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Abstract

Since the sandwich structure of ferrocene was elucidated in 1952, metallocenes have
generated a vast amount of interest. Transition metal metallocenes have previously
been shown to be suitable precursors in the syntheses of novel organometallic and
metallo-organic complexes, although the use of metal halide starting materials
for organometallic synthesis is much more common due to their being readily
commercially available and generally easier to handle than the extremely air- and

moisture-sensitive metallocene alternatives.

In this project, the polar transition metal metallocenes Cp,V, Cp,Cr, Cp,Mn
and Cp,Ni were employed as precursors in the synthesis of fourteen novel metal-
containing complexes, in several cases generating products which could not have

been obtained using metal halide starting materials.

Chapter 1 presents an overview of previous work in the area of inorganic synthesis
utilising transition metal metallocene precursors. The history of the metallocenes
is discussed, along with the developments within areas relevant to this project.
Chapter 2 outlines the techniques utilised during this investigation, including NMR
spectroscopy, single crystal X-ray diffraction and SQUID magnetometry, whilst
Chapter 3 presents the preparative procedures used and the characterisation of the

subsequent products.

In Chapter 4, the reactions of manganocene with some simple amido and phosphido
ligands containing one or more acidic protons are discussed. Three novel manganese
dimers are presented, including a highly unusual phosphine/phosphide complex.
Chapter 5 focuses on the reactions of the metallocene precursors with a range of
amidinate and guanidinate ligands, to give six novel metal-containing complexes.
The research presented in this chapter is also concerned with establishing the degree
of inter-metal bonding, if any, present within the complexes synthesised. Chapter 6
features five novel complexes obtained following the reactions of metallocenes with

redox-active ligands, an area which has not been widely explored previously.

The implications of the work presented within this project and the potential
applications of the complexes obtained are discussed in Chapter 7, with general
conclusions as to the value of this research presented. Chapter 8 focuses on ideas

for future work, and the rationale behind them.
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Chapter 1

Introduction

1.1 Historical Background

1.1.1 The Discovery of Ferrocene

The history of dicyclopentadienyl transition metal chemistry began with the dis-
covery of dicyclopentadienyl iron by Kealy and Pauson in 1951." Using FeCl; and
the Grignard reagent CpMgBr they were able to isolate orange crystals, shown by
elemental analysis to have the formula C,,H,,Fe, which they assigned the o-bonded
structure 1.1 seen in Figure

— —
Fe

=~ _—

Figure 1.1: The dicyclopentadienyl iron structure postulated by Kealy and Pauson,
1.1.

They attributed the remarkable stability of this compound to the aromatic nature
of the cyclopentadienyl ligand, noting that there would be important contributions

from the resonance form seen in Figure (1.2

®®
© Fe ©

Figure 1.2: The resonance form of dicyclopentadienyl iron, which was argued to be
responsible for its unusual stability.
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The correct structure of this compound was elucidated soon afterwards in two
independent publications; one by Fischer and Pfab, the other by Wilkinson et
al.,” in 1952. Both groups reached the conclusion that the compound adopted
a ‘Doppelkegel’ or ‘sandwich’ structure, 1.2, although through different means
- Fischer relied on preliminary X-ray data which showed the centrosymmetric
arrangement of the molecule, whereas Wilkinson referred to the diamagnetic nature
of the compound and the presence of only one C—H stretching frequency in the IR

spectrum.

The structure was soon confirmed beyond all doubt by two crystallographic
studies.*® The two cyclopentadienyl rings may be orientated in two extremes to
give either an eclipsed (Dsy) or staggered (Dsg) conformation. The energy of
rotation is small (~4 kJ mol™!),% so the ground state of ferrocene may show either

conformation.

Figure 1.3: The correct structure of dicyclopentadienyl iron, as elucidated in 1952,
1.2 left, eclipsed and right, staggered.

The bonding pattern within this compound is largely covalent, combining the dona-
tion of ligand electron density to the metal with ‘back-donation’ from the metal to
the ligand. The involvement of the metal d orbitals is key, and results in ferrocene
and other simple metallocenes conforming to rigid electronic constraints, with their
bonding orbitals filled according to the ‘18-electron rule’” which confers the great-
est electronic stability to ferrocene with its 18-electron count. The name ferrocene
was suggested after it was shown that the compound was aromatic and readily un-
derwent Friedel-Crafts acylation at the cyclopentadienyl rings, as the ‘ene’ ending

implied aromatic character.”
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ezg

€1u

e1g _—

Ay
a1g

2Cp- Cp,Fe Fe

ezy” R TTSNT/—— p, 2w €1y
4

- N ,

Figure 1.4: MO diagram for ferrocene, assuming D54 symmetry.

The MO energy level diagram shown in Figure is relevant to all of the first-

row transition metal metallocenes, although the electron configuration shown is

that of ferrocene. Within ferrocene all of the bonding orbitals are filled, along

with the non-bonding a;, state, with no electrons forced to populate the higher

energy anti-bonding orbitals. This is not the case for nickelocene, which has two

electrons in the two degenerate ej,* orbitals. Hence, nickelocene is easily oxidised,

and many reactions involving nickelocene will involve the loss or modification of a

cyclopentadienyl ring ligand in order to conform to the 18-electron rule and give a

more stable product. Vanadocene, chromocene and manganocene are all electron-
deficient in comparison to ferrocene (see Table [1.1)), with the bonding orbitals not

entirely filled, making these metallocenes highly reactive and given to bonding with

other species in order to reach a stable 18-electron configuration.
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Metallocene Cp,V | Cp,Cr | Cp,Mn | Cp,Fe | Cp,Ni
Colour purple red brown | orange | green
Number of d Electrons 15 16 17 18 20
Number of Unpaired Electrons 3 2 5 0 2
Spin-Only Magnetic Moment (up) | 3.87 2.83 5.92 0 2.83

Table 1.1: Some key properties of relevant metallocenes.

1.1.2 The Development of Metallocene Chemistry

After ferrocene had been fully characterised, there was a great deal of interest in
producing analogues using other transition metals. Between 1952 and 1954 there
were reports of bis-cyclopentadienyl compounds for a large number of transition
metals from both Fischer and Wilkinson, with the research interests also expanding
into cyclopentadienyl complexes of the f- and p-block elements, and of course into

probing the chemistry of these new compounds.

The stability of ferrocene was shown to be rather unique amongst the metal-
locenes, with the newly synthesised analogues proving to be extremely sensitive
to both oxygen and water due to their unfavourable electron counts. The metal-
locenes utilised in this project, namely vanadocene (Cp,V), nickelocene (Cp,Ni),
manganocene (Cp,Mn) and chromocene (Cp,Cr), also differ from ferrocene in terms
of their polarity. The bonding between the cyclopentadienyl anion and the metal
in ferrocene is considered to be of largely covalent character, which cannot be said
of the other first-row transition metal metallocenes. The ionic component of this
bonding strongly affects the reactivity patterns of the metallocenes, manganocene in
particular,® and has previously been exploited in syntheses which use these reagents

as precursors to a broad range of organometallic and metallo-organic complexes.

1.2 Reactivity of Transition Metal Metallocenes

There are several advantages to using metallocenes as precursors to more complex
metal-containing structures. Chief amongst these are the organically-soluble nature
of the metallocenes, and their ability to transfer 2-oxidation state ions intact with-
out oxidation or reduction of the metal centres taking place, which can occur when
using transition metal salts as precursors. Research using metallocenes as precursors
has revealed certain reactivity pathways and patterns which continue to direct cur-
rent studies, and which allow for the development of informed synthetic strategies.

Several of the more common of these reaction pathways are discussed below.
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1.2.1 Nucleophilic Addition at the Metal Centre

Weak nucleophiles can be added to the transition metal centre following the reaction
pathway seen in Scheme [L.1] in which the nucleophile (R™) simply adds onto the

metal without ligand displacement.

Cp,M+R — Cp,MR"

Scheme 1.1: Nucleophilic addition at a transition metal centre.

Using R~ = Cp~, this approach has led to the formation of ion-separated and ion-
paired complexes containing the [Cp;Mn]| ion. For example, Bond et al. showed
in 2001 that an extended graphite-like lattice is formed with K" counterions,

consisting of six-membered K;Mn, ring units linked by cyclopentadienyl ligands

(Figure [1.5]).2

Figure 1.5: The sheet structure of [(n*~Cp),MnK - 1.5 THF], 1.3, viewed along
the c-axis. Only part of one sheet is shown. H-atoms and THF ligands have been
omitted for clarity.?

As in graphite, the sheets lay staggered with respect to each other, with the
Mn'" cations coincident with the centroid of the [(n?—Cp);MnK] units of
the adjacent layers. This structure is similar to that of the Pb! complex
[(Cp),(Cp™¥)PbNa - 0.5THF] (Cp™F = C,H,CH,C,H,0),2% a p-block metal-
locene structure which also exists as a graphite-like lattice, although in this case
the hexanuclear Pb;Na; rings result from the intramolecular coordination of the

Cp-bonded ether functionality to Na™ cations rather than the 7°-Cp bonding of the
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three cyclopentadienyl ligands to the K* cations seen in [(n*—Cp),MnK - 1.5 THF].
The reactivity of the transition metal metallocenes in comparison to that of their

p-block counterparts will be discussed further in Section [1.2.4

The structure [(n?—Cp),MnK - 1.5 THF] was the first reported example of a
transition metal tris-cyclopentadienide anion, and the first to contain a paramag-
netic metal, d> Mn''. This suggested that this reactivity pattern of nucleophilic
addition at the metal centre was an overlooked aspect of transition metal metal-
locene chemistry, and one which could be investigated and developed during the
course of the current research into the potential synthetic applications of these

materials.

1.2.2 Nucleophilic Substitution of Cyclopentadienyl

When stronger organic nucleophiles are reacted with metallocenes, the result is
often displacement of one or more Cp~ ligands rather than the simple addition of
the nucleophile to the metal centre (Scheme [L.2)).

Cp,M + R~ —— RMCp — R,M
-Cp~ -Cp~

Scheme 1.2: Nucleophilic substitution of the cyclopentadienyl ligand.

A relevant example of metallocenes undergoing this type of reactivity is seen in the
reaction of manganocene with Li(hpp), Scheme . L

2Li(hpp) ALi(hpp) ,
2 Cp,Mn —_QKPLI} [CpMn(hpp)], —_2% [(hpp)sMnLil,

Scheme 1.3: The stepwise nucleophilic substitution reaction of manganocene with
Li(hpp).

In the first step of this reaction, Cp,Mn reacts with one equivalent of Li(hpp) to give
the neutral centrosymmetric dimer [CpMn(hpp)], (Compound 1.4) seen in Figure
1.0l
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Figure 1.6: The structure of [CpMn(hpp),], 1.4.

In 1.4 the Mn" ions are bridged by one of the N centres of each hpp~ ligand and
are terminally coordinated by 7°-Cp ligands. The [Mn,N,]| diamond core features
relatively long Mn—N bonds due to the strain imposed by the chelating ligands,
and this, coupled with the fact that the Mn—Cp bond is still highly polar, allows
for further reaction of this complex. With the addition of another two equivalents
of Li(hpp), the remaining Cp~ is displaced to give a dimeric manganate cage com-

pound, [LiMn(hpp),], (Compound 1.5) seen in Figure [1.7]

N N
<N N N
IUNAY N
_Mn . e =
N \ Li ' Mn )\
\_ S Y
N)\N \N/%NJN N/é\ N

Figure 1.7: The structure of [LiMn(hpp),],, 1.5.

This compound is of particular interest as the majority of known manganate com-
pounds contain ion-separated manganate ions, such as the complexes [Li(THF),]*-
[(CH,=CH-CH,),Mn] "#and [Mg(THF)4]**[(Cp)s—«(CpMe)Mn| (wherex =1 or
2; CpMe = C;H,Me).” Of the known ion-paired species, only one other molecular
arrangement is known, that of the tris-amido complex [{(Me;Si),N}Mn{u—N-
(SiMe,),}Li - THF].** Two-dimensional ion-paired networks also exist, such as
the ‘graphite-like’ [(n*~Cp);MnK - 1.5 THF]? discussed in Section [1.2.1} but these
represent a very different type of ion-paired complex in which the manganate anions

associate into infinite hexagonal sheets via u-Cp bridges.
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The cage dimer of [LiMn(hpp),], consists of a butterfly-shaped Mn,Li, metal
core held together by six bridging hpp~ ligands. There are two observed ligand-
metal coordination modes, with four ligands using an n':p'-mode around the
equator of the dimer and the two remaining ligands situated above and below
the Mn,Li, ring using a p:p-bonding mode, so that each metal ion is held in
a pseudo-tetrahedral geometry. Preliminary magnetic studies suggest that both

[CpMn(hpp)], and [LiMn(hpp),], exhibit temperature-dependant paramagnetism.

This study illustrates several relevant research strands within the area of po-
lar metallocenes, such as the synthesis of polynuclear transition metal complexes,
the use of nitrogen donor ligands in reaction with transition metal metallocenes, and
the development of potentially interesting magnetic materials. It is also relevant
to the current project as it demonstrates that with the use of lithiated ligands
with transition metallocenes, CplLi is formed as a side product. This can act as a
driving force for the reactions, as CpLi is an ionic polymer with a large enthalpy of
formation. This reactivity pattern is exploited extensively throughout this project,
with lithiated ligands employed to shift reaction equilibria to the right through the

formation of polymeric CpLi.

1.2.3 Reaction with Organic Acids

The reactions of metallocenes with organic acids often proceed according to the
pathway seen in Scheme [I.4] if the organic acid RH is sufficiently acidic.

Cp,M + RH —— RMCp -2 R,M
-CpH -CpH

Scheme 1.4: Reaction of metallocenes with organic acids.

The reaction of the metallocenes with organic acids stems from the polarity of the
Cp—metal bonds, which allows the anionic cyclopentadienyl ligand to behave as a
base. Indeed, the reactivity of manganocene, the most polar of these systems, has
been compared with that of strong organometallic bases such as the commercially
available Bu,Mg."? This type of metallocene behaviour can be observed in the
reaction between manganocene and 8-aminoquinoline reported by Alvarez et al. in
2001.1% Here, the manganocene deprotonated the ligand to give a centrosymmetric
dimer (Compound 1.6) in which each Mn centre was bonded to a terminal n°-Cp

ligand [Mn---Cpeentroia 2-18 A] and also to a u-NH centre, forming a core Mn,N,
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ring unit which adopted a diamond shape. The manganese centres were further
stabilised by the formation of longer bonds to the N centres within the quinoline
ligand [Mn(1)—N(1) 2.219(2) A].

Ci11A) Chsa)

XNBIY C4A)
=

Ci3A

Figure 1.8: The crystal structure of the dimer [CpMn(u—8—HNquin)],, 1.6. H-
atoms, except those attached to N, have been omitted for clarity. 18

The extent of deprotonation is also largely dependent on the strength of the organic
acid. In the example [CpMn(p—8—HNquin)], manganocene was able to singly-
deprotonate the 8-aminoquinoline ligand but not to doubly-deprotonate it, so one
cyclopentadienyl unit remained coordinated to each manganese centre. In other re-
ported cases, double deprotonation of amino groups occurs - some relevant examples
of this type are discussed in Section [1.3.3] The example of [CpMn(u—8—HNquin)],
is particularly germane as it uses a bicyclic nitrogen-based ligand with structural fea-

tures in common with many of the ligands employed throughout the current project.

The attempted reaction of manganocene with (BnNHCH,),, a weak organic
acid, illustrates the limited range of these reactions of organic acids with met-

allocenes. The result is simple complexation rather than deprotonation to give
[(n*—Cp)(n°—Cp)Mn(BuNHCH,),] (Compound 1.7) seen in Figure
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Figure 1.9: Structure of [(n'—Cp)(n°—Cp)Mn(BnNHCH,),|, 1.7. H-atoms, except
those attached to N, have been omitted for clarity.%°

The structure of 1.7 is quite strained due to the steric bulk of the ligand employed,
which forces the cyclopentadienyl ligands to adopt n!- and n°- bonding modes and
causes asymmetric coordination of the two N centres, with the Mn—N bond lengths
differing by ca. 0.35 A. This type of reaction has the potential to be developed
within the scope of the current project, as such strained metal-bonded acids may
potentially react further on heating or upon the use of an external base to give

polymetallic species.

This ability of the transition metal metallocenes to deprotonate organic acids
allows for the design of one-step syntheses of structurally complex molecules and
clusters. This chemistry is efficient and potentially high yielding as the simplicity
of the reactions limits the number of possible side products formed as a result of

the involvement of other reagents.

1.2.4 Comparison with the p-Block Metallocenes

The reactivity of the non-ferrocene transition metal metallocenes is often more
directly comparable to their p-block counterparts, as these also tend to be highly
polar and capable of undergoing various transformations when reacted with suit-
able ligands.™” However, the p-block metallocenes of groups 13 — 15 differ from
the transition metal analogues in that there is little involvement of the high
energy metal d orbitals in the bonding, which leads to less restricted electronic
demands and so to greater structural diversity.*® Indeed, electron counting in these
main group metallocene compounds is often little more than a formality, as the
coordination of the m-bonded cyclopentadienyl ligands tends to be weak and elec-
tronically variable as different hapticities can be adopted, as shown in Figure . =
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Figure 1.10: The cyclopentadienyl ligand bonding to a metal in n°-, n3- and n'-
modes.

The p-block metals are also comparable to the d-block metals in terms of their
electronegativities, a consequence of the ‘d-block contraction’ of atomic radii across
the periodic table, leading to a covalent component of their bonding which is not
seen in the s-block metallocenes.™ A review of the p-block metallocenes by Beswick
et al. draws these comparisons and highlights some of the structures obtained
to date with the p-block metallocenes, which are of interest to this project as
they share some key characteristics with the transition metal metallocenes being

deployed herein as synthetic precursors.*?

The nucleophilic addition of cyclopentadienyl to the metal centre of stannocene
or plumbocene on reaction with CpNa shows a very similar reactivity pattern to
manganocene in the example seen in Figure [1.5, with the result in each case being
the formation of a [Cp;M]™ ion. With the Group 14 metals, a ‘loose-contact’
ion-paired complex is formed with the three cyclopentadienyl ligands coordinating

n°- with a trigonal planar geometry.“"

E Na(PMDETA)

Figure 1.11: The structure of [Cp,E(u—Cp)Na-PMDETA], 1.8, where E = Sn, Pb.
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One area in which p-block metallocenes differ from their transition metal coun-
terparts is in the prevalence of oxidative addition reactions. In these, both the
oxidation state and the coordination number of the metal are increased. Oxidative
addition reactions are common amongst transition metal complexes, particularly
within catalytic cycles.”Y However, as previously mentioned, one of the advantages
of using transition metal metallocenes as precursors is their ability to transfer
ions in their +2 oxidation state intact,?%23 a fact often taken into account when
designing a synthesis involving them. p-Block elements tend to have two available
oxidation states, the n oxidation state which involves both the s and p valence
orbitals, and the n-2 oxidation state, which involves only the p electrons, with the s
electrons existing as a lone pair (the ‘inert pair effect’).** This latter state tends to
predominate at the bottom of the periodic table due to the increasing dominance of
relativistic effects on s/p separation. Products that contain transition metal centres
may have a wider range of accessible oxidation states due to their d electrons, and

it is not always straightforward to predict which states will dominate.

1.3 Metallocenes as Precursors to Complexes
with Multiple Metal Centres

1.3.1 Metal-Metal Bonding in the d-Block

Metal-metal bonding is a feature of many organometallic complexes, and is common

amongst the low oxidation state metals of the early d-block.

The M—M bonded species may exist as discrete clusters or as extended solid-state
compounds, although the presence of bridging ligands can make determination of
the character and strength of direct M—M bonds difficult. An example of this
difficulty from main group chemistry can be seen in the controversy surrounding
Robinson’s claim in 1997 to have made the first complex containing a Ga=Ga triple
bond® (Compound 1.9) seen in Figure[l.12] which was widely debated and refuted

by some leading figures in the field of inorganic chemistry.
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Figure 1.12: The first reported Ga=Ga triply-bonded compound,
Na,[{(i—Pr;C4H,),CcH3}GaGa{C Hy(i—PryCeH,), 1, 1.9.

The claim to have synthesised a compound containing a Ga=Ga triple bond was
remarkable considering that no examples of Group 13 triple bonds existed and
indeed, no molecule containing a discrete Ga=Ga double bond was known. The
‘gallyne’ Na,[RGaGaR] (R = (i—PryC4H,),CsH;) Ca--Ga distance of 2.319 A
was the shortest in the literature. Robinson and his group emphasised that the
trans-bent orientation of the molecule had been predicted by several theoretical
studies to be the favoured configuration for triply-bonded compounds and was
therefore a viable model.?” This was opposed by Power, who asserted that MO
theory pointed to a double bond resonance structure, in which a lone pair can
reside on either gallium centre.”® This theory was supported by the synthesis and
characterisation of a related tin-based system using the same terphenyl ligand as
Robinson’s group, which also displayed trans-bent geometry and a formal Sn—Sn
bond order of 1.5.%% Cotton used DFT calculations to show that the short Ga---Ga
distance could arise from a doubly-bonded structure in which the sodium ions found
on either side of the Ga=Ga bond play a part in drawing together the phenyl rings
of the terphenyl ligand, leading to an overall shortening of the bond.?? Robinson
dismissed this and produced further data to support his claim,*" and the discussion

devolved into a somewhat less civil discourse.

There is still no definite consensus on the bonding within 1.9, although current
opinion seems to favour the double bond model.®! The heated debate surrounding
this structure did succeed in raising interesting questions as to what exactly consti-
tutes a bond and how they can best be defined and measured, questions which are

still relevant today, particularly within organometallic and coordination chemistry.
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Measuring the M—M force constants and the stability of d-block metal com-
plexes indicates that M—M bonds become stronger down a group,®? in contrast to
the trend observed within the p-block wherein generally homoatomic bonds become
weaker down a group.*” M—M bonded compounds are much more common amongst
the 4d and 5d metals, which have more radially expanded d orbitals available for

bonding than their smaller, more contracted 3d counterparts.

Recent research focused on the formation of multiple bonds between 3d tran-
sition metals has led to the observation of Cr—Cr quintuply-bonded species.?3
Single, double and triple bonds amongst the transition metals are commonplace,**
with quadruple bonds more rare but observed particularly for Cr,#* Mo, W= and
Re®¥ species. There is competition within complexes between metal-ligand bonding
and metal-metal bonding, with orbitals involved in the former often unavailable
for involvement in the latter. Quintuply-bonded species tend to be of the type
ML,, with ten electrons participating in the bonding between the metal centres
in a o?79? configuration (as opposed to 0?7152 for quadruply-bonded examples).
The MO diagrams of both a typical M—M quadruply-bonded ML, complex and a

quintuply-bonded ML, complex can be seen in Figure [I.13]
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Figure 1.13: Left, MO diagram of a typical quadruply-bonded metal complex; right,
MO diagram of a typical quintuply-bonded transition metal complex.
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In the quintuply-bonded species, the o-bond present is the result of the end-on
combination of the two metal d,? atomic orbitals. The 7-bonds are generated by
the combination of the two d,, and the two d,, orbitals from each metal, whilst the
0-bonds come from the combination of the two dx2_y2 and the two d,, orbitals, as
shown in Figure [1.14] The quadruply-bonded complex only utilises one §-bonding
orbital as opposed to the two involved in the formation of the quintuple bond, with
the ligands involved in the latter enabling the proximity necessary for the overlap

of the radially-contracted  orbitals.

dxz_yz dxz_yz dxy d Xy
y
- &% &% > s
Y4 dy, dy, dyz d

yZ
o oe e

d,? d,?

