours to afford (2), according to equation 3.4:

CpNb(NANCl, + LiNHBY —— CpNb(NAr)(NHBu)Cl + LiCl
)

(3.4)

1H and 13C NMR spectroscopy (CeDg) confirmed that this product was identical
to that obtained in (a) above. Intramolecular o-proton transfer was therefore occuring in
either (a) or (b) and it was postulated that the proton would reside on the more basic tert-
butyl nitrogen rather than the aryl nitrogen. A crystal stucture was deemed necessary to

estabilish beyond doubt the location of the amide proton and corroborate this assignment.
3.2.4 The molecular structure of CpNb(NAr)(NHBut)Cl (2).

Yellow cubic crystals of (2) were grown from diethyl ether at -20°C. A crystal of
dimensions 0.39 x 0.35 x 0.29 mm was mounted under an inert atmosphere in a
Lindemann capillary tube and the structure was solved by Prof. W. Clegg of the
University of Newcastle-upon-Tyne. The molecular structure is illustrated in figures 3.6
(@), (b) and selected bond angles and distances are given in table 3.2.

The molecule possesses a three-legged piano stool geometry, with the amide
proton attached to the tert-butyl containing nitrogen (see section 3.2.3). This is also
supported by the quasi-linear sp hybridised aryl imido group (Nb-N-Cijpso angle =
168.5(3)°) and the sp? hybridised tert-butyl amide group (Nb-N-C angle = 137.7(3)9).
The niobium bond length (1.793(3)A) falls at the high end of the range expected for

niobium imido compounds, typically 1.73-1.79A12-14; this may be a consequence of the
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molecule posessing a basic tert-butyl amide group thereby increasing the electron density
of the niobium centre. The imido substituent is displaced towards the cyclopentadienyl
group, explained in terms of the interaction of the nitrogen lone pair with a vacant metal
d-orbital trans to the cyclopentadienyl ring?.

One way of representing this molecule is as a simple triad!3, as shown in figure
3.6 (b). If the molecule is viewed down the N(1) - niobium vector the orientation of the
amido substituents is such as to allow the donor p-orbital of the amide ligand to lie in the
Nb-N(1)-CI(1) plane consistent with a ‘bent metallocene’ orientation. In so doing the

amide avoids direct competition for n bonding with the strong ® donor imido and Cp

groups.
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figure 3.6 The molecular structure of CoNb(NAr)(NHBu!)Cl (2)
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(a) View showing the atom labelling (H atoms omitted for clarity).

(b) View of the molecule along the N(1) - Nb vector.
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Nb - C (1)
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1.793 (3)
2.399 (3)
2.436 (4)
2475 (5)
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1.402 (7)
1.385 (8)
1.508 (7)
1.516 (6)
1.415 (5)
1.391 (5)
1.378 (6)
1.390 (5)
1.533 (6)
1.517 (7)

99.5 (2)
102.87 (11)
138.4 (2)
108.03 (14)
130.3 (2)
33.4 (2)
549 (2)

© 122.8 (2)

54.7 (2)
324 (2)
135.2 (3)
98.1 (2)
91.99 (13)
323 (2)
108.8 (3)
75.1 (3)
75.3 (3)
107.8 (5)
74.6 (3)

-75.5 (3)

107.4 (5)
72.1 (3)

110.2 (4)
110.0 (4)
109.6 (4)
168.5 (3)
120.6 (3)
118.2 (4)
122.2 (3)
120.3 (4)
118.5 (4)
120.9 (3)
1104 (3)
111.0 (4)
109.4 (4)

Table 3.2 Bond distances (A) and angles (°) for CpNb(NAr)(NHBu!)CI (2)



3.3 Attempted preparation of bis (imido) species, CpNb(NR1)(NR?2)

Half-sandwich imido species of tantalum have been previously prepared by Mayer
and Bercaw16, according to equation 3.5:
Et0

Cp*TaMesCl + LiNHR T Cp*Ta(NR)Me, + LiCl + CHy4

(3.5)

The driving force for the reaction was presumed to be the elimination of methane
via intramolecular a-proton transfer. This method was adopted by D.N.Williams? in
attempting to prepare CpNb(NR!)(NR2), the driving force for the formation of the
second imido group being either elimination of HCIl or methane. Instead imido-amide
intermediates were isolated (equation 3.6) and elimination of HCl / methane could not be

facilitated by heating or adding base (NEt3, lutidene).

CpNb(NBW)Clp Me, + LINHR ———> CpNb(NBu)(NHR)MeCl;., + LiCl

(A)
(n=0,1) :
A/NEt3 \/JI\ _HCI/ MeH

CpNb(NBu)(NR)
(3.6)

One possibility is that the reaction stopped at the intermediate (A) because of the absence
of é suitable empty metal orbital to facilitate proton transfer from the nitrogen to the
methyl / chloride substituent. However, in section 3.2.3 proton transfer was observed for
the similar complex CpNb(NAr)(NHBut)Cl from the amide to the imido nitrogen, in
preference to elimination of HCl. With this in mind the adopted strategy was one of
envisaging proton transfer from one amide nitrogen to another, eliminating amine and

hence forming the bis imido complex. Alternatively, lithium amide could act as an




external dehydrohalogenating agent and form the desired bis imido complex from the
imido-amide precursors.

Recently the first group 5 niobium and tantalum bis imido species were
synthesised by Wigley et al.2 (equation 3.7), from which the half-sandwich pyridine

stabilised niobium derivative was prepared (equation 3.8).

1/2(Nb(NEtp)Cly)y + 2LiNHAr —2* = Nb(NAry(Pyr)Cl + 2HNE + 2HCI

(3.7)

Nb(NAD)(PyrhCl + NaCp —L= CpNb(NAr)y(Pyr) + NaCl + Pyr

(3.8)

The diethylamide ligands fulfill a sacrificial role. The increased basicity of the
diethylamide nitrogen (pKp = 3.02 for HNEt;!7) relative to that of the arylamide nitrogen
(pKB = 8 for HoNATr) presumably aids proton transfer. It seems that, under the right
conditions, intramolecular proton transfer can occur forming free amine and the target

molecule.

3.3.1 a) Reaction of CpNb(NBut)(NEt;)Cl (1) with LiNHBut
b) Reaction of CpNb(NBut)(NHBut)Cl with LiNEt;
Preparation of ‘CpNb(NBu!)(NHBW')(NEty)' | ‘CpNb(NBu!)2(HNEt))'

a) Reaction of CpNb(NBu!)(NEty)Cl (1) with LiNHBu! occured on warming to room
temperature to afford a pale flocculent precipitate (LiCl) and an orange/red solution
according to equation 3.9. The compound was isolated as an orange/brown oil. Attempts
to recrystallise the product were unsuccessful as the complex was highly soluble even in

pentane at -78°C.
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CpNb(NBU)(NEt)Cl + LiNHBu' — 'CpNb(NBU)(NEtp)(NHBU)' + LiCl
(1) (3)

or

'CpNb(NBu),(HNEp)"
4)

(3.9)

Complexes (3) and (4) are structural isomers or tautomers (as shown in figure
3.7), complex (4) arising from intramolecular proton transfer. It was not possible to
obtain an accurate structural assignment of the compound on the basis of H and 13C

NMR data (section 3.3.2).

(a) Bis imido structure (4)

BulN¢Nb<x\

Bu' z g I/C " CH

HY %

(b) Imido-bis amide structure (3)

BUIN¢Nb \ Hl
-uu -1 CHj

BUNHY H1
Hz
H2 CH3

figure 3.7 The structural isomers of

‘CpNb(NBu!)(NHBu')2' I’ CoNb(NBu! )2( HoNBu!)
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The IH NMR spectrum (CgDg, 400 MHz) of the complex showed inequivalent
tert-butyl resonances at & 1.37 and 1.26. The methylene protons of the
diethylamide/amine group appeared as two multiplets at & 3.50 and 3.27, while the
methyl groups of this ligand appear as a pseudo triplet at 8 1.08. The amine/amide
resonance was a broad singlet centred at 8 4.55. Only one quaternary carbon C() at §
65.7 could be discerned for the tert-butyl group although two resonances for the methyl
carbons C(B) at d 34.7 and 32.8 were present.

The infra red spectrum showed an absorption at 3345 cm! for the NH stretch and

the parent molecular ion at m/z 373 was present in the mass spectrum.

b) Similarly, the reaction of CpNb(NBut)(NHBu!)Cl® with one equivalent of LiNEt in

diethyl ether produced the aforementioned product after appropriate work up.

CpNb(NBu)(NHBW)CI + LiNEt) ——s 'Cpr(NBd)(NEtQ)(NHBut)' + LiCl
(1) 3)

or
'CpNb(NBU)L(HNED)'
4)

(3.10)
3.3.2 Where does the proton reside?

The two different tert-butyl signals observed in the IH NMR spectrum could be
explained on electronic grounds. If the imido ligand is considered to be a 4 electron
(neutral) donor, then complex (4) is a 20 electron species. It is possible that one of the
imido groups may be acting as a two electron donor i.e bent not linear!8, rendering the
two imido groups inequivalent. However, this process is likely to be highly fluxional at
room temperature, reinforced by the observation of equivalent aryl proton signals for the

analogous 20 electron complex CpNb(NAr)2(Pyr)2. The difference in chemical shift of
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the two resonances (A(d) 0.11 ppm) is more indicative of chemically differing

environments.
Only one quaternary carbon {C(a)) for the tert-butyl groups was found in the

13C NMR 8 65.66 and this chemical shift is typical of an imido rather than an amido tert-

butyl environment as shown in table 3.3.

Complex 0Cq(imido) 8Cq(amido)
CpNb(NBu!)Cl,? 70.0 -
CpNb(NBut)(NHBut)C19 67.4 57.0
CpNb(NAr)(NHBu")Cl - 59.4
CpNb(NBut)(NEt,)Cl 67.8 -
CpNb(NBut)(OPri), 65.5 -
CpNb(NBut)(OBut);? 64.5 -

table 3.3 13C (CgDg, 100 MHz, ppm) chemical shift data {C(a)} for selected half-

sandwich niobium imido complexes containing tert-butyl imidolamido groups

However, it is possible that an amide resonance due to (3) gauld be obscured by the
methylene carbon signal of the diethylamide ligand at 8 54.0, as this falls in the expected
range for a tert-butyl amide quaternary carbon (table 3.3).

The diethylamide/amine methylene splitting patterns in the TH NMR are consistent
with either structure shown in figure 3.7; these arise as a consequence of the prochiral
methylene protons (assigned as Hy and Hp). It is notable that the energy barrier (Ej) to
rotation around the niobium-nitrogen bond for the diethyamide/amine group is
significantly reduced compared to that observed for CpNb(NBu!)(NEt)Cl (1) (section
3.2.2), where four inequivalent methylene proton environments are resolved.

The chemical shift of the NH signal in the lH NMR at 8 4.55 cannot be used to
differentiate between the two isomers. Although this value is very different from that

observed in the monoamide complex CpNb(NAr)(NHBuY)Cl § 8.0, it is similar to those
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observed in bis amido complexes of the type M(NBut)2(NHBul)7, 8 5.0 - 5.7 for M =
Mol® and M = W20,

If the complex was the bis imido species (4), it would possess a coordinated
diethylamine ligand which could possibly be displaced. However, treatment with PMe3 in
CgDg at elevated temperature (60°C) for several days, did not result in dispacement, the

coordinated ligands remaining intact according to the TH NMR spectrum.

3.3.3 Reaction of CpNb(NBut)(NHBu!)Cl with LiNHBu!
Preparation of ‘CpNb(NBu' )(NHBu!)2' | ‘CpNb(NBu!)y(HyNBut)’

The reaction of CpNb(NBut)(NHBu')CI? with one equivalent of LiNHBut in
diethyl ether at ambient temperature generated a highly soluble pale brown oil which was

characterised by 'H and 13C NMR as either of the isomers (5) and (6):

CpNb(NBu)(NHBU)Cl + LiNHBu'—= 'Cpr(NBd)(NHB{f)Z' + LiCl

©) \L

'CpNb(NBup(HNBu)'
©)

(3.11)

The 'H NMR spectrum (CgDg, 400MHz) of the complex shows two tert-butyl
environments at § 1.30 and 1.26 of relative intensity 2:1 respectively, a broad NH
resonance is present at 8 4.80. The quaternary carbon resonances for the tert-butyl groups
were observed at 6 65.7 and 53v.8. The parent molecular ion was present in the mass
spectrum at m/z 373, and the absorbance due to the NH stretch occurs in the infrared at
3355 cmrl.

As expected this complex is very similar spectroscopically to the
diethylamide/amine complex described in sections 3.3.1 - 3. Common features for both
species are the different tert-butyl methyl proton environments, similar NH proton

resonances (!H NMR) and NH stretches (infrared). One significant difference here is that
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proton transfer between chemically equivalent tert-butylamide groups is not aided by a
difference in basicity. The following system highlighting intramolecular a—proton
transfer between two tert-butylamide groups demonstrates that the basicity argument is

not always an overriding factor in determining whether proton transfer will occur?!;

2[WCIANR')(NHBUY)| L. [WCINR')(NBuY) (H;NBu)],

R! = Ph, CHsMe-p

(3.12)

The complex (WClp(NR1)(NHBut),) is an intermediate observed by NMR in the
overall conversion of [WCI4(NR1)] to the above product (equation 3.12),via reaction
with tert-butyl trimethyl silylated amine. This type of transformation can in fact be an
equilibrium process, where the final position of the equilibrium depends upon the electron
withdrawing capacity of the ancillary ligands22. More electron withdrawing groups, for
example chloride in the above case (equation 3.12), decrease the & electron-donation and
favour formation of the bis imido species. An additional factor of importance is increasing
the steric bulk of groups to facilitate intramolecular a-proton transfer. This is a general
feature in other transition metal systems, for instance producing alkylidene complexes

from bulky neopentyl groups23.
3.3.4 Further experiments

As in section 3.3.3, the failure to displace a coordinated amine type ligand is also
found here, where both thermolysis at 110°C in CgDg and carrying out the reaction,
according to equation 3.11, in the presence of pyridine failed to remove the amine.
However, a breakthrough was made when an nuclear Overhauser experiment (nOe) was
performed. Irradiation of the tert-butyl signal at & 1.30 gave a significant enhancement of

the amide/amine resonance at 8 4.80. This signal at 8 1.30 was due to the methyl protons
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of two equivalent tert-butyl groups which would support the formulation of the complex
CpNb(NBut)(NHBut); (6).

Secondly, when equimolar quantities of the complex (6) and CpNb(NBut)Cl,
were mixed in CgDg, the complex CpNb(NBut)(NHBut)Cl® was formed almost
quantitavely over several hours at room temperature, presumablyvia a mono-anionic

amide-chloride ligand exchange mechanism (see section 3.5).

CpNb(NBW)Cl; + CpNb(NBu)(NHBu), —— 2CpNb(NBu)(NHBu)Cl
)

(3.13)

This process could possibly occur for the bis imido species were there an

equilibrium between complexes (5) and (6) but this seems unlikely.

3.3.5 Reaction of CpNb(NBut)(NHBut!)Cl with LiNHAr
Preparation of CoNb(NBu!)(NHBu!)(NHAr) (7).

Reaction of CpNb(NBut)(NHBul)Cl with one equivalent of LINHAr in diethyl
ether afforded the product CpNb(NBut)(NHBut)(NHAr) (7), isolated as a viscous brown

oil.

CpNb(NBU)(NHBW)Cl + LiNHAr —— CpNb(NBu)(NHBu)(NHAr) + LiCl
@)

(3.14)

The presence of small quantities of ArNHjy in the product (due to partial
hydrolysis) was noted in the !H NMR spectrum and therefore full analysis of the
complex has not been obtained. The arylamine proved difficult to remove from the

product due to it’s low volatility (Bpt 257°C / 760 mm).
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The 'H NMR (CgDg, 250 MHz) spectrum is consistent with a formulation for (7)
as shown in equation 3.14, the most striking feature being inequivalent amide proton
resonances at 8 6.94 and 5.47. These signals are indicative of two chemically different
amide environments and together with the evidence from section 3.3.4, support the
formulation of this complex as having an imido-bis amide type structure. Two well
separated tert-butyl methyl proton resonances were observed at 8 1.43 and 1.24,
assignable to the amido and imido groups respectively, on the basis of charaéteristic

chemical shift values for these species.
3.3.6 Summary

Formation of a half-sandwich bis imido species from monoamide precursors
appears to be disfavoured. It may bc that coincident formation of both imidos is
neccessary, rather than starting from a system where one imido is already present2:0,
Further evidence for this comes from the observed failure of Cp*Ta(NPh)(NHPh)2, upon
thermolysis in the presence of ¢-donor 'ligan'ds, to form a bis imido complex via
intramolecular proton transfer (eliminating aniline)31. Another important factor may be
that electrophilicity of the niobium metal centre in these systems may not be large enough
to favour bis imido formation21,22, Although earlier in section 3.2.3 (a), proton transfer
did occur to the most basic nitrogen, it suprisingly does not occur between the same
groups in section 3.3.5. This reinforces the notion that although the difference in nitrogen
basicity can help proton transfer in some systems, it is not always an overriding faétor in

product formation.
3.4 Imido exchange reactivity of CpNb(NBut)X, (X = Cl, OBut)

There has been much derivative chemistry developed on the half-sandwich
niobium system CpNb(NR)X>, where work has focused on further functionalisation via
replacement of the chloride ligands, for example with alkyl, amide, alkoxide and tertiary

phosphine units!:24, However, reiatively little chemistry exploring the reactivity of the
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imido unit in this system has been explored. This is not suprising when the relative
chemical stability of this multiply bonded group is taken into account. One type of
reaction that has been examined is the exchange between metal centres of different imido

groups23, as shown in equation 3.15.