Figure 1.14: The metal orbitals involved in the formation of a quintuple M—M bond.

Calculations have shown that the m-bonding orbitals in the quintuply-bonded species
are the lowest in energy, followed by the o-bonding orbital and the two §-bonding
orbitals, making the LUMO the ¢* orbitals. For Cr(I), the two d® metal centres
contribute a total of ten electrons to fill all of the bonding orbitals, giving a formal
bond order of 5 as can be seen in 1.10 (Figure [1.15).

15



Introduction

Me,HC

Me,HC

Figure 1.15: The structure of the Cr—Cr quintuply bonded complex

The [(CrC4H;—2,6—dipp,),] species shown in Figure was the first reported
compound to feature fivefold bonding.®® This compound is stabilised by the bulky
terphenyl ligands, which weakly interact with the metal centres causing a slight
weakening of the quintuple bond. Since this compound was reported, several groups
have focused on synthesising materials containing the shortest recorded metal-metal
bonds, shaving the record from 1.80 A in 20073 to 1.74 A in 20087 and most
recently to 1.73 A in 2010.%T All of these species were quintuply-bonded chromium
dimers utilising various bulky ligands for stabilisation. In order to obtain these
compounds, dimetal species were reduced using potassium graphite (CgK), adding
valence electrons to the metal centres so that they could then participate in this
type of bonding. Ligand choice is also extremely important, with the most suitable
ligands being those that act to push the metal centres closer together, creating
a short inter-metal distance. However, although ligands which facilitate a short
inter-metal distance do promote multiple bonding by improving inter-metal orbital
overlap, they can also complicate the situation by giving compounds the appearance

of multiple bonding, as in the digallium complex 1.9 discussed previously.

The studies of these quintuply-bonded complexes is still very new, with ex-
pectations being that these materials will be useful precursors in the search for
novel, previously unattainable compounds, in particular compounds which feature
unusual magnetic behaviour. One of the aims of this research project was to syn-
thesise materials with multiple bonds between the metal centres using metallocenes

as reagents, to show their suitability and versatility within this field.
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1.3.2 Paddlewheel Complexes

Paddlewheel or ‘Chinese-lantern’ complexes are those which contain two metal cen-
tres bridged by four ligands. This structural motif [M,L,] is very common within

coordination chemistry.=4

Figure 1.16: A typical paddlewheel structure of the general formula M,L,, where A
= any donor atom, commonly O, N, P or S.

The amidinate and guanidinate ligands used within this project have been estab-
lished as suitable candidates for the formation of paddlewheel-type structures, as
they are capable of stabilising the low oxidation states likely to be encountered
within these materials, contain nitrogen centres ideally situated for bridging, and
can easily be adapted through substitution of the R groups to tune the sterics and
electronics of the overall system. Neutral amidines have been employed as ligands
in a broad range of coordination complexes,*? whilst the anionic amidinates and
guanidinates have become increasingly popular choices for the stabilisation of both
main group and transition metal complexes.** Coles and Jordan successfully utilised
amidinate ligands in the synthesis of aluminium-based ethylene polymerization cat-
alysts,*¥ showcasing the versatility of these ligands and the potential for structural

control that they present through judicious substitution of the amidinate R groups.*®
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Figure 1.17: Left, The general structure of an amidine; right, the general structure
of a guanidine.

There have been several examples of amidinate- and guanidinate-based paddlewheel
structures in recent literature that influenced the direction of this project. One area
of interest was that of the use of sterically-undemanding amidinate ligands to form
‘open’ paddlewheel arrangements, something which had already undergone some
preliminary investigation within the Wheatley group. Unpublished work from the
Wheatley group reports the synthesis of two novel compounds containing transition
metals and N, N-dimethylformamidinate, which was repeated and expanded upon
during the course of this work. The first species was a classic paddlewheel of the
type M,L, obtained from the reaction of Cp,Ni with the lithiated anion of N,N'-
dimethylformamidine (Compound 1.11) as seen in Figure [1.18]°

Figure 1.18: The structure of Ni, (N, N'—dimethylformamidinate),, 1.11.

The observed structure of 1.11 featured the desired ‘open’ arrangement, leaving
the metal centres relatively exposed and accessible, as the ligand methyl groups

are not sterically bulky and so are able to stabilise the metal centres without
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blocking them entirely and restricting further reaction. This was seen as a promis-
ing result, and one which deserved to be investigated further. In particular,
the precise nature of the bonding within this species could be probed using the-
oretical methods, something which is discussed at length in Chapter 5, Section [5.3.2]

A repeat of the previous reaction using Cp,Mn in place of Cp,Ni was found
to give a complex containing a Mn,(uy—0O) core (Figure ,46 in spite of attempts

to keep oxygen out of the system.

Figure 1.19: The structure of Mn,O(N, N —dimethylformamidinate),, 1.12.

The observed structure 1.12 was of interest as the presence of oxygen, likely from
trace amounts of O, or H,O that entered the reaction at some point, did not cause
decomposition but instead oxygen became incorporated into the product structure,
maintaining the +2 oxidation state of the metal centres. The encapsulation of
an oxide without decomposition has been observed previously for organometallic
complexes, 4’ for example in the carboxylation reaction between Cp*Zn and CO,
in which the isolated product is the zinc oxocarboxylate [Zn,(u,- O)(O,CCp*)4

6+

featuring a tetrahedral [Zn,O]"" core.*® Within such complexes both octahedral

tg—O and tetrahedral p14—O core structures are observed.“?

The structure obtained of 1.12 was analogous to one first reported by Cotton
et al. in 1997, Mn,O(DPhF),,*¥ which also featured a tetrahedron of manganese
centres surrounding the oxygen core and bridged by the substantially bulkier
N,N'-diphenylformamidinate. The synthesis of Mn,O(DPhF), involved layering the
reaction solution with moist but oxygen-free hexanes, suggesting that the source
of the interstitial 114—O in Mn,O(N,N —dimethylformamidinate)y is likely to be
trace H,O rather than atmospheric O,, which would probably in fact be destructive

to the molecule, causing oxidation and/or decomposition. Within organometallic
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chemistry, O, has been successfully introduced into molecular complexes to give
peroxides,®!' superoxides®® and metal oxides,” although this is generally performed
in a controlled manner to prevent unwanted decomposition.” It was decided to
perform similar experiments to that which led to the isolation of 1.12 in the current
project in order to obtain further analysis, and to fit these results into a broader
narrative relating to the reactivity of several transition metal metallocenes with a

variety of amidinate and guanidinate ligands.

A further feature of transition metal paddlewheel complexes which this project
aimed to explore is their ability to trap small molecules and unstable fragments, as

seen in the X-ray crystallographic structure of [V,(hpp),], Figure =

Figure 1.20: The crystal structure of [{V,(hpp),}Li(u—Cp)Li{V,(hpp),}] -
[(n°- Cp)Li(u—Cp)Li(n>- Cp)| , 1.13. Above, the centrosymmetric cation; below, the
centrosymmetric anion of 1.13 (showing one orientation of the disordered central
cyclopentadienyl ligand). H-atoms and lattice-bound THF molecules omitted for
clarity.%
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The formally V=V species [{V,(hpp),}Li(p—Cp)Li{V,(hpp),}] " [(7* Cp)Li(u—Cp)
Li(n5-Cp)| is observed to trap charged oligomeric fragments of the (CpLi)., parent
lattice® in the solid state, in a manner which is highly unusual. Indeed, there is
only one precedent, the crystal structure [(THF)Li(u—CpAr)Li(u—Cp™r)Li(THF)] -
[(n°—CpA7),Li] (Cp*r = 3,5—(Me,CgH,), C;)® which contains a similar [Li(u—Cp)-
Li(u—Cp)Li]" core but is significantly different in composition, containing no other
metal species and relying on ‘superbulky’ cyclopentadienyl ligands rather than
nitrogen donor atoms to stabilise the alkali metal ions. These multidecker cations
and anions have provoked attention and interest in recent years,”” due to the
novel bonding arrangements observed,*” and the scarcity of structures containing
unsubstituted and unsolvated cyclopentadienyl-alkali metal ‘supersandwiches’.1%5%
The ability of [V,(hpp),] to stabilise the cation [Cp,Lis]" by acting as a bulky
ligand coordinating the terminal Li* ions became a factor in the design of several

syntheses undertaken within the current project as it was hoped that this area

could be developed and expanded upon.

1.3.3 Polynuclear Transition Metal Clusters

Metal clusters may be defined as molecular complexes with metal-metal bonds that
form triangular or larger closed structures, a definition that excludes polymetallic
complexes held together by bridging ligands rather than by metal-metal bonding.?
Transition metal metallocenes are ideal starting materials for the formation of
clusters, with recent research within the area directed towards creating clusters

using Cp,M reagents (in particular manganocene) with N- or P- donor ligands.

Manganese carboxylate clusters have been widely studied in recent years as
there has been interest in their magnetic properties, and their potential applications
as molecule-based magnetic materials, either as precursors or in their own right."
However, relatively few nitrogen- or phosphorus-based clusters of manganese
have been synthesised or studied. One interesting example of an amido/imido
Mn(II) cluster, [(n°—Cp)Mn{2—NH(4,6—Me,pm)} - Mn{2—N(4, 6—Me,pm)}],,

was published by Alvarez et al. in 2001%°

and was synthesised using Cp,Mn as a
starting material and a pyrimidine ligand which could be both doubly- and singly-
deprotonated by the cyclopentadienyl of the manganocene to give a heteroleptic
cage with the structure seen in Figure [1.21] This example is of particular relevance
to this project as the synthesis utilised the polar nature of the metallocene and the

ability of the cyclopentadienyl ligand to behave as a base.
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The structure of [(n°°—Cp)Mn{2—NH(4,6—Me,pm)} - Mn{2—N(4, 6—Me,pm)}|,
is perhaps best regarded as a co-complex of four monomer units of Mn(II) imido
(Mn{2—N(4,6—Me,pm)}) and four of organo/amido ((n—Cp)Mn{2—NH(4,6—-
Me,pm)}), giving the highest nuclearity imido or amido manganese cage to be
structurally characterised. This study is not only interesting due to the novel
structure formed or for the use of the basicity of manganocene to facilitate the
synthesis thereof, but also for its investigation into the magnetic properties of this
polynuclear cluster. The magnetic properties of the products of reactions utilising
transition metal metallocenes was a further area into which this research project
aimed to expand, due to the current surge of interest into single-molecule magnets,

discussed at length in Section [1.3.5

Figure 1.21: The crystal structure of the cage [(n°—Cp)Mn{2—NH(4, 6—Me,pm)} -
Mn{2—-N(4,6—Me,pm)}|,, 1.14. Thermal ellipsoids are drawn at the 40% proba-
bility level. H-atoms, except those attached to N, and lattice-bound THF atoms
have been omitted for clarity.’®

Variable-temperature magnetic studies on the cluster [(n°—Cp)Mn{2—NH(4,6—-
Me,pm)} - Mn{2—N(4,6—Me,pm)}|, showed an unusual evolution of effective
magnetic moment with temperature, possibly due to exchange interactions between

imido- and amido-bridged Mn(II) ions although single-ion effects are also likely to
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play a part. Cyclopentadienyl is a strong-field ligand which could cause a change
in spin state of the CpMn units of this aggregate,%” and zero-field splitting may
occur as it is known to in manganocenes. "l The fact that this structure exhibited
novel magnetic behaviour was encouraging, as it suggested that further research
into the synthesis of metallocene-derived transition metal complexes and clusters

could yield other magnetic materials, with potentially useful applications.

A similar synthetic method was also employed in the generation of a class of
cages featuring Mng cores and bridging nitrogen-based ligands.™0 This study showed
that in order for double deprotonation of the amino group to occur, the organic
substituents had to contain several N atoms in order to stabilise the resultant neg-
ative charge. Using this information, it was shown that acidic 2-amino-pyrimidines
could be doubly-deprotonated even in the presence of electron-donating MeO and
Me ring substituents, whereas the less acidic 2-aminopyridines and related aromatic
amines were only singly-deprotonated, as was the case with the 8-aminoquinoline

ligand discussed in Section [1.2.3|
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Figure 1.22: The core structure of the manganese amido/imido cages with the gen-
eral formula [(CpMnNHR)(MnNR)], (where R = 4,6-Me,pm, 4-MeO-6-Mepm or
4,6-(MeO),-pm; pm = pyrimidinyl) showing the Mng arrangement and the shortest
Mn---Mn contacts (dashed lines). 0

The synthesis of the cage structures with the general formula [(CpMnNHR)(MnNR)],
involved the addition of the ligand to manganocene at -78° C, gradual warming and
storage at room temperature to yield crystals of the appropriate products. No fur-

ther studies were attempted as to the effect of temperature on these reactions, such
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as whether refluxing the reaction solution resulted in more complete deprotonation
of the less acidic ligands and the isolation of different products. This area was of
interest at the outset of this project and several of the reactions described herein
were attempted at various temperatures in order to obtain complete data about
said reactions, and to assess whether simple alterations to the reaction conditions

would affect the product(s) obtained in any way.

1.3.4 Metallocene Reactivity with Non-Innocent Ligands

The terms ‘innocent” and ‘non-innocent’ (or ‘suspect’) with regard to ligands were
first introduced by Jgrgensen in 1966.%? Ligands which are considered ‘non-innocent’
are those which are redox-active and can render the oxidation state of a metal to
which they are coordinated ambiguous. This most common examples of this class
of ligand are those based on 1,2-disubstituted benzene rings such as catechols and

diamines, the redox behaviour of which can be seen in Figure [1.23]

20 10
x\ x\ X

0O e©®
> — .
-
+e +eQ
Y Y Y

Figure 1.23: The redox series for various non-innocent 1,2-disubstituted benzene
ligands. X and Y are donor atoms such as O, N or S.

Complexes containing such ligands have been of interest in transition metal coor-
dination chemistry since the 1960s, when various complexes with ‘non-innocent’
ligands were reported, beginning with planar dithiolates of nickel, palladium and
platinum.®? This was soon followed by characterisation of metal complexes con-

4 and nitrogen® ligand analogues, the latter being of particular

taining oxygen®
relevance to this work as investigating the reactivity of transition metal metallocenes

with nitrogen-based non-innocent ligands was a primary aim of this project.

Compound 1.15 is a planar nickel complex containing two chelating 1,2-
benzenediamine ligands (Figure , and was first reported by Balch and Holm in
1966.99 As can be seen Figure [1.24] three possible structures were discussed, with
the electronic structure of B proposed by the authors as the most likely arrange-
ment.*” This was fully confirmed by Herebian et al. in 2002-3 using computational

methods including DFT calculations. %068
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Figure 1.24: The three postulated structures of [Ni(C,H,(NH),),], 1.15.

1.15 was synthesised using a nickel halide salt and 1,2-benzenediamine in aqueous
ammonia. There have been few reported compounds synthesised using redox-active
ligands and transition metals which exclude oxygen and moisture, with the majority
of interesting examples confined to the main group elements.**™ One particularly
interesting example is seen in the reaction shown in Figure [1.25] where reaction with
the base Sn(NMe, ), and n-BuLi leads to oxidative dehydrocoupling and rearrange-

ment into the triazolyl anion.™

NH, N
N\
Sn(NMe,),/2n-BuLi N
> /
N
NH., ©

Figure 1.25: The reaction of 1,2-benzenediamine using Sn(NMe,),.™

This project aimed to develop this field by conducting preliminary investigations into
the reactions of transition metal metallocenes with nitrogen-based redox-active lig-
ands, with the goal of producing and characterising novel higher- or mixed-oxidation

state molecular arrangements.

1.3.5 Single-Molecule Magnets

Single-molecule magnets are a class of metallo-organic compounds that exhibit
magnetic hysteresis of purely molecular origin below a certain temperature (the
blocking temperature).” In contrast to conventional bulk magnets and molecule-
based magnets, it is not necessary for there to be any collective long-range ordering
of magnetic moments for this behaviour to be observed. As the smallest possible
magnetic devices, they have potential applications in a range of areas including

3 magnetic refrigeration, quantum computing

thin films for technological devices,
and information storage.™ The latter of these is particularly exciting, making use

of the fact that SMMs represent a macroscopic quantum system in which spin flips
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could be detected and used to store information.” ™ This would greatly increase the

storage capacity of hard disks and improve computing methods significantly.

In order to behave as SMMs, each molecule must have a large enough mag-
netic moment (so a large spin ground state, S) and magnetic anisotropy to function
as a magnet. The majority of characterised SMMs are manganese-based, with
the most thoroughly studied being “Mn;y” systems, the archetype of which is
“Mnyz-acetate”, [Mn,,0,,(0Ac),,(H,0),] - 4H,O - 2 AcOH." This dodecanuclear
structure features a central Mn'V,0, cubane unit surrounded by a ring of eight
Mn'"' centres connected by bridging oxo ligands, giving an overall disc-shaped
geometry. This has an S = 10 ground state™ and a blocking temperature of 3 K,

below which it exhibits a magnetisation half-life of more than two months.™
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Figure 1.26: The structure of the single-molecule magnet [Mn,,0,,(OAc),(H,0),]
4H,0 -2 AcOH, 1.16.T

Another common type of SMM is the “Mny” system, examples of which contain
a planar Mn™,Mn', diamond core and have an S = 9 ground state.”™ More
recently, an “Mng” complex containing six Mn(III) ions (Compound 1.17) has been
reported with an S = 12 ground state and the largest recorded energy barrier to
magnetisation, 86.4 K (Figure [1.27).52 A high energy barrier is desirable as this

ensures that the material remains magnetised for longer.
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Figure 1.27: The structure of the “Mng” SMM with the largest recorded energy bar-
rier to magnetisation, [MngzO,(sa0)s(0,CPh), - 4 EtOH], 1.17, with the core shown
in black. Mn = red, O = green, N = blue.™

As these studies show, manganese-based clusters are an extremely promising re-
search area within the field of single-molecule magnetism. Following on from the
successes of the Wright group in synthesising polynuclear manganese cluster com-
pounds,™ this project aimed to generate other novel manganese-based magnetic
materials, alongside other transition metal complexes that may also exhibit unusual

magnetic behaviour, and test their variable-temperature magnetic response.
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1.4 Aims of this Project

The aims of this project can now be set into context.

e To synthesise and characterise a range of transition metal-containing com-

plexes and materials using transition metal metallocenes as starting materials.

e To develop the synthetic chemistry of the transition metal metallocenes, us-
ing their known reactivity patterns and versatility to design novel reaction

pathways, and to fully investigate the properties of any resulting materials.

e To investigate the reactivity of transition metal metallocenes with nitrogen-

based redox-active ligands.

e To study the variable-temperature magnetic behaviour of products formed,

where relevant.

e To study any inter-metal bonding interactions (in particular any multiple
bonds) of products formed where relevant, including by computational meth-
ods.
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Chapter 2

General Experimental Techniques

2.1 COSHH Considerations

Throughout the course of this project, hazardous chemicals were regularly handled
and used. In order to minimise the risk of dangerous spillages or inhalation of
potentially harmful materials, all synthetic operations were carried out inside a
fume hood. Appropriate PPE was employed, including a laboratory coat, safety
glasses and nitrile gloves. Risk assessments were carried out prior to the use of any
chemical, and any glassware contaminated with phosphorus-containing compounds

with an unpleasant odour was soaked in 1:1 bleach/water before being washed up.

2.2 Inert Atmosphere Techniques

All syntheses and manipulations described in this project were carried out under
oxygen-free, anhydrous conditions due to the extremely air- and moisture-sensitive
nature of the compounds involved. In particular, two pieces of specialist equipment
were employed - a vacuum and inert gas double-manifold (used inside a fume hood),

and a glovebox for the storage and handling of air-sensitive materials.

Synthetic operations were carried out in accordance with known air-sensitive
techniques. Reactions were performed in Schlenk tubes, previously dried in a
glassware oven at 80° C, which were then evacuated to less than 0.1 Torr three
times whilst being heated thoroughly using a heat gun. Dry argon or nitrogen from
the house supply was used to fill the tubes between evacuations. Liquid reagents
were added to reactions under a positive pressure of inert gas via syringes, which
were first purged with dry nitrogen several times. Solid reagents were weighed inside

the glovebox into Schlenk tubes before being connected to the vacuum manifold
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or, if the reagents themselves were not air-sensitive, added to reactions against a
positive pressure of inert gas. The removal of solvent from reactions was carried
out using the vacuum manifold. Filtrations were performed using filter sticks of the
appropriate porosity, which were placed in Schlenk tubes and capped before being
attached to the manifold and evacuated as described above. The prepared filter
stick was then inserted into the Schlenk containing material to be filtered, and the
connected glassware inverted. The receiving Schlenk was placed under vacuum to
enable filtration. Crystallisations were carried out within the Schlenk tubes, either

at room temperature, +5° C or -30° C.

The glovebox employed was from Saffron Scientific Instruments, and was used
frequently for the storage and manipulation of both starting materials and prod-
ucts. Apparatus was introduced to the glovebox wvia the port, which was then sealed
to atmosphere and evacuated for 10 minutes before being filled with dry nitrogen.
This was repeated twice more, then the gloves were evacuated and refilled three
times before the box was used. The oxygen level inside the box was monitored using
an NTRON MICROX O, Analyser, with measures taken to ensure that this stayed
below 2 ppm. The atmosphere inside the glovebox was continually recirculated
through columns containing a copper catalyst, which was regularly reformed using
25% H, in N, whilst heating to 200° C.

2.3 Starting Materials and Solvents

Reagents obtained from the Sigma-Aldrich chemical company were of the highest
available purity and were used as received. Other reagents were synthesised in
house, either prior to this project or by myself (see Chapter 3, Section . Liquid
reagents were distilled prior to use and stored over molecular sieves (pore size 4
A), or were obtained in Aldrich SureSeal™ bottles, in which case the liquid was
removed using a dry syringe with inert gas used to refill the container and prevent the
formation of a vacuum. Solid reagents were either stored in the glovebox and used
directly, or if they were not air-sensitive, were placed under vacuum immediately
prior to use. Any solvents used were freshly distilled and stored over sodium or
sodium-potassium amalgam. Deuterated THF and toluene were stored inside the
glovebox over sodium or potassium mirrors, whilst other deuterated NMR solvents

were bought from Aldrich in 0.75 mL ampoules and used as received.
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2.4 Melting Point Determination

Melting point determination was carried out using Griffin melting point apparatus.
Approximately 3 mg of the sample was added to a melting point tube inside the
glovebox, which was then sealed with vacuum grease and Parafilm™ before being

removed and analysed.