Cp*Nb(NR)ChL + CpNb(NRYCl,

X

Cp*Nb(NRHCl, + CpNb(NR)Ch

(3.15)

The aim of this section is to investigate the reactivity of the imido group in this

system via reaction with a series of organic substrates.

3.4.1 Reaction of Cpr(NBu‘)(OBu‘)z'wﬁtth primary aromatic amines -
ArNH; (Ar = 2,6-PriyCgH3, 2,6-Cl,CgH3, CsFs)

Exchange of imido groups using amines has been confined to the late transition

metal sys;ems, Cp”* Ir(NR)26 and (n6-arene)Os(NR)27 until our recent report on the
Group 6 molybdenum system, Mo(NR)2(OBut);28, This series is now extended to the
Group 5 system - CpNb(NBut)(OBut);, where the tertiary butoxide group is chosen for
the ancillary X-type ligand as it appears to be inert to protonation from amines {section

3.5.12 (b))

(a) Reaction of CpoNb(NBu!)(OBut)2 with ArNH> (Ar = 2,6-Pri2CgH3)
CpNb(NBut)(OBut); was mixed with one equivalent of ArNH3 in CgDg at room
temperature. No reaction Was observed at this temperature or even on heating to 100°C
for several weeks. The most probable reason for this lack of reactivity is a steric one.
This is coﬁsistem with the observation by Bergman that HoN(2,6-MeaCgH3) will react
with (n6-arene)Os(NBut) (figure 3.8) while HaN(2,6-PriyCgH3) will not27.
Electronically both 2,6-Me;CgH3 and 2,6-PrigCgH3 fragments are very similar so the -
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lack of reactivity in the latter case must be due to the larger steric requirement of this
group. Furthermore, the failure to synthesise CpNb(NAr)(OBut); via reaction of

CpNb(NAr)Cl, with LiOBut lends support to this steric argument29,

G- Os=NBd + HNLSD> —= (-)—OSEN + Bu'NH

figure 3.8 The reaction of (n%-arene)Os(NBu!) with HaN(2,6-MeyCgH3z))

The above reaction is not reversible, as demonstrated by the failure to detect any
(16-arene)Os(NBut) when (m6-arene)Os(N(2,6-MeyCgH3) was mixed with 6 equivalents
of Bu!NHj,. Entropically there is little preference between both sides so the aryl

substituted imido must be favoured by enthalpy.

(b) Reaction of CoNb(NBu!)(OBut); with ArCINH, (ArCl = 2,6-ClCsH3)

The presence of electron withdrawing chlorides on the aryl imido substituent
would increase the relative acidity of the amine hydrogens compared to those of 2,6-
PripCgH3NH, , and therefore could assist in the protonation of the tert-butyl imido
ligand.

Equimolar quantities of CpNb(NBut)(OBu'); and ArCINHj were mixed in dg -
benzene at room temperature. Maintaining -the mixture at 100°C was necessary for
reaction to proceed whereby signals corresponding to CpNb(NArCl)(OBut), (8) were
evident in the 1H NMR (200 MHz) spectrum. Equilibrium was reached after 14 days at
this temperature {Keq(100°C) = 0.16(2)}.

CpNb(NBU)(OBuY), + ArY' NH, Z—= CpNb(NAr“HOBuY), + BuNH,
(8)

(3.16)
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The equilibrium lies strongly in favour of the tert-butyl imido substituent
suggesting that this species is preferred thermodynamically. An important factor
disfavouring CpNb(NArCl)(OBut), in this case may be the presence of lone pair
repulsions between the chlorides of the imido substituent and the oxygens of the

butoxides.

(c) Reaction of CpNb(NBu!)(OBu'); with AfFNH; (ArF = CeF's)
Reaction of CpNb(NBut)(OBut); with one equivalent of pentafluoroaniline in
CeDg proceeds very slowly at 60°C. At 100°C, equilibrium was attained after 7 days.

CpNb(NBu)(OBu' + AffNH, S—= CpNb(NAr)(OBu';, + BuNH,
9

(3.17)

The equilibrium constant for the reaction t this temperature was Keq = 15(1),
lying in favour of (9) (80% of total concentrations). CpNb(NArF)(OBut); (9) is favoured
on enthalpy grounds to CpNb(NBu')(OBut)2, possibly as a consequénce of a more
electrophilic niobium metal centre being prefered. In this case lone pair r;:pulsions do not
appear to be the dominant effect as suggested in (b). |

Equilibrium is attained slightly faster than .observed 1n (b) which could be a
consequence of the less hindered NH; grbup of this amine. _

Overall, the rates of reaction are much slower than those observed for the 4 -
coord_inate- molybdenum system (see section 2.2.3). The increased acidity of the 14e
Mo(NR)2(OBut)2 complexes (c.f 16e for CpNb(NBut)(OButl);) and decreased steric
constraints, owing primarily to the absence of a bulky ‘face capping’ cyclopentadienyl
ligand contribute to it’s enhanced reactivity. Also the presence of an ancillary cis multiply -
bonded ligand has been shown in other systems to increase reactivity30.

The mechanism of this type of reaction (figure 3.9) is believed to proceed via a
four legged piano stool base adduct (A), closely related in structure to the PMe3 adduct

CpNb(NR)Cl.PMe3!.31. This species would then undergo intramolecular proton
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transfer to give a five coordinate bis amide intermediate (B). The bis amide is not
observed in the 'H NMR spectrum and therefore must undergo further rapid proton
transfer releasing free amine and the imido complex, which would be favoured
entropically. Nevertheless, the stable bis amide intermediate CpoZr(NHBu'),32 has been

isolated via this type of reaction thus providing a model for the formation of (B).

>y, | <&
l 2 |
H),NR
Bu'loww” b\ NRI = Bu'O\?N “nNR! (A)
OBu' | OBu' NH,R? |
T‘L Proton transfer
BUD“‘“? b\ NR?2 =—5 Bu'O\‘“"N " NHR! ®)
l -H,NR .
OBu i OBu' NHR i

figure 3.9 Postulated reaction mechanism for imidolamine exchange
3.4.2 Reaction of CpNb(NBu!)X; (X = Cl, OBut) with ButO H

Displacement of an imido groupvia reaction with alcohols was demonstrated

recently by Bradley33 in the following reaction (equation 3.18):

W(NBu),(NHBWY), + 4 ROH ——= W(NBU)OR); + 3 BUNH,
(R = Pr, Bu)

(3.18)

The subsequent displacement of the second imido group could not be achieved by
adding excess alcohol. This example of imido substitution induced by alcoholysis is

unique.
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(a) Reaction of CoNb(NBu!)(OBut); with BulOH
The following was proposed for the reaction of CpNb(NBu!)(OBut); with two

equivalents of tert-butyl alcohol:

CpNb(NBu)(OBu", + 2 BuOH ——= CpNb(OBu'y + BuNH,

(3.19)

The reaction mixture was heated in CgDg to 100°C for several weeks but the
above reaction could not be facilitated. Reaction of the imido moiety in this system is not
favoured, even the more acidic hexafluoro-t-butyl alcohol {pKa(CF3)2CH3COH) =
9.634, c.f pKa(ButOH) = 19.235} could not protonate off the imido group, although

alkoxide exchange is observed in this case {section 3.5.12(a)}.

b) Reaction of CpNb(NBu!')Cly with BWlOH

Similarly as in (a), the following reaction was postulated:

CpNb(NBu)Cl; + 4 BuOH —— CpNb(OBuY)4 + BuNH, + 2 HCl

(3.20)

The main difference here is that chloride ligands may also be involved in the
exchange processes. The 'H NMR (CgDg, 250 MHz) spectrum of the reaction mixture
after 20 minutes at room temperature showed the presence of CpNb(NBut)(OBuY)Cl {see
section 3.5.10(b)} and resonances assignable to the new species CpNb(OBut);Cl3 (10) at
d 6.23(Cp) and 1.35 (OBut), arising from imido substitution. One suprising feature is
that CpNb(NBul)(OBul); is not observed. After 30 minutes there was virtually no
CpNb(NBut)Cly left and the concentration of (10) was increasing relative to that of
CpNb(NBuY)(OBuY)Cl. This continued until after 1 hour when decomposition of the

cyclopentadienyl ligands became apparent
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A reaction scheme has been devised (see figure 3.10) outlining some of the
possible reaction pathways in order to help rationalise these observations. Protonation
from the alcohol can occur at the nitrogen or the chlorine and both these possibilities are

explored.

CpNb(NBW)Cl, + BUOH —= [ CoNb(NBu)(BUOH)Cl,

CpNb(NBu)(OBu)Cl [ CONB(NHBU)(OBW)Cl, ]

(ii) BuOH
BuOH BuOH -HCI
-HCI

[CpNb(NBW)(OBuY,] [ CpNb(NHBu)(OBuY;:Cl]

. -/ BuOH
-H t -
2HCI HCl B
" -HNBu' -HNBu'

~CpNb(OBu');Cl,
10)

ﬁgure 3.1@ Reaction scheme for CpNb(NBu!)Clz with BWOH

The first protonation step (i) at the chlorine must occur in order for
CpNb(NBut)(OBut)Cl to be formed and it seems _probable that further protonation at the
chlorine (ii) yieldihg Cpr(NBut)(OBu.‘)z could occur. It can be concluded that if
Cpr(NBul)(OBut)z is formed, it is a short lived transient species. As this complex is
chemically inert to ButOH {section 3.4.2 (a)}, reaction with the eliminated HCI ceuld be
inferred affording CpNb(OBut);Cl; (10) and releasing ButNH> (present as ButNH3+Cl-
). The presence of the strong mineral acid HCl in this system almost certainly explains
the protonation of the imido group, although ironically, it also leads to the iminent
decomposition of the usually robust half-sandwich cyclopentadienyl ligand (protonated
off as cyclopentadiene). Mineral acids have been used directly in this role previously to

protonate off imido ligands and halogenate early transition metal centres36. Interestingly,
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further alcoholysis of (10) to produce CpNb(OBut)4 does not occur, although this could
be attributable to the high steric requirement of four bulky butoxide ligands in a half-

sandwich environment.
3.4.3 Reaction of CpNb(NBut)(OBut); with H,O

The hydrolysis of CpNb(NBut)(OBut!); was envisaged to take one of two courses
{(1) and (ii), shown in equation 3.21}, with protonation either occuring at the imido or

the alkoxide moiety.

(i) ' CpNbO)(NBu)'+ BuNH,
CpNb(NBW)(OBu'y, + H,0
(}“ CpNb(O)(OBu'Y, + 2 Bu'OH

(3.21)

Attempts so far to synthesise mononuclear half-sandwich oxo complexes of group
5 have failed37, often with polynuclear complexes being formed. By replacing the
chlorides with bulky butoxide groups it may be possible to stabilise such a half-sandwich
0XO Species.

Equimolar quantities of CpNb(NBut)(OBut); and HoO were mixed in dg-benzene
at room temperature, whereby a pale brown insoluble precipitate was formed. tH NMR
(250 MHz) showedboth Bu'OH and Bu!'NH> present in a 2:1 ratio. Since both processes
(i) and (ii) are occuring it is likely that the precipitate is an ill-defined polynuclear oxo

species.
3.4.4 Reaction of CpNb(NBu!)(OBut); with O3

A sample of CpNb(NBu')(OBut); in CgDg was sealed under an atmosphere of
oxygen (> 1000 equivalents) in an NMR tube and warmed to 60°C. After 3 days at 60°C

all the starting material had beeen consumed, and an insoluble precipitate formed,
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probably related in composition to that observed in the previous section. A number of
new signals in the !H NMR had coincidentally grown in with the consumption of
CpNb(NBuY)(OBu')7 and were assigned to tert-butanol, tert-butyl nitroxide and 2-

methyl propene (formed by proton abstraction from a tert-butyl group).

3.4.5 Other attempted reactions of CpNb(NBu!)(OBut);

No observable imido group metathesis was found between CpNb(NBut)(OBut),
and the following:
a) Azobenzene (1 equivalent, 100°C for 2 weeks)
b) (Me3Si)N=C=N(SiMe3) (1 equivalent, 100°C for 2 weeks)
¢) ArNCO (1 equivalent, 100°C for 2 weeks)
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3.5 Mono-anionic (X-type) ligand exchange in the CpNb(NBut)X; system

3.5.1 Introduction

A Mono-anionic ligand exchange study was undertaken for the four coordinate,
pseudo-tetrahedral half-sandwich niobium system CpNb(NBut)X3. This would enable a
direct comparison with the four coord;nate Mo(Q)2X2 system to be made. In keeping
with the previous study (see section 2.6), X-type analogues were employed in

bimolecular reactions of the following type:

%47 %ECF%J ==
ywe \NR + X e \NR ==2 ywe \NR
Y ' X

figure 3.11 CpNb(NBu*)X, / Y2 exchange equilibria

In addition, several other precursors were synthesised (X = Br, NC4Hg4) for

study.

3.5.2 Reaction of CpNbBrg with (Me3Si)NHBut _
Preparation of CpoNb(NBu!)Br; (11).

The synthesis of CpNb(NBut)Brp (11) was performed utilising the method
previously developed in our laboratory for the preparation of CpNb(NBut)Cl,?;
CpNbBr4 was mixed with two equivalents of ButNH(SiMe3) in dichloromethane solvent,
whereby a slow reaction ensued over a period of 24 hours (equation 3.22). The desired

produci was isolated in low yield (23%) as an orange crystalline solid.
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CpNbBry + 2(MesSi)NHBY —252 CpNb(NBuW)Br, + H;NBu! + 2Me3SiBr
(11)

(3.22)

The infra red spectrum revealed weak absorptions attributable to Nb-Br stretches
in the range 240-270 cm-!, as well as characteristic stretches for the imido group at 1200

and 800 cm-1.

3.5.3 Reaction of CpNb(NBut)Cl; with LiOPri
Preparation of CpNb(NBu')(OPr); (12).

Reaction of CpNb(NBut)Cly with two equivalents of LiOPr! in diethyl ether

proceeded rapidly on warming to room temperature, according to equation 3.23:

CpNb(NBW)Cl, + 2 LiOPr' ——= CpNb(NBu)(OPr); + 2 LiCl
(12)

(3.23)
After filtration and subsequent removal of the solvent in vacuo , a pale orange non-
viscous oil was afforded in excellent yield. Analysis showed this oil to be
CpNb(NBut)(OPri); (12).

The low melting point of this complex could be ascribed to the weak
intermolecular forces associated with branched propoxide groups38. The 'TH NMR
spectrum (250 MHz, CgDg) showed two doublets due to diastereotopic iso-propoxide
methyl groups at 8 1.25 and 1.29, with associated 13C (100MHz, CgDs) signals at &
26.58 and 26.67. Only one signal for the CH moiety of this propoxide group was present
in both the H (septet) and 13C (doublet) NMR spectra. The protonated molecular ion
was present in the mass spectrum at 348 as were low intensity high molecular weight

peaks, possibly due to association via bridging propoxide groups.
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3.5.4 Reaction of CpNb(NBut)Cly with LiOBut _
Preparation of CpNb(NBu')(OBw!),

This synthesis was previously reported by D.N.Williams®, according to equation

3.24:

CpNb(NBu)Cl, + 2 LiOBu'—— CpNb(NBu)(OBu’), + 2 LiCl

(3.24)

A notable exception to the oﬁginal préparation was that here the product was isolated as a

colourless crystalline solid by sublimation (< 10-3 mmHg, 298K).