2.5 Elemental Analyses

Elemental Analyses were performed on an Exeter Analytical CE-440 Elemental An-
alyzer, which determined the percentage by mass of carbon, hydrogen and nitrogen
in the characterised products. All samples were prepared inside the glovebox to
prevent oxidation and degradation, using pre-weighed aluminium boats. Approxi-
mately 2 mg of product was placed inside the boats, which were then sealed and

accurately weighed prior to analysis.

2.6 Infrared Spectroscopy

Infrared Spectroscopy was performed using a PerkinElmer Spectrum RX I FT-IR
Spectrometer. For solid samples, a mull was made inside the glovebox using Nujol
dried over sodium wire. This was applied to NaCl plates, the edges of which were
then wrapped in Parafilm™ to prevent oxidation of the sample. Liquid reagents

and samples were applied directly to the NaCl plates.

2.7 Nuclear Magnetic Resonance Spectroscopy

'H, 13C, 3P and "Li NMR spectra were recorded using a Bruker DRX 500 FT-
NMR spectrometer at 300 K (500.05 MHz for 'H, 125.8 MHz for '3C, 162.0 MHz
for 3'P and 194.4 MHz for “Li). The chemical shifts were internally referenced
against the deuterated solvents used for 'H and *C NMR, whilst 85% H,PO, in
D,0 and 1M LiOH in D,O were used as references for 3'P and “Li NMR respectively.
Air- and moisture- sensitive NMR samples were prepared in the glovebox under an
inert atmosphere of N,, with the tubes capped using a Young’s tap seal to ensure
effective protection against oxidation. In some cases, the presence of paramagnetic
metal centres made obtaining NMR data difficult, as they cause peak broadening

and affect nuclear relaxation times, therefore rendering integration less accurate.
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2.8 Single-Crystal X-Ray Diffraction Studies

Single-crystal X-ray diffraction was the principle technique used to structurally char-
acterise the solid products obtained throughout this project. Crystals were grown
under an inert atmosphere in sealed Schlenk tubes until they reached an appropriate
size for crystallography (ideally larger than 0.1 mm in all dimensions) whereupon
they were removed under a positive pressure of inert gas and placed on a slide. A
Nonius Kappa CCD diffractometer, equipped with an Oxford Cryostream cooling
device was employed throughout. Crystals were mounted using perfluorohydrocar-
bon oil which freezes at low temperature and protects the crystals from oxidation.®!
The SHELX-97 program® was used to solve the structures, locating the heavy
atoms by direct methods and refining by full-matrix least-squares on F2, with non-
hydrogen atoms being treated anisotropically and hydrogen atoms being added in
calculated positions and allowed to ride on their parent atom. Specific details as to
the handling of crystallographic disorder in individual structures is discussed within

the relevant sections of Chapter 3, Experimental Procedures and Results.

2.9 Magnetic Measurements

Magnetic measurements were performed on a SQUID magnetometer (Quantum De-
sign, model MPMS-XL-5), both in Cambridge and in Germany. For the measure-
ments undertaken in Cambridge, gelatine capsules were used as sample containers,
with a small amount of cotton wool used to keep the powdered sample from shifting.
The very small diamagnetic contribution of the gelatine capsule and high tempera-
ture sample holder had a negligible contribution to the overall magnetisation, which
was dominated by the sample. Further measurements were carried out by Dr An-
dreas Eichhofer at the Karlsruhe Institut fiir Technologie (KIT), where samples were
placed in a quartz tube held between quartz rods during measurements. Specific
experimental details regarding magnetic measurements are discussed within the rel-

evant chapters.

2.10 Theoretical Calculations

Theoretical calculations were carried out by Lars Kloo at the KTH Royal Insti-
tute of Technology in Stockholm, Sweden. Calculations were performed using the

Gaussian09 program package using quantum mechanical methods at Hartree-Fock
(HF), density-functional (BLYP) and hybrid density-functional (B3PW91, B3LYP,
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B3LYP*, O3LYP and cam-B3LYP) levels. Lighter elements used 6-311G-type basis
sets supplemented with diffuse and polarisation functions. Transition metals were
described by an effective-core potential of Los Alamos type. In some cases larger
basis sets were used for more complete calculations - specific experimental details

are discussed within the relevant chapters.
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Chapter 3

Experimental Procedures and
Results

3.1 Synthesis of Starting Materials

This section describes the syntheses of any starting materials that were not available
commercially. The metallocenes were synthesised according to modified literature
procedures.®® N, N-Dimethylformamidine was synthesised according to literature
procedure,® and the purity confirmed with ‘H NMR.

3.1.1 Synthesis of Cp,Mn

9.2 g (0.40 mol) sodium was cut up and stirred in approximately 100 mL of THF.
To this, 33 mL (0.40 mol) freshly cracked cyclopentadiene was added dropwise at
-78° C and the resulting pale orange solution left to stir overnight. This solution
was cooled to -78° C and 25 g (0.20 mol) MnCl, added against a positive flow of
inert gas. The reaction was heated under reflux at 80° C for 4 hours before the
solvent was removed and the pale brown solid sublimed at approximately 100° C to
yield 14.2 g (24%) orange-brown crystals of Cp,Mn. In later syntheses, NaH (9.6
g, 0.40 mol) was used rather than solid sodium, and a slight excess of cyclopen-
tadiene (37 mL, 0.43 mol) was also added. These modifications made the first
step of the reaction considerably quicker and produced yields of Cp,Mn of 50 — 70%.
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3.1.2 Synthesis of Cp,V and Cp,Cr

9.2 g (0.40 mol) sodium was cut up and stirred in approximately 100 mL of THF.
To this, 33 mL (0.40 mol) freshly cracked cyclopentadiene was added dropwise at
-78° C and the resulting pale orange solution left to stir overnight. The THEF solvent
was removed and the resulting white solid redissolved in DME. The resulting beige
solution was then cooled to -78° C and reacted with either VCl,; (15.7 g, 0.10 mol)
or CrCly (15.8 g, 0.10 mol). The reaction was left to stir overnight before the
solvent was removed and the solid sublimed in portions at 100°- 140° C, giving
dark purple crystals of Cp,V and red crystals of Cp,Cr. The yields were of the
order of 30 — 40% based on the halides. Use of NaH (9.6 g, 0.40 mol) and an excess
of cyclopentadiene (37 mL, 0.43 mol) made the first step of reaction considerably
quicker and increased the yields of the metallocenes to 60 — 70%, based on the
halides.

3.1.3 Purification of Cp,Ni

Cp,Ni was obtained from the Part II teaching laboratory and sublimed at 120° C,
giving dark green crystals in a 60 — 70% yield.

3.1.4 Synthesis of N, N-Dimethylformamidine

23.5 mL methylamine (33% wt in EtOH, 0.25 mol) and 20.8 mL triethyl ortho-
formate (0.13 mol) were combined and 7.15 mL glacial acetic acid (0.12 mol) was
added dropwise. The resulting solution was refluxed overnight to give a yellow
liquid. This was distilled under vacuum at 60°— 70° C yielding a colourless viscous

liquid.
Yield - 7.5 mL, 68%

'H NMR (500.05 MHz, THF—dy), & (ppm) - 7.58 (1H, s, br, NH), 6.35 (1L,
s, br, NCHN), 2.49 (6H, s, NMe)

130 NMR (125.8 MHz, THF—dy), § (ppm) - 162.9 (NCHN), 18.9 (H;CN)
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3.2 Experimental Procedures and Results for
Chapter 4

3.2.1 Synthesis of [(n*- Cp)Mn(BnNHC,H,NBn)],, 4.1

N, N-Dibenzylethylenediamine (0.13 mL, 0.55 mmol) was stirred in approximately
5 mL of THF. n—BuLi (0.35 mL, 1.6 mol L " in hexanes, 0.55 mmol) was syringed
into this solution dropwise under inert gas at -78° C, and the pale yellow suspension
allowed to warm to room temperature. This was then syringed dropwise under inert
gas into a solution of Cp,Mn (100 mg, 0.55 mmol) in approximately 5 mL. THF
cooled to -78° C before being allowed to warm to room temperature. The solution
was stirred overnight, then filtered warm in vacuo using a filter stick and stored at

-30° C, affording pale green crystals in a dark red solution after one day.
Yield - 40 mg, 20% with respect to Cp,Mn
Melting Point - 205 — 209° C

Elemental Analysis - found C 69.6, H 6.8, N 7.7, caled. for C,4H;,Mn,P, C
70.2, H6.7, N 7.8

Crystal Data for 4.1 - CyueHssMnoN4O, M = 790.83, monoclinic, space group
C2/c, a = 15.4673(3), b = 9.1372(2), ¢ = 29.1960(6) A, a = 90°, 5 = 94.480(1)°,
v =90°, V = 4113.60(15) A%, Z = 4, peatea = 1.277 g cm™3, Mo-Ka radiation, A
= 0.71073 A, 1 = 0.653 mm~', T = 180(2) K. 15150 data (4610 unique, Ry, =
0.0418, 0 < 27.46°) were collected. wR2 = 0.1415, conventional R = 0.0451 on F'
values of 3158 reflections with F? > 20(F?), S = 1.056, 237 parameters. Residual
electron density extrema +1.269 eA=3. Nitrogen bonded H-atoms were directly
located by Fourier synthesis and refined isotropically. The THF solvent molecule
was disordered. For the refinement, a single isotropic displacement parameter was

assigned to the O and C atoms of this group.

3.2.2 Synthesis of [(n°- Cp)Mn(EtNHC,H,NEt)],, 4.2

N, N-Diethylethylenediamine (0.08 mL, 0.55 mmol) was stirred in approximately 5
mL of THF. n—Buli (0.35 mL, 1.6 mol L™ in hexanes, 0.55 mmol) was syringed

into this solution dropwise under inert gas at -78° C, and the pale yellow suspension
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allowed to warm to room temperature. This was then syringed dropwise under
inert gas into a solution of Cp,Mn (100 mg, 0.55 mmol) in approximately 5mL THF
cooled to -78° C before being allowed to warm to room temperature. The solution
was stirred overnight, then filtered warm in vacuo using a filter stick and stored at

-30° C, affording pale green crystals in a dark red solution after one day.
Yield - 8 mg, 6% with respect to Cp,Mn
Melting Point - 249 — 252° C

Elemental Analysis - Correct C, H, N analysis could not be obtained despite

repeated attempts.

Crystal Data for 4.2 - C30H56MnsN4Oo, M = 614.67, monoclinic, space group
P2i/c, a = 10.9178(2), b = 16.4668(4), ¢ = 9.2536(3) A, o = 90°, 5 = 91.024(2)°,

= 90°, V = 1663.36(7) A3, Z = 2, peatea = 1.227 g cm~3, Mo-Ka radiation,
= 0.71073 A, 1 = 0.789 mm~!, T = 180(2) K. 16246 data (3629 unique, Ry, =
0.0328, 6 < 27.10°) were collected. wR2 = 0.1642, conventional R = 0.0513 on F
values of 2912 reflections with F? > 20 (F?), S = 1.086, 174 parameters. Residual
clectron density extrema +0.688 eA~2. Nitrogen bonded H-atoms were directly

located by Fourier synthesis and refined isotropically.

3.2.3 Synthesis of [(t—BuPH,)(n’- Cp)Mn{u—(t—BuPH)}],,
4.3

CpyMn (102 mg, 0.55 mmol) was dissolved in 3 mL THF and cooled to -78° C.
t—BuPH, (0.07 mL, 0.55 mmol) was added via syringe and the reaction vessel
warmed to room temperature. After stirring overnight, the resulting yellow-brown
solution was stored at -30° C, affording yellow crystals of 4.3. These crystals rapidly
decomposed under prolonged vacuum, releasing t—BuPH,. In order to preserve
their integrity, they were carefully isolated using only a brief reduction in pressure
(approximately 10 seconds) before being stored under argon. The crystals obtained
using this technique gave satisfactory chemical analysis (C, H, P), in contrast to

samples placed under vacuum for a prolonged period during isolation.

Yield - 101 mg, 31% with respect to Cp,Mn
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Melting Point - 169 — 171° C

'"H NMR (500.05 MHz, THF—dg), 6 (ppm) - 4.20 (10H, s, Cp), 3.76 (2H, dm,
br, PH, 'Jyp = 301 Hz), 3.21 (4H, d, br, PH,, 'J;» = 313 Hz), 2.80 (10H, d, free
PH,, 'Jyp = 185 Hz), 1.53 (18H, d, HPCMe,, *J;p = 9 Hz), 1.16 (45H, d, free
H,PCMe,, *Jyp = 11 Hz), 1.07 (18H, d, H,PCMe,, *J;; p = 1Hz)

3C NMR (125.8 MHz, THF—dy), 6 (ppm) - 76.2 (Cp), 33.7 (HPCMe;), 32.8
(d, free HyPCMey, *Jp = 12 Hz), 31.9 (H,PCMe,)

3P NMR (162.0 MHz, THF—dyg), § (ppm) - 237.1 (d, PH, 'Jpy = 301 Hz),
75.2 (t, PH,, 'Jp; = 313 Hz), -80.1 (br, free H, PCMe;)

3P{H} NMR (162.0 MHz, THF—dy), § (pprm) - 241.6 (s, PH,), 79.7 (s, H, PCMe,),
-75.7 (br, free Hy PCMey)

Elemental Analysis - found C 52.0, H 8.8, P 19.7, caled. for C,sH,,P,Mn, C
52.2, H 8.8, P 20.7

Infrared Spectroscopy (Nujol mull) - 2397, 2328, 2234 cm™ (PH and bound
PH, symmetric and asymmetric); (after 1 minute air exposure) 2290 cm™ (free

PH,)

Crystal Data for 4.3 - CyHzoPyMny, M = 598.44, tetragonal, space group P
45212, a = 9.1287(1), b = 9.1287(1), ¢ = 35.7743(3) A, a = 90°, § = 90°, v = 90°,
V' = 2981.19(3) A3 7 =4, pearea = 1.333 g em™3, Mo-Ka radiation, A\ = 0.71073
A, p=1.075 mm~!, T = 180(2) K. 13256 data (2515 unique, R = 0.0264, § <
24.69°) were collected. wR2 = 0.0546, conventional R = 0.0186 on F' values of 2485
reflections with F* > 20 (F?), S = 1.242, 162 parameters. Residual electron density
extrema +0.263 eA~3. Phosphorus bonded H-atoms (H1, H21, H22) were directly

located by Fourier synthesis and refined isotropically.
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3.3 Experimental Procedures and Results for
Chapter 5

3.3.1 Synthesis of Mn,O(N, N —dimethylformamidine)g, 5.1

N, N-Dimethylformamidine (0.33 mL, 4.5 mmol) was stirred in approximately 5
mL THF. t—BuLi (2.7 mL, 1.7 mol L' in hexanes, 4.5 mmol) was syringed into
this suspension dropwise under Ar at -78° C, and the yellow suspension allowed to
warm to room temperature. The resultant white solution was then cooled again to
-78° C and a solution of Cp,Mn (278 mg, 1.5 mmol) in approximately 5 mL. THF
was syringed in dropwise. The solution was allowed to warm to room temperature
before being stirred overnight. It was heated under reflux for 10 minutes, then
filtered in vacuo and stored at -30° C. This afforded colourless crystals of 5.1 in a

bright pink solution.
Yield - 97 mg, 33% with respect to Cp,Mn
Melting Point - 228 — 230° C

'"H NMR (500.05 MHz, DMSO—dg), § (ppm) - 5.32 (1H, s, br, NCHN), 1.22
(6H, s, NMe)

C NMR (125.8 MHz, DMSO—dy), 6 (ppm) - 130.3 (NCHN), 29.2 (H;CN)

Elemental Analysis - Correct C, H, N analysis could not be obtained despite
repeated attempts.

Crystal Data 5.1 - C;gHpeMnyN120, M = 662.40, monoclinic, space group C2/c,
a = 19.629(4), b = 11.044(2), ¢ = 27.210(5) A, o = 90°, 5 = 93.36(3)°, v = 90°,
V' = 5889(2) A3 Z =8, peatea = 1.494 g cm™3, Mo-Ka radiation, A\ = 0.71073
A, p= 1.709 mm~!, T = 180(2) K. 22895 data (5188 unique, Ry, = 0.0371, 6 <
25.02°) were collected. wR2 = 0.0861, conventional R = 0.0301 on F' values of 2736
reflections with F? > 20 (F?), S = 1.029, 316 parameters. Residual electron density
extrema 40.282 eA~3. Nitrogen bonded H-atoms were directly located by Fourier

synthesis and refined isotropically.
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3.3.2 Synthesis of Ni,(CH;NCHNCH,),, 5.2

N, N-Dimethylformamidine (0.33 mL, 4.5 mmol) was stirred in approximately 5
mL THF. t—BuLi (2.7 mL, 1.7 mol L' in hexanes, 4.5 mmol) was syringed into
this suspension dropwise under Ar at -78° C, and the yellow suspension allowed
to warm to room temperature. The resultant white solution was then cooled
again to -78° C and a solution of Cp,Ni (283 mg, 1.5 mmol) in approximately 5
mlL THF was syringed in dropwise. The solution was allowed to warm to room
temperature before being stirred overnight. It was heated under reflux for 10 min-
utes, then filtered in vacuo and stored at -30° C. This afforded brown crystals of 5.2.

Yield - 200 mg, 33% with respect to Cp,Ni
'H NMR (500.05 MHz, THF—dy), § (ppm) - 5.74 (1H, s, NCHN), 2.79 (6H, s, N Me)
130 NMR (125.8 MHz, THF—dy), § (ppm) - 164.4 (NCHN), 40.5 (NMe)

Elemental Analysis - Correct C, H, N analysis could not be obtained despite
repeated attempts.

Crystal Data 5.2 - CioHogNisNg, M = 401.84, monoclinic, space group P2/,
a = 8.4174(7), b = 7.3216(3), ¢ = 14.7973(4) A, o = 90°, B = 106.898(2)°, v = 90°,
V = 872.57(8) A%, Z = 2, peatea = 1.529 g cm 3, Mo-Ka radiation, A = 0.71073
A, p= 2167 mm~!, T = 180(2) K. 22026 data (1987 unique, Ry = 0.078, 6 <
27.48°) were collected. wR2 = 0.0848, conventional R = 0.0376 on F values of 1795
reflections with F? > 20 (F?), S = 1.131, 105 parameters. Residual electron density
extrema £0.398 eA=3. The crystals grew as non-merohedral twins. The program
TwinRotMat® was used to determine the appropriate twin law and generate an
HKLF5 file which was used for further refinement cycles. The R values, K values,
esds and general background noise were all substantially improved indicating the

correct TWIN assignment.

3.3.3 Synthesis of Cr,(CH;NCHNCH,),, 5.3

N, N-Dimethylformamidine (0.13 mL, 1.65 mmol) was added to 5 mL of THF.
n—BulLi (1.0 mL, 1.6 mol L " in hexanes, 1.65 mmol) was syringed into this solution

dropwise under Ar at -78° C, and the yellow suspension allowed to warm to room
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temperature. The resultant white suspension was then returned to -78° C. A
solution of Cp,Cr (100 mg, 0.55 mmol) in 5 mL THF was syringed in dropwise
before the system was allowed to warm to room temperature. The solution was
stirred overnight, heated under reflux for 10 minutes, then filtered in vacuo and
stored at -30° C. This afforded yellow crystals of 5.3.

Yield - 15 mg, 15% with respect to Cp,Cr
Melting Point - Did not melt, sublimed around 300° C

'H NMR (500.05 MHz, THF—dy), 6 (ppm) - 8.01 (4H, s, NCHN), 3.01 (24H,
s, H3;CN)

13C NMR (125.8 MHz, THF—dy), & (ppm) - 167.1 (NCHN), 38.7 (H;CN)

Elemental Analysis - Correct C, H, N analysis could not be obtained despite
repeated attempts.

Crystal Data 5.3 - C12HsCryNg, M = 388.42, monoclinic, space group P2;/¢, a =
8.4194(3), b = 7.4038(2), ¢ = 15.0492(6) A, o = 90°, = 106.888(1)°, v = 90°, V
= 900.94(5) A%, Z = 2, peateq = 1.432 g ecm =3, Mo-Ka radiation, A = 0.71073 A, pu=
1.215 mm~!, 7 = 180(2) K. 6533 data (2045 unique, R, = 0.038, 6 < 27.44°) were
collected. wR2 = 0.0882, conventional R = 0.0319 on F values of 1665 reflections
with F? > 20(F?), S = 1.028, 106 parameters. Residual electron density extrema
+0.314 eA 3.

3.3.4 Synthesis of Li,[Mn{NC(N(CH,),),}, -3 THF], 5.4

1,1,3,3-Tetramethylguanidine (0.48 mL, 4.5 mmol) was stirred in approximately 5
mL THF. t—BuLi (2.7 mL, 1.7 mol L' in hexanes, 4.5 mmol) was syringed into
this suspension dropwise under Ar at -78° C, and the yellow suspension allowed to
warm to room temperature. The resultant white solution was then cooled again to
-78° C and a solution of Cp,Mn (278 mg, 1.5 mmol) in approximately 5 mL THF
was syringed in dropwise. The solution was allowed to warm to room temperature
before being stirred overnight before being filtered in vacuo and stored at -30° C.
This afforded brown crystals of 5.4.
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Yield - 50 mg, 5% with respect to Cp,Mn
'H NMR (500.05 MHz, THF—dy), & (ppm) - 2.63 (48H, s, NMe)
13C NMR (125.8 MHz, THF—dy), § (ppm) - 103.4 (CN,), 37.49 (NMe)

Elemental Analysis - Correct C, H, N analysis could not be obtained despite

repeated attempts.

Crystal Data 5.4 - C33H7oLisMnN,O3, M = 741.84, tetragonal, space group
P 4(2) be, a = 25.5067(2), b = 25.5067(2), ¢ = 13.2394(2) A, a = 90°, B = 90°, ~
= 90°, V = 8613.44(16) A3, Z = 8, peateq = 1.144 g cm ™3, Mo-Ka radiation, A =
0.71073 A, p= 0.350 mm~*, T = 150(2) K. 12577 data (9680 unique, R, = 0.0728,
0 < 30.77°) were collected. wR2 = 0.118, conventional R = 0.048 on F' values of
9680 reflections with F? > 20 (F?), S = 1.029, 467 parameters. Residual electron
density extrema +0.554 eA~3.

3.3.5 Synthesis of Ni,(hpp),, 5.5

1,3,4,6,7,8-hexahydro-2 H-pyrimido[1,2-a]pyrimidine (hppH, 150 mg, 1.10 mmol)
was stirred in approximately 5 mL of THF. n—BuLi (0.7 mL, 1.6 mol L ! in hexanes,
1.10 mmol) was syringed into this solution dropwise under N, at -78° C, and the
reaction mixture was allowed to warm to room temperature.The resultant white
suspension was then added dropwise to a solution of Cp,Ni (100 mg, 0.55 mmol) in
5 mL THF at -78° C before the system was allowed to warm to room temperature.
The solution was stirred overnight, filtered warm and stored at -30° C, affording

dark purple crystals of 5.5.

Yield - 28 mg, 16% with respect to Cp,Ni

Melting Point - 228 — 324° C

'H NMR (500.05 MHz, THF—dg), 6 (ppm) - 3.32 (16H, t, *J; ;4 = 5.98 Hz,
NCH,), 2.63 (16H, t, *Jyy = 5.98 Hz, NCH,), 1.56 (16H, quin, *J 4 = 5.98 Hz,

CH,C H,CH,)

130 NMR (125.8 MHz, THF—dy), 6 (ppm) - 155 (CN,), 49.3 (NCH,), 46.7
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(NCH,), 25.6 ( CH,CH,CH,)

Elemental Analysis - found C 50.1, H 7.2, N 24.3, caled. for CygH,(N,Ni, C
50.2, H 7.2, N 25.0

Crystal Data 5.5 - CogHygN1oNiy, M = 670.20, triclinic, space group P -1, a
= 9.6812(6), b = 11.1600(7), ¢ = 14.355(2) A, o = 98.997(3)°, B = 95.812(3)°, ~
= 102.941(3)°, V = 1477.9(2) A%, Z = 2, pegiea = 1.506 g cm =3, Mo-Ka radiation,
A= 0.71069 A, = 1.316 mm~", T = 180(2) K. 14243 data (5841 unique, Ry =
0.0325, 6 < 27.60°) were collected. wR2 = 0.1037, conventional R = 0.0399 on F
values of 4763 reflections with F? > 20 (F?), S = 1.042, 379 parameters. Residual
electron density extrema +0.692 eA 3.

3.3.6 Synthesis of [Cr,{ HNC(NPh),},](Li-2 THF),(LiCp),,
5.6

1,3-Diphenylguanidine (0.34 g, 1.65 mmol) was stirred in approximately 5 mL of
THF. n—BuLi (1.6 mL, 1.6 mol L' in hexanes, 1.65 mmol) was syringed into this
solution dropwise under Ar at -78° C, and the reaction mixture was allowed to warm
to room temperature. The resultant white suspension was then returned to -78° C.
A solution of Cp,Cr (100 mg, 0.55 mmol) in 5 mL: THF was syringed in dropwise be-
fore the system was allowed to warm to room temperature. The solution was stirred

overnight, heated under reflux for 10 minutes, then filtered in vacuo and stored at
-30° C. This afforded orange crystals of [{Cr,(HNC(NPh),),}(Li- 2 THF),(LiCp),).

Yield - 50 mg, 11% with respect to Cp,Cr
'H NMR (500.05 MHz, THF—dy), § (ppm) - 6.93 (16H, t, Ph), 6.81 (16H, t,
Ph), 6.02 (8H, d, Ph) 4.765.00 (10H, m, br, Cp), 3.58 (16H, m, THF CH,0), 1.75

(16H, m, THF CH,)), NH not observed.

BC NMR (125.8 MHz, THF—dg), § (ppm) - 150.9 (CN,), 128.9 (m-Ph), 126.5
(0-Ph), 123.1(p-Ph) 122.1 (NC), 118.6 (Cp), 67.5 (THF CH,0, 25.6 (THF CH,)

Elemental Analysis - found C 67.5, H 5.3, N 12.0, caled. for C;,H,sCr,LizN;,04
(5.6 - 5 THF solvent molecules) 67.4, H, 5.2, N, 12.7
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Crystal Data for 5.6 - Cg4Hy13CroLigN120g, M = 1689.64, monoclinic, space
group P2;,/n, a = 13.3034(2), b = 26.0736(3), ¢ = 13.4077(2) A, a = 90°, 8 =
92.383(1)°, v = 90°, V = 4646.7(1) A3 Z = 2, pearea = 1.208 g cm3, Mo-Ka
radiation, A = 0.71073 A, = 0.294 mm~", T = 180(2) K. 34121 data (6673 unique,
Rine = 0.036, 6 < 25.35°) were collected. wR2 = 0.1666, conventional R = 0.0723
on F values of 6673 reflections with F? > 20(F?), S = 1.139, 542 parameters.
Residual electron density extrema +0.448 eA~3.

3.4 Experimental Procedures and Results for
Chapter 6

3.4.1 Synthesis of Mng(LH,)4(1s—0O) -4 THF, 6.1

Freshly sublimed 1,2-diaminobenzene (60 mg, 0.55 mmol) was dissolved in 5 mL of
THF. n—BuLi (0.7 mL, 1.6 mol L " in hexanes, 1.10 mmol) was syringed into this
solution dropwise under N, at -78° C, and the solution allowed to warm to room
temperature. A solution of Cp,Mn (100 mg, 0.55 mmol) in 5 mL THF was cooled
to -78° C and the lithiated ligand solution syringed in dropwise. The resulting
dark solution was allowed to warm to room temperature. This solution was stirred
overnight, then filtered warm in vacuo and stored at room temperature, affording

pink crystals of 6.1 in a dark pink solution.
Yield - 45 mg, 39% with respect to Cp,Mn
'H NMR (500.05 MHz, DMSO—d;), ¢ (ppm) - 6.46 (12H, m, br, HNCH),

6.34 (12H, m, br, HNCHCH) 4.35 (12H, s, br, NH) 3.58 (m, THF CH,0), 1.74 (m,
THF CH,)

13C NMR (125.8 MHz, THF—dg), 6 (ppm) - 134.9 (HNC), 117.2 (HNCCHCH),
114.5 (HNCCH), 67.0 (THF CH,0), 25.1 (THF CH,)

Elemental Analysis - found C 47.9, H 4.7, N 10.7, caled. for CgH;3,MnN;,0,
C49.6, H 4.5, N 13.4

Crystal Data for 6.1 - CggH19oMngN120g9, M = 1559.24, monoclinic, space group
P2y/c, a = 13.2698(2), b = 16.7091(3), ¢ = 16.7888(3) A a=90° 8= 101.780(1)°,
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v =090° V = 3644.12(11) A3 7 =2, peatea = 1.421 g cm ™3, Mo-Ka radiation, A
= 0.71070 A, 1 = 0.070 mm~"', T = 180(2) K. 32704 data (6640 unique, Ry, =
0.0677, 6 < 25.35°) were collected. wR2 = 0.1318, conventional R = 0.0458 on F
values of 4771 reflections with F? > 20 (F?), S = 1.000, 439 parameters. Residual
electron density extrema +0.386 eA=2. Nitrogen bonded H-atoms were directly
located by Fourier synthesis and refined isotropically. There was disorder within
the THF solvent molecules. For the refinement, a single isotropic displacement

parameter was assigned to the O and C atoms.

3.4.2 Synthesis of (n°—Cp)(LH,)VV(LH,)(Li-4 THF), 6.2

Freshly sublimed 1,2-diaminobenzene (60 mg, 0.55 mmol) was dissolved in 5 mL of
THF. n—BulLi (0.7 mL, 1.6 mol L™" in hexanes, 1.10 mmol) was syringed into this
solution dropwise under N, at -78° C, and the solution allowed to warm to room
temperature. A solution of Cp,V (100 mg, 0.55 mmol) in 5 mL. THF was cooled
to -78° C and the lithiated ligand solution syringed in dropwise. The resulting
dark solution was allowed to warm to room temperature. This solution was stirred
overnight, then filtered warm in vacuo and stored at room temperature, affording
green crystals of 6.2 in a dark green solution, in an 8% yield with respect to Cp,V.
When the crystal structure was obtained, the synthesis was adapted to reflect the
stoichiometry observed, with 90 mg (0.83 mmol) of 1,2-diaminobenzene and 1 mL
n—BulLi (1.6 mol L ! in hexanes, 1.65 mmol) used instead. This increased the yield

significantly.

Yield - 75 mg, 36% with respect to Cp,V

'H NMR (500.05 MHz, DMSO—d,), & (ppm) - 6.47 (6H, m, HNCH), 6.34
(6H, m, HNCHCH), 5.30 (5H, s, C,H.), 4.36 (6H, s, NH), 3.58 (16H, m, THF

CH,0), 1.74 (16H, m, THF CH,)

13C NMR (125.8 MHz, THF—d,), 6 (ppm) - 135.0 (HNC), 117.3 (HNCCHCH),
114.6 (HNCCH), 103.1 (C3H;), 67.1 (THF CH,0, 25.2 (THF CH,)

Elemental Analysis - found C 57.7, H 7.0, N 11.0, caled. for C4oH.;LiN;O,V,
C 60.0, H 7.1, N 10.8

Crystal Data for 6.2 - C3gH55LiNgO4Vy, M = 780.71, monoclinic, space group
P2i/c, a = 15.3041(1), b = 20.2762(3), ¢ = 13.8669(2) A, a = 90°, 3 = 114.35(3)°,
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v =90° V =3920(1) A3 Z =4, pearea = 1.323 g cm 3, Mo-Ka radiation, A =
0.71073 A, p = 0.524 mm~", T = 180(2) K. 34260 data (11221 unique, Rj,; =
0.0405, 6 < 29.98°) were collected. wR2 = 0.1719, conventional R = 0.0489 on F
values of 7794 reflections with F? > 20 (F?), S = 1.085, 483 parameters. Residual
electron density extrema +1.292 eA=3. Several restraints were employed - simu
0.01 0.01 3.8 C26 C27 C25 C24 O1, simu 0.01 0.01 3.8 C35 O3 C34 C33 C32, DFIX
31.000 N1 HIN N2 H2N N5 H5N N6 HG6N.

3.4.3 Synthesis of [Nig{CH,(NH),}4][Nig{C;H,(INH),};-
{C.H,(NH)(N)},(Li- THF)][2(Li - 4 THF)], 6.3

Freshly sublimed 1,2-diaminobenzene (60 mg, 0.55 mmol) was dissolved in 5 mL
of THF. n—BuLi (0.7 mL, 1.6 mol L' in hexanes, 1.10 mmol) was syringed into
this solution dropwise under N, at -78° C, and the solution allowed to warm to
room temperature. A solution of Cp,Ni (100 mg, 0.55 mmol) in 5 mL THF was
cooled to -78° C and the lithiated ligand solution added to this dropwise by syringe.
The resulting dark solution was allowed to warm to room temperature. It was
stirred overnight before being filtered warm in vacuo. Storage at room temperature

afforded highly air-sensitive purple crystals of 6.3 in a dark solution.
Yield - 60 mg, 67% with respect to Cp,Ni

Melting Point - does not melt up to 360° C

Hg Hyg
8 14
Hg 9 7 N—Hj7 His 15 13 N——H;3
10 12 16 18
Hio 1 N—H;2 Hig 17 N——Hyg
Hqq Hy7

Figure 3.1: The labelling scheme for the three distinct ring systems of 6.3.

'"H NMR. (500.05 MHz, DMSO—d), 6 (ppm) - 6.45 (6H, d, *Jyy = 7.58 Hz, H2),
6.34-6.28 (12H, m, H3-5), 6.32 (6H, d, *J;.;; = 7.58 Hz, H8), 6.14 (6H, t, *J;1;y =
7.58 Hz, H10), 6.08, (6H, t, *J;y = 7.58 Hz, H15), 5.76 (6H, t, *Jy. = 7.58 Hz,
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H9), 5.65 (6H, d, *Jyyy = 7.58 Hz, H17), 5.55 (6H, t, *J;. 4 = 7.58 Hz, H16), 5.51
(6H, d, *Jyq = 7.58 Hz, H11), 5.45 (6H, d, *J;.y = 7.58 Hz, H14), 3.59 (84H, m,
THF CH,0), 1.75 (84H, m, THF CH,), 0.63 (6H, s, H7), 0.58 (6H, s, H1), 0.43
(6H, s, H6), 0.29 (6H, s, H13), -0.05 (6H, s, H12), -2.10 (6H, s, H18)

130 NMR (125.8 MHz, DMSO—d,), & (ppm) - 159.4 (C18), 158.9 (C7), 152.5
(C6), 151.0 (C1), 147.9 (C12), 146.7 (C13), 119.6 (C10), 119.6 (C15), 119.3 (€3,
1), 117.2 (C8, 17), 116.6 (C5), 116.5 (C2), 111.3 (C14), 110.5 (C11), 109.3 (C9),
109.0 (C16), 67.1 (THF CH,0), 25.2 (THF CH,)

Li NMR (194.4 MHz, DMSO—dg), 6 (ppm) - 3.20 (s, 2Li), -1.21 (s, 3Li)

Elemental Analysis - found C 51.3, H 6.0, N 12.2, calcd. for C,55H;4;Ny,O1,Ni;,Lig
C51.2, H6.1, N 11.2

Crystal Data for 6.3 - CgqHgg5N1207NigLi; 5, M = 1508.70, monoclinic, space
group P2y, a = 13.2275(3), b = 17.0537(7), ¢ = 16.5692(6) A, a = 90°, B =
95.948(3)°, v = 90°, V = 3717.5(2) A3, Z = 2, pearea = 1.348 g cm—>, Mo-Ka
radiation, A = 0.68890 A, u = 1.543 mm~', T = 293(2) K. 27906 data (10066
unique, Ry, = 0.1137, 0 < 22.75°) were collected. wR2 = 0.3641, conventional
R = 0.1434 on F values of 4604 reflections with F? > 20(F?), S = 1.817, 396
parameters. Residual electron density extrema +1.338 eA~3. Ni atoms were refined
anistropically, all other atoms isotropically using similar U restraints. Ligands and
THEF molecules were refined with similar distance restraints. Hydrogen atoms were

not included in the refinement.

3.4.4 Synthesis of [C,,Hq(NH),],;V(Li- 2 THF),, 6.4

1,8-Diaminonaphthalene (87 mg, 0.55 mmol) was dissolved in 5 mL of THF.
n—BuLi (0.7 mL, 1.6 mol L ™" in hexanes, 1.10 mmol) was syringed into this solution
dropwise under N, at -78° C. A solution of Cp,V (100 mg, 0.55 mmol) in 5 mL THF
was cooled to -78° C and the ligand solution added to this dropwise by syringe.
The resulting dark yellow solution was allowed to warm to room temperature. It
was stirred overnight before being filtered warm in vacuo. Storage at 5° C afforded

highly air-sensitive brown crystals in a dark solution.

Yield - 30 mg, 6 % with respect to Cp,V
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Melting Point - 161 — 164° C

'H NMR (500.05 MHz, DMSO—d), & (ppm) - 6.35 (6H, t, *Jyy = 7.64 Hz,
m-CH), 5.74 (6H, d, *Jyy = 7.72 Hz, p-CH), 5.42 (6H, d, *J . = 7.65 Hz, 0-CH),
3.60 (m, THF CH,0), 1.76 (m, THF CH,), NH not observed)

130 NMR (125.8 MHz, THF—dg), § (ppm) - 154.5 (HNC), 145.3 (CHCCH),
131.3 (CHCHCH), 131.2 (NHCCCNH), 110.0 (HNCCH), 109.9 (CHCHC), 72.3
(THF CH,0), 30.4 (THF CH,)

Elemental Analysis - found C 66.8, H 7.9, N 84, caled. for CgHg,Li;N;OgV
C 66.7, H7.5, N 8.6

Crystal Data for 6.4 - CgoHgoLisNgOgV, M = 1111.10, monoclinic, space group
C2/c, a = 25.7117(6), b = 14.1550(4), ¢ = 18.9518(6) A, a = 90°, B = 119.140(1)°,
v =90° V = 6024.5(3) A%, Z = 4, peareq = 1.225 g ecm3, Mo-Ka radiation, A
= 0.71073 A, . = 0.222 mm~!, T = 150(2) K. 21086 data (6087 unique, Ri,; =
0.0640, 6 < 26.38°) were collected. wR2 = 0.2060, conventional R = 0.0686 on F
values of 3812 reflections with F? > 20 (F?), S = 1.096, 351 parameters. Residual
clectron density extrema +0.683 eA~2. Nitrogen bonded H-atoms were directly
located by Fourier synthesis and refined isotropically. The THF solvate molecule
was disordered. For the refinement, this was modelled as two 1/2 weight molecules
with bond length constraints and a common isotropic displacement parameter for
the C and O atoms.

3.4.5 Synthesis of {[C,,Hq(NH),],Ni}(Li-2 THF),, 6.5

1,8-Diaminonaphthalene (87 mg, 0.55 mmol) was dissolved in 5 mL of THF. n—BulLi
(0.7 mL, 1.6 mol L in hexanes, 1.10 mmol) was syringed into this solution dropwise
under N, at -78° C. A solution of Cp,Ni (100 mg, 0.55 mmol) in 5 mL toluene
was cooled to -78° C and the ligand solution added to this dropwise by syringe.
The resulting dark red solution was allowed to warm to room temperature. It was
stirred overnight before being filtered warm in vacuo. Storage at -30° C afforded

highly air-sensitive orange-red crystals in a dark red solution.

Yield - 125 mg, 34% with respect to Cp,Ni
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Melting Point - did not melt up to 360° C

'H NMR (500.05 MHz, DMSO—d), & (ppm) - 6.12 (4H, t, *Jyy = 7.61 Hz,
m-CH), 5.41 (4H, d, *J .y = 7.36 Hz, p-CH), 5.26 (4H, d, *Jy. = 7.54 Hz, 0o-CH),
3.58 (16H, m, THF CH,0), 1.74 (16H, m, THF CH,), 1.36 (4H, m, NH)

130 NMR (125.8 MHz, THF—dg), § (ppm) - 155.6 (HNC), 140.4 (CHCCH),
126.4 (CHCHCH), 117.3 (NHCCCNH), 102.5 (HNCCH), 101.8 (CHCHC), 67.5
(THF CH,0), 25.6 (THF CH,)

Elemental Analysis - found C 64.3, H 7.2, N 8.7, caled. for Cs4H,Li,N,NiO,
(loss of lattice solvent) C 64.2, H 7.2, N 8.3

Crystal Data for 6.5 - Cy7HgqLioNyNiOs, M = 837.61, trigonal, space group
P-3, a = 20.0120(6), b = 20.0120(6), ¢ = 8.1348(2) A, a = 90°, § = 90°, v = 120°,
V = 2821.36(14) A3 7 =3, peatea = 1.451 g cm™3, Mo-Ka radiation, A = 0.71070
A p=1054mm" T = 120(2) K. 20818 data (5366 unique, Ry, = 0.0556, 6 <
30.00°) were collected. wR2 = 0.1399, conventional R = 0.0478 on F values of 2478
reflections with F* > 20 (F?), S = 0.704, 234 parameters. Residual electron density
extrema +0.715 eA~3. Nitrogen bonded H-atoms were directly located by Fourier
synthesis and refined isotropically. The THF and toluene solvate molecules were
disordered. For the refinement, these were modelled with bond length constraints

and common isotropic displacement parameters for the C and O atoms.
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Chapter 4

Studies of the Formation of
Manganese(II) Complexes
Containing Amido and Phosphido
Ligands

4.1 Publications Resulting from this Work

F. A. Stokes, R. J. Less, J. Haywood, R. L. Melen, R. I. Thompson, A. E. H Wheatley
and D. S. Wright, “Structure and Bonding of the Manganese(II) Phosphide Complex
(t—BuPH,)(n°—Cp)Mn{u—(t—BuPH)},Mn(n°~Cp)(t—BuPH,)”, Organometallics,
2012, 31, 23.

4.2 Introduction

Manganocene (Cp,Mn) is the most polar of the first-row transition metal metal-
locenes, and is therefore most capable of deprotonating organic acids, with the
labile cyclopentadienyl ligand acting as a Brgnsted base (Chapter 1, Section [1.2.3)).
The work presented within this chapter aimed to utilise this reactivity to design
efficient syntheses of novel compounds, probing the limits of manganocene basicity
and establishing appropriate conditions for these reactions to occur. Amido and
phosphido complexes of metals have attracted attention as potential precursors to
heterometallic arrangements,®® so for these early studies simple N- and P- donor lig-

ands possessing one or more acidic protons were selected to react with manganocene.
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4.3 Results and Discussion

4.3.1 [(n*- Cp)Mn(BnNHC,H,NBn)],, 4.1

The reagent N, N'-dibenzylethylenediamine was selected for reaction with manganocene
due to its simple structure and potential ability to bridge metal centres. This ligand
contains two nitrogen donor atoms, whilst the C,H, unit confers some element of
flexibility. The benzyl groups add bulk and provide additional potential metal coor-
dination sites in the form of the aromatic rings. The reaction between manganocene
and this ligand had been attempted previously within the Wright group, but no
deprotonation by the manganocene took place, with the reaction instead yield-
ing the simple complexation product [(n'—Cp)(n°—Cp)Mn(BnNHCH,),].** This
product was observed to have quite a strained conformation due to the bulky
nature of the ligand, so it was decided that this reaction should be repeated using
n-butyllithium to initially deprotonate the ligand before reacting the mono-lithiate
with the manganocene (Scheme [4.1)).

-

/ \ 2n-BuLi, THF, -78°C / \
2 Ph/\N N/\Ph e L 2 Ph/\N N/\Ph
H H H o)
Li®
2Cp,Mn, -78°C
» [(n2-Cp)Mn(BnNHC,H,NBn)], + 2CpLi
4.1

Scheme 4.1: Reaction scheme illustrating the synthetic method employed in the
generation of [(n% Cp)Mn(BnNHC,H,NBn)],, 4.1.

It was anticipated that the reaction might progress further, with double deproto-
nation occurring upon complexation with the manganese. However, this was not
the case. The sole isolated product, 4.1, was structurally similar to that obtained
from the previously known reaction of manganocene with 8-aminoquinoline, where
single deprotonation occurred giving a product with two bridging ligands and two
coordinated Cp ligands. The structure of [CpMn(u—8—HNquin)], (Compound 1.6)
is discussed in Chapter 1, Section m (Figure . Crystals of 4.1 were isolated
as green blocks in a red solution in a 20% yield (with respect to Cp,Mn) from the
reaction of N, N-dibenzylethylenediamine with n-BuLi followed by in situ reaction
in THF with Cp,Mn and crystallisation at -30° C. Unfortunately, 4.1 proved too
insoluble for satisfactory 'H or '3C NMR spectra to be obtained. However, 4.1 was

characterised using elemental analysis (C, H, N) and single-crystal X-ray diffraction.
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Figure 4.1: The crystal structure of [(n* Cp)Mn(BnNHC,H,NBn)],, 4.1. H-atoms,
except those attached to N, and one lattice THF molecule omitted for clarity.