3.5.5 Reaction of CpNb(NBu®)Cl; with LiORg
Preparation of CpNb(NBu!)(OR#); (13).
Mixing CpNb(NBut)Cl, with two equivalents of LiOR¢ in diethyl ether produced

CpNb(NBut)(ORg3); (13) as shown in equation 3.25:

CpNb(NBW)Cl, + 2LiOR{ ——= CpNb(NBuW)(OR?), + 2 LiCl
(13)

(3.25) )
This compound was isolated from solution (Et;0, -78°C) as colourless. crystals.
Similarly, as for the iso-propoxide derivative (see section 3.5.3), the prochiral metal
environment gives rise to inequivalent methyls which were observed for the trifluoro tert-
butoxide groups in the 1H and 13C NMR spectra, while a singlet resonance for the
equivalent trifluoromethyl groups was present in the 19F NMR spectrum at (376.3 MHz,
Ce¢Dg) O -82.53. Complex (13) readily sublimes with a relatively poor vacuum (10-2
mmHg, 298K), c.f CpNb(NBut)(OBut); (< 10'3mmHg, 298K), owing to the increased

-volatility afforded by the fluorocarbon groups compared to their hydrocarbon
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counterparts39:40, Since only the halide derivatives had been structurally characterised
previously?, it was decided to obtain a structure determination of this dialkoxide

derivative.
3.5.6 Molecular structure of CpNb(NBut)(OR3); (13)

Colourless cubic crystals of (13) were obtained by sublimation (10-2 mmHg,
298K) onto a water cooled-probe. A crystal of dimensions 0.40 x 0.40 x 0.40 mm was
mounted under an inert atmosphere in a Lindemann capillary tube and X-ray data were
collected at 150K The structure was solved by Ms.C.Wilson and Professor
J.A.K.Howard of Durham University. The molecular structure is illustrated in figure
3.12 and selected bond and interatomic distances and angles are given in table 3.4. The
molecule possesses a three-legged piano stool geometry and has a near-linear tert-butyl
imido group (Nb-N-C = 165.6(7)°, Nb-N = 1.773(7)A). Disorder wés present in the
structure for the cyclopentadienyl and alkoxide ligands and constraints were employed.
The cyclopentadienyl ligand was constrained to be a planar regular pentagon and was
modelled for two partially occupied sites (in the ratio 55:45). Similarly, the trifluoro-tert-

butoxide ligands were modelled for two partially occupied sites.
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Cl4) 7 N\CI(3)
Q
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figure 3.12 Molecular structure of CoNb(NBu!)(OR#)2 (13)

Nb(1)-0(1)
Nb(1)-N(1)
Nb(1)-C(2)
Nb(1)-C(4)
Nb(1)-C(1A)
Nb(1)-C(3A)
Nb(1)-C(5A)
O(2)-C(14)
C(1)-C(2)
C(2)-C(3)
C(4)-C(5)
C(1A)-C(5A)
C(3A)-C(4A)
C(6)-C(7)
C(6)-C(9)
C(10)-C(12)
C(10)-C(12A)
C(13)-F(1)
C(13)-F(3)
C(13A)-F(2A)
C(14)-C(15)
C(14)-C(16)
C(14)-C(17)

1.930(6)
1.773(7)
2.495(15)
2.501(15)
2.477(18)
2.525(17)
2.436(18)
1.398(10)
1.420
1.420
1.420
1.420
1.420
1.489(19) .
1.480(18)
1.542(15)
1.542(27)
1.307(14)
1.308(16)
1.307(33)
1.542(17)
1.541(17)
1.541(15)

Nb(1)-0(2)
Nb(1)-C(1)
Nb(1)-C(3)
Nb(1)-C(5)
Nb(1)-C(2A)
Nb(1)-C(4A)
O(1)-C(10)
N(1)-C(6)
C(1)-C(5)
C(3)-C(4)
C(1A)-C(2A)
C(2A)-C(3A)
C(4A)-C(5A)
C(6)-C(8)
C(10)-C(11)
C(10)-C(13)
C(10)-C(13A)
C(13)-F(2)
C(13A)-F(1A)
C(13A)-F(3A)
C(14)-C(15A)
C(14)-C(16A)
C(14)-C(17A)

122

1.936(6)
2.440(15)
2.532(15)
2.443(16)
2.531(18)
2.467(19)
1.401(10)
1.447(12)
1.420
1.420
1.420
1.420
1.420
1.544(20)
1.542(12)
1.542(13)
1.541(19)
1.307(15)
1.307(34)
1.307(32)
1.542(16)
1.542(18)
1.542(16)



CU7)-F@4) 1.308(22) C(17)-F(5) 1.308(24)
C(17)-F(6) 1.308(26) C(17A)-F(4A) 1.308(23)
C(17A)-F(5A) ~ 1.308(24) C(17A)-F(6A) 1.308(25)
N(1)-Nb(1)-C(5A) 89.5(4) C(1A)-Nb(1)-C(5A) 33.6(2)
C(2A)-Nb(1)-C(5A) 55.1(4) C(3A)-Nb(1)-C(5A) 55.1(4)
C(4A)-Nb(1)-C(5A) 33.7(3) Nb(1)-O(1)-C(10) 145.7(5)
Nb(1)-O(2)-C(14) 145.1(5) Nb(1)-N(1)-C(6) 165.6(7)
Nb(1)-C(1)-C(2) 75.4(3) Nb(1)-C(1)-C(5) 73.2(3)
C@2)-C(1)-C(5) 108.0 Nb(1)-C(2)-C(1) 71.1(3)
Nb(1)-C(2)-C(3) 75.0(2) C(1)-C(2)-C(3) 108.0
Nb(1)-C(3)-C(2) 72.2(2) Nb(1)-C(3)-C(4) 72.4(3)
C(2)-C(3)-C4) 108.0 Nb(1)-C(4)-C(3) 74.8(3)
Nb(1)-C(4)-C(5) 71.1(3) C(3)-C(4)-C(5) 108.0
Nb(1)-C(5)-C(1) 73.003) Nb(1)-C(5)-C(4) 75.5(2)
C(1)-C(5)-C(4) 108.0 Nb(1)-C(1A)-C(2A) 75.6(3)
Nb(1)-C(1A)-C(5A) 71.6(4) C(2A)-C(1A)-C(5A) 108.0
Nb(1)-C(2A)-C(1A) 71.5(3) Nb(1)-C(2A)-C(3A) 73.4(4)
C(1A)-C(2A)-C(3A) 108.0 Nb(1)-C(3A)-C(2A) 73.9(4)
Nb(1)-C(3A)-C(4A) 71.2(4) C(2A)-C(3A)-C(4A) 108.0
Nb(1)-C(4A)-C(3A) 75.7(4) Nb(1)-C(4A)-C(5A) 72.0(3)
C(BA)-C(4A)-C(5A) 108.0 Nb(1)-C(5A)-C(1A) 74.8(4)
Nb(1)-C(5A)-C(4A) 74.3(3) C(1A)-C(5A)-C(4A) 108.0
N(1)-C(6)-C(7) 109.4(11) N(1)-C(6)-C(8) 108.9(9)
C(7)-C(6)-C(8) 104.9(12) N(1)-C(6)-C(9) 110.8(9)
C(7)-C(6)-C9) 112.0(11) C(8)-C(6)-C(9) 110.5(11)
O(1)-C(10)-C(11) 107.6(7) O(1)-C(10)-C(12) 111.9(7)
C(11)-C(10)-C(12) 109.1(8) O(1)-C(10)-C(13) 109.8(7)
C(11)-C(10)-C(13) 109.1(7) C(12)-C(10)-C(13) 109.2(8)
O(1)-C(10)-C(12A) 126.9(13) O(1)-C(10)-C(13A) 112.0(10)
C(12A)-C(10)-C(13A) 109.2(17) C(10)-C(13)-F(1) 104.7(9)
C(10)-C(13)-F(2) 108.9(9) F(1)-C(13)-F(2) 109.8(11)
C(10)-C(13)-F(3) 112.7(9) F(1)-C(13)-F(3) 110.3(10)
F(2)-C(13)-F(3) 110.3(10) C(10)-C(13A)-F(1A) 113.9(20)
C(10)-C(13A)-F(2A) 106.8(16) F(1A)-C(13A)-F(2A) 93.5(22)
C(10)-C(13A)-F(3A) 109.3(18) F(1A)-C(13A)-F(3A) 112.5(20)
F(QA)-C(13A)-F(3A) 120.3(25) 0(2)-C(14)-C(15) 106.3(9)
0(2)-C(14)-C(15A) 115.009) 0(2)-C(14)-C(16) 112.1(9)
C(15)-C(14)-C(16) 109.2(11) 0(2)-C(14)-C(16A) 104.5(9)
C(15A)-C(14)-C(16A) 109.1(11) 0(2)-C(14)-C(17) 110.8(8)
C(15)-C(14)-C(17) 109.2(10) C(16)-C(14)-C(17) 109.2(9)
0(2)-C(14)-C(17A) 109.7(8) C(15A)-C(14)-C(17A) 109.2(9)
C(16A)-C(14)-C(17A) 109.1(10) C(14)-C(17)-F(4) 99.9(12)
C(14)-C(17)-F(5) 110.9(12) F(4)-C(17)-F(5) 111.5(15)
C(14)-C(17)-F(6) 106.0(14) F(4)-C(17)-F(6) 119.3(17)
F(5)-C(17)-F(6) 108.6(18) C(14)-C(17A)-F(5A) 111.3(13)
F(4A)-C(17A)-F(5A) 109.9(15) C(14)-C(17A)-F(6A) 103.3(13)
F(4A)-C(17A)-F(6A) 120.6(18) F(SA)-C(17A)-F(6A) 108.4(17)

Table 3.4  Selected bond and interatomic distances (/i ) and angles (°) for

CpNb(NBu')(OCMeyCF3);
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3.5.7 Reaction of CpNb(NBut)Cl, with LiOR®
Preparation of CpNb(NBu!)(ORf); (14).

Impure CpNb(NBu!)(OR®); (14) was produced via the reaction of
CpNb(NBu!)Cl, with two equivalents of LiOR in diethyl ether, according to equation
3.26:

CpNb(NBWCl, + 2 LiOR # ——= CpNb(NBU)(OR{), + 2 LiCl
(14)

(3.26)

Pure (14) was obtained as a colourless crystalline compound by sublimation (< 10-3
mmHg, 298K). The peak for the protonated parent ion was present in the mass spectrum
(CI, m/z) at 592 as was a characteristic peak for the CsHs* ion (65).

The 19F NMR spectrum (CgDg) displayed two inequivalent environments at & -
77.93 and -78.57 (analogous to the inequivalent methyl groups of (13)}. Both signals
are quartets due to fluorine-fluorine coupling of the inequivalent CF3 groups, 4Jer =9.0
Hz. These signals were useful in helping to model the lineshape of the observed multiplet
in the 19F NMR for the symmetry related hexafluoro tert-butoxide derivative of the
Schrock catalyst Mo(CHC(CH3)2Ph)(NAr)(OR(9)241. Both are A3B3X3 spin systems,
where A and B are the two different fluorine environments and X is the proton
environment. Using the 4Jgr and 4JyF parameters for (14), a simple computer program
can simulate the lineshape for different values of dap (difference in chemical shift
between the two fluorine environments). Figure 3.13 shows the simulated and actual 19F
NMR resonances of three system‘s -CpNb(NBut)(OR9)2(14), Mo(O)(NBut)(OR0),(17)
and Mo(CHCMePh)(NAr)(OR ), (all of which possess prochiral metal centres). On
reducing daRB, roofing of the quartets occurs, until these resonances merge for the
Schrock catalyst (3o ~ 35Hz). To a good approximation, the modelled systems closely
resemble those observed. However, it should be noted that modelling the lineshape

becomes more difficult at low & values as long range couplings become more significant.
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figure 3.13 19F NMR spectra (simulated and actual) of (a) QEZSZ?E«Q@@N (14), (b) 30«9«2@&«6&\&2 7)
and (c) Mo(CHCMeaPh)(NAr)(OR{),.

(a) (b) (©)
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3.5.8 Reaction of CpNb(NBut)Cl, with LiNC4H 4
Preparation of CoNb(NBut)(NC4Hy)3 (15).

Reaction of CpNb(NBu")Cl, with two equivalents of LINC4H4 occurred rapidly
at room temperature. The product was recrystallised from diethyl ether at -40°C as a pale

yellow solid (equation 3.27).

CpNb(NBU)Cly + 2 LiINCgHs — CpNb(NBu)(NCHa), + 2 LiCl
(15)

(3.27)

Pyrrolyl ligands can coordinate to transition metal centres via 1! and 5 bonding
modes; N5-NC4R4 (R = H, Me) complexes are well known42-44, but this coordination
mode 1s only usually prevalent if the complex is electron defficient or methyl groups are
present at the 2 and 5 ring positions (blocking the basic nitrogen from coordination to the
metal). Complex (15) might be expected to contain both ! and n3-C4H4N groups,
analogous to the isolobal and isoelectronic complex (13-CsHs)2(M!-CsHs)Nb(NBut)43,

however this is not the case at room temperature as demonstrated by the equivalent

pyrrolyl environments in the 'H and 13C NMR spectra. In 5 coordination mode, the
pyrrolyl group is a poor T donor compared to a cyclopentadienyl group44:46 and therefore

it is not suprising that both pyrrolyl groups coordinate in an 1! fashion.

3.5.9 13C NMR - chemical shifts (§, ppm) of the tert-butyl imido group in

CpNb(NBut)X, complexes

The a- and B- carbon resonances, together with the Ad values for a series of half-
sandwich niobium tert-butyl imido complexes of the type CpNb(NBub)X> are recorded in

table 3.5;
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c1o 69.98 130.40 39.58

Br | 6992 30.18 39.74

table 3.5 13C chemical shift data (ppm) for CpNb(NBu!)X2

The magnitude of AS lies in the range 30 - 40 ppm and increases in the order:
”NHBut < OPri < OBut < ORP3 < ORg < NC4H4 < Cl < Br

At the lower limit of Ad is the tert-butyl amide group, which is consistent with the
decreased clectronegativity of the nitrogen relative to that of the oxygén in the alkoxide
specie_s'. At the upper limit, the halides (Cl, Br) show thc largest Ad values of the series,
reflecting their high electronegativity and poor-nt donor ability compared to the alkoxide
species. The relatively large A3 value of the pyrrolyl ligand is of note, which may be
attributable to electron density of the nitrogen being involved in the aromatic character of
~ the ring, thereby reducing n donation to the metal.

This series shows a clear trend in Ad values for each X ligand that are directly

comparable with the previously examined Mo(NBu')72X3 system (see section 2.6.4)
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3.5.10 A mechanistic study of mono-anionic (X-type) intermetal ligand

exchange in the CpNb(NBut)X, system

Standard conditions were employed for mono-anionic ligand exchange reactions

of the type:

kj
Cpr(NBu‘)Xz + Cpr(NBu‘)Yz 2 2 Cpr(NBu‘)XY
(A) (B) k-1

K(q = k]/
k-1

(3.28)

Equimolar quantities (38 ptmols) of each compound {(A) and (B)} were mixed in CgDg
(800 pl) and the reactions were followed exclusively by 'H NMR (290 MHz, 298K).
Monitoring the variation in peak height and integral intensities of the tert-butyl and
cyclopentadienyl resonances allowed 2nd order (reversible / non-reversible) rate constants
(k1 /1 mol-1s-1) for the forward reaction process to be calculated.

These rate constants in conjunction with associated equilibrium constants are tabulated in
table 3.8. Chemical shift data (8§, ppm) of the mixed CpNb(NBu!)XY and reactant

CpNb(NBut)X7 complexes are collected in tables 3.6 and 3.7 respectively.

a) Reaction of CpNb(NBu')Cly with CpNb(NBu!)Bry (11)
CpNb(NBut)Cly and CpNb(NBu!)Brj (11) were mixed at room temperature. A
IH NMR spectrum of the mixture was obtained 5 minutes after mixing whereupon the

reaction was found to have gone to completion; no residual reactants were observable.
CpNb(NBW)Cl; + CpNb(NBU)Br, —E]—> 2 CpNb(NBu)CIBr

(11) (16)

(3.29)
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The chemical shifts attributed to (16), shown in table 3.5, are equidistant between the
original starting complex signals (table 3.6). This is a general feature of these mixed
species and could be viewed as a compromise between two differing electronic
environments. As the reaction was too fast to be monitored by NMR at room temperature,
a lower limit for the second order rate constant (k1) can be estimated to be greater than 7.7
1 mol-ls-1,

IH NMR (200MHz, CgDg) data are tabulated for the mixed species
CpNb(NBuh)XY and the reactants CpNb(NBu')X7 in tables 3.6 and 3.7 respectively:

complex TH NMR (C¢Dg) chemical shift values (8, ppm)

X | vy | op NBu | X Y

Cl Br 5.88 1.04 - -

Cl OBut 6.06 1.11 - C1.27

Cl | NHBut 5.87 1.18 - 1.25, 7.6 (br)

Cl [NCyH4 5.86 1.06 - 6.39 (m), 7.18 (m)
OBu! | NHBut! 6.02 1.24 1.35 1.28, 5.6 (br)
OBut | OPrd 6.17 1.17 1.34  |1.25 (d), 4.72 (sept)
OBut | ORP 6.13 1.11 1.26 1.36 (m), 1.38 (m)
OBut | ORf® 6.10 1.04 1.23 1.51 (sept)
ORp | ORf 6.07 0.96 1.29 (m) 1.45 (sept)

table 3.6 /H NMR data for CpNb(NBu!)XY



complex TH NMR (CgDg) chemical shift values (3, ppm)
X _Cp NBut | X
Cl 5.89 1.02 -
Br 5.87 1.06 -
OBut 6.18 1.20 1.33
NHBut 5.87 1.26 1.30, 4.80 (s, br)
oPri 6.17 1.17 1.29 (d), 4.74 (sept)
OR3 6.10 1.02 1.30 (m), 1.32 (m)
OR(@ 6.05 0.92 1.44 (sept)
NC4Hg4 5.83 1.09 6.38 (m), 7.14 (m)

table 3.7 /H NMR data for CpNb(NBu')X,

In all cases it can be seen that the Cp and NBu! chemical shifts of the mixed
species CpNb(NBuY)XY are an average of those found in the reactants CpNb(NBu!)X».
The B—protons of the NBut group move upfield with decreasing electron density at the

imido nitrogen consistent with the behaviour observed for the -carbon resonances (see

section 3.5.9).

b) Reaction of CpNb(NBut)Cly with CpNb(NBu!)(OBut)
The reaction of CpNb(NBu!)Clp with CpNb(NBut)(OBut), proceeded to
completion over a period of two hours at room temperature with no residual reactants

remaining (equation 3.30).