Atoms

Distance (A)

Mn(1)---Mn(1A)

2.9582(5)

Mn—C(17/18)

2.412(3) — 2.437(3)

Mn—C(19/20,/21)

2.629(3) — 2.771(3)

Mn+Coantron 2.2991(3)
Mn(1)—N(2) 2.122(2)
Mn(1A)—N(1) 2.228(2)
Mn(1A)—N(2) 2.203(2)
N(1)—H(1) 0.95(3)

Angle (°)
Mn(1)—N(2)—Mn(1A) 86.28(7)
Mn(1)—Mn(1A)—N(1) 05.98(6)

Table 4.1: Selected bond lengths and angles for 4.1.
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4.1 is a centrosymmetric dimer in the solid state, in which each Mn centre is bonded
to a terminal n2-Cp ligand [Mn(I1)-+-CPeentroia = 2-2991(3) A] and is further bonded
to a nitrogen donor atom to give a diamond-shaped Mn,N, core featuring average
Mn—N bond distances of 2.122(2) A (Figure . The structure of 4.1 is consistent
with the previously reported literature examples of products formed by the reaction
of manganocene with weak organic acids, as discussed in Chapter 1, Section . 16
Each manganese centre is stabilised by a bond to the remaining protonated nitrogen
of the ligand [Mn(1)—N(1) 2.227(3) A]. The aromatic groups are too distant from
the Mn centres to form a m-bond, with the rings orientated so as to twist away
from the core of the molecule, presumably to minimise steric repulsion. The
Mn---Mn separation in this complex is 2.9582(5) A, which is comparable to that
of 2.944(1) A seen in [CpMn(u—8—HNquin)],.T® The Cambridge Crystallographic
Database reports Mn---Mn separations within similar Mn,N, dimers as usually
being significantly shorter than this (2.39 — 2.64 A) so it seems unlikely that there
is any degree of Mn—Mn bonding in 4.1.

The formation of 4.1 illustrates the point that the outcomes of reactions of
Cp,Mn and other polar metallocenes with organic acids greatly depend on the

acidity of the element—H bonds involved.

4.3.2 [(n°- Cp)Mn(EtNHC,H,NEt)],, 4.2

The N,N-diethylethylenediamine ligand has a similar structure to the ligand used
in the synthesis of 4.1, with the flexible C,H, moiety and the two nitrogen centres,
which can potentially act as donors to two metal centres. The terminal ethyl groups
are relatively sterically undemanding, but without any added aromatic functionality
that may coordinate the metal centres. It was hoped that significantly altering
the nature of the ligands used would affect the solubility of any products formed,
potentially avoiding the solubility issues encountered with 4.1 which resulted in
the inability to collect suitable NMR data on the product. The synthetic strategy
employed was the same as that used in the synthesis of 4.1, in that it was antic-
ipated that the ligand lacked protons of the requisite acidity to be deprotonated
by manganocene, thus n—Buli was used to deprotonate the ligand prior to the
reaction with Cp,Mn (Scheme [4.2).

*Based on a search of the CSD (March 2013), returning 121 results
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PN 2n-BuLi, THF, -78°C 5 -\ / \N/\

N » N
H H ©)

2 /\N/ \

Li®

2Cp,Mn, -78°C

»  [(7°-Cp)Mn(EtNHC,H,NE)], + 2CpLi
4.2

Scheme 4.2: Reaction scheme illustrating the synthetic method employed in the
generation of [(n°- Cp)Mn(EtNHC,H,NEt)],, 4.2.

Crystals of 4.2 were isolated as pale green blocks in a red solution in a 6% yield
(with respect to Cpy,Mn) from the reaction of N,N-diethylethylenediamine with n-
Buli followed by n situ reaction in THF with Cp,Mn and crystallisation at -30° C.
Unfortunately, like 4.1, 4.2 proved to be too insoluble for satisfactory ‘H or 3C
NMR spectra to be obtained. However, 4.2 was characterised using single-crystal
X-ray diffraction. The product formed from the reaction of manganocene with
lithiated N, N'-diethylethylenediamine is similar to 4.1, with two ligands bridging
two manganese centres, each of which is still coordinated to a cyclopentadienyl
ligand (Figure , although in the case of 4.2 this ligand is 7° coordinated. In
4.1, the Mn—C(Cp) bond distances fell into two distinct categories separated by
approximately 0.2 A, whereas in 4.2 this is not evident, with the Mn—C(Cp) bond
distances exhibiting only the small variations expected with n° coordination (0.08
A) This structural difference is likely due to sterics, with the bulkier benzyl ligand
present in 4.1 preventing the cyclopentadienyl ligands from coordinating to the

metal in an 7° fashion.

The structure of 4.2 is also comparable to that of [CpMn(u—8—HNquin)],
(Compound 1.6) in which single deprotonation of the 8-aminoquinoline ligand
had occurred to give a centrosymmetric manganese dimer containing two of the
aminoquinoline ligands and two undisplaced cyclopentadienyl ligands. 4.2 is a
centrosymmetric dimer in the solid state, within which each Mn centre is bonded
to a terminal *-Cp ligand [Mn(I1)---Cpeentroid = 2-254 A] and is further bonded to
a nitrogen donor to give a diamond-shaped Mn,N, core featuring average Mn—N
bond distances of 2.171(2) A (Figure . The structure of 4.2 is consistent with
the previously reported literature examples of products formed by the reaction of
manganocene with weak organic acids, as discussed in Chapter 1, Section .16
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Figure 4.2: The crystal structure of [(n°- Cp)Mn(EtNHC,H,NEt)],, 4.2. H-atoms,
except those attached to N, and one lattice THF molecule omitted for clarity.

Atoms Distance (A)

Mn(1)—Mn(1A) 2.0720(5)

Mn—C(Cp) 2.501(4) — 2.581(4)
Mt Coentreid 2.2539(4)
Mn(1)—N(2) 2.130(2)
Mn(1A)—N(1) 2.282(3)
Mn(1A)—N(2) 2.171(2)
N(1)—H(1) 0.93(3)
Angle (°)
Mn(1)—N(2)—Mn(1A) 87.18(8)
Mn(1)—Mn(1A)—N(1) 97.75(7)

Table 4.2: Selected bond lengths and angles for 4.2.
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Each manganese centre in 4.2 is stabilised by a bond to the remaining protonated
nitrogen of the ligand [Mn(1)—N(1) 2.282(3) A]. Both of the Mn—N bond lengths
are shorter than their equivalents in 4.1 although the Mn---Mn distance of 2.9720(5)
A is similar to that of 2.9582(5) A seen in the analogous compound, once more
longer than is usually seen for this type of Mn,N, compound. Therefore it can be

considered unlikely that 4.2 contains any Mn—Mn bonding.

As with 4.1, the formation of 4.2 gives further information as to the reactiv-
ity of manganocene with regard to its ability to deprotonate organic acids. The
relevant protons of the N, N-diethylethylenediamine ligands employed in the syn-
thesis of 4.2 are likely to be of a very similar acidity to those in the related ligand
N, N-dibenzylethylenediamine, so the formation of a structurally analogous product
on reaction with manganocene is unsurprising. This further demonstrates the
limitations of manganocene as a Brgnsted base, and the necessity of the selection

of a sufficiently acidic ligand for deprotonation to occur.

4.3.3 [(t-BuPH,)(n*- Cp)Mn{u—(t—BuPH)}],, 4.3

The ability of manganocene to behave as a Brgnsted base toward weak organic
acids, as discussed in Chapter 1, Section [1.2.3] informed the synthetic strategy
employed in this reaction. ¢-Butylphosphine was reacted in a 1:1 ratio with
manganocene (Scheme [4.3]), in the expectation that the primary phosphine would
undergo bis-deprotonation and an extended structure would be formed. The pyrim-
idines utilised in the construction of the amido/imido cage structures (Chapter 1,
Section underwent both mono- and bis-deprotonation by manganocene, and
it was anticipated that an analogous situation might occur with the use of primary
phosphine reagents. Despite the advances in the field of Mn(II) amide synthesis

8788 with no reactions of

very little is known about their phosphide analogues,
primary phosphines with the polar metallocenes having previously been explored,
which made this synthetic approach particularly appealing. Crystals of 4.3 were
isolated as yellow blocks in a brown solution in a 31% yield (with respect to Cp,Mn)
from the reaction of t—BuPH, with Cp,Mn in THF and crystallisation at -30° C.
4.3 was characterised using 'H, 3C and 3P NMR spectroscopy, elemental analysis

(C, H, N), IR spectroscopy, and by single-crystal X-ray diffraction.
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Cp P, Cp
. \/
4 A‘PHZ 2CpoMn, THF, -78°C Mn>Mn// + 2CpH

> SN/ ™
s t-Bu(H),P \\P\ ‘P(H),t-Bu
)
H -Bu
4.3

Scheme 4.3: Reaction scheme illustrating the synthetic method employed in the
generation of [(t—BuPH,)(n’- Cp)Mn{p—(t—BuPH)}|,, 4.3.

Compound 4.3 proved to be unstable under vacuum, readily losing {—BuPH,, and
was also relatively insoluble in hydrocarbon media. 'H, *C and *'P NMR studies
in THF—-dg (Figures , , and were consistent with the compound
being diamagnetic, with sharp resonances observed for Cp at § 4.20 and 76.2
ppm, respectively. In the 'H NMR spectra, two doublets featuring 3JH_P coupling
at 0 1.53 and 1.07 indicated the presence of two distinct ¢-butyl environments,
with BC{'"H} NMR spectroscopy reinforcing this view by revealing t-butyl signals
at § 33.7 and 31.9 ppm. The 'H NMR spectrum also suggested that the two
phosphine/phosphide environments observed in the crystal structure determined
later persisted in solution, with the associated hydrogen atoms observed at ¢ 3.76
ppm (1H, "J;p = 301 Hz) and 3.21 ppm (2H, 'J;;» = 313 Hz), although both the
'H and the 3P NMR spectra showed the presence of significant amounts of free
(t—BuPH,). This was established by comparison of the signals observed in the
NMR spectra of 4.3 with those of the phosphine starting material t—BuPH,.

The free t—BuPH, observed in the NMR spectra of 4.3 may have been the
result of some unavoidable hydrolysis of the bridging t—BuPH groups, although
the quantity present suggested that some of the coordinated neutral {—BuPH, was
being displaced in solution by THF. This was consistent with the observed lability
of the ligands in 4.3 under vacuum. The proximity in the 'H NMR spectrum of 4.3
of the ¢-butyl signal at 6 1.07 ppm to that of free phosphine (§ 1.16 ppm) allowed
the assignment of the former as the bonded {—BuPH, ligand in 4.3. In addition,
the low-field shift of the t-butyl signal from the phosphide ligand was consistent
with previous studies.®®#¥ The presence of free phosphine was reiterated by 3'P
NMR spectroscopy, with a broad signal observed at § -75.7 ppm agreeing well with
that noted in a reference t—BuPH, spectrum. A doublet at § 241.6 ppm ('Jyp =
301 Hz) and a triplet at 6 79.7 ppm ('J;.p= 313 Hz) unambiguously established the

presence of both mono-deprotonated phosphide and coordinated phosphine in 4.3.

57



Studies of the Formation of Manganese(II) Complexes Containing
Amido and Phosphido Ligands

THF-dg THF-dg 23

rrr—— 1 1 1+~ 11 7 rrrrTrrTtr T rrTr T T T T T T
PPM 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 08 0.6 04 0.2

Figure 4.3: 'H NMR spectrum of 4.3 (* denotes free phosphine). Numbers indicate
peak widths at half height (Hz). No other peaks were visible between ¢ -100 and
+200 ppm.
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Figure 4.4: 3C{'H} NMR spectrum of 4.3 (* denotes free phosphine). Inset, ex-
pansion of the boxed aliphatic region.
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Figure 4.5: 3P NMR spectrum of 4.3 (* denotes free phosphine).
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Figure 4.6: 3'P{'H}NMR spectrum of 4.3 (* denotes free phosphine).
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Full NMR assignments are given in Chapter 3, Section |3.2.3]

IR spectroscopy was undertaken on 4.3, and the data obtained reinforced the
NMR spectroscopic observation of two phosphorus-based ligands, phosphide and
phosphine, resulting from the incomplete deprotonation of {—BuPH, at room
temperature. Three P—H stretching modes were noted, at 2397, 2328 and 2234

1

cm ™!, which were replaced by a band at 2290 cm™! upon air exposure (the P—H

stretch for the free phosphine starting material is observed at 2288 cm™1).

Attempts were made to induce further reaction, including heating the reaction
mixture to reflux before storage at -30° C, and redissolving isolated crystals of 4.3
in THF and reacting them with a further equivalent of n-BuLi, however no other
products were obtained under these conditions and no further reactions appeared

to occur. 4.3 was not recovered from these reactions.

The crystal structure of 4.3 is unexpected in that the 1:1 Cp,Mn-to-phosphine ratio
employed in the reaction supplied sufficient Brgnsted base to mono-deprotonate
all of the phosphine present. However, NMR spectroscopy and X-ray crystallog-
raphy reveal an incomplete reaction, in which half of the available phosphine is
mono-deprotonated to give the secondary phosphide bridging ligands, whilst the
remaining phosphine simply coordinates to the manganese centre with an average
Mn—P distance of 2.1937(4) A, resulting in a diamagnetic Mn(II) phosphide dimer
based on a metallocyclic Mn, (phosphide), core (Figure [4.7). For both the bridging
phosphides and the coordinated phosphine, H-atoms were observable in the Fourier

difference map.
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Figure 4.7: The crystal structure of [(t—BuPH,)(n’- Cp)Mn{u—(t—BuPH)}|,, 4.3.
H-atoms, except those attached to P, omitted for clarity.

Atoms Distance (A)

Mn(1)—Mn(1A) 2.8717(4)

Mn—C(Cp) 2.117(2) — 2.178(2)
Mn-Coentroid 1.7835(2)
Mn(1)—P(1) 2.2218(5)
Mn(1)—P(1A) 2.2500(4)
Mn(1)—P(2) 2.1037(4)
P(1)—H1 1.285(19)

P(2)—H 1.29(2) — 1.34(2)
Angle (°)
P(1)—Mn(1)—P(1A) 90.50(2)
Mn(1)—P(1)—Mn(1A) 79.91(2)

Table 4.3: Selected bond lengths and angles for 4.3.
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In the solid state the core of the structure of 4.3 is folded along the inter-metal axis,
giving a ‘butterfly’ configuration that can be seen in the crystal structure of the
molecule (Figure . The phosphide ligands in the metallocyclic core are relatively
syn-arranged, such that the sterically undemanding phosphido hydrogen centres
project endo to the pocket described by the core metallocycle, while the ¢-butyl
units are exo oriented. The two n’-cyclopentadienyl ligands that are retained within
the dimer are situated in a syn fashion with respect to the phosphide ¢-butyl com-
ponents, allowing the metal-coordinating secondary phosphines to occupy relatively
sterically uncongested positions on the same face of the molecule as the phosphide
hydrogen atoms. The contrasting actions of the phosphide and phosphine ligands
(bridging vs terminal) are reflected in the relative metal-phosphorus bond lengths;
the short bridging Mn—P(phosphide) (mean 2.24 A) nevertheless being extended
relative to terminal Mn—P(phosphine) (mean 2.19 A).

The crystallographically verified structure of 4.3 is unique, there being no
closely analogous examples of Mn(II) phosphides reported in the literature.”*!
Silyl phosphide and aryl phosphide Mn(II) complexes are known, but 4.3
represents one of a very limited number of Mn(II) complexes incorporating
aliphatic phosphide ligands.?? The related THF-complexed silyl phosphide dimer
[(Me,Si),PMn(p—(Me;Si),P)], also shares the tendency of 4.3 to lose solvating

molecules in vacuo.”

Of the few salient literature examples of phosphide-bridged dimanganese systems,
only the Mn(I) carbonyl complexes trans—(CO),Mn{p—P(H)Ph},Mn(CO),,*
trans—(CO),Mn{u—P(H)Ph}(u—Br)Mn(CO),** and trans—(CO),Mn{p—P(H)Ph}
{u—P(COMe)Ph}Mn(CO),* reveal bridging sec-phosphides (Figure {4.8). Within
this family of Mn(I) sec-phosphides the Mn—P bonds range from 2.346(6) — 2.415(1)
A and are significantly extended relative to the Mn—P bonds in 4.3, consistent

with the lower metal oxidation state present in the former.

H\P/Ph
7/ N\

(OC)4M” Mn(CO)4

R

Figure 4.8: The family of Mn(I) sec-phosphides. @~ R = pu—P(H)Ph, Br,
ji—P(COMe)Ph. 5415
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In terms of the metal-metal bonding present in 4.3, a simple electron count suggests
that the formation of an inter-metal single bond is plausible, and the observed
internuclear distance of 2.8717(4) A is consistent with this view. The apparently dia-
magnetic behaviour of 4.3 at room temperature represents an interesting contrast
with previous reports of both straightforward half-sandwich Mn(II) complexes™”
as well as with 4.1 and 4.2, and also with bimetallic {M,(NCy),}{Mn(n°—Cp)},
(M = Sb, As).”™ Magnetochemistry suggested high-spin paramagnetic behaviour
for these latter complexes, which contain hard N-based cyclohexamide ligands,
but the inclusion of softer P-based ligands as seen in 4.3 would be expected to
support low-spin Mn(II) and an inter-metal interaction. Indeed, the observation
of short Mn—C(Cp) distances (2.1163(8) — 2.1783(2) A) in 4.3 is consistent with
the metal centres being low spin.?? To investigate this further, the full crystallo-
graphic structure was interrogated by quantum mechanical methods using hybrid
density-functional calculations (DFT) by Prof. Kloo of the KTH Royal Institute of
Technology in Stockholm, Sweden.

The geometry of 4.3 was optimised in spin states of all possible multiplicities,
ie. M=1,3,5 7,9, and 11. The energetic spin splitting was calculated at the
B3LYP/LACV3P+** and B3LYP*/LACV3P+** levels, but since decreasing the
amount of Hartree-Fock exchange from the 20% incorporated in the hybrid density-
functional B3LYP to the 15% used in B3LYP* has been shown to better describe
complexes of first-row transition metals, the results discussed herein are based on
B3LYP* calculations. "% This analysis predicts the ground state to be a so-called
broken-symmetry or open-shell singlet state, in which each manganese ion has one
unpaired electron that are coupled antiferromagnetically. However, the closed-shell
singlet state (having no unpaired electrons) lies only 9 kJ mol™! higher in energy
than the open-shell singlet. Considering the accuracy of the methods applied, these
two singlet states should be regarded as energetically degenerate. The triplet state
(having one unpaired electron on each manganese that couple ferromagnetically)
lies 15 kJ mol™! higher than the ground state, while the quintet state (M = 5) lies
127 kJ mol~! above. In spin states of higher multiplicity, i.e. M = 7, 9, and 11, the
complex is unstable with respect to metal-ligand (phosphine and cyclopentadienyl)
dissociation. Thus, all high-spin states seem to be unimportant for understanding
the chemical properties of the complex. It must be concluded that the DFT analysis
of the energetic spin splitting predicts the ground state to be of singlet (M = 1)

multiplicity, while it is unclear whether this singlet is of closed- or open-shell nature.

63



Studies of the Formation of Manganese(II) Complexes Containing
Amido and Phosphido Ligands

An analysis of the corresponding geometries sheds further light on this issue.
The geometrically optimised structures of both singlets (open- and closed-shell)
are superficially very similar. However, a close inspection of atom-atom distances
reveals significant differences; the closed-shell singlet structure displays Mn—Mn =
2.879 A, Mn—P(phosphido) = 2.263 and 2.286 A, Mn—P(phosphine) = 2.250 A,
and Mn—C = 2.16 — 2.23 A, while the corresponding distances for the open-shell
singlet structure are Mn—Mn = 3.248 A, Mn—P(phosphido) = 2.352 and 2.374 A,
Mn—P(phosphine) = 2.291 A, and Mn—C = 2.17 — 2.28 A. The observation that
the molecular units are more closely bound in the closed-shell structure and that the
Mn—Mn distance is markedly shorter (compared to 2.8717(4) A in 4.3), combined
with the expected valence electron structure of Mn(II), suggests the presence of a
direct Mn—Mn single bond in the structure. Modelling clearly points to the highest
occupied molecular orbital constituting a direct d-d-mediated Mn—Mn single bond
in the closed-shell structure (Figure [4.9).

)
o

Figure 4.9: Optimised structure of 4.3 (left; Mn = purple, P = gold, C = grey)
in the closed-shell singlet state, including the bonding highest occupied molecular
orbital (right). H-atoms are omitted for clarity.

Due to the extremely air-sensitive nature of 4.3 and the lability of the {—BuPH,

ligands, detailed magnetic measurements (4.2 — 298 K) proved inconclusive.

In summary, the isolation of 4.3 allows the direct observation of a Mn(II)
phosphide complex. This complex exists as a dimer on the basis of the formulation
Cp(t—BuPH)Mn - H,P(¢—Bu), with the crystallographic observation of an inter-
metal distance of 2.8717(4) A suggesting a direct Mn—Mn interaction. This view is
reinforced by DFT studies, which strongly point to a singlet ground state stabilised
by a direct Mn—Mn single bond, with support of the metal superstructure provided
by two mono-deprotonated phosphide ligands that bridge the metal ions.
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4.4 Conclusions

The three complexes discussed within this chapter use simple N- and P-based donor
ligands to probe the reactivity of manganocene with weak organic acids. The re-
sults presented complement the findings previously demonstrated within the relevant
literature, which established that the cyclopentadienyl ligands of manganocene are
capable of deprotonating organic acids, although the basicity is not as strong as that
of some other organometallic bases such as butyllithium. It had also been previously
suggested that this type of reactivity relied heavily on the selection of suitable acidic
ligands. With the weak organic acids employed in this chapter, simple manganese-
based dimers were formed, and in the cases of 4.1 and 4.2 prior deprotonation of
half of the available acidic protons did not alter the reaction pathway. The dimer
4.3 featured a slightly more acidic phosphorus-based ligand, which was deproto-
nated by manganocene although not to the fullest extent (only half of the available
phosphine was singly-deprotonated, the rest remained intact and coordinated to the
metal centres). Manganocene is the first-row transition metal metallocene with the
most polar M—Cp bonding situation, and is therefore the most capable of behaving
as a Brgnsted base. The studies presented within this chapter established some of
the limits of this basicity, and so provide a framework within which other syntheses
could be designed, both for manganocene and for the other, less polar, transition

metal metallocenes.
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Chapter 5

Studies of the Formation of
Transition Metal Complexes
Containing Guanidinate and

Amidinate Ligands

5.1 Publications Resulting from this Work

J. Haywood, F. A. Stokes, R. J. Less, M. McPartlin, A. E. H. Wheatley, D. S. Wright,
“A Quadruply-Bonded [Cr,(guanidinate),|*~ Tetraanion”, Chem. Commun., 2011,
47, 4120.