CpNB(NBW)CI, + CpNb(NBW)(OBUY, —= 2 CpNb(NB)(OBuYCI
17)

(3.30)
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A 2nd order plot (figure 3.14) of 1/ a - x versus time afforded the rate constant k; =

1.27(4)x10-2 1 mol-1Is1.

1/a-x

20 y T v T T
0 1000 2000 3000 4000
time /s

figure 3.14 2ndorder plot for chloride-butoxide exchange between

CpNb(NBu')Cly and CpNb(NBu!)(OBu!);

The rate of chloride-butoxide exchange is significantly slower than that observed

for chloride-bromide exchange, which is anticipated to be largely due to steric reasons.

¢) Reaction of CpNb(NBu')Cly with CpNb(NBu')(NHBu!); (5)
On mixing CpNb(NBu!')Cl, with (5) at room temperature, a slow reaction ensued

whereby no residual reactants could be detected after 24 hours.

CpNb(NBW)Cl; + CpNb(NBu)(NHBu'), LS CpNb(NBu)(NHBu)Cl
®)

(3.31)

The resonances in the 'H NMR spectrum attributable to the mixed complex
CpNb(NBut)(NHBu')CI? are collected in table 3.6. The 2nd order plot for the reaction

afforded the rate constant kj = 9.7 (1)x10-41 mol-1s-! (table 3.8). This rate constant is an
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order of magnitude smaller than that observed for chloride-butoxide exchange in the
previous example. This is in keeping with the increased steric bulk of an amide relative to
an alkoxide group; the two 5ﬁbstituents attached to an amide nitrogen lead to smaller Nb-
N-C angles {1379 for CpNb(NAr)(NHBuY)Cl (2)}, whereas the singly substituted
oxygen of an alkoxide ligand may approach linearity. This feature would hinder the
bridging of ligands between metal centres and therefore increase the energy of the

proposed four centred transition state (see figure 3.19, section 3.5.11).

d) Reaction of CpNb(NBu!)(OBu')2 with CpNb(NBu!)(NHBu'); (5)

At room temperature there was no.. apparent reaction between
CpNb(NBub)(OBut'); and (5), and therefore the reaction mixture was heated at 60°C.
After two weeks, the appearance of the mixed ébmplex (18) could just be detected
(equation 3.32). ﬂ

ki

CpNb(NBu)(OBu', + Cpr(NBu‘)(NHBu‘)Z == 2 CpNb(NBu)(OBu)(NHBW)
&) (18)

(3.32)

The formation of (18) was very slow at this temperature so the mixture was heated to
100°C. After 60 days at 100°C, (18) comprised only 20% of the total concentration of the
reactants/products. An estimate of the 2nd order rate constant (k1 = 8x10-7 1 mol-1s-1)
was made on the basis of an assumed final equilibrium position {Keq = 20(3), se‘ction
2.6.5(c)). |

This reaction is the slowest of the one electron ligand exchange processes studied
and arises as a consequence of combining the sterically demanding amide and alkoxide

ligands in the cluttered half-sandwich environment.

e) Reaction of CpNb(NBu!)(OBu!)2 with CoNb(NBut)(OPri)z (12)
Resonances due to CpNb(NBut)(OBut)(OPri) (19) were apparent in the 1H NMR

spectrum after 2 hours at room temperature (equation 3.33).
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. k; .
Cpr(NBu‘)(OBu‘)z + Cpr(NBul)(OPr')z _ 2 Cpr(NBu‘)(OBu[)(OPr’)

(12) (19)

(3.33)

Some difficulty in distinguishing the mixed complex signals from the reactants was
encountered as the chemical shifts were almost identical; in fact the Cp resonance for (19)
is coincident with that of (12) (tables 3.6 and 3.7). Equilibrium was reached within 48
hours {Keq = 4.0(5)}). The 2nd order plot of In [x (a - X¢) + axe / a (Xe - X)] = In (),
versus time is shown in figure 3.15, the slope of which is [2a (a - Xe) / Xe] kj, allowing

the determination of k1 {2.8(2)x10-4 1 mol-1s-1}

In(f)

O M T v 1
0 100 200
time / 103s
figure 3.15 Plot of In (f) versus time for propoxide-butoxide exchange between

CpNb(NBu')(OPri)> and CpNb(NBu')(OBu')2
The equilibrium constant {Keq = 4.0(5)} demonstrates little thermodynamic

preference for reactants or products and is very similar to that observed for propoxide-

butoxide exchange in the Mo(NBut)2X> system {Keq = 3.0(3), see section 2.6.5(d)}.
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f) Reaction of CpNb(NBu!)(OBu!); with Cpr(NBu')(Ong)z (13)

A very slow reaction occurred between CpNb(NBut)(OBut); and (13) at room
temperature over a period of two weeks (equation 3.34). Therefore, the reaction mixture
was heated at 60°C whereby equilibrium was attained after 10 days {Keq(60°C) = 6.7(3),
k1 =4.1(1)x10-3 1 mol-1s-1}.

ky
CpNb(NBW)(OBuY), + CpNb(NBu)(ORP), =—== 2 CpNb(NBu)(OBuY)(OR¢)

(13) (20)

(3.34)

The 'H NMR spectra at various time intervals for the reaction at 70°C are shown in figure
3.16. The equilibrium constant is small, slightly favouring the mixed product (20). The
smaller rate constant for the forward reaction compared to that observed in (e)

(propoxide-butoxide exchange) reflects the larger size of tert-butoxide ligands.

g) Reaction of CpNb(NBu!)(OBut)y with Cpr(NBu’)(ORfé)z (14)
The reaction mixture of CpNb(NBu')(OBut), and CpNb(NBut)(OR¢0); (14) was
maintained at 60°C, and the rate constant (k1) for the formation of the mixed product (21)

evaluated as 1.85(9)x10-3 1 mol-Is-1.

k
CpNb(NBu)(OBu'), + CpNb(NBu)(ORF), == CpNb(NBu)(OBU)(ORY)
(14) (21)

(3.35)

Equilibrium was attained after 70 days at this temperature {Keq(60°C) = 43(5)},
lying heavily in favour of (21). This equilibrium constant is significantly larger than that
observed for OBu! - OR3 exchange {Keq(60°C) = 6.7(3)), which may be a
consequence of the greater electronic disparity between the OBut and OR{® ligands, or a
consequence of steric factors (see section 3.5.11)

133



figure 3.16 Stack plot of the {H NMR spectra of the reaction of CpNb(NBu! )(OBu');
with Cpr(NBu‘)(ORf?)z (13) at 70°C.
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A plot showing the relative rates for OBut- ORg> (f) and OBut - OR¢0 €g)
exchange processes is shown in figure 3.17, emphasising the slower rate of butoxide
exchange on progressively fluorinating these ligands {for (g)}. The steric bulk difference
between a fluorinated tert-butyl group compared to a hydrocarbon analogue is relatively
small, but of substantial significance are fluorine - fluorine lone pair repulsions in the

proposed 5 coordinate bridged dimer transition state (see section 3.5.11).

In(f)

f=x(a-xe)+axe/a(xe - X)

0 L IR A S Y LB 1
0 1000 2000 3000 4000 5000 6000
time/103s

figure 3.17 Plots of OBu! - ORZ (f) and OBu! - ORf (g) exchange in the
CpNb(NBu!)X, system

h) Reaction of CpNb(NBu')(OR#)z (13) with CpNb(NBu!)(ORf); (14)
The reaction between (13) and (14) proceeded very slowly (even at 60°C).
Therefore, the mixture was maintained at 100°C, whereby equilibrium was reached after

about 100 days {Keq(100°C) = 7.0(4)}.

' k
CpNb(NBW)(OR?), + CpNb(NBu)(ORF), ;i‘> 2 CpNb(NBW)(ORA)(ORS)
(13) (14) (22)

(3.36)

Figure 3.18 displays the !H NMR spectrum at equilibrium, clearly demonstrating the

stability of these complexes to prolonged exposure at high temperatures. The proton '
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figure 3.18 H NMR spectrum of the reaction of (13) with (14) after 100 days at

100°C.
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environments for the trifluoro and hexafluoro tert-butoxide ligands are similar in both the
mixed species and the reactants {present as coincident quartets (OR¢3) and septets
(OR¢%)}, fortunately the —tert-butyl and cyclopentadienyl resonances are easily
distinguishable, allowing the reaction to be readily monitored.

The 2nd order reversible reaction plot for tert-butoxide exchange afforded the
forward rate constant k1 = 5.8(3)x10-6 1 mol-1s-1.

Overa_ll, the rate of alkoxide exchange increases in the order:

ORg - OR( < OBut - OR( < OBut - OR¢3

This correlates well with the de:creasing number of fluorine - fluorine repulsions.
Of particular note are the similar equilibrium constants for OBut - OR{3 {Keq(60°C) =
6.7(3)} and OR¢3 - OR{ {Keq(100°C) = 7.0(4)) exchange (although not strictly
comparable due to the temperature dependence of equilibrium, discussed later in 3.5.11).
In each case there is a difference of o}xe trifluoromethyl group (CF3) between each
reactant :pair. When this difference is two CF3 groups, as in (g), the equilibrium constant

is much greater {Keq(60°C) = 43(5)}.

i) Reaction of CpNb(NBut)Cly with CoNb(NBut)(NC4Hy)z (15)
The reaction between CpNb(NBut)Cl; and (15) was rapid at room temperature
with equilibrium established in approximately 20 minutes {Keq = 15(5)}.

k
CpNb(NBW)Cl, + CpNb(NBu)(NC4H.), <,—__L_*> 2 CpNb(NBu)(NCsHy)Cl
(15) (23) '

(3.37)

The fast rate of exchange (k) ~ 2.5x10-1 I mol-1s-1) can be rationalised in both steric and
electronic terms. Sterically, the spatial anisotropy of the pyrrolyl ligand means that a
rotating 1! pyrrolyl ligand is less bulky than say a tert-butyl amide ligand and hence able
to interact more readily with another metal centre. However, the nitrogen lone pair will be
tied up in the aromatic ring and therefore less readily avaliable for bridging. By the same

argument this will increase the electrophilicity of the metal centre (reflected by the large -
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Ad value for this complex, discussed in section 3.5.9) and promote inter-molecular

adduct formation,
J) Reaction of Cpr(NBu‘)(ORf?)z (13 ) with Mo(NBu!)2(OBu!)2 (1)

Intermetal alkoxide exchange between different metal centres was briefly
explored via the reaction of CpNb(NBut)(ORy3)7 (13) with one equivalent of
Mo(NBul)2(OBut)2 (1). The reaction mixture was maintained at 60°C, whereby
equilibrium was attained after 10 days. Interestingly, the 1H NMR spectrum showed the
presence of a previously unidentified species containing the CpNb(NBu!)(OBut);
fragment, which was proposed to be of the form
CpNb(NBu!)(OBul)2.Mo(NBut)2(OR)3, the structure thereof presumably involving
either bridging imido or alkoxide ligands. The resonances for CpNb(NBu')(OR); were
clearly separated in the cyclopentadienyl region of the IH NMR spectrum, the percentage
equilibrium concentrations for which are; CpNb(NBu!)(OButl)y (10%),
CpNb(NBu)(OBul)(OR3) (47%), CpNb(NBul)(OR¢3)2 (31%) and
CpNb(NBut)(OBut);. Mo(NBut)2(OR)7 (12%). Unfortunately, owing to an abundance
of new resonances in the methyl region of the spectrum, the approximate percentage
equilibrium concentrations for species of the type Mo(NBu!)2(OR)3 could not be
evaluated. The rate limiting factor for this slow exchange process is attributed to the
sterically innacessible niobium centre. The same equilibrium position was realised starting
from CpNb(NBut)(OBu'); and Mo(NBu)2(OR3)2, where equilibrium was attained at a

slightly faster rate (6 days at 60°C).
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3.5.11 Discussion of intermetal exchange in CpNb(NBu!)X; and
Mo(Q)2X 2 systems

(i) Kinetic aspects

The main difference between the CpNb(NBu!)X2 and Mo(Q)2X7 systems is the
rate at which equilibrium is attained. For the CpNb(NBu!)X7 system, the rates were
sufficiently slow in most cases to enable the progress of the reaction to be followed
conveniently by 'H NMR spectroscopy. In contrast, equilibrium was attained generally
within 5 minutes at room temperature for the Mo(Q)2X7 system. This marked variation in
reactivity is due to the differing steric and electronic characteristics of the two respective
systems. For the half-sandwich niobium system, the sterically bulky ‘face-capping’
cyclopentadienyl ligand would hinder the bridging of ligands between metal centres
(discussed below). In addition, although both systems are formally 16 electron species,
competition would exist for the n-bonding orbitals between the two multiply bonded
groups in Mo(Q)2X7 (see section 1.2.4). This would result in a decrease in electron
density at the metal centre (increase in Lewis acidity) and hence rationalise the increased

reactivity observed for this species.
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Since mono-anionic (X-type) intermetal exchange reactions fit 2nd order reversible and
non-reversible treatments, a concerted mechanism was proposed involving X and Y
ligands bridging between metal centres; the transition state envisaged for the

CpNb(NBul)X5 sytem is shown below:

figure 3.19 The wransition state for intermetal mono-anionic ligand exchange in the

CpNb(NBut)X system

The LUMO for the niobium metal centre is in the NbX2 ligand plane, pointing out
towards the side, and therefore electron pair donation from an external bridging ligand is
expected to occur initially at this site47. This 5 coordinate bimolecular transition state
could presumably rearrange to form an edge-shared trigonal bipyramid closely resembling
the proposed transition state for intermetal oxo-imido exchange (see section 1.3.2).

For the CpNb(NBul)X> study, the rates of the intermetal exchange reactions
(shown in table 3.8) correlate well with the relative sizes of the two exchanging X and Y
groups, spanning 7 orders of magnitude. The rates increase in the order:

Cl-Br < Cl-OButl < Cl-NHBut! < OBut- OPri < OBut- ORg3
OBut - ORg3 < OBut- OR® < ORg3-OR® < OBut - NHBut
In addition, fluorine - fluorine lone pair repulsions must also be considered for the

fluorinated alkoxide exchange reactions.
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X Y Temp(K) ky kj (relative) Keq
r (___mol‘1 s1)

cl Br 208 > 7.7 2.8x10% > 104

Cl OBu! 298 1.27(4)x10-2 45.7 > 104

Cl NHBu! 298 9.68(9)x 104 3.5 >104

Cl NC4H4 298 ~2.5x10-1 9x103 15(5)
OBut NHBut 373 ~ 8x107 2.9x10-3 *
OBut OPri 208 2.8(2)x104 1 4.0(5)
OBut ORg3 333 4.1(1)x10-5 | 1.5x10°} 6.7(3)
OBu! OR(S 333 1.85(9)x10-5| 6.7x10-2 43(5)
ORg3 OR(® 373 5.8(3)x10-6 | 2.1x10-2 7.0(4)

table 3.8 Selected rate (k;) and equilibrium constants (Keq) for X /Y exchange in

the CpNb(NBu')X, system

By increasing the relative size of the X and Y groups, bridging between metal
centres is hindered and therefore the reaction is drastically retarded. The slow limit is
realised in this study for exchange of large tertiary butyl amide and alkoxide ligands
(OBut - NHBu!). It is notable that exchange of this respective pair of ligands is also slow
enough in the Mo(NBut);X, system for the reaction to be monitored by 1H NMR
spectroscopy.

With the recent discovery of the acid catalysed exchange of multiply bonded
oxo and imido groups (outlined in section 2.4.1), attention was subsequently focused on
assessing the influence of acid on the exchange of mono-anionic ligands. In the oxo-
imido system it is proposed that hydrogen bonding occurs between the acid and the
ancillary alkoxide ligands, resulting in the formation of a highly acidic metal centre.
Exchange of the multiply bonded groups at this activated metal centre would then be

expected to take place. A closely related mechanism may reasonably account for the
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observations of acid catalysed mono-anionic ligand exchange in the niobium system. Its
effects are dramatic, speeding up the reaction by several orders of magnitude; for
instance, the alkoxide exchange reactions {3.5.10 (b), (e)-(h)}, when performed in the
presence of benzoic acid (5%) reach equilibrium in a few minutes at room temperature.
This enabled the evaluation of equilibrium constants at room temperature for these slow
alkoxide exchange processes, thus allowing their direct comparison with those observed
in the Mo(Q)2X3 system at the same tcmgcramre (see table 3.9). This phenomenon is also
echoed for exchanging non-alkoxide species, although the rate is not speeded up to the
same degree as for the former. Interestingly, the rate of tert-butoxide-amide exchange
(3.2.10 (d)} is only increased slighily (~x 2), but as the precise role of benzoic acid is
not known, conclusions cannot as yet be drawn for this system.

Recently, Bergman has reported that intermetal alkoxide exchange in a
coordinatively saturated Rhenium system could be facilitated by a catalytic amount of an

alcohol48 (equation 3.38).

o)
OC"I:.,R WP Et2) OC,”"'R _‘.\\\PMC3
+
oc¥ | “pEi, OC¥ | “¥PMe,
OMe OEt
C
0.05 MeOH <8 CIO
OCux,, . PEt; OCu,, | \PMes
l.R K j + .R o
oc? | e‘PEtz ’ oc? | e%PMeg
OFEt OMe
(3.38)

This reaction however does not proceed in the absence of methanol, presumably because
a vacant coordination site at the metal centre is not avaliable. The mechanisrp suggested
for the above process was said to be identical to that described for alcohol exchange i.e
via the formation of a hydrogen bond between the alcohol and the alkoxide, followed by
their respective interchange at the metal centre. In this system these hydrogen-bonded

complexes are observable as intermediates in the 'H NMR spectrum and in certain cases
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can be directly isolated. In the Mo(NBu!)2X>7 system, there is also spectroscopic evidence
for a hydrogen bonded intermediate {section 2.6 (a)}, however no such species are
observed in the CpNb(NBut)X> system. It is doubtful that the acid catalysed intermetal
alkoxide exchange process for the latter system is occurring via protonation followed by
dissociation since the observed rates of exchange are much greater than those typically

found in alcoholysis reactions {section 3.5.12 (a)}.

i) Thermochemistry

The equilibrium constants for a given pair of X and Y ligands in each system are

strikingly similar (shown in table 3.9).

complex system (Keq, 298K)
X Y | CpNb(NBu!) [Mo(NBu')y] Mo(O); | Mo(NAr)(CHCMeyPh)
Cl | OBut > 104 > 104 - -
Cl |NHBu! > 104 > 104 - -
OBu! | NHBu! - 20(2) - -

OBut | OPri 4.0(5) 3.0(3) - -

OBut | OR{3 8.8(4) 7.0(7) 5-15 11.0(5)
OBu! | ORf 55(4) 50(3) 30- 80 150(10)
ORf3 | OR¢® 9.1(4) 7.0(2) 5-10 8.0(5)

table 3.9 The equilibrium constants for mono-anionic ligand exchange in

CpNb(NBu!')X2 and Mo(Q)2X2 systems

For electronically and sterically disparate pairs of ligands eg OBut - Cl and NHBut - Cl,
the equilibria lie almost completely over to the product side. An electronic compromise

could be a favourable enthalpic situation, with the complex possessing both electron
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withdrawing and donating groups on the metal centre as opposed to two electronically
similar groups (see section 2.4.5). This is exemplified further by fluorinated alkoxide
exchange. When there is a difference of one CF3 group between each reactant pair
ie.OBut - OR3 and OR3 - OR{® exchange, the equilibrium constants are virtually the
same, whereas a difference of two CF3 groups results in a larger equilibrium constant
(OBut - OR¢). Alternatively, relief of steric congestion for the more crowded reactant
species could be the driving force for product formation, the equilibrium position moving
further toward the products for a larger difference in relative size of the exchanging
ligands.

The overall free energy changes for the intermetal exchange reactions fall in the
range AG®(298K) = — ( 3 - 23) KJmol-1, the associated equilibrium constants ranging
from Keq = 3.0 - 104 .The magnitude of the AG® values are relatively small compared to
typical organic bond forming/breaking reactions (typically, AG® ~ 102 - 103 KJmol1). In
all cases these AG? values are negative on progressing from reactants to products
indicating a preference for the mixed (XY) species. As the free energy changes were only
slightly negative for reactions with small associated equilibrium constants, it is possible
that in these situations entropy could play an important part in favouring the mixed
species. Changes in symmetry are an important entropic consideration when considering
the rotational energy of molecules in the gas phase, for which Benson’s additivity rules
were devised49. A loss of symmetry on going from reactants to products leads to an
increase in entropy. In the CpNb(NBu!)X7 and Mo(Q)2X2 systems, a destruction of
symmetry occurs on going from the reactants to the products which would result in a
favourable increase in entropy ca. ASO = — 1.7 KJmol-! for CpNb(NBu!)X and
Mo(NAr)(CHMesPh)X»; — 3.4 KImol-! for Mo(NBu!)2X3 and Mo(0)2X>7, which may
account in part for the equilibrium constants observed for electronically similar ligands
eg. propoxide-butoxide exchange (Keq = 4.0(5), AG® = — 3.4 KJmol-!). It should be
noted, however, that this assumes gas phase species; the effect in solution is uknown

and therefore difficult to quantify.



3.5.12 Reaction of CpNb(NBu!)X, with ROH

a) Reaction of CpNb(NBu')(OBu'); with RFEOH

CpNb(NBut)(OBut); was mixed with two equivalents of R¢OH in CgDg at room
temperature. Reaction occured immediately with (21) present as the major species after
only 20 minutes. Equilibrium was reached after 6 hours, with the approximate

equilibrium concentrations given in equation 3.39:

CpNb(NBu)(OBuY, | CpNb(NBW)(ORS), |
(3%) H RPOH / (14)
\%\\\xm (14%)
Cpr(NBu‘)(OBu‘)(ORf(’)
21
(83%)
(339 -

No;ably, t_he mixed product (21) is the most themodynamically favoured species
as observed carliéf for intermetal exchange {3.5.10 (g)}.The equilibrium shows slight
biasing towards (14), with vitually no CpNb(NBut)(OBut); left. The much increased
acidity of R{®OH (pK, = 9.634) compared-to Bu!OH (pKj, = 19.235) could possibly
account for this. However, the thermodynamic stability of the mixed species (21) appears
to be the overiding factor. This is further demonstrated by the observation of the the same
equilibrium ratio of products obtained from reaction of CpNb(NBut)(OR{0)7 with two
equivalents of tert-butanol. The attainment of equilibrium in the latter case is much slower
(36 hours), possibly reflecting the decreased acidity of tert-butanol although this has no
bearing on the ihermodynamic outcome.

The rate of alkoxide exchange is much faster between an alcohol and the metal
centre than between two metal céntres {3.5.10 (g)} as a consequence of significantly

reduced steric interactions.
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b) Reaction of CoNb(NBu!')(NHBu'); (5) with BlOH
Treatment of CpNb(NBul)(NHBu!); (5) with two equivalents of tert-butanol in
de-benzene at room temperature afforded CpNb(NBu!)(OBu')3, quantitatively over 30

minutes, according to equation 3.40:

CpNb(NBu)(NHBuY); + 2 BuOH — CpNb(NBu)(OBu");, + 2 Bu'NH,
(5)

(3.40)

Interestingly, the mixed species CpNb(NBu)(NHBut)(OBut) (18) although
formed initially, does not persist with the bis alkoxide being the most favoured species.
The increased acidity of tert-butanol relative to tert-butylamine may assist the above
transformation. This type of reactivity of bis amide species with alcohols is mirrored in

the Mo(NBut)>2(NHBut); system {discussed in section 2.6.8(b)}.
3.6 Summary

The results presented in this and the previous chapter provide the first detailed
study of ligand exchange reactions between metal centres. A key observation has been the

role of acid catalysis, which may have important application in inorganic synthetic

methodologies.
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Chapter Four

Studies on the Metathesis Polymerisation of some

Functionalised Monomers



4.1 Introduction

This chapter is concerned with an important aspect of metathetical ligand
exchange processes, namely the exchange of alkylidene groups of alkenes via metal-
alkylidene intermediates, the so-called olefin metathesis reaction. We shall primarily be
concerned with the metathesis of cyclic olefins giving rise to polymeric materials via
ring-opening. A particular focus will be the polymerisation and attempted
polymerisations of various 5-membered heterocycles using well-defined molybdenum
metathesis initiators of the general formula - Mo(NAr)(CHR)(OR’);! (R = But,
CMesPh and R’ = Bul, Rg3, R0. The advantages of employing these initiators are
numerous; for instance, the molybdenum Schrock initiators are known to be tolerant to
a wide range of functionalities?-3. The fluorinated alkoxide derivatives (R = Ry3 and
R%) have been shown to be sufficiently active to metathesise acyclic olefins4, and
owing to the high solubility and single component nature of the initiators, NMR
techniques can readily be employed for the observation and characterisation of any
propagating species generated, thus enabling a fuller understanding of the
polymerisation processes.

It was desirable to explore the reactivity of a number of heterocyclic
cyclopentene derivatives of the type shown in figure 4.1 { (a) 3-cyclopentene and (b) 2-
cyclopentene} since there have been few examples reported thereof for both classical
and well-defined systems>.0:7, and the resultant polymers are of interest since they will

carry a functional group within the polymer backbone.

(@) <—_> (b) <—>

Q Q

figure 4.1 Hetero-cyclopentenes

In order to complement the ring opening metathesis (R.O.M.P) studies of

heterocyclic 5-membered rings, a study was undertaken on functionalised acyclic
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dienes of the type shown in figure 4.2, since these can give rise to closely related

polymers via Acyclic Diene Metathesis (ADMET).

4\/Q\/§

figure 4.2 Hetero-diallyl species

4,2 The R.O.M.P of 2,3 and 2,5-dihydrofurans with well-defined molybdenum

initiators

4.2.1 Reaction of 2,5 dihydrofuran with Mo(NAr)(CHCMe;Ph)(OR),

Preparation of poly(oxy-2-butenylene) (1)

The polymerisation of 1000 equivalents of neat 2,5 dihydrofuran (DHF) with
Mo(NAr)(CHCMe Ph)(OR); (R = But (1), R3 (II) and R¢® (III)} was found to occur
very slowly with all three initiators, generating poly (oxy-2-butenylene) (1) according to

equation 4.1:

O

3
> + Mo == NO&H
(1)
4.1)

The viscosity of the mixture was found to increase over a period of 16 hours, after
which time no further change was noted. The polymer was cleaved from the initiator by
addition of benzaldehyde after subsequent precipitation from a toluene solution of (1)
added to methanol (an oily polymer residue was isolated in low yield (10%) in each
case). The oily nature of this polymer is ascribed to a low glass transition temperature
(Tg) which is below room temperature. This is consistent with the observation that at
least four methylene spacers are required between the oxygen and the vinylene in

polyunsaturated ethers for the Ty value to approach or exceed room temperature8,
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Polymer (1) was found to be moderately air stable, although degradation did occur over
long periods in air, probably owing to the acidic methylenic protons. The number
average molecular weights (Mp), polydispersities (PDI) and cis / trans content of (1)

arising from initiators I, IT and III are shown in table 4.1:

' Initiator | Cis/ Trans* M, PDI
————— e ——————

I 93% trans 6800 1.36
11 93% trans 14200 1.55
111 94% trans 4300 2.34

* as determined by 1H and 13C NMR

table 4.1 Selected data for poly (oxy-2-butenylene)

The PDI value observed for (I) is relatively low. However, the polymers generated from
the fluorinated alkoxide initiators (II and III) show greater molecular weight
distributions. As these initiators are sufficiently active enough to metathesise acyclic
olefinsl, it is likely that substantial secondary metathesis of the living alkylidene with
vinylenes in the existing polymer chain could occur. In this situation the PDI values

would tend towards the most probable value of 29,

4.2.2 1H and 13C NMR characterisation of poly(oxy-2-butenylene) -

Assignment of polymer microstructure

Poly(oxy-2-butenylene) (1) was found to be readily soluble in CDCl3; the 'H
NMR spectrum (400 MHz) is shown in figure 4.3. The P—olefinic cis and trans
resonances (Hj) are present at & 5.65 and 5.74 respectively, the trans resonance
characteristically downfield of the cis. The a-methylene resonances (Hj) are observed
at 0 3.92(trans) and 3.98(cis). The relative intensities of the cis and trans resonances for
both H; and Hj showed the polymer to contain approximately 93% trans olefinic bonds

(o1 =0.93) for (I), (I) and (I1I).
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figure 4.3 /H NMR spectrum (400 MHz) of poly(oxy-1-butenylene) (1)

The invariance of stereochemistry to the different initiators at first secemed somewhat
suprising since many systems exist in which the cis / trans stereochemistry varies with
the initiator used; most notably the polymerisation of 2,3- bis-(trifluoromethyl)
norbornadiene with (I) generates a polymer with >98% trans content whereas (III)
affords a polymer with >98% cis vinylene content!0-12, A rationale for the observed

invarient stereochemistry is given in section 4.2.7.

In 13C NMR spectra, methylene carbons adjacent to a cis double bond in linear
polyenes generally appear about 4 -5 ppm upfield of the respective trans resonance?!,
This indeed is found to be the case in the 13C NMR spectrum of (1), with the cis
resonance for C; being observed 4.2 ppm upfield of the trans, as shown in figure 4.4 (a).

The 13C resonances show fine structure due to dyad / triad splittings, which occur

because the carbon environments are sensitive to the stereochemistry of the
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neighbouring vinylene bonds. Dyads are observed for the a-methylene carbons (Cy), i.e
they are sensitive to the two adjacent double bonds, as shown in figure 4.5:

t t c t
= CHCH,OCH,CH = CHCH,0OCH,CH = CHCH,OCH;,;CH =

tt tt tc ct ct tc

where t = trans, ¢ = Cis

figure 4.5 The differing a-methylene carbon environments in poly(oxy-2-butenylene)

The first letter in the above notation denotes the nearest double bond and the second the
next nearest. From figure 4.5, it can clearly be seen that the number of ct resonances is
equal to the number of tc resonances, hence the equal intensities of these signals
observed in figure 4.4. The cc resonance can just about be discerned in the spectrum,

present as a very low intensity resonance slightly downfield of the ct signal. The

fraction of trans vinylenes is given by oy = (tt + tc) / (cc + ct) = 0.93; confirming the
stereochemistry determined from the !H NMR spectrum. During the course of this
work, the polymerisation of 2,5 DHF was reported with Mo(NAT)(CHBut)(OR5), by
Wagener!3, and the polymer described as being 100% trans. However, close inspection
of the 13C NMR spectrum published shows the presence of the methylene ct resonance
at § 65.9, which escaped the notice of the authors.

The B-olefinic carbons (Cy) are sensitive to the nearest three double bonds (triad
splitting), as shown in the 13C NMR spectrum {figure 4.4 (b)}; the central letter in each
triad refers to the nearest double bond, the first letter to the second nearest and the third

letter to the third nearest, as depicted in figure 4.6:

t t c t
= CHCH,OCH,CH = CHCH;OCH,CH = CHCH,OCH,CH =

o b

ttc  ctt tct tct

figure 4.6The B-olefinic carbons of poly(oxy-2-butenylene)
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figure 4.4 13C NMR spectrum (100 MHz) of poly(oxy-2-butenylene).
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Only one signal is resolved for the cis olefinic carbons (tct) owing to the high trans
content of (1). Interestingly, the dyad / triad splittings are reversed in the polymer
produced from the structurally related silacyclopent-3-ene shown below, with dyads
observed in the olefinic region and triads in the methylene region®.

Si
VRN
Ph  Ph

figure 4.71,1-diphenyisilacyclopent-3-ene
These splittings therefore appear to be dependent upon the hetero-functionality.