5.2 Introduction

The amidinate and guanidinate ligands have been widely used in reactions with
transition metals, particularly in the formation of paddlewheel complexes (see
Chapter 1, Section [1.3.2), which have potential applications within catalysis and

102

materials science.””® Amidinate complexes are known for many of the main group

and transition elements, the latter of which have recently attracted interest as olefin

103104 whilst metal guanidinate species have been shown

polymerisation catalysts,
to act as pre-catalysts in the dimerisation of aldehydes.'®™ The development of
novel amidinate and guanidinate materials is still a very active field, as the search
continues for interesting molecules which may be capable of catalysis or possess

unusual magnetic or structural properties.
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5.3 Results and Discussion

Reactions of Transition Metal Metallocenes with N, N'-Di-

methylformamidine

N,N-Dimethylformamidine had previously been successfully used in reactions
with metallocenes in the Wheatley and Wright groups, as discussed in Chapter
1 Section [I.3.2] with the reactions between nickelocene and manganocene with
the lithiated ligand producing a classical paddlewheel structure (Compound 1.11,
Figure and a metal cage complex with a tetrahedral oxygen core (Compound
1.12, Figure [p.2)), respectively. Although crystal structures had been obtained
for these products, the research had not continued along this route, so some of
the early stages of this project involved repeating these reactions and expanding
them to include other metallocenes. Amidinate ligands can form either bridging or
chelating interactions with metal centres, depending on the bulk of the R groups
involved.*® N, N-Dimethylformamidine (Figure [5.1) was selected as a suitable
ligand for metallocenes as it is sterically undemanding and so likely to coordinate
in a bridging mode, which could allow for the formation of multiple bonds between

metals.

N
H

Figure 5.1: The structure of N, N-dimethylformamidine.

5.3.1 Mn,O(N,N —dimethylformamidinate),, 5.1

The reaction between manganocene and the lithiated N, N-dimethylformamidine
was expected to proceed according to Scheme 5.1, producing a structure with the
familiar paddlewheel motif of the type M,L,. Presuming that the metallocene
precursor transferred the metal ions in the 42 oxidation state intact, the structure
likely obtained would be neutral, with the possibility of multiple bonding between
the Mn(II) centres. This work had been undertaken previously within the Wheatley
and Wright groups, and was repeated in order to attempt to isolate the product
shown in Scheme [5.11

67



Studies of the Formation of Transition Metal Complexes Containing
Guanidinate and Amidinate Ligands

4\N/\ " 4tBuli, THF,-78C 4 >\
H

N - N7 o NN

2Cp2|\/|n, -78°C %

S LD + 4CplLi

Scheme 5.1: Reaction scheme illustrating the synthetic method employed in the
attempted generation of Mn, (N, N —dimethylformamidinate),.

It was found that the species targeted in Scheme was not isolable from the
reaction mixture. Instead, in cases where trace amounts of oxygen or water were
presumably present, 5.1 was obtained exclusively. Crystals of 5.1 were isolated as
colourless blocks in a pale pink solution in a 33% yield (with respect to Cp,Mn)
from the reaction of N,N-dimethylformamidinine with one equivalent of ¢-BulLi
followed by in situ reaction in THF with Cp,Mn and crystallisation at -30° C. 5.1
was characterised using 'H and '3C NMR spectroscopy, elemental analysis and

single-crystal X-ray diffraction.

'"H and '3C NMR studies of 5.1 were undertaken using DMSO—d; as the sol-
vent, as 5.1 was insoluble in deuterated THF and toluene. The 'H NMR spectra
showed that the N,N-dimethylformamidine had been deprotonated to give a sym-
metrical, delocalised ligand. Single-crystal X-ray crystallographic studies of 5.1
were undertaken, which showed that the structure featured an encapsulated oxide

at its core, surrounded by four Mn(II) centres, each of which were bridged by
N, N-dimethylformamidinate ligands (Figure .
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Figure 5.2: The crystal structure of Mn,O(N,N —dimethylformamidinate)y, 5.1.
H-atoms omitted for clarity.

Atoms Distance (A)
O—Mn | 2.014(2) — 2.028(2)
Mn—N | 2.104(2) — 2.124(2)
Angle (°)
Mn—O—Mn | 107.7(7) — 111.6(1)
O—Mn—N | 109.1(1) — 112.9(1)
C—N—Mn | 115.9(2) — 128.1(2)

Table 5.1: Selected bond lengths and angles for 5.1.
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The observed structure of 5.1 does not decompose in the presence of trace amounts
of oxygen or water, but incorporates oxygen into the complex whilst maintaining the
metal +2 oxidation state. The encapsulation of an oxide without decomposition has
been observed previously for organometallic complexes, as discussed in Chapter 1,
Section with reference to a relevant example from 2011, in which the reaction
between Cp*Zn and CO, produced the zinc oxocarboxylate [Zn,(s,- O)(O,CCp*)]
which featured a tetrahedral [Zn40]6Jr core.®™ This zinc acetate structure is rela-

WES and there are many literature examples of metal complexes

tively common,
with encapsulated oxides, although manganese species are not common amongst

them.

The structure of 5.1 is similar to that of Mn,O(DPhF),,*" which also fea-
tured a pus—O core around which four Mn centres were observed in a tetra-
hedral arrangement, bridged by six of the bulky N,N-diphenylformamidinate
ligands. The synthesis of Mn,O(DPhF), involved layering the reaction solution
with moist but oxygen-free hexanes, suggesting that the source of the pus—O in
Mn,O(N,N —dimethylformamidinate), was likely to be trace H,O rather than
atmospheric O,, as oxygen was excluded from the reaction. This hypothesis is
also supported in 5.1 by the fact that attempts to introduce controlled amounts of
O, from a cylinder were undertaken but led to no significant increase in product
yield. The possibility also exists that the THF solvent used could be the source of
the py-oxide seen in 5.1, as this product was not isolated when the reaction was
attempted using alternative solvents which do not contain oxygen, such as toluene.
This type of oxygen abstraction from THF was reported by Mulvey et al. in 2010,
in a study which utilised a sodium-manganese base to cleave THF bonds, giving a
bimetallic species containing an oxide core. This type of reactivity may be possible
with the lithium-manganese system of 5.1, and also fits with the observation of
no increase in product yield on addition of O, from a cylinder. In order to prove
this hypothesis it would be necessary to trap the remaining THF fragments, as in
the Mulvey study where crystalline bimetallated butadiene fragments were isolated
from the reaction mixture. Upon further exposure to the atmosphere, 5.1 rapidly
decomposed to a dark brown, oily substance, indicating that the tolerance of this

species for moisture and oxygen is very limited.
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5.3.2 Niy (N, N—dimethylformamidinate),, 5.2

The reaction between nickelocene and the lithiated N,N-dimethylformamidine
proceeded according to the sequence shown in Scheme [5.2l This work had been
undertaken previously within the Wheatley and Wright groups, but was repeated
in order to obtain more data and to contribute to a more comprehensive under-
standing of the reactivity patterns of this N, N-dimethylformamidinate ligand with
the various metallocenes utilised in this project. Crystals of 5.2 were isolated
as pale brown blocks in a green solution in a 33% yield (with respect to Cp,Ni)
from the reaction of N,N-dimethylformamidinine with one equivalent of ¢-BulLi
followed by in situ reaction in THF with Cp,Ni and crystallisation at -30° C. 5.2
was characterised using 'H and '3C NMR spectroscopy, elemental analysis and
single-crystal X-ray diffraction. DFT calculations were employed to investigate

whether or not any inter-metal bonding was present in this species.

4\\\\N,//’Q§§> A7 AEBULLTHR 78°C 4 N AN 1@
H

N - N7 5

2Cp,Ni, -78°C 4

| /> +4CpLi

Scheme 5.2: Reaction scheme illustrating the synthetic method employed in the
generation of Ni, (N, N'—dimethylformamidinate),, 5.2.

'H and ¥C NMR studies of 5.2 showed that the N,N-dimethylformamidine had
been deprotonated to give a symmetrical, delocalised ligand. Single-crystal X-ray
crystallographic studies of 5.2 were undertaken, which showed that the structure
contained four amidinate ligands which bridged the two nickel centres in a classic
paddlewheel or ‘Chinese lantern” arrangement (Figure. The crystallographically
observed Ni---Ni distance of 2.4846(8) A was similar to that seen in several other

reported nickel-amidinate paddlewheel complexes. %
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Figure 5.3: The crystal structure of Ni,(N, N —dimethylformamidinate),, 5.2. H-
atoms, except those attached to N, omitted for clarity.

Atoms Distance (A)
Ni(1)—Ni(1A) 2.4846(8)
Ni—N 1.903(3) — 1.907(2)
C=N 1.308(3) — 1.321(4)
Angle (°)
N-Ni—N 80.7(1) — 90.2(1)
Ni—Ni—N | 86.10(7) — 89.26(7)

Table 5.2: Selected bond lengths and angles for 5.2.

72



Studies of the Formation of Transition Metal Complexes Containing
Guanidinate and Amidinate Ligands

Each d® nickel(II) centre in 5.2 adopted a square planar geometry to give a diamag-
netic species with no bonding interaction between the metal centres. Cotton et al.
suggested that it is impossible to have any true bonding interaction between divalent
square planar species, as all bonding and antibonding MOs would be occupied in
the manner 0?7402 21402 giving a net bond order of zero.3* To confirm the bond
order between metals, DF'T calculations were carried out by Professor Lars Kloo
at the KTH Royal Institute of Technology in Stockholm, Sweden to see whether
the lowest energy configuration for this species would involve any Ni—Ni bonding
interaction. These calculations were performed in the D, point group, although the
true geometrical ground state would have a lower symmetry than this due to the
tendency of the methyl groups to rotate. The Ni---Ni distance was calculated to be
2.51 A with a bond order of 0.056, so essentially zero.

Figure 5.4: The image of the structure obtained following calculations on 5.2 (Ni -
pale blue, N = dark blue, C = grey, H = white).

The lack of inter-metal bonding in 5.2 limits its potential uses as the metal centres
are unlikely to bind any additional substrates for catalysis. Therefore, it was a
logical progression of this research to attempt an analogous reaction with a metal
that would be more likely to engage in the formation of metal-metal single or

multiple bonds.
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5.3.3 Cr,y(N,N —dimethylformamidinate),, 5.3

The reaction that led to the formation of 5.1 and 5.2 was repeated with Cp,Cr
(Scheme with the aim of synthesising a species with a similar structure to that
of 5.2, but with some degree of inter-metal bonding present. Crystals of 5.3 were
isolated as yellow blocks in a brown solution in a 15% yield (with respect to Cp,Cr)
from the reaction of N, N-dimethylformamidinine with one equivalent of n-Buli
followed by in situ reaction in THF with Cp,Cr and crystallisation at -30° C. 5.3
was characterised using 'H and C NMR spectroscopy, elemental analysis and

single-crystal X-ray diffraction.

4\m/\N/ 4nBULi, THE 78°C 4 N Aoy 1@

> N o

Nz

2Cp,Cr, -78°C \(\N | /Cr— N .
- v ///| ) + 4Cpli

i\

53
Scheme 5.3: Reaction scheme illustrating the synthetic method employed in the
generation of Cry(N,N'—dimethylformamidinate),, 5.3.

'H and 3C NMR studies of 5.3 showed that the N,N-dimethylformamidine had
been deprotonated to give a symmetrical, delocalised ligand. Single-crystal X-ray
crystallographic studies of 5.3 were undertaken, which showed that the structure ob-
tained with Cp,Cr was analogous to the Ni, (N, N —dimethylformamidinate), struc-
ture 5.2, with four amidinate ligands bridging two chromium centres in the typical
paddlewheel or ‘lantern’ style (Figure . The Cr---Cr distance of 1.8722(6) A is
rather short, although it is within the range of Cr---Cr distances found in formally
quadruply-bonded arrangements (1.844(2) — 2.612(1) A) 2T
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Figure 5.5: The crystal structure of Cry(N, N —dimethylformamidinate),, 5.3. H-
atoms omitted for clarity.

Atoms Distance (A)
Cr(1)—Cr(1A) 1.8722(6)
Cr—N 2.033(2) — 2.042(2)
C=N 1.312(3) — 1.318(3)
Angle (°)
N_Cr—N | 89.03(7) _ 90.09(6)
Cr—Cr—N_ | 94.77(5) _ 96.57(5)

Table 5.3: Selected bond lengths and angles for 5.3.
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Compound 5.3 is similar to many other neutral dinuclear Cr—Cr bonded com-
pounds which have been structurally characterised and which have the general
formula [Cr,L,] (where L = bidentate ligand). These species all contain two
quadruply-bonded Cr(II) centres bridged by four chelating N-ligands and feature
metal-metal bonding involving o,27 and § orbitals. 5.3 is very unusual within
this class of compounds as it incorporates a particularly sterically unhindered
amidinate ligand, giving a kinetically unprotected structure which could potentially
be of interest for further research into the coordination and ‘trapping’ of small
molecules. Recent work by Murray et al. used Cr, units in the trapping of O,
a desirable process within industry where oxygen is separated from air on a scale
of 100 Mtons/year.™ ™ This area is one in which this research into multiply-bonded
paddlewheel species could be developed, as it is possible to obtain a high level of
control over the steric and electronic properties of the dimetal products by tuning

the donor ligands appropriately (see Chapter 8).

Reactions of Transition Metal Metallocenes with Guanidi-

nates

Guanidinates are structurally similar to the amidinate ligands used in this project,
but with the potential to further delocalise and stabilise a negative charge across

three nitrogen atoms. As with the amidinate ligands,*’? guanidinate metal com-

43 and diverse

204121

plexes are established for many elements of the periodic table,

applications within the fields of catalysis and materials science are emerging.

5.3.4 Li,[Mn{NC(N(CH,),),}, 3 THF], 5.4

1,1,3,3-Tetramethylguanidine was selected as a potentially interesting ligand for
metallocenes on the basis that it has a slightly more flexible structure than the
bicyclic guanidines and is less sterically hindered than many of the popular guani-
dine ligands. When reacting this ligand with manganocene, the synthetic approach
was based on the hypothesis that the likely product would be a paddlewheel of
general structure [Mn,L,], with two Mn(II) centres bridged by four guanidinate
ligands, as outlined in Scheme [5.4 Crystals of 5.4 were isolated as brown blocks
in a brown solution in a 5% yield (with respect to Cp,Mn) from the reaction of
1,1,3,3-tetramethylguanidine with one equivalent of n-Buli followed by in situ

reaction in THF with Cp,Mn and crystallisation at -30° C. 5.4 was characterised
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using 'H and 3C NMR spectroscopy, elemental analysis and single-crystal X-ray

diffraction.
NH N
4 )L 4t-BuLi, THF, -78°C 4 ) L
\T ||\|/ - \T /@\ T/ L®
\N/
VoY
N N—|—Mn N—
2Cp2|\/|n, -78°C /2 L, _J 4CpL
B \
___N/

Scheme 5.4: Reaction scheme illustrating the synthetic method employed in the
attempted generation of Mn,(1, 1, 3, 3—tetramethylguanidinate),, 5.4.

'H and 3C NMR studies showed that the 1,1,3,3-tetramethylguanidine ligand had
been deprotonated, with the only 'H signal visible being those of the methyl pro-
tons at 2.6 ppm (the starting material contains a very broad NH signal at 5.1 ppm).
In order to elucidate the solid-state structure of 5.4 single-crystal X-ray crystal-
lographic studies were undertaken, which showed that rather than adopting the
expected paddlewheel configuration, 5.4 featured a spirocyclic MnLi, core bridged
by four guanidinate ligands in a monodentate fashion utilising coordination through
the deprotonated central nitrogen (Figure . In contrast to all of the other novel
species reported within this chapter, 5.4 is not a transition metal dimer, but instead

has an asymmetric bimetallic arrangement.
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Figure 5.6: The crystal structure of Li,[Mn{NC(N(CH,),),},-3 THF], 5.4. H-atoms
omitted for clarity.

Atoms Distance (A)
Mn—N 2.004(2) — 2.119(2)
Mn—TLi 2.724(5) — 2.816(5)
LiN 1.927(5) — 2.036(5)
Li(1)—0 2.046(4) — 2.056(4)
Li(2)—0 1.942(5)
Angle (°)
Mn—N—Li 47.9(1) - 50.7(1)
N—Mn—N (Li-bridged) | 88.8(7) — 91.8(7)
N—Mn—N 127.6(7) — 125.1(7)

Table 5.4: Selected bond lengths and angles for 5.4.

78



Studies of the Formation of Transition Metal Complexes Containing
Guanidinate and Amidinate Ligands

The observed structure of 5.4 is somewhat unusual in that it adopts an asymmet-
rical coordination mode with regard to the THF molecules, with the lithium ion on
one side of the molecule coordinated to a single THF unit, whilst the other lithium
ion is bis-solvated. The reason for this is unclear, although it seems likely to be
some steric consideration that arises in the solid state, such as packing constraints
within the crystal lattice. There are no obvious intermolecular contacts within
the lattice that would account for this asymmetric coordination, and only one
other compound featuring this type of asymmetric Li---THF coordination has been

reported. 122

The monodentate guanidinate bridging mode seen in 5.4 is not particularly
unusual, with several examples of this type of coordination having been reported for
various transition metals.*2>12% Within 5.4, four bridging ligands each coordinate
through one nitrogen centre to give a distorted tetrahedral arrangement around the
central manganese with N—Mn—N angles ranging from 88.8(7) — 127.6(7)°. Several
examples of compounds featuring a structurally similar Li—Mn—Li spirocyclic core
were reported by Andersen et al. in 1976"%® and Morris and Girolami in 1989
(Figure [5.7),™*¥ although these and all other relevant examples feature alkyl rather
than nitrogen-based ligands."®® The Mn---Li bond distances within the Morris and
Girolami structures are, on average, 2.6 A, so comparable to the distances within
5.4 which range from 2.724(5) — 2.816(5) A.
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Figure 5.7: The series of [Li,(TMEDA),|[MnR,] complexes characterised by Morris
and Girolami (R = Me, Et, CH,CH,—¢—Bu, n-Bu, CH,SiMe;, Ph).12"

In their investigation into thirteen-electron Mn(II) tetraalkyls, Morris and
Girolami noted the unusual stability of these compounds. They reasoned that
[Li,(TMEDA),|[MnR,| species were resistant to [-elimination up to 110° C due
to a shift to the left in the equilibrium of [MnR,]*” = [MnR,|*", caused by
the complexation of the TMEDA to the lithium cations. This was postulated to

reduce the Lewis acidity of the lithium and to inhibit the dissociation of LiR from
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Li,[MnR,]. A similar effect could be in operation in the observed formation of
5.4, through the coordination of THF rather than TMEDA to the lithium cations.
This complexation could confer a greater stability to the complex, leading to the
preferential formation of 5.4 over any paddlewheel-like dimer structure which would

likely have a weak bonding situation between the manganese centres.

Compound 5.4 represents a different type of complex from the other transi-
tion metal amidinate and guanidinate species discussed in this chapter. The other
species all feature bridging through a delocalised N=C=N moiety, whereas the
bridging in 5.4 occurs through a single nitrogen donor. Also, the bridge formed in
5.4 is between two metals from different blocks of the periodic table, rather than

between two transition metals to form a simple dimer of the type M,L,.

5.3.5 Ni,(hpp),, 5.5

Bicyclic guanidines and guanidinates have proven popular ligand choices for
transition metals in the past,**? having a degree of structural rigidity as well as
containing potential donor atoms at a suitable distance for bridging metal atoms.
They have physical, electronic and chemical properties that differentiate them
from their acyclic counterparts, with these characteristics imparted by their rigid
framework.*2%13Y The anionic guanidinate anion hpp~ has been particularly well
studied. 332 Tt is well suited for bridging metal centres as the nitrogen frontier
orbitals project in a parallel fashion from the molecule and it is electron-rich, due

to a contribution from its zwitterionic resonance form (Figure [5.8]).12%130

N

2,

N

|
-GG

Figure 5.8: The resonance forms of the guanidinate anion hpp~.
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As discussed in Chapter 1 Section hpp~ reacted with manganocene in a step-
wise nucleophilic substitution reaction to give first the neutral species [CpMn(hpp)],
then the dimeric manganate species [LiMn(hpp),],.** Reaction with vanadocene
gave the paddlewheel complex [V, (hpp),|, which was capable of trapping oligomeric
CpLi fragments in the solid state.”® It was decided to extend the study of this
ligand with transition metal metallocenes by attempting the reaction of hpp™ with
nickelocene, Cp,Ni, in the expectation that the reaction would proceed according
to Scheme [5.5] Crystals of 5.5 were isolated as purple blocks in a dark solution in
a 16% yield (with respect to Cp,Ni) from the reaction of hppH with one equivalent
of n-Buli followed by in situ reaction in THF with Cp,Ni and crystallisation
at -30° C. 5.5 was characterised using 'H and *C NMR spectroscopy, elemental

analysis and single-crystal X-ray diffraction.
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Scheme 5.5: Reaction scheme illustrating the synthetic method employed in the
generation of Ni,(hpp),, 5.5.

'H and ¥C NMR studies showed that the hppH ligand had been deprotonated
to give the hpp~ anion. In order to elucidate the solid-state structure of 5.5
single-crystal X-ray crystallographic studies were undertaken, which showed that

the structure adopted the anticipated paddlewheel arrangement, with two nickel
centres bridged by the four guanidinate ligands (Figure .
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N(11)

Figure 5.9: The crystal structure of Ni,(hpp),, 5.5. H-atoms omitted for clarity.

Atoms Distance (A)

Ni(1)—Ni(1A) 2.3753(5)

Ni—N 1.890(2) — 1.916(2)

C=N (bridging) 1.319(4) - 1.335(3)
N(1/4/7/10)--N(3/6/9/12) mean 2.30
Angle (°)

N-Ni—N 88.40(7) — 91.36(1)

Ni-Ni_N 86.76(7) — 90.08(7)

Table 5.5: Selected bond lengths and angles for 5.5.
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In contrast to the analogous vanadium complex, this species does not trap oligomeric
CplLi fragments in the solid state, which may be due to the fact that replacing
the vanadium centres with nickel altered the structure enough to prevent this
from occurring. The Ni---Ni distance of 2.3753(5) A in 5.5 is significantly larger
than that seen in the V=V species (1.933(1) A) as there is no inter-metal bonding
present in the former, and this in turn leads to the nitrogen centres responsible for
coordinating the CpLi fragments being further apart (mean 2.30 A in 5.5 compared
to mean 2.63 A in 1.13) ,and therefore not having the required ligand bite for Li*

coordination.

The Ni---Ni distance of 2.3753(5) A is shorter than that seen in 5.2 (2.4846(8) A),
probably due to the greater rigidity of the ligand used in 5.5 forcing the metal
centres slightly closer together in the latter compound. The bonding motif is the
same in both of these compounds, with two Ni(II) centres of square planar geometry,
each bonded to four nitrogen centres, giving a classical paddlewheel structure. The
argument made by Cotton et al. against the possibility of forming bonds between
two Ni(II) centres (discussed in Section is also valid for 5.5 and this, coupled
with the large inter-metal distance seen in 5.5, strongly indicates that there is no

formal bonding interaction between the nickel centres in this structure.