4.2.3 Reaction of 2,5 dihydrofuran with Mo(NAr)(CHBut)(ORP)z in dilute

solution

Two equivalents of 2,5 DHF was mixed with Mo(NAr)(CHBuY(OR¢3), in dg-
toluene at room temperature. The 'H NMR (400 MHz) spectrum at this temperature
showed very broadened signals for the monomer at § 4.5 (v = 350 Hz) and 5.45 (v =80
Hz), however no broadening or shift of the initiator resonances was observed. At -700C,
the singlet alkylidene resonance for the initiator was shifted significantly to & 11.99
(free initiator at & 11.62), and the resonances for the monomer were now sharp singlets
at 8 4.48 and 5.17. It seems likely that adduct formation occurs at low temperature
(shown in figure 4.8). At elevated temperatures 2,5 DHF is not as tightly bound to the
metal centre and therefore an equilibrium is established between free and bound
monomer; hence, an averaged environment is observed at room temperature. Similarly,
tetrahydrofuran is known to bind to the Schrock initiatorsvia the oxygen lone pair to the

electrophilic metal centre, thereby reducing its reactivity14.
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figure 4.8 Proposed 2,5 DHF adduct ofMo(NAr)(CHBu‘)(ORf-?)z

There was no evidence for any insertion products in the above experiment, even
when the concentration of monomer was increased to 25 equivalents in dg-benzene.
Presumably, the concentration of monomer is below the critical level required for

R.O.M.P to occur (see section 1.4.4).

4.2.4 Reaction of 2,3 dihydrofuran with Mo(NAr)(CHCMe,;Ph)(OR),

Preparation of poly(oxy-1-butenylene) (2).

Previously, the polymerisation of 2,3 DHF was reported by Hocker, utilising the
Fischer type chromium carbene initiators (CO)sCr=CPhy and (CO)5Cr=CPh(OMe)’.
Poly(oxy-1-butenylene) was isolated in 30 - 50% yields and was found to contain equal
proportions of cis and trans double bonds.

The reactivity of 2,3 DHF with well-defined molybdenum initiators was
investigated so that the effect of moving the double bond (relative to 2,5 DHF) could be
probed. Neat 2,3 DHF (1000 equivalents) was added to initiators I, II and III in three
separate experiments at room temperature. For II and II, a red solution was formed
instantly which became viscous over several minutes. After 30 minutes the reactions
were judged to have gone to completion and benzaldehyde was added. No reaction
occured for I, with the characteristic yellow solution of the free initiator remaining

unchanged over several hours.
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O

> v = 0,
)
(4.2)

Poly(oxy-1-butenylene) (2) was isolated (in 45% yield) after precipitation by addition of
a tetrahydrofuran solution to methanol (for II and III). The polymer was air sensitive,
tending to cross-link over several hours, to give a markedly less soluble material. The
number average molecular weights (My), polydispersities (PDI) and cis / trans content

of (2) arising from initiators II and III are shown in table 4.2:

Initiator Cis / Trans* My PDI
11 63% cis 6000 2.83
111 88% cis 4500 2.82

* as determined by 'H and 13C NMR

table 4.2 Selected data for poly (oxy-1-butenylene)

The polymers show a broad distribution of low molecular weight oligomers.

4.2.5 1H and 13C NMR characterisation of poly(oxy-1-butenylene) -

Assignment of polymer microstructure

In the 'H NMR spectrum (400 MHz) of (2) synthesised from II (63% cis) in
CDCl3, the trans o~ and B-olefinic protons are found characteristically downfield of the
cis. The 13C chemical shifts of the methylene carbons show dyad splitting, whereas
higher order splittings are observed for the olefinic carbons (see figures 4.9 (a) and 4.9
(b) respectively). Notably, there is no evidence for head / tail isomerism in the 13C
NMR spectrum; 2,3 DHF is unsymmetric about the double bond and therefore could

insert in two ways into the living polymer chain, producing a polymer of the type shown
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(a) methylene region

figure 4.9 13C NMR spectrum (100 MHz) of poly(oxy-1-butenylene).
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in figure 4.10(a) (where H is denoted as the oxygen end of the repeating monomer unit)
. However, the monomer units insert to generate a polymer which is all HT, shown in

figure 4.10(b).

(a)

= . (Y - 2 o =
MO OM [0 . WOMO ‘*0%

(b)

MOWO‘MO WO-MOW

HT HT HT . HT HT

figure 4.10 Head / tail isomerism for poly(oxy-1-butenylene)

In order to form a HT regular polymer, the orientation of the incoming monomer
with respect to the metal centre must always be the same, with the oxygen lining up as
shown in figure 4.11. Initial coordination of the monomer oxygen to the metal centre
could be responsible for this highly regioselective alignment followed by subsequent

reorientation to bring the double bond over the plane of the metal alkylidene bond.

M\
n C(CH3),Ph

figure 4.11 2,3 DHF orientation with respect to the initiator

Ivin and Saegusa commented that the polymerisation of 2,3 DHF reported previously
occured in an analogous manner, in this case with the oxygen lining up so as to stabilise
the metallacarbenel3.

The polymers prepared from II and III show a tendency to be blocky, ie. the cis

and trans vinylenes are not randomly distributed throughout the polymer backbone. The
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rire value (rp = tt / tc and 1¢ = cc / ct) for the polymer prepared from III (63% cis) is

approximately 2, calculated from the methylene carbon region. This value is indicative
of blocks of adjacent cis vinylenes. For the polymer prepared from III (88% cis), rir¢ is
approximately 10, showing the vinylenes to be very blocky in cis. In this polymer the tc
and tt resonances are of similar intensity implying that the trans double bonds occur in

pairs. This effect has been observed in polymers of cyclopentene!6 and norbornenel7:18,

4.2.6 Reaction of 2,3 dihydrofuran with Mo(NAr)(CHBut)(ORg); in dilute

solution

When two equivalents of 2,3 DHF were mixed with Mo(NATr)(CHBut)(OR3),
in dg-toluene, there was no apparent change in chemical shift or peak width for either
initiator or monomer. However at -780C, the alkylidene resonance was slightly shifted
at & 11.67 from that of the free initiator (3 11.62), but there were no corresponding
changes for the monomer resonances, suggesting that appreciable adduct formation does
not arise at this temperature. Furthermore, there was no evidence of any propagating
alkylidene species in this experiment nor when 25 equivalents of 2,3 DHF was added to
II. It would appear in both experiments that the concentration of monomer is

insufficient for insertion products to be observed.

4.2.7 Comparison of the polymerisations of 2,3 and 2,5 dihydrofurans

The effects of changing the position of the double bond within the dihydrofuran
ring are dramatic with diverse differences being observed in both the initial reactivity
and the stereochemical outcome of the polymerisation processes.

2,5 DHF is found to polymerise slowly over several hours, which is attributed to
it’s strong coordination to the metal centre. In this mode the olefinic group is distant
from the alkylidene moiety (see figure 4.8), and therefore decoordination would be
necessary to enable the double bond to interact with the alkylidene. In contrast, initial

coordination of 2,3 DHF would bring the vinylene into a favourable position for

157



interaction with the alkylidene, thereby rationalising the much increased rate of
polymerisation observed for this species (over several minutes). This type of enhanced
reactivity is similarly observed for 2,3 disubstituted 7-oxanorbornadienes!?, which are
found to be much more reactive than their norbornadiene congeners. The unsubstituted
C-C double bond would be expected to be electron deficient in such 7-
oxanorbornadienes and hence less reactive. However, the rate enhancement is explained
by initial coordination of an oxygen lone pair on the same side of the ring as the

unsubstituted double bond (shown below in figure 4.12).

MR

figure 4.12 2,3 substituted 7-oxanorbornadienes

The stereochemistry of the polymer generated from 2,5 DHF is invariant with
the initiators used (I, IT and III), having a high trans content (~ 93% trans), whereas for
2,3 DHF the stereochemistry of the resultant polymer is variable (63% and 88% cis, for
IT and III respectively) and in the opposite geometrical configuration. This difference in
the stereochemical outcome for 2,3 and 2,5 DHF can be explained in terms of syn and
anti rotamers of the initiator. Syn and anti rotamers have been observed in solution for

Schrock initiators and are shown to interconvert, according to figure 4.1314.

NAr NAr
| u  Ke R
RO M= C <—— ROeM—=—C
R H
R anti RO syn

figure 4.13 /nterconversion of syn and anti rotamers

The equilibrium constants for the interconversion of I, IT and III are approximately Keq

~ 103 (lying heavily in favour of the syn rotamer)20. However, the rates of
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interconversion are found to vary drastically as the ancillary alkoxide ligands become
more electron withdrawing, decreasing over 4 orders of magnitude in going from I to
III. In studies with 2,3 bis-trifluoromethyl norbornadiene, the anti rotamer has been
found to be at least two orders of magnitude more reactive than the syn, and to form
(exclusively) trans vinylenes, whereas the syn rotamer forms cis double bonds. If syn /
anti interconversion is fast relative to the rate of polymerisation, then thc;. polymerisation
would predominantly occur through the anti rotamer; conversely, if this rate is slow the
polymerisation would occur through the syn rotamer. Figure 4.14 shows »the
stereochemical outcome for the ring opening polymerisation of 2,3 and 2,5 DHF
through syn and anti rotamers respectively, where it can be seen that the former results
in the formation of cis vinylene, whereas the latter affords a trans vinylene. The
polymerisation of 2,3 DHF is relatively fast and tilerefore might be expected to go via
the syn rotamer, especially in the case of the fluorinated alkoxide derivatives where the
rate of syn / anti conversion is Slow. This is consistgnt with the observed cis content on
going from II (63% cis) to IH (88% cis). For 2,5 DHEF, the polymerisation is very slow
and therefore would be predicted to go through the more active anti rotamer, to give a
polymer with a high trans content (as observed, 93% trans). It is notable in this case that
the polymerisation is sufficiently slow for the anti rotamer to be accessed for III (where

the syn / anti interconversion rate is the slowest of the initiators employed).
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figure 4.14 Cis / trans isomerism of 2,3 and 2,5 dihydrofurans via syn | anti rotamers
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4.2.8 Further reactivity studies of related oxygen heterocycles
a) Reaction of 2,5 dimethoxy dihydrofuran with Mo(NAr)(CHCMe;Ph)(OR),

The commercially avaliable disubstituted analogue of 2,5 DHF - 2,5 dimethoxy
dihydrofuran (shown in figure 4.15) was added neat (1000 equivalents) to initiators I, II

and IIT at room temperature, where it was found that polymerisation did not occur.

MeO‘<_=:>- OMe

)

figure 4.15 2,5 dimethoxy dihydrofuran

Polymerisation of this monomer could not be induced even at low temperature (-400C)
with these respective initiators. It can therefore be concluded that the methoxy groups
are deactivating the ring to polymerisation either sterically or electronically (or both). In
general, substituents have an unfavourable effect on the AG value of a reaction (in this

case AG is likely to be positive under the conditions employed)21.
b) Reaction of 3,4 dihydro-2H-pyran with Mo(NAr)(CHCMe,Ph)(OR);

3,4 dihydro-2H-pyran (shown in figure 4.16) did not react with the initiators I, II
and III at room temperature or at -65°C, with the characteristic yellow solutions of the |

free initiators maintained over several hours.

()

O

figure 4.16 3,4 dihydro-2H-pyran
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Benzaldehyde was added to the mixtures at the latter temperature, and !H NMR spectra
recorded for each sample, showing only unreacted monomer and initiator residues. The
failure of 3,4 dihydro-2H-pyran to polymerise was attributed to the low strain energy
associated with 6-membered rings. This is consistent with the observation that

cyclopentene will polymerise whereas cyclohexene will not21,

¢) Reaction of vinylene carbonate with Mo(NAr)(CHCMe,Ph)(OR);

Preparation of Mo(NAr)(CHCMeaPhCH(O2CO)CH)(OBu')z (3).

When one equivalent of vinylene carbonate (shown in figure 4.17) was added to

Iin dg-benzene, a blood red solution was formed over 1 hour.

figure 4.17 Vinylene carbonate

The 1H NMR spectrum after 15 minutes showed resonances due to a new species, as
well as residual initiator and monomer signals (see figure 4.18). After 1 hour all the
initiator and monomer had been consumed, and only signals due to this new species
were present. Both COSY and 'H - 13C HETCOR NMR experiments allowed the
assigmhent of proton and carbon resonances and were consistent with the
metallacyclobutane species (3), shown with selected !H NMR data in figure 4.18.

In figure 4.18, (3) is depicted as the endo isomer (carbonate ring pointing down
away from the imido ligand). However, a series of nOe experiments proved
inconclusive in determining which isomer was formed (endo or exo). The
stereochemistry of the metallacycle protons was deduced from the Karplus relationship
of the variation in the observed Jyy coupling constants with the dihedral H-C-C-H
angles22, Slow rotation around the nitrogen-aryl carbon bond was observed, signified by

inequivalent diisopropyl methyl groups at 8 1.26 (d) and 1.28 (d). Related metallacycle
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figure 4.18 'H NMR spectrum (400 MHz, C¢Dg) of the reaction of vinylene carbonate with I after 15 minutes.

H; (d, 5.25 ppm, JH H, = 3.6 Hz)
H, (dd, 5.95 ppm, JH,H3 = 16 Hz, JH2H; = 3.6 Hz)
Hjs (d, 6.09 ppm, JH3H; = 16 Hz)
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» complexes which are stabilised by the coordination of oxygen to the metal centre have
been observed for molybdenum?3 and tungsten2?, of which the closely related tunsten
complex displays similar chemical shifts and coupling constants for the metallacycle
protons. However, models of the complex suggest that the B-ether oxygen cannot
approach sufficiently close to the electrophilic molybdenum centre for interaction to
occur (Mo - oxygen distance ~ 3.0 A).

The metallacycle once formed, nl;ersisted in solution; adding excess monomer
(10 equivalents) to I in CgDg, did not result in the formation of any other products, nor
did the addition of neat monomer (100 equ1va1ents) to I. A similar metallacycle could be
formed by mixing one equivalent of vinylene carbonate with II in dg-benzene, although
spectroscopic characterisation by NMR was difficult owing to the substantial fluxional
behaviour of this complex at room temperature. Interestingly, no reaction was observed
between vinylene carbonate and III.

Complex (3) could be isolated as a red crystalline solid when the reaction was
performed on a preparativé scale in n-pentane. Unfortunately, a structural determination
did not prove possible since the crystals obtained were not of suitable quality for X-ray
diffraction. The mass spectrum (EI, m/z, 98Mo) of the complex showed an envelope

centred at mass 594, attributable to the loss of CO7 from the complex.

4.3  Reactivity of 1-amino-3-borolenes with Mo(NAr)(CHCMe;Ph)(OR)2

There have been no previous reports on the metathetical activity of heterocycles
containing the boron functionality within a 5-membered ring, although the R.O.M.P of
a substituted norbornene with a pendant boron functionality has been cited in the
literature25. The synthesis of 5-membered borolenes are relatively straight forward and

provide a convenient entry into this unexplored field26.27,
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4.3.1 Synthesis of 1-amino-3-borolenes

The synthesis of 1-(diisopropylamino)-3-borolene (shown in figure 4.20), has
been reported by Herberich et. al26. This syntheric approach was used to prepare the

diisopropy! species and its diphenylamino analogue (figure 4.20).

(i) CH,Cl,
Ph,NH + BCl;— Ph,NH.BCl;

(i1) A, toluene, 24 hours
(iii) Et,O -HCl

> Govme
I <
NPh,  -MsCh
@

Ph,NBCl,

figure 4.20 Reaction scheme for the preparation of 1-(diphenylamino)-3-borolene

Steps (i) and (ii) afforded PhoNH.BCl3 and PhoNBClI, respectively in high yield?8. The
reaction of PhoNBCly with the magnesium-butadiene complex?2? in step (iii), afforded
(4) after distillation (Bpt = 112-1140C at 10-2 mm Hg) in low yield (28%) as a
colourless solid. A trace of an unidentified impurity was present (see section 4.4.3),
which was removed by recrystallisation from n-pentane. Elemental analysis confirmed
the stoichiometry of BNCjgH6 and the parent molecular ion was observed in the mass

spectrum (EI, m/z) at 233.

4.3.2 Reaction of 1-(diisopropylamino)-3-borolene with

Mo(NAr)(CHCMe,Ph)(OR),

1-(diisopropylamino)-3-borolene (100 equivalents) was added to the initiators I,
IT and III at room temperature with stirring. In each case decomposition of the free

initiator occured over about 30 minutes, signified by considerable darkening of the
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initial yellow solutions. Benzaldehyde was then added to cleave any active metal-
alkylidene species. The 'H NMR spectra of samples prepared from I and II showed
resonances for unreacted monomer and initiator residues only, whereas the spectrum of
the sample prepared from III revealed the presence of new low intensity signals. These
resonances had an appearance reminiscent of those observed for previously synthesised
10-membered silicon rings, formedvia intramolecular backbiting reactions of the living
polymer chain (see section 1.4.4). When the initiator (III) : monomer ratio was
increased to 1 : 50, the proportion of this new species was increased by a factor of 2
relative to that observed previously, indicating that the monomer is inherently
destroying the initiator. Boron is very oxophilic and therefore one possible
decomposition pathway would be the metathesis of the alkoxide units of the initiator
with the boron-amide group.

Attempts to separate this new material from the monomer by distillation or by
use of a silica column failed. Gas chromatography (G.C) showed that the monomer and
the new species had close (but distinguishable) retention times. However, a G.C mass
spectrum of the new species did not show any fragments of greater mass than that of the
monomeric molecular ion (165).

When 10 equivalents of the monomer was added to III in CgDg, resonances due
to the presence of this new species were found in the 1H NMR, however there was no

evidence for any living metal-alkylidene containing oligomers.

4.3.3 Reaction of 1-(diphenylamino)-3-borolene with
Mo(NAr)(CHCMePh)(OR);

As a consequence of the instability of the initiator in the presence of 1-
(diisopropylamino)-3-borolene, the diphenylamino derivative (4) was prepared in the
hope that the decreased basicity of the amino nitrogen would prevent decomposition of
the initiators. The low melting point of (3) ca. 60°C, enabled homogenous mixing with
the initiators, as the initiators can tolerate this elevated temperature in solution for

several hours. Typically, solid mixtures of the initiator (I, II or III) and monomer (70
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equivalents) were warmed to 60°C, whereby on mixing, dark red solutions were formed
almost immediately. After 1 hour benzaldehyde was added, and the mixtures allowed to
cool to room temperature whereby solidification occured. The 1H NMR spectra of
samples from each of the mixtures showed that all the monomer had been consumed,
and that new resonances similar to those observed in the previous section were now
present exclusively. The resonances were identical to those of the impurity found in the
monomer synthesis (see section 4.3.1). The mass spectrum (EI, m/z) of the solid showed
the highest mass fragment to be the same as that of the monomer (233), again similar to
the previous observations. Ultimately, the problem was solved by the structural
determination of the product when suitable colourless crystals were isolated by
sublimation (298K, < 10-3 mmHg). The molecular structure was solved by Professor W.
Clegg of the University of Newcastle-upon-Tyne, where it was found to be the isomer -
1-(diphenylamino)-2-borolene. Figure 4.21 shows the molecular structure and table 4.3
gives selected bond lengths (/°\) and angles (°); of note is the short C(3) - C(4) distance

of 1.346(5)A for the vinylene.

figure 4.21 Molecular structure of 1-(diphenylamino)-2-borolene
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B(1)-N() 1.427 (5) B(1)-C@) 1.544 (6)

B(1)-C(1) 1.581 (6) N@-C(11) 1.436 (5)
N1 -C() 1.446 (4) C-C@2) 1.529 (5)
C2)-C@3) 1.492 (6) C3)-C@4 1.346 (5)
C(5)-C(6) 1.375 (5) C()-C1o0 1.390 (5)
C®)-C() 1.385 (5) C@-C(@®8) 1.374 (6)
C@®-CO 1.372 (6) CH-Cao) 1.390 (5)
C(11)-C(12) 1.384 (5) C(11)-C(e6) 1.384 (5)
C(12)- C(13) 1.389 (6) C(13)-C14) 1.372 (6)
C(14)-C(15) 1.385 (6) C(15)-C(16) 1.381 (5)
N(1)-C(1)-B@) 128.3 (4) N@)-B@-C() 125.7 (4)
C@4-BM-C() 106.1 (3) B()-NM)-C11) 122.1 (3)
B(1)-N()-C(5) 121.6 (3) Cn-NQ)-C(5) 116.2 (3)
C@-C-B( 104.7 (3) C3-C@)-C 105.8 (3)
C4)-C3)-CQ 115.2 (4) C3)-C@-B(1) 108.1 (4)
C@®6)-C(5)-C0) 119.7 (4) C(@6)-C(5)-N(1) 120.3 (4)
Co-C@)-N(1) 120.0 (3) C®)-C®-CO) 120.8 (4)
C@®)-C(@-C(6) 119.4 (4) CH®-C@®-CO 120.4 (4)
C@®-CH-CUo 120.6 (4) C)-cao-co 119.1 (4)
cC(12)-can-caey 11904 C12)-C1)-N() 121.0 3)
C(16)-C(11)-N (1) 120.0 (3) C(Dn-Cc2)-Cc13 1201 4)
C(14)-C(13)-C(12) 120.5(4) C(3)-C4-C@15 11974
C(6)-C(15-C(14) 119.8(4) C(15)-C(6)-C(11) 1208 4)

table 4.3 Selected bond lengths (A ) and angles (°) for 1-(diphenylamino)-2-borolene

The isomerisation of 3- to 2-borolenes has recently been reported using a

classical thodium olefin isomerisation initiator30, as shown in equation 4.4:

LT D>+ [(C,H,),RhC] JHE ¢
[ | 100%

R : R
(4.4)

However, to our knowledge olefin isomerisation catalysed by metal-alkylidenes is
unprecedented. The mechanism of the isomerisation process for the Schrock initiators is
open to speculation, as it seems unlikely that the reaction could proceed via classical f3-
hydride elimination to generate n-allyl intermediates. The dark red colours observed for

the reaction mixtures are characteristic of metallacycle species. Furthermore, the
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presence of low intensity multiplets in the 'H NMR (dg-benzene) of samples of the
crude reaction mixtures (prior to the addition of benzaldehyde) could possibly be
consistent with such a species. It may therefore be possible that the isomerisation

process is proceeding via such a species.

4.3.4 Reactivity of 1-(diphenylamino)-3-borolene with various reagents in dilute

solution

The isomerisation presented in the previous section prompted a more detailed
investigation of this transformation, in an attempt to identify how the process was being
mediated. The initiators were found to catalyse the isomerisation of 1-(diphenylamino)-
3-borolene (10 equivalents) to 1-(diphenylamino)-2-borolene in dg-benzene at different
rates. The percentage of 2-borolene present at a given time for each initiator is given in
table 4.4, where the relative isomerisation rates are found to increase in the order, I <II

< III, correlating with the increasing electrophilicity of the metal centre.

time (hours) 1 11 III
48 24 37 90
96 38 55 98
144 45 70 100
192 54 79 -
240 59 87 :

table 4.4 % of 1-(diphenylamino)-2-borolene present with time

In order to investigate if the isomerisation rate was entirely dependent upon the
electrophilicity of the metal centre, a series of molybdenum (VI) complexes which did
not possess the alkylidene moiety were employed under analogous conditions. Only one
species of those tried was found to bring about the isomerisation, namely

Mo(NAr)2(OBut)z,although only under forcing conditions (120 hours at 60°C for 51%
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conversion). Notably, the classical isomerisation initiator - [(CO)2RhCI]231, was slower
under these conditions only achieving 35% conversion over the same period. It can
therefore be concluded that the presence of the alkylidene moiety is not necessarily
required for the isomerisation to occur, although it is apparent that the activities
displayed by the Schrock initiators are far greater than those of the other reagents tried.
Of particular note was the evidence for ring-opened living oligomers in the 1H NMR
spectrum of IIl with ten equivalents of 1-(diphenylamino)-3-borolene, signified by a
low intensity multiplet at 8 11.56. Whether these species are directly involved in the

isomerisation process, or are just coincidentally formed remains uknown
44  Reactivity of 1-phenyl-3-pyrroline with Mo(NAr)(CHCMe,;Ph)(OR)2

To our knowledge there are no previously reported examples of the R.O.M.P of
five-membered rings containing a nitrogen functionality within the ring, although there
are several examples for substituted norbornene derivatives, examples of which include

lactam32 and dicarboximide33 functionalities.
4.4.1 Synthesis of 1-phenyl-3-pyrroline
The synthesis of 1-phenyl-3-pyrroline has been reported previously by several

methods34.35, Tt is reported here starting from commercially avaliable cis 1,4 dichloro

but-2-ene by reaction with dilithiated aniline, as shown in equation 4.5.

Y o+ LizNPh—T—PiEi» > 4+ 2uia
ca a 50°C N
Ph
(4.5)

The above reaction proceeded slowly over 24 hours at 50°C. The product was

isolated by recrystallisation from pentane in low yield (33%). Elemental analysis
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confirmed the stoichiometry NCjgH 1, and the parent ion was observed in the mass

spectrum (EI, m/z) at 145.

4.4.2 Attempted reaction of 1-phenyl-3-pyrroline with
Mo(NAr)(CHCMePh)(OR),

Typically, THF (2-3 ml) was condensed onto a solid mixture of 1-phenyl-3-
pyrroline (100 equivalents) and each initiator (I, II and III) at 77K. The mixtures were
rapidly warmed to room temperature whereby yellow solutions (indicative of the free
initiator) were formed. On cooling to -50°C for 1 hour, no apparent change in the
viscosity of the mixtures was observed. After stirring overnight at ambient temperature,
benzaldehyde (30 pl) was added and the solvent removed under reduced pressure
shortly thereafter. The TH NMR (dg-benzene) spectra of the resultant solids showed

only unreacted monomer resonances.

4.5  Low temperature IH NMR study of heterocyclopentenes with
Mo(NAr)(CHCMe,Ph)(OR¢5),

Owing to favourable polymerisation conditions at low temperature (outlined in
section 1.4.4), it was decided to undertake a low temperature 'H NMR study of 1-
(diphenylamino)-3-borolene and 1-phenyl-3-pyrroline in order to possibly observe any
living oligomers which may be formed. In each case 10 equivalents of monomer was
mixed with III and dissolved in dj-dichloromethane (800 ul). In addition, for
comparitive purposes cyclopentene was also mixed separately with III under analogous
conditions. Each sample was cooled to -70°C for 1 hour and then rapidly transferred to
a NMR probe at the same temperature and the spectra acquired. For both 1-
(diphenylamino)-3-borolene and 1-phenyl-3-pyrroline there was no evidence for ring-
opening and formation of living oligomers. The 'H NMR spectrum in each case
revealed only unreacted monomer and free initiator resonances. However, in the

experiment employing cyclopentene, the resonances for cyclopentene had almost
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completely been replaced by numerous broadened signals at this temperature.
Furthermore, this polymerisation was reversible; on warming to 60°C free cyclopentene
and initiator were exclusively present, consistent with the observations observed

reported for this monomer with W(NAr)(CHBut)(OBut);36.

4.6  Factors affecting the ring-opening polymerisability of 5S-membered

hetero-cyclopentenes

An important consideration in determining whether ring-opening will occur for a
given monomer is that of ring strain. In general, ring strain is small for 5-membered
rings (see section 1.4.4). Cyclopentene can be successfully ring-opened utilising the
Schrock initiators, although the polymerisation process is more favoured at low
temperature, The relative strain of a 5-membered heterocycle (of the type shown in
figure 4.22) compared to that of cyclopentene can be qualitatively assessed by a
comparison of structural parameters.

>,
e

figure 4.22 hetero cyclopent-3-ene

For instance, ring strain will be increased by shortening X-C bond lengths &)
(decreasing the covalent radius) and reducing C-X-C angles (8). On this basis if we
firstly consider 2,5 dihydrofuran (X = O), oxygen has a slightly smaller covalent radius
(70 pm) than carbon (77 pm)37. Consequently, typical O-C bond lengths in five
membered rings are shorter (1.44A) than those of coresponding C-C bond lengths
(1.54A)38. Although both C-O-C and C-C-C angles in comparable systems are very
similar (~ 109 - 1109), the relatively short O-C bond length would increase the ring
strain in 2,5 DHF and hence provide a rationale for the increased reactivity of this
monomer over cyclopentene at room temperature. The increased reactivity of 2,3 DHF

over 2,5 DHF can also be explained from a strain energy viewpoint. For example,
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calculations of the strain energy for the analogues 2,3 and 2,5 dihydrothiophene (X = S)
show it to be greater in the case of the former (18 KJmol-!) compared to 15.8 KJmol-!
for 2,5 dihydrothiophene3?.

In the case of the pyrroline ring, the covalent radius of nitrogen (74 pm)37 is
similar to that of oxygen and therefore so are the X-C bond lengths. However, a
structurally related structurally characterised derivative (shown in figure 4.23) displays
an almost planar ring and a large C-N-C bond angle (112.8°), presumably due to

conjugation of the nitrogen lone pair with the phenyl ring?0.

EtCO, OH

figure 4.23 3-carboxylate-4-hydroxy-1-phenyl-3-pyrroline

This large angle would significantly reduce the ring strain and therefore reduce the
reactivity, as observed for 1-phenyl-3-pyrroline.
A closely related example of a structurally characterised 3-borolene is shown

below in figure 4.2441,

Me Me
C?’\mmo
1.60A NPr,

figure 4.24 2,3 dimethyl-1-(diisopropylamino)-3-borolene

The complex exhibits long B-C bond lengths (1.60A) and a small C-B-C angle (105.7°).
Clearly these parameters oppose one another in affecting the ring strain and therefore
from a qualitative viewpoint it is difficult to assess the relative strain.

For a fuller, more quantitative analysis of evaluating the ring strain in these
systems molecular modelling would be neccessary. Furthermore it should be noted that

the above discussion neglects the effects of the electronic properties of the heteroatom
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on the olefinic bond and also their coordinative abiltity to a metal centre, mainly

because their effects are not readily assessed.
4.7 Acyclic Diene Metathesis (ADMET) studies
4.7.1 Reaction of diallyl ether with Mo(NAr)(CHCMeaPh)(OR5),

Previously, unsaturated ethers have been metathesised using a classical initiator
system - WClg / SnMey, where it was observed that metathesis did not occur if there
were less than two methylene spacer groups between the olefin and the ether oxygen*2.
Subsequently , diallyl ether (possessing only one methylene spacer group) was found to
undergo an intramolecular cyclisation reaction, affording 2,5 dihydrofuran

quantitatively, utilising a rhenium based classical initiator43, shown in equation 4.6:

4\/0\/% + initiator ——= TN 4+ CH,
o)

(4.6)

More recently, diallyl ether was shown to be mostly inactive with the well-defined
tungsten Schrock initiator, W(NAr)(CHBut)(OR¢®);, although the presence of several
unidentified side products was noted in the 1H and 13C NMR spectra*4. It was decided
to probe the activity of diallyl ether with the molybdenum Schrock initiator
Mo(NAr)(CHCMe,Ph)(OR6), (III), owing to the greater tolerance of functionality
displayed by this initiator compared with its tunsten analogue2.3,

The rapid evolution of a volatile species was observed when a mixture of diallyl
ether (1000 equivalents) and 111 was warmed from 77K to room temperature under static
vacuum. A sample of the volatile was collected and shown to be ethene by G.C mass
spectrometry. Periodically, the mixture was cooled to 77K and the excess ethene

removed in vacuo , whereby on warming to room temperature the reaction was found to
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proceed with renewed vigour, until after 30 minutes ethylene visibly ceased to be
evolved. The volatile components were removed by vacuum transfer, leaving a small
quantity of oily dark residue behind. A '"H NMR spectrum of the volatile fraction
revealed the presence of an almost 1:1 mixture of 2,5 DHF and unreacted diallyl ether,
whereas the lH NMR spectrum of the involatile residue showed resonances similar in
lineshape to those of the previously synthesised poly(oxy-2-butenylene), see section
4.2.2. Analysis of this involatile fraction by G.P.C showed it to be a mixture of low

molecular weight oligomers (My, ~ 300), ranging from about 3 - 10 monomer units.

1000 25 Oy + 11 o > NO/\}

n

Final %
composition 45% 48% 7%

(4.7)

Interestingly, the average cis/trans content of the oligomers was found to be in the range
90 - 95% trans, almost the same as that found for poly(oxy-2-butenylene) prepared via

the R.O.M.P of 2,5 DHF (see section 4.2.2).

4.7.2 Reaction of diallyl ether with Mo(NAr)(CHCMe,Ph)(OR¢®); in dilute

solution

An attempt was made to find evidence for possible propagating alkylidene
species by mixing diallyl ether (0.8 equivalents) with III in dg-benzene at room
temperature. The IH NMR spectrum after 5 minutes showed the alkylidene resonance
for the free initiatior to have almost completely disappeared, however, no other new
resonances were found in the low field region of the spectrum. 3-methyl-3-phenyl but-
1-ene was observed, as were new resonances for the methine and methyl protons of the
arylimido substituent of the initiator at & 3.60 (sept) and 1.12 (d). Two further
successive additions of 5 and 10 equivalents of diallyl ether resulted in the appearance
of substantially broadened resonances for 2,5 DHF, and the evolution of ethene. The
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presence of multiplet resonances throughout the additions at 6 2.70 and 2.23 were
thought to possibly be consistent with o~ and B-metallacycle protons4S. When the
reaction was repeated with 45 equivalents of diallyl ether with III in dg-benzene,
essentially 100% conversion to 2,5 DHF was observed. On a preparative scale (1300
equivalents of diallyl ether) in pentane, approximately 40% conversion to 2,5 DHF
occured and a trace of oligomers was noted in the 1H NMR spectrum. Figure 4.25

shows a postulated mechanism for the overall process.