The synthesis of 5.5 complements the previously reported findings relating to
the reactions of first-row transition metal metallocenes with the anion hpp~. The
electronic structure of the metals involved (and therefore their ability to form
inter-metal bonds) seems to play an important role in determining the nature of
the species formed, as can be seen from the two structurally similar paddlewheel
species originating from the reactions with vanadocene and nickelocene, in which
only the former has the ability to trap oligomeric CpLi fragments. This observation
informs future synthetic decisions by providing more information as to how various
metallocenes interact with the same ligand to form fundamentally different species.
The products formed vary structurally, as can be seen from the comparison of these
vanadium- and nickel-based paddlewheels (Compounds 1.13 and 5.5 respectively)
with the [LiMn(hpp),], species formed from the reaction with manganocene (Com-
pound 1.5).
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5.3.6 [Cr,{HNC(NPh),},](Li- 2 THF),(LiCp),, 5.6

Following the successful reaction with a lithiated amidine resulting in 5.3, the reac-
tion of chromocene with lithiated 1,3-diphenylguanidine was attempted according
to Scheme with the intention of using a more complex ligand containing more
metal coordination sites in the form of phenyl groups. Crystals of 5.6 were isolated
as orange blocks in a dark solution in an 11% yield (with respect to Cp,Cr) from the
reaction of 1,3-diphenylguanidine with one equivalent of n-Buli followed by in situ
reaction in THF with Cp,Cr and crystallisation at -30° C. 5.6 was characterised
using 'H and 3C NMR spectroscopy, elemental analysis and single-crystal X-ray

diffraction.

NH
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Scheme 5.6: Reaction scheme illustrating the synthetic method employed in the
generation of {Cr,(HNC(NPh),), }(Li-2 THF),(LiCp),, 5.6. This scheme reflects the
stoichiometry of the products, although in fact the best yields of 5.6 were obtained
with a 3:3:1 ratio of 1,3-diphenylguanidine:n-BuLi:Cp,Cr (discussed below).

'H and 3C NMR studies of 5.6 were ambiguous regarding the charge of the 1,3-
diphenylguanidinate ligand itself as no NH signal was observed. The shifts indicated
that metal coordination had taken place, and in order to elucidate the solid-state
structure of 5.6 and therefore be better able to interpret the NMR data, single-
crystal X-ray crystallographic studies were undertaken. These showed that the
product 5.6 was highly unusual, being the first example of a tetraanionic, quadruply-
bonded Cr(II) compound (Figure [5.10).
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Figure 5.10: The crystal structure of [Cr,{HNC(NPh),},|(Li-2 THF),(LiCp),, 5.6.
H-atoms, except those attached to N, omitted for clarity.

Atoms Distance (A)
Cr(1)—Cr(1A) 1.873(1)
Cr—N 2.060(3) - 2.073(3)
C=N 1.342(4) - 1.367(4)
Li(1)—N(5/2A) | 2.024(6) — 2.033(7)
Li(2)—N(6) 1.942(7)
Li(2)--N(15) 2.558(8)
Li(2)---N(14) 2.744(8)
Li(3)—N(3) 2.007(8)
Li(3)—C(Cp) | 2.250(9) — 2.261(9)
Li(3)-Cheentroid 1.922(9)
Li(3)--C(6) 2.767(8)
Angle (°)
N—Cr—N 86.9(1) — 92.2(2)
Cr—Cr—N | 93.86(9) — 97.05(3)

Table 5.6: Selected bond lengths and angles for 5.6.
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The product 5.6 was obtained reproducibly from the reaction even when the stoi-
chiometry was altered, with alternative syntheses including 1,3-diphenylguanidine:n-
BuLi:Cp,Cr ratios of 1:2:1, 2:4:1 and 2:3:1 (the latter being the ratio observed in
5.6). The best results were obtained when 1,3-diphenylguanidine was used with
n-BuLi and Cp,Cr in a 3:3:1 ratio in THF, so an excess of lithiated guanidinate was
present. The crystal structure shows a core that resembles a paddlewheel structure
with two chromium centres bridged by four guanidinate ligands. The core exists as
a tetraanion [Cr,(LH),]*~ where L = [(PhN),C=NH] (Figure (.11)). This forms an
ion-pair with four bis-THF solvated Li* cations. This arrangement then forms a
co-complex with two CpLi monomer units, presumably generated as a by-product
of the reaction between Cp,Cr and the lithiated diphenylguanidine ligand. The
product 5.6 does not seem to remain intact in the solution state - 'H NMR shows
the presence of several Cp environments (§ 5.5 — 4.7 ppm) as well as a complicated
series of aromatic resonances (§ 6.0 — 7.4 ppm), which suggests some disintegration
of the solid structure. This is possibly due to the fact that the product was insoluble
in toluene, a less polar solvent, so THF was used which may have contributed to the
degradation of the material. This is supported by the elemental analysis obtained,
which suggests that the THF ligands coordinating the lithium ions are labile and
may be easily lost by placing 5.6 under vacuum prior to isolation (10 minutes, 10~
bar).

Li(3A)

Figure 5.11: The core of [Cr,{HNC(NPh),},](Li- 2 THF),(LiCp),, 5.6.
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Recent interest in the area of metal-metal multiple bonds has been largely focused
on the formation of quintuple bonds, which have been observed between metal cen-
tres in chromium species of the type [Cr,L,], where L is a bulky bidentate ligand
(such as terphenyl). This work is discussed in Section but all previously re-
ported examples of such species involve Cr! centres bridged by bidentate ligands and
inclusion of an additional § orbital in the Cr—Cr bond. These compounds have very
short Cr—Cr bond lengths, in the range 1.7395(7) — 1.8028(9) A. In contrast, the
Cr—Cr bond length in 5.6 is 1.873(1) A, which is similar to that observed in 5.3 and
falls within the normal range for a quadruple bond. This value is consistent with
the metal ions being in the +2 oxidation state. This is in contrast to the only other
anionic Cr, amidinate-bridged species reported in the literature (Figure, which
is based on a triply-bridged anion [{(1,2—Me,CsH;N=),CH},Cr,] which contains
two Cr! centres and a quintuple bond measuring 1.7397(9) A HO

R2

R1\N N N/R1 . H
1 1
SN N NN

R1/N7\%'\{ /N \—/<N\R1

R2 R'R1? R2

Figure 5.12: The only previously reported anionic Cr—Cr species, featuring a quin-
tuple bond and Cr(I) centres.

There are no other reported cases in the literature of quadruply-bonded compounds
of this type in which an overall, ligand-based charge is maintained, making the
[Cr,(LH),]*~ tetraanion of 5.6 unprecedented within this area. It should be noted
that a similar bonding situation to that of 5.6 is found in other quadruply-bonded
Cr, compounds containing organometallic ligands, such as the [Cr,Meg]*~ com-
pound seen in Figure [5.13/133 However, in this structure a Li- THF cation is closely
positioned between the Me groups on adjacent metals, the organic ligands eclipsing

each other.5*
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Figure 5.13: The structure of Li,(THF),[Cr,Meg].

The bonding situation seen in Figure (involving only weak, electrostatic Li---C
interactions) differs significantly from the situation within 5.6, which contains
three distinct lithium environments. The symmetry-related bis-solvated Lit cations
positioned at either side of the [Cr,(LH),]*~ tetraanion are coordinated by two
N centres from separate guanidinate ligands. This results in the formation of
Cr(u—N),Li metallocycles, with the Li" cations exhibiting typical tetrahedral
geometry. The formation of this metallocycle seems to have little effect on the
N—Cr—N angles, which are all close to 90°, as in similar structures such as 5.3.
The remaining counter-cations reside on the periphery of the structure, and are
solvated by THF molecules whilst also bonding to a lone guanidinate N centre.
The lack of guanidinate coordination is compensated for by short-range m-arene
C---Li interactions (2.558(8) — 2.744(8) A)B#I35 with the lithium cation adopting

a distinctly distorted, pseudo-tetrahedral coordination environment.

The crystal structure of 5.6 also features metal centres associated with the
co-complexing CpLi units which decorate the periphery of the molecule. These
adopt a similar coordination mode to those of the previous example, interact-
ing with a single guanidinate N centre. In order to compensate for the lack of
guanidinate stabilisation and the absence of solvating THF molecules, these metal
ions again form m-arene interactions with nearby phenyl groups associated with
the guanidinate ligands (C---Li 2.767(8) A), avoiding what would otherwise be a
two-coordinate geometry for the metal. These m-arene C---Li interactions are typical

of those found in organolithium compounds [typically 2.40 — 2.80 A]

*Based on a search of the CSD (March 2013), returning 60 results
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The formation of a co-complex in 5.6 incorporating an alkali metal cyclopen-
tadienyl species is similar in concept to that previously observed in the structure
of the VI cation [(V,)Li(u—Cp)Li(u—Cp)Li(V,)]" discussed in Chapter 1, Section
. “2 Tn the case of 5.6, however, neutral monomeric units rather than charged

fragments of the parent lattice (CpLi)s, are intercepted.”

In summary, it has been shown for the first time that Cp,Cr is a convenient
precursor for multiply-bonded Cr(II) compounds (in both 5.3 and 5.6). The
methodology employed also allowed access to a completely new representative of
the most common class of quadruply-bonded Cr(II) compounds, a highly charged
tetraanion of the type [Cr,L,]*~. Species of this type could provide new oppor-
tunities for the construction of a range of magnetic materials and supramolecular

networks.

5.4 Conclusions

The research presented within this chapter demonstrates the versatility of the
transition metal metallocenes as starting materials for the preparation of new
organometallic species. The products obtained range from simple paddlewheels
such as 5.2, to the asymmetric bimetallic complex 5.4, the tetrahedral oxo-cage 5.1
and the quadruply-bonded chromium species 5.3 and 5.6 (the latter being capable
of binding CpLi fragments at its periphery). Having established the ability of the
first-row transition metal metallocenes in this capacity, further research could focus
on the development of the reported species and analogues thereof, particularly with

regards to potential uses in catalysis or small-molecule trapping (see Chapter 8).
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Chapter 6

Studies of the Formation of
Transition Metal Complexes
Containing Redox-Active

Aromatic Diamines

6.1 Publications Resulting from this Work

F. A. Stokes, L. Kloo, Y. Lv, P. J. Harford, A. E. H. Wheatley and D. S. Wright,
“The Redox Effect of the [1,2—(NH),C¢H,]*" Ligand in the Formation of Transition
Metal Compounds”, Chem. Commun., 2012, 48, 11298.

F. A. Stokes, M. A. Vincent, I. H. Hillier, T. K. Ronson, A. Steiner, A. E. H.
Wheatley, P. T. Wood and D. S. Wright, “Reactions of Cp,M (M = Ni, V) with
Dilithium Diamido-aryl Reagents; Retention and Oxidation of the Transition Metal
lons”, Dalton Trans., DOI:10.1039/C3DT51632F.

6.2 Introduction

It has been seen in Chapters 4 and 5 that transition metal metallocenes are capable
of transferring metal ions in their +2 oxidation state, so that this state is retained
in the product. This property has been successfully utilised in the synthetic
examples discussed in this project thus far, with all of the structures including
metal centres in the +2 oxidation state. However, in order to broaden the scope of

this project, it was decided to investigate the reaction of the relevant metallocenes
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with ligands known for engaging in redox behaviour, so called ‘non-innocent’ ligands.

Throughout this chapter LH, will be used to denote the doubly-deprotonated
1,2-benzenediamine ligand [C,H,(NH),]*~ that is involved in all of the structures
discussed in Sections -[6.3.3] whilst L'H, will be used to denote the doubly-
deprotonated 1,8-diaminonaphthalene ligand [C,,Hq(NH),]*~ involved in Sections

-6.35

6.3 Results and Discussion

Reactions of Transition Metal Metallocenes with 1,2-

Benzenediamine

1,2-Benzenediamine was originally selected as a suitable starting material for
exploring the reactivity of metallocenes with redox-active ligands due to its relative
simplicity, the fact that it has two donor atoms which are capable of bridging metal
centres, and its proven ability to engage in ‘non-innocent’ ligand behaviour. 120437
It has also been observed to behave in a redox-active manner within the area
of main group chemistry, as discussed in Chapter 1, Section [I.3.4] This redox
activity provides the potential for the formation of higher- or mixed-oxidation state
arrangements. Figure [6.1] shows the forms that this ligand can adopt and the

reduction and oxidation steps involved in their formation.

20 ©
NH| NH\ NH

-0 -0
— . =
- -
+e(® +e(®
NH NH NH

Figure 6.1: The three forms of doubly-deprotonated 1,2-benzenediamine. Left, the o-
phenylenediamine dianion (opda; LH,); centre, o-benzosemiquinone diimine radical
anion (sbqdi); right, neutral o-benzoquinone diimine (bqdi).
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6.3.1 Mngy(LH,)4(16—O) - 4 THF, 6.1

The synthetic strategy employed in the generation of 6.1 can be seen in Scheme
6.1l Crystals of 6.1 were isolated as pink blocks in a dark pink solution in a
39% yield (with respect to Cp,Mn) from the reaction of 1,2-benzenediamine with
two equivalents of n-BulLi followed by in situ reaction in THF with Cp,Mn and
crystallisation at room temperature. 6.1 was characterised using *H and 3C NMR

spectroscopy, elemental analysis (C, H, N), and by single-crystal X-ray diffraction.

NH, g“
s 12n-Buli, THF, -78°C ¢ oli @
s
NH, g"'

6Cp,Mn, -78°C

»  Mng(LH)g(u6-0)-4THF  + 12CpLi
6.1

Scheme 6.1: Reaction scheme illustrating the synthetic method employed in the
generation of Mng(LH,),(us—0O) - 4THF, 6.1.

Compound 6.1 was only sparingly soluble in THF and benzene, so 'H and '3C
NMR spectroscopy were performed in DMSO-dg. The 'H NMR studies showed res-
onances that were apparently paramagnetically broadened, including an NH signal
at 0 4.35 ppm and aromatic signals at 6.46 — 6.34 ppm which confirmed that the
1,2-benzenediamine ligand had been doubly-deprotonated to give [CsH,(NH),]* .
Crystallographic studies of 6.1 were undertaken in order to elucidate the solid-state
structure of this species. The structure revealed was a hexanuclear Mng(ug—O)
cage, Mng(LH,)4(p6—0) - 4THF (Figure [6.2). This is reminiscent of 5.1 in that
it features an interstitial oxide at its centre, but the Mng(ug—O) motif seen here
is much more unusual than the Mn,(pus—O) core observed in that species[| The
unexpected pg—oxide ion at the centre of the Mng core probably arises from trace
H,O and/or O, present in the reaction, although it could also arise from abstraction
of oxygen from the THF solvent, discussed in Chapter 5, Section [5.3.1%%? 6.1 was
not always reproducibly obtained from this reaction, which often yielded no isolable
products, suggesting that trace H,O or O, contamination was necessary for the

formation of the Mng(ug—O) cage.

*Based on a search of the CSD (March 2013), returning 11 results for Mng(ug—0) and 206
results for Mn,(u4—0)
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Figure 6.2: The crystal structure of Mng(LH,)4(us—O) - 4THF, 6.1. Four lattice
THF molecules and H-atoms (excluding NH) omitted for clarity.

Atoms Distance (A)
Mn(1)—0(3) 2.1064(5)
Mn(2)—0(3) 2.2484(5)
Mn(3)—0(3) 2.2716(5)

Mn(1)—N 1.993(2) — 2.008(3)
Mn(2)—N(1) 2.109(3)
Mn(2)—N(3) 2.209(3)
Mn(2)—N(6) 2.303(3)
Mn(2)—N(4) 2.312(3)
Mn(3)—N(1) 2.207(3)
Mn(3)—N(3) 2.200(3)
Mn(3)—N(2) 2.204(3)
Mn(3)—N(5) 2.300(3)

Mn(2/3)—O(THF) | 2.2716(5) — 2.322(3)
Angle (°)
Mn—N—Mn 88.4(1) — 94.5(1)
Mn—ig-O—Mn | 87.24(2) — 91.81(2)

Table 6.1: Selected bond lengths and angles for 6.1.
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Other oxo-compounds have been reported in the literature from reactions of Cp,Mn
with a range of amide and amidinate ligands, although in all prior cases the metal
+2 oxidation state was retained.’*® Consideration of the charges of the ligand set
present suggests that the cage contains two Mn(III) and four Mn(II) centres, so
a partial oxidation of the manganese has taken place. The six LH, ligands of the
cage adopt a us—N, us—N’ bonding mode with each N atom spanning one of the
twelve Mn---Mn edges of the Mny octahedron. The coordination numbers of the Mn
centres vary, with only the four equatorial metal ions being solvated by THF ligands
and possessing distorted octahedral geometries, and the axial Mn centres being five-
coordinate and square-based pyramidal. This arrangement seems to be consistent
with the location of the Mn(II) ions within the equatorial sites and the Mn(III) ions

within the axial sites, with the pg—O ion lying on a crystallographic inversion centre.

The pattern of Mn—Q, bonds within the core of 6.1 supports the aforemen-
tioned postulated arrangement of the Mn(II) and Mn(III) ions, as the axial Mn—O
bond lengths are significantly shorter, at 2.1064(5) A, than the equatorial equiva-
lents, at 2.2484(5) A and 2.2716(5) A. Similar observations can be made about the
pattern of Mn—N bonds, which are noticeably shorter to the axial metal centres
[range 1.993(2) — 2.008(3) A] than to the equatorial ones [range 2.199(3) — 2.312(3)
A]. The absence of solvation by THF of the Mn(III) ions in this structure is partly
accounted for by the greater steric congestion at these positions as a result of
the smaller size of Mn(IIT). However, the strong trans-influence of the Ox,-ligand
combined with the effect of high-spin (d*) Jahn-Teller distortion also likely plays a
role in the weakening of potential additional donor bonding with the Mn(III) ions.

-
-
-
-
-

Mn3+

Figure 6.3: Diagram to show the effect of Jahn-Teller distortion in a d* Mn3* species.
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There are only four related Mng(ug—O) complexes previously reported in the
literature.  Although these share the same structural motif as 6.1, a range
of oxidation states are present; Mn!,Mn!l, 159 MnlMn!t, 1400 Mpt I o454
Mn"Mn'™,Mn!V, 42 There are no examples with the same mixed-oxidation state
Mn™,Mn™, composition as 6.1. In addition, all of these prior examples contain
carboxylate and/or alkoxide ligand sets as opposed to the softer nitrogen-based

donors seen in 6.1, and all contain six-coordinate metal ions.

It is unlikely that the redox-active ligand employed in this synthesis was re-
sponsible for the manganese oxidation seen in 6.1, as in its doubly-deprotonated
form it acts as a reducing rather than an oxidising agent. The likely cause of the
oxidation is a disproportionation taking place in solution to give some reduced
manganese species which was not isolated from the reaction mixture. However,
the formation of 6.1 shows that this ligand set is structurally suitable for the
formation of transition metal clusters, and is capable of stabilising higher- and

mixed-oxidation state complexes.

6.1 would be a suitable candidate for variable-temperature magnetic studies,
as it has some features in common with the “Mng” SMMs currently generating
interest within the field. However, in order for magnetic studies to be useful,
some alterations would have to be made to 6.1, including optimisation of the
reaction conditions to increase the yield obtained. It may also be necessary to alter
the compound itself, by introducing bulkier ligands in order to decrease the air-
and moisture-sensitivity of the product as this limits its usefulness in any future

applications. These challenges are discussed further in Chapter 8.

6.3.2 (n°—Cp)(LH,)VV(LH,)(Li-4THF), 6.2

The synthetic strategy employed in the generation of 6.2 was based upon that of
6.1, and can be seen in Scheme Crystals of 6.2 were isolated as green blocks
in a dark green solution in an 8% yield (with respect to Cp,V) from the reaction of
1,2-benzenediamine with two equivalents of n-BulLi followed by in situ reaction in
THF with Cp,V and crystallisation at room temperature. This yield was increased
to 36% once the product was fully characterised and the synthesis was altered to
reflect the 2:3 Cp,V-to-LH,Li, stoichiometry observed. 6.1 was characterised using
'H and *C NMR spectroscopy, elemental analysis (C, H, N), and by single-crystal
X-ray diffraction.
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Scheme 6.2: Reaction scheme illustrating the synthetic method employed in the
generation of (n°—Cp)(LH,)VV(LH,)(Li-4THF), 6.2.

Compound 6.2 was only sparingly soluble in THF and benzene, so 'H and '3C
NMR spectroscopy were performed in DMSO-dg. The 'H NMR studies showed
sharp resonances that suggested that the species was diamagnetic. As with 6.1,
the NH resonance appeared at 6 4.36 ppm and showed by integration that the
ligand had again been doubly-deprotonated to give [CsH,(NH),]>~. The 'H and
13C NMR spectra were assigned as seen in Figure [6.4] although in order to fully
elucidate the structure of 6.2 crystallographic studies had to be undertaken. The
X-ray single-crystal analysis of 6.2 showed that it has an ion-separated structure
[(n°—Cp)(LH,)VV(LH,)] - [Li - 4THF], with the dinuclear anion shown in Figure
6.51
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Figure 6.4: The 'H NMR spectrum of 6.2.
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Atoms Distance (A)

V(1)—C(Cp) | 2.290(2) — 2.316(2)
V(1) Ceentroia 1.9703(7)
V(1)-V(2) 2.3742(9)
V(1)-N(1) 2.076(2)
V(1)-N(2) 2.091(2)
V(1)—N(6) 2.099(2)
V(1)—N(5) 2.104(2)
V(2)—N(3) 2.005(2)
V(2)—N(5) 2.151(2)
V(2)—N(6) 2.127(2)
Angle (°)

N-V(1)—-N 69.51(7) — 76.03(7)
N(3)-V(2)—N(4) 76.94(8)

N—V(2)-N

67.87(6) — 97.24(7)

67.80(6) — 68.37(5)

Table 6.2: Selected bond lengths and angles for 6.2.

Figure 6.5: The crystal structure of the anion of (n°—Cp)(LH,)VV(LH,)(Li-4THF),
6.2 with H-atoms (except NH) omitted for clarity.
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The anion in 6.2 has an asymmetrical arrangement in which the two chemically
distinct vanadium centres have different coordination environments. These two V
centres, V(1) and V(2) as seen in the crystal structure in Figure [6.5] are bridged by
two LH, ligands, each of which adopts the same j15—N, 1o—N’ bonding mode. Whilst
the nominally square-based pyramidal geometry of V(1) is completed by an axial
n°-Cp ligand, V(2) is bonded to another LH, ligand, this one terminal and imposing
a highly distorted six-coordinate geometry on the metal atom. This arrangement
results in a formal electron count of 16e for V(1) and 14e for V(2). Inspection of the
ligand charges, however, indicates that both V centres have been oxidised and are
present in the +3 oxidation state. As with 6.1, it is likely that this metal oxidation
stems from a disproportionation reaction taking place. The very short V(1)---V(2)
distance observed [2.3742(9) A] seemed at first to indicate the presence of a V=V
double bond between the d? metal centres. As such, the overall arrangement of
the anion of 6.2 can be regarded as a unique hybrid between organometallic V=V
bonded compounds like [(CO),V"(u—PMe,)], (containing 16e V centres)™®¥ and
V=V bonded coordination compounds like V!, (u—salophen),(Na - 6THF) (which

also contains d? V(III) ions).t44

Following the elucidation of the structure of 6.2, further reaction was attempted by
heating the reaction mixture to reflux, with the expectation that it would undergo
a further intramolecular nucleophilic displacement of CpLi to give the neutral
paddlewheel-like species V,(LH,),, but this reactivity was not observed, with 6.2
still being the only isolable product (Figure .

_‘9

6.2

Figure 6.6: Reaction scheme illustrating the attempted further reaction of 6.2 to
give a neutral paddlewheel species.
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To probe the V---V interaction in 6.2 further, a quantum chemical study of the
anion was undertaken by Prof. Kloo of the KTH Royal Institute of Technology in
Stockholm, Sweden. All possible closed-shell singlet state, triplet and pentet states,
as well as open-shell singlet states derived from antiferromagnetic coupling of the
non-paired electrons in the singlet, triplet and pentet states were investigated.
The closed-shell singlet state offered the best correlation with the experimentally-
observed structure, bond lengths and magnetic behaviour. However, optimisation
of the open-shell pentet state (maximum spin state of the compound) using a
broken symmetry approach converged to an open-shell singlet state with the lowest
observed total energy for the system studied. At the level of calculation used, the
antiferromagnetically coupled open-shell singlet within the pentet electronic state
was as much as 206 kJ mol~! lower in energy, and therefore more stable, than the
closed-shell singlet state. The resulting spin on the two V atoms was two (in a
molecular fragment analysis the spins were 2.04 and 2.08), and the V---V distance
was significantly longer than the experimental value, at 2.622 A. Calculations on the

open-shell singlet and triplet states strived towards the same open-shell singlet state.

The structure of the optimised closed-shell singlet state with Cg; symmetry
closely resembles that of the anion of 6.2 that is observed crystallographically. The
Wiberg bond index for the 2.354 A V---V distance is 0.69, indicating a bond order
of <1. The NBO analysis further indicated the presence of only one V—V bonding
molecular orbital, heavily dominated by d orbital interaction (>90%). Equatorial
V—N bonding (2.135 and 2.138 A) is composed of an s-p-d-mixed orbital on V and
s-p-mixed orbitals on N, whereas the V—N bonding to the single axial LH, ligand
(1.929 A) is almost completely of d orbital type on V and p orbital type on N. A
survey of the molecular orbitals indicates that all bonding is primarily of sigma
type. An AIM analysis clearly displays a bond critical point midway between the
two V atoms, with an electron density of about 0.074 - almost the same as that
for the critical points between the V atoms and the N atoms of the equatorial LH,
ligands. The HOMO-3 orbital is shown in Figure [6.7| and represents topologically
the only clear bonding molecular orbital, indicating that the anion contains a direct

single V—V bond rather than a V=V double bond.
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Figure 6.7: Bonding molecular orbital (HOMO-3) of the mono-anion of 6.2 with
H-atoms omitted.

These conclusions regarding the nature of the metal-metal bond in 6.2 are note-
worthy in that they have connotations concerning other purported examples of
V=V bonded compounds. These examples have cited double bond character based
solely on the crystallographic observation of short inter-metal distances and the
diamagnetic behaviours of the materials involved.™3148 Although the metal-metal
distance in 6.2 is significantly shorter than in any other previously claimed V=V
bonded species [range 2.42 — 2.73 AJM3148 (for reference, the bond distances found
in V=V triply-bonded compounds are in the range 1.92 — 2.54 A), the first
high-level calculations on such a system, which have been discussed here, emphasise
that a far more complicated metal-metal bonding picture may be present in all of

these cases.

Variable-temperature magnetic measurements were carried out on 6.2, both in
Cambridge and by Dr. Eichhofer at the Karlsruhe Institut fiir Technologie in Ger-
many, although the results of these studies were not straightforward to interpret.
However, the results obtained were repeatable as the same trends were observed in
both data sets, which used different batches of material from different syntheses of
6.2. The purity of the product was ascertained by microanalysis before each study
was undertaken. The samples exhibited a much larger magnetic response than
the maximum calculated value, with temperature-independent paramagnetism also

observed.
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According to the spin-only formula, the presence of two V(III) (S = 1) ions
could produce a maximum effective magnetic moment of 5.66 B, with the ex-
pectation being that the magnetic susceptibility would increase with increasing
temperature until reaching magnetic saturation, a limiting state in which all mag-
netic domains are aligned. However, this state was never reached by 6.2. Instead,
the magnetic response was observed to continue to rise. It can be tentatively
suggested that this may have been due to some temperature-independent param-
agnetic contribution to the magnetic susceptibility of the sample. TIP occurs due
to a quantum-mechanical coupling of the non-thermally populated excited state of
a material into the ground magnetic state, and has been previously observed in
transition metal complexes.™™ A well known example of a compound which exhibits
this effect is [Co(NH,),]*", which one would expect to be diamagnetic, but which
was shown to have a significant temperature-independent paramagnetic component
to its magnetic behaviour."?? To overcome this effect, a large external magnetic field
(0.1 T) can be applied to the sample in order to energetically separate the states
and limit coupling between them, allowing the ground state magnetic measurements
to be taken. However, in the case of 6.2, applying a larger field did not alter the
results obtained, with magnetic susceptibility still increasing without ever reaching

saturation.

The magnetic data obtained for 6.2 does not fit any known model for mag-
netic behaviour, and cannot be explained by assuming that the sample was exposed
to air and had undergone decomposition, as any oxidation of the vanadium centres
would be expected to lower rather than raise the magnetic susceptibility as V(IV)
and V(V) contain fewer unpaired electrons than V(III) (one and zero respectively).
Based on these preliminary findings, no satisfactory interpretation of the magnetic
behaviour of 6.2 has been made, although some suggestions have been advanced as

to how to progress with these studies (see Chapter 8).

6.3.3 [Nig(LH,)4][Nig(LH,);(LH),(Li- THF)][2(Li- 4 THF)],
6.3

The synthetic strategy employed in the generation of 6.3 can be seen in Scheme [6.3]
Crystals of 6.3 were isolated as purple blocks in a dark solution in a 67% yield (with
respect to Cp,Ni) from the reaction of 1,2-benzenediamine with two equivalents
of n-Buli followed by in situ reaction in THF with Cp,Ni and crystallisation at

room temperature. 6.3 was characterised using *H, 3C and "Li NMR spectroscopy,
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elemental analysis (C, H, N), and by single-crystal X-ray diffraction.

NH, (l:_l)H
12 24n-BuLi, THF, -78°C 12 2Li ®
>
NH, gH

12Cp,Ni, -78°C

»  [Nig(LH2)6][Nig(LH2)3(LH)3(Li-THF)][2(Li-4 THF)] + 21CpLi + 3CpH
6.3

Scheme 6.3: Reaction scheme illustrating the synthetic method employed in the
generation of [Nigj(LH,)4][Nig(LH,),(LH),(Li- THF)][2(Li - 4THF)], 6.3.

The 'H and *C NMR spectra of the material obtained on dissolution of 6.3 showed
three distinct ligand environments, both in the aromatic region and the NH region,
the signals for which appear at relatively high-field shifts for this compound. These
results suggested a lack of symmetry within the structure of 6.3, particularly as
there were six individual NH signals observable. X-ray crystallographic studies were

attempted in order to further rationalise these results.

The crystals obtained of 6.3 were of low quality and did not produce useful
data when single-crystal X-ray crystallography was first attempted. Repeated
attempts to crystallise from different solvents and using various methods failed
to improve the crystallinity, but a single-crystal X-ray structure was obtained
with the use of the synchrotron facility at the Diamond Light Source in Oxford-
shire. The structure at first appeared to be very similar to that of 6.1, with
a hexanuclear structure featuring six metal centres bridged by six LH, ligands,
although in this case without the pg—oxide at the centre. However, the nickel
structure varied significantly from the manganese example in that it contained a
[Li- 4THF]" cation in the lattice for each hexanuclear cage and so obviously was
not a neutral system. Further refinement of the structure suggested that there were
in fact two distinct nickel cages present in the solid state, in an approximately 1:1
ratio. The neutral species Nig(LH,), was observed alongside a trianionic species,
[Nig(LH,),(LH),]*", in which three of the LH, ligands had been deprotonated
further to give three anionic ligands (LH), which were capped in the structure by
a THF-solvated lithium ion to give the dianionic [Nig(LH,),(LH),(Li - THF)]*~
(Figure . The remaining ligand-based 2 charge is balanced by the [Li-4 THF]"

cations present in the crystal lattice, with one [Li- ZLTHF]Jr cation observed per cage.
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Figure 6.8: The crystal structure of the core of [Nig(LH,)y][Nis(LH,),(LH),(Li -
THF)|[2(Li - 4THF)]. Left, the core of the neutral species Nig(LH,)s, 6.3a; right,
the core of the dianionic species [Nig(LH,),(LH),(Li- THF)]*~, 6.3b. Both shown
with H-atoms omitted and only the O-atoms of THF and the 1,2-positions of the
aromatic rings shown for clarity. Lattice counterions also omitted.

Atoms Distance (A)
Ni—Ni 2.579(6) — 2.821(4)
Ni N 1.76(1) — 2.16(2)
N—C 1.33(1) - 1.43(1)
Li(1)--O(THF) 1.73(6) — 2.32(7)
N(11/21/41)~Li(2) 1.85(2)
Li(2)--0(5) 1.85(1)
Angle (°)
Ni(1)—N(11/21/41)—Li(2) 83.6(8) — 90.0(8)
N(11/21/31/41/51/61)—Ni(2)—N(12/22/32/42/52/62) | 83.0(5) - 88.0(5)
Ni—Ni—Ni 55.9(1) — 95.6(2)

Table 6.3: Selected bond lengths and angles for 6.3.
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The existence of these two broadly similar structures which occupy the same crystal-
lographic position generates an intrinsic difficulty when it comes to crystallographic
structural refinement, as the slight differences in bond lengths and angles between
the neutral and charged cages leads to disorder and large anisotropic parameters.
The bond distances and angles given in Table represent average values across
the two distinct structures, except when atom labels relating to 6.3b are explicitly
given. X-Ray diffraction data collected on 6.3 suggests an extensively disordered

structure based on non-bonded octahedral arrangements of six Ni(II) centres at the
core of a [1,2—C¢H,(NH),];Nis cage (Figure [6.8).

The extreme air- and moisture-sensitive nature of the material is inconsistent
with this formulation alone, and the observation of [Li-4 THF]" cations within the
crystal lattice suggested a mixture of species in the same lattice, both of which are
based on this Nig motif. The [Li-4 THF]" species provided the clearest evidence of
a second species in the lattice, but partial occupancy of sites can also be detected
associated with the Nig octahedra themselves. The structures 6.3a and 6.3b
(Figure were lastly freely refined based on multiple data acquisitions. This
made it possible to state with confidence that [Li - 4THF]" and [Li- THF]" exhibit
100 and 50% occupancies respectively and therefore to conclude that the species
6.3a and 6.3b can reproducibly co-exist within the same lattice and that they
do so in an approximately 1:1 ratio. Subtle structural variations between the two
species account for the relatively high R1 value of 14%, and the wR2 value of 36%.
Regardless, the identity and essential connectivity of the components of 6.3 are
not in doubt. Unfortunately it is unlikely that it will be possible to reduce the R1
value relating to 6.3 as the disorder is an intrinsic quality resulting from the two

separate cage species occupying the same lattice.

The bonds between nitrogen and lithium are relatively short at 1.87 A, even
when compared to previously characterised geminally N, N-dimetallated amides,
whilst Ni—N bonds (range 1.85 — 2.20 A) show significant variability but are within
the normal range for such interactions [1.577 — 3.094 A, mean 2.037A]. In contrast
to the alkali metals, which are strongly bonded to their solvating THF molecules
(O—Li(1) = 1.84 — 2.06 A, O(5)—Li(2) = 1.87 A), that interacting with Ni(5)
does so only very weakly (O(6)—Ni(5) = 2.55 A). Despite the variability of these
bond distances, they all lie within the normal ranges for such interactions. Li—O
distances when Li is solvated by THF have been reported in the range 1.536 — 2.787

"Based on a search of the CSD (March 2013), returning 55,177 results
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A (mean 1.942 A) and Ni—O distances in the range 1.662 — 2.916 A (mean 2.052
A). With regards to the structure of 6.3b, it can be seen that due to the ligand
arrangement observed in the neutral species 6.3a there is one position that seems
the most likely site for Lit to occupy in the metallated derivative. This site can be
viewed as a face of three N-dianions that undergoes p3-capping by the metal ion,
with the syn orientation of the two diamide ligands bonded to Ni(3) (with respect to
the square planar coordination geometry of that metal ion) leading to the formation
of a pocket within which the Li* ion can reside when it caps N(11)/(21)/(41) in
6.3b (see Figure , left - the solid dashed lines represent the syn arranged ligands).

With the structure of 6.3 determined, it was then possible to fully assign the
'H and 3C NMR spectra for this material. At first it seemed that these three sets
of signals could be attributed to the three different ligand environments observed
within the solid-state structure of the product, although it seemed unlikely that the
trianionic lithium-capped cage would be preserved in solution. On closer inspection,
this latter hypothesis was strengthened by the fact that the proton signals integrated
with a ratio of 1:1:1 rather than the 2:1:1 expected if the two distinct cages were both
present. The "H NMR also contained six NH resonances (§ 0.63 —-2.10 ppm) rather
than five, suggesting that in solution the trianionic ligands were mono-protonated
to reform LH,, resulting in only one species being present in the solution-state,
the neutral Nig(LH,), cage 6.3a. When examined closely, in can be seen that this
structure actually contains three symmetry-related pairs of ligands rather than six
ligands in identical environments as might at first be assumed (these ligand pairs
can be clearly seen in Figure . As noted above, this feature prevents the need

for a substantial reorganisation energy of the ligand set upon lithiation to form 6.3b.

iBased on a search of the CSD (March 2013), returning 6,115 results
$Based on a search of the CSD (March 2013), returning 36,752 results
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Figure 6.9: The symmetry-related ligand pairs observable within the structure of
6.3a.

The 'H and *C NMR spectra were assigned based on this hypothesis that the
three ligand sets spectroscopically observed are due to the mono-protonation of the
geminally dianionic N-centres observed in 6.3b due to the solvent sensitivity of this
species, resulting in 6.3a being the only observed structure in solution (Figures
and . The six NH signals observed in the 'H NMR spectra support this
interpretation as this observation is consistent with the proposed asymmetry of
6.3a. The high-field position of these NH signals was surprising, in particular the
existence of a hydride-type resonance at ¢ -2.10 ppm. It was observed using HMBC
NMR spectroscopy that the NH peaks show 4-bond correlations with aromatic ring
protons (0 0.58(s)/6.45(m) and 0.43(s)/6.34 — 6.28(m) ppm, § 0.63(s)/6.32(d) and
-0.05(s)/5.51(d) ppm, ¢ 0.29(s)/5.45(d) and -2.10(s)/5.65(d) ppm) which allowed

for unambiguous assignment of the ligand pairs.

The “Li NMR spectrum of 6.3 showed two signals at J -3.20 and -1.21 ppm,
in a 2:3 ratio. The 'H NMR indicated that only 6.3a was present in solution, in
which case only one lithium environment, that of solvated Li™ would be present.
The signals observed cannot be rationalised in terms of the crystal structure either,
as if the two species were to persist in solution the peaks should integrate 1:2, so it
is not possible to state conclusively which lithium species are present in solution.
"Li has a medium quadrupole moment (Q = -0.04 b, I = 3/,), with narrow peaks
usually indicating symmetric (tetrahedral) environments, ™ and the range in which

1544155

these signals fall is consistent with solvated lithium cations, so it may be that

there are different solvation environments manifest due to the presence of both
THF and DMSO.
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Figure 6.10: The 'H NMR spectrum of 6.3, showing the assigned aromatic region.
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Figure 6.11: The 'H NMR spectrum of 6.3, showing the assigned amine region.
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In order to probe the structure of 6.3 more fully, DFT studies were conducted by
Dr Vincent at the University of Manchester, with the aim of rationalising the *H
NMR shifts observed for this material. Calculations relating to the neutral 6.3a
were performed at three calculated levels [6-3114++4G(2DF,2PD) basis|, originally
using a ‘fast’” MOG6L functional then using the B3LYP functional, and finally the
PBE1PBE functional which has been suggested as a method suitable for dealing
with magnetic materials. All of these calculations produced six high-field NH
resonances which, although not exactly concordant with the experimental data,
showed the same trends. All three levels showed aromatic peaks between § 6.0
— 8.0 ppm and high-field NH resonances. Although the predicted values did not
correspond exactly with the experimental results, all calculations predicted a similar
range of shifts in this NH region, around 1.5 ppm (experimentally the range seen is
1.6 ppm), with the MOL6 values being somewhat too low-field at 6 1.0 — -0.5 ppm
and the B3LYP and PBE1PBE values being slightly too high-field at ¢ -1.7 — -3.1
ppm and -2.0 — -4.0 ppm respectively (experimental values were § 0.63 —-2.10 ppm).

In order to simplify the calculations a relatively small basis set was used, and
the inclusion of transition metals complicated the situation further, so given these
caveats the results of the calculations reflect the experimental data for the 6.3a
system rather well, with the BSLYP level of theory giving the best results (Figure
Table . Similar MOG6L calculations were performed on the 6.3b system,
using the same basis set, which did not reflect the experimental data so closely.
The results of this calculation showed proton shifts which were less well separated
than those predicted from the calculations on 6.3a, appearing more as a continuous
spectrum, although high-field NH resonances were still present. The DFT calcula-
tions presented here support the hypothesis that only one species, 6.3a is present
in solution, as the calculations on this model fit the experimental data much more

closely than those relating to 6.3b.
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Figure 6.12: The structure of 6.3a optimised at the B3LYP/6- 311++G(2df,2pd)
level of theory (aromatic H-atoms omitted for clarity).

H, | 0, | 0, | H, | H, | H,
5 / ppm (Calculated) | -1.98 | -1.73 | -3.12 | -2.71 | -2.14 | -2.91
H H H H H H
0 / ppm (Observed) | 0.58 | 0.63 | -2.10 | 0.29 | 0.43 | -0.05

Table 6.4: Calculated and observed 'H NMR spectroscopic shifts (ppm) for 6.3a.
The structure was optimised at the B3LYP/6-311++G(2df,2pd) level of theory.

6.3 shared some common structural features with 6.1, as both 6.1 and 6.3a are
hexanuclear cage structures. However, 6.3 proved to be a much more complicated
system than 6.1, containing two similar cage species, which caused difficulties in
the initial characterisation of the material. Both the neutral and the heterometallic
dianionic cage present within 6.3 (as 6.3a and 6.3b respectively) are examples
of metallic cluster arrangements generated using a transition metal metallocene
starting material. In this case it may be of interest to probe the magnetic properties
of 6.3 in future studies as nickel(Il) species have shown promise in the area of
single-molecule magnets,*®® as have heterometallic nickel /lanthanum complexes.™7

It has been shown that the heterometallic cage CugNa can be converted to Cuy,Lag
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using metal salts."2® It may be possible to adapt this technique in order to synthesise
novel polynuclear metal complexes using 6.3 as a starting material, focusing on
nickel/lanthanum species as potential magnetically interesting materials. 6.3 is
also interesting in that it provides further evidence of the broad range of products
accessible using metallocene starting materials and redox-active ligands, as 6.1
— 6.3 all employ identical methodology and yet produce significantly different

molecular species.

Reactions of Transition Metal Metallocenes with 1,8-

Diaminonaphthalene

Following the success of the reactions of the metallocenes with 1,2-benzenediamine
it was decided to expand the research by investigating similar reactions using a
related ligand. 1,8-Diaminonaphthalene was the logical choice as it is structurally
more complex than the 1,2-benzenediamine ligand whilst being in the same family
and likely to behave in a similar fashion. The 1,8-diaminonaphthalene ligand
has been reported in several literature examples to be capable of bridging metal
centres with the same ps—N, 1o—N’ bonding mode adopted by the bridging LH,
ligands in 6.2.1°9101 However, there are only two known examples of the 1,8-
diaminonaphthalene ligand adopting a chelating bonding mode (as seen in the
terminal LH, ligands in 6.2),%9%163 hoth of which feature the neutral ligand rather
than the dianion L'H,. As with 1,2-benzenediamine, the 1,8-diaminonaphthalene
ligand was initially doubly-deprotonated by two equivalents of n-butyllithium to
give the dianion (Scheme , which was then reacted with the metallocenes.

2n-BulLi, THF, -78° C
>

2Li®

NH, NH, NH NH
© ©

Scheme 6.4: Reaction scheme depicting 1,8-diaminonaphthalene being deprotonated
to give the dianionic species used in the syntheses of 6.4 and 6.5.

111



Studies of the Formation of Transition Metal Complexes Containing
Redox-Active Aromatic Diamines

6.3.4 (L'H,),V(Li-2THF),, 6.4

The synthetic strategy employed in the generation of 6.4 was modelled on that of
6.2, with the intention being to increase the structural complexity of the ligand
involved in the reaction and to observe the effect of this on the product formed
(Scheme .160 Crystals of 6.4 were isolated as brown blocks in a dark solution
in a 6% yield (with respect to Cp,V) from the reaction of 1,8-diaminonaphthalene
with two equivalents of n-BulLi followed by un situ reaction in THF with Cp,V and
crystallisation at 5° C. 6.4 was characterised using 'H and 3C NMR spectroscopy,
elemental analysis (C, H, N), and by single-crystal X-ray diffraction.

3 3 2Li®
6n-BuLi, THF, -78°C
NH NH, NH NH
© ©
/THF
THF—Li._
, ?"H HN,  THF
N
Cp,V, -78°C H~y M\ +2cpl m =
> o YN T e
N .NH HN NH NH
THF— L NH  NH
| S S
THF
6.4

Scheme 6.5: Reaction scheme illustrating the synthetic method employed in the
generation of (L'H,),V(Li-2THF),, 6.4.

NMR spectroscopy on 6.4 gives ambiguous results regarding the charge on the
diaminonaphthalene ligand. A single type of aromatic ring is clearly discernible
by 'H NMR spectroscopy, but associated NH resonances are not observed. The
spectroscopically observed ratio of THF to arene is 2:1. In order to elucidate
the solid-state structure of 6.4, single-crystal X-ray crystallographic studies were
undertaken, which showed that the compound contains one vanadium centre com-
plexed by three L'H, ligands. As in 6.2, the vanadium has been oxidised to V(III).
The ligand charge is balanced by three THF-solvated lithium ions which bridge the
nitrogen centres of adjacent ligands (Figure .
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Figure 6.13: The crystal structure of (L'H,),V(Li-2THF),, 6.4 with H-atoms omit-
ted for clarity.

Atoms Distance (A)
V-N | 2.047(2) — 2.094(3)
V-Li | 2.741(9) — 2.792(5)
N—Li | 2.068(6) — 2.117(6)
Li—-O | 1.931(6) - 1.959(6)

Angle (°)

N—V-N | 82.4(1) - 97.5(1)

N-Li—N | 03.5(2) — 98.4(4)

Table 6.5: Selected bond lengths and angles for 6.4.
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The structure of 6.4 is unusual in that it features bridging between vanadium and
an alkali metal, which is relatively uncommon. Mono-bridged species have been pre-
viously