Mo=CHR Mo~ CHR
< —_——— O

;/OF

l} l - RCH=CH,

O .0

n/\/o\/%

MO%\/ O‘\/#
l b
Mozé\/ O\/%: _1+ 2,5 DHF

etc. JI %

figure 4.25 Mechanism for the reaction of diallyl ether with Il

-n CoHy
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It seems likely that coordination of the ether oxygen to the metal centre is occurring
since similar types of interactions have been observed previously?3.24, and also that
this coordination may assist in the favoured formation of the 5-membered ring, as
shown in figure 4.25. This is further substantiated by the recent observation that o, ®-
diene ether species readily undergo catalytic ring closure forming 5, 6 and 7-membered
unsaturated oxygen heterocycles, when III is employed as the initiator6. Oligomer
formation is slightly more favoured when diallyl ether is added neat to III, although
overall the backbiting intramolecular cyclisation reaction appeares to be preferred in
both situations. The fact that the polymeric product is more favoured when starting from
2,5 DHF could reflect the more efficient chain addition polymerisation of R.O.M.P, as

opposed to the step condensation mechanism of ADMET.
4.7.3 Reaction of diallyl phenyl phosphine with Mo(NAr)(CHCMezPh)(OR¢5),

Diallyl phenyl phosphine (100 equivalents) was added neat to III, and a dynamic
vacuum applied. Although an orange/red solution was formed initially which persisted
for several hours, there was no visible evidence for evolution of ethene. A 1TH NMR
spectrum after 24 hours showed only unreacted monomer to be present. However,
when diallyl phenyl phosphine (10 equivalents) was added to III in dg-benzene, the 1H
NMR spectrum showed both ethene and 3-methyl-3-phenyl but-1-ene to be evolved and
new resonances which were consistent with those of 2,5 dihydro-1-phenyl-
phospholene47, shown in figure 4.26:

P

Ph

figure 4.26 2,5 dihydrophenyl phospholene

In the alkylidene region of the spectrum there were new resonances at & 13.26 (1), 12.96

(m), 12.70 (d), 12.28 (q), however, no resonances for free initiator were present. No
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further reaction of the significant amount of remaining monomer was observed over a
period of several days. It seems likely that the phosphorous could bind strongly to the
metal centre of III48, thus preventing the high yield formation of oligomers/cyclic

products.

4.7.4 Further attempted reactions of functionalised diallyl species with

Mo(NAr)(CHCMesPh)OR),

a) Reaction of diallyl amine with Mo(NAr)(CHCMe2Ph)(OR{);

When diallyl amine (1 equivalent) was mixed with III in dg-benzene, new
signals were observed in the alkylidene region of the 1H NMR spectrum at 8 12.96 (d)
and 12.11 (d), and both ethene and 3-methyl-3-phenyl but-1-ene evolved. However,
there were many other low intensity signals present and therefore the identification of
new species was not possible. Unfortunately, no new species were observed when the
reaction was repeated on a larger scale (10 equivalents). Neat addition of diallylamine
(100 equivalents) to III did not result in the observation of new products. Interestingly,
the small scale intramolecular cyclisation of N-substituted diallyamine species to yield

pyrroline derivatives has been reported recently49.

b) Reaction of diallyl carbonatewith Mo(NAr)(CHCMeaPh)(ORP);

No reaction was observed when diallyl carbonate (1 and 10 equivalents) was
added to III in dg-benzene. Similarly, the neat monomer (100 equivalents) was found to
be inactive towards III. This observation has also been reported by WagenerS0,

The number of methylene spacers between the functional group and the terminal
olefin has been shown to be of significant importance in determining whether ADMET
polymerisation will occur3:10.14, In most cases 3 methylene spacers are required in
order for substantial polymerisation to occur. The nature of this effect is either due to
coordination of the functional group to the metal centre, or an unfavourable
polarisation of the double bond. The diallyl species in this study possess only one

methylene spacer and therefore in the light of this relatively new evidence it is not
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suprising that polymerisation is not observed. However, coordination of the
functionality to the metal centre would account for the formation of the unsaturated

heterocycles observed.
48  Summary

The activity of functionalised cyclopentenes has been explored with the well-
defined molybdenum Schrock initiators. Of the various systems tried, 2,3 and 2,5
dihydrofurans proved to be successful to ring opening polymerisation, probably owing
to favourable electronic and steric factors. However, substituted 3-borolenes and 3-
pyrrolines were found to be inactive to ring opening; the former undergoing an unusual
alkene isomerisation reaction. In the investigation of functionalised diallyl species in
attempted ADMET reactions with the Schrock initiator Mo(NAr)(CHCMe,Ph)(OR9),
diallyl ether was found to undergo a catalytic ring closure reaction'. Diallyl phenyl

phosphine was also found to undergo ring closure, although only on a limited scale.
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Chapter Five

Experimental details.



5.1 General

S.1.1 Experimental Techniques

All manipulations of air and / or moisture sensitive mareials were performed on
a conventional vacuum / inert atmosphere (nitrogen) line using standard Schlenk and
canular techniques, or in an inert atmosphere (nitrogen) filled glove box.

Elemental analyses were performed by the microanalytical services of this
department.

Infrared spectra were recorded on Perkin-Elmer 577 and 457 grating
spectrophotometers using Csl windows. Absorbtions abbreviated as: vs (very strong), s
(strong), m (medium), w (weak), br (broad), sh (sharp).

. Mass spectra were recorded on a VG7070E Organic Mass Spectrometer,

NMR spectra were recorded on the following instruments, at the frequencies
listed unless stated otherwise: Brucker AMX 500, 1H (500.14 MHz), 13C (125.77
MHz), 11B (160.46 MHz); Varian VXR 400, 1H (399.95 MHz), 19F (376.29 MHz),
13C (100.58 MHz); Brucker AC 250, 'H (250.13 MHz); Varian Gemini 200, 'H
(199.98 MHz), 13C (50.29 MHz); Varian XL 200, !H (199.98 MHz). The following
abbreviations have been used for band multiplicities: s (singlet), d (doublet), t (triplet), q
(quadruplet), sept (septet), m (multiplet). Chemical shifts are quoted as & in ppm with
respect to the following references, unless stated otherwise: 'H (d¢-benzene, 7.15 ppm,
dg - toluene, 6.98 ppm, d-chloroform, 7.26 ppm, ), 13C (dg-benzene, 128.0 ppm, dg-
toluene, 125.2 ppm, d-chloroform 77.0 ppm).

GPC traces was recorded on a Viscotek differential refractometer fitted with a
knauer HPLC pump 64 and two PLgel 10 pl mixed columns (THF, flow rate 1 ml /
minute). Samples (0.1 - 0.3 % w/v ere filtered through a a Millex SR 0.5 mm filter
before injection in order to remove particulates. The columns were calibrated using
commercially avaliable polystyrene standards (Polymer laboratories Ltd.) ranging from

1206 to 1.03 x 106MW.
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5.1.2 Solvents and Reagents

The following NMR solvents were dried by vacuum distillation from a suitable
drying agent (in parentheses) and stored under nitrogen or vacuum prior to use:
dg¢-benzene (phosphorus (V) oxide), dg-toluene (phosphorous (V) oxide), d-chloroform
(phosphorus (V) oxide).

The following solvents were dried by prolonged heating over a suitable drying
agent, being freshly distilled and deoxygenated prior to use (drying agent in
parentheses): toluene (sodium metal), petroleum ether (40-60°C) (lithium aluminium
hydride), n-pentane (lithium aluminium hydride) heptane (sodium metal),
teterahydrofuran (sodium benzophenone ketyl), acetonitrile (calcium hydride),
dichloromethane (calcium hydride), diethyl ether (lithium aluminium hydride) and
dimethoxy ethane (mono-glyme) (potassium metal).

The following chemicals were prepared by previously publishéd procedures or

modifications thereof:
LiOR! (R = Bu!, Pri, CMepCF3, CMe(CF3)p), LINR!R? (R1 = But, 2,6-PriyCgH3, R2 =
H; Rl = R2 = Et, Pr)2, CpNbCly43, CpNb(NBu!)Clz4, CpNb(NAr)Clp4,
CpNb(NMe)Cly#, CpNb(NBut)(NHBuY)CIS, CpNb(NBut)(OBut)23, Mo(NBub),Cl25,
Mo(NAr)2(OBut);7:8, CpMo(NBut)2C19, Mo(NR)2Cly.dme (R = Bul, 2,6-
PriyCgH3)10.11, Mo(0)2Clp2, Mo(CHCMePh)(NAr)(OR)22 (R = CMe3, CMeoCF3,
CMe(CF3)7), NHBu!(SiMe3)2, Mg(-CH2(CH),CHj-).2THF 12,

The following chemicals were obtained commercially and used as received
unless stated otherwise: niobium pentachloride (Aldrich), molybdenum dioxide (Strem),
sodium molybdate (anhydrous, Aldrich), chlorotrimethylsilane (Aldrich), tert-butanol
(Aldrich, dried and stored over 4A molecular seives), isopropanol (Aldrich, dried and
stored over 4A molecular seives), 2-trifluoromethyl-2-propanol (Fluorochem, distilled
before use), 2,2 bis (trifluoromethyl)-2-propanol (Fluorochem, distilled before use), tert-
butlyamine, diphenylamine, 2,6-diisopropylamine, aniline, triethylamine, diethylamine,

diisopropylamine (all amines dried and distilled before use), pyrrole (Aldrich),
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pentafluoroaniline (Fluorochem), 2,6-dichloroaniline (Aldrich, dried and distilled before
use), n-butyl lithium (Aldrich, 1.6M in hexanes), boron trichloride (1.0M in heptane),
azobenzene (Aldrich, sublimed before use), RNCO (Aldrich, distilled before use, R =
Bu!, Ph, 2,6-PriyCgH3), bis-(trimethylsily)lcarbodiimide (Aldrich), 2,5 and 2,3
dihydrofurans (dried and distilled before use), diallyl- (amine, carbonate,
phenylphosphine, and ether) (dried and distilled before use), 1,4 dichloro-cis-but-2-ene

(Aldrich, distilled before use).

5.1.3 Typical procedure for NMR reactions -

Determination of rate constants

Typically, one equivalent of a reagent (38 pmols) is dissolved in dg-benzene
(400 pl) (unless otherwise stated) and mixed with a solution of the appropriate quantity
of the other reagent in dg-benzene (400 pl) at 298K. The resulting mixture is then
transferred rapidly to an NMR tube, frozen immediately and sealed under nitrogen. The
progress of the reactions at the various temperatures and times detailed in the text, are
monitored exclusively by 'H NMR spectroscopy. Spectra are aquired at appropriate
time intervals (dependent upon the particular reaction examined), and a number of
suitable signals chosen for integration . For the determination of rate constants each
spectrum is normalised (for comparative purposes) by either integration of the solvent
reference signal (dg-benzene, 7.15 ppm), or integration of the total intensity of
resonances present. The data is treated according to the appropriate rate law13, and the
errors in the rate constants calculated by standard linear regression!4. Each experiment
is repeated at least three times to check that the rate constants determined are consistent

within calculated errors.
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5.2 - Experimental Details to Chapter 2

5.2.1 Reaction of Mo(NBut);Cl; with LiOBut
Preparation of Mo(NBu!)2(OBu)z (1).

To a mixture of Mo(NBut)2Cl, (1.00g, 3.235 mmols) and LiOBut! (0.521g, 6.51
mmols) was added chilled EtpO (100 ml) at -78°C, and the resulting mixture allowed to
reach room temperature and stirred for 2 hours, whereby a pale precipitate and a lime
green solution had formed. Subsequent filtration and removal of the solvent under
reduced pressure afforded a non-viscous oil, which could be induced to crystallise on
cooling Mpt = 25 - 27°C), affording a lime green crystalline solid in high yield (85%
yield).

1 NMR datq ( 400 MHz, dg-benzene, 298K): 1.38 (s, 18H, NCMe3 / OCMe3), 1.36 (s,
18H, NCMe3 / OCMej3).

13C NMR data (100 MHz, dg-benzene, 298K): 77.18 (s, OCMe3), 67.94 (s, NCMe3),
32.44 (q, NCMe3 / OCMe3, Jcy = 126.6 Hz), 32.16 (q, NCMe3 / OCMe3, Icu = 125.5
Hz).

Infrared data (Neat, CsI, cm-1): 2970 (s), 2925 (s, sh), 2900 (m, sh), 2880 (m, sh), 1545
(w, br), 1390 (m, sh), 1360 (s, sh), 1260 (s, sh), 1215 (s, br), 1180 (s, br), 1130 (m, sh),
1025 (w, sh), 960 (s, br), 910 (w), 805 (m, sh), 785 (m, sh), 585 (s, br), 470 (w), 380 (w,
br), 270 (w).

Elemental Apnalysis for MoC16N20O2H13¢6 (384.41) Found (Required): %C, 50.21

(50.00); %H, 9.52 (9.44); %N, 7.44 (7.29).
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Mass spectral data (C1, m/z, 98Mo): 387 [M + H]*, 369 [M - Me]*, 331 [M - C4Hgl, 74
[H3NBut, HOBul]*, 58 [ButH]*.

5.2.2 IH NMR investigation of imido exchange in Mo(NBut)2(OBut);
The reactivity of the imido moiety in Mo(NBul)2(OBut!), with various substrates

was undertaken, and the characterising data for any new species observed presented

herein.
NMR chatacterising data for:

(a) Mo(N-2,6-PriyCgH3)(NBut)(OBut);:
1H NMR data (200 MHz, dg-benzene, 298K): 7.11 (d, 2H, Hp (Ar),(JHH = 7.6 Hz),
6.98 (t, Hp (Ar), Jyy = 7.6 Hz), 3.73 (sept, 2H, CHMey, Jyy = 7.6 Hz), 1.40 (s, 18H,
OCMe3), 1.33 (d, 12H, CHMe3, Jyu = 7.6 Hz), 1.20 (s, 9H, NCMe3).

(b) Mo(N-2,6-ClaC¢H3)(NBut)(OBub);:

{H NMR data (200 MHz, dg-benzene, 298K): 6.99 (d, 2H, Hp, (A1), Jyy = 8.0 Hz),
6.20 (t, Hp (Ar), Jgyy = 8.0 Hz), 1.41 (s, 18H, OCMe3), 1.25 (s, 9H, NCMe3).

(c) Mo(N-CgF5)(NBut)(OBut),:

IH NMR data (200 MHz, dg-benzene, 298K): 1.34 (s, 18H, OCMe3), 1.17 (s, 9H,
NCMe3).

(d) Mo(O)(NBut)(OBul),:
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IH NMR data (200 MHz, dg-benzene, 298K): 1.38 (s, 9H, NCMe3), 1.25 (s, 18H,
OCMe3).

The reactivity to dry oxygen was undertaken by sealing the NMR tube under one

atmosphere of cylinder dioxygen.

5.2.3 Reaction of Mo(NBut)»(OBut); with Mo(NAr)2(OBut);
Preparation of Mo(NBu')(NAr)(OBu!)

Heptane (100 ml, 298K) was added to a solid mixture of Mo(NBut)2(OBut),
(1.01g, 2.63 mmol) and Mo(NAr)2(OBut); (1.56g, 2.63 mmol), and the mixture
warmed to 60°C for 7 days. The attempted recrystallisation of the product at low
temperature (-789C) from the mother liquor failed, however, the pure product was
isolated from n-pentane (20 ml) on cooling ca. -20°C, as a yellow-orapge solid in low

yield, 0.40g (15%).

IH NMR _data (400 MHz, dg-benzene, 298K): 7.11 (d, 2H, Hy, (Ar), Jyg = 7.6 Hz),
6.98 (t, Hp (Ar), Jyg = 7.6 Hz), 3.73 (sept, 2H, CHMey, Jyy = 7.6 Hz), 1.40 (s, 18H,
OCMejs), 1.33 (d, 12H, CHMe), Jyg = 7.6 Hz), 1.20 (s, 9H, NCMe3).

13C NMR data (100 MHz, dg-benzene, 298K): 154.75 (s, Cj (An), 141.67 (s, Cq (Ar)),
124.45 (d, CsHs, JcH = 159.4 Hz), 122.68 (d, Cm (Ar), Jcu = 156.1 Hz), 78.17 (s,
OCMe3), 71.61 (s, NCMe3), 32.25 (g, OCMe3, Jcy = 125.5 Hz), 32.09 (g, NCMe3, Jcy
= 127.0 Hz), 28.57 (d, CHCMe», Jcq = 128.6 Hz), 23.70 (g, CHMez, Jcu = 125.4 Hz).

Infrared data (Nujol, Csl, cm1): 2970 (s), 2925 (s, sh), 2900 (m, sh), 2880 (m, sh),
1545 (w, br), 1390 (m, sh), 1360 (s, sh), 1260 (s, sh), 1215 (s, br), 1180 (s, br), 1130 (m,
sh), 1025 (w, sh), 960 (s, br), 910 (w), 805 (m, sh), 785 (m, sh), 585 (s, br), 470 (w),
380 (w, br), 270 (w).
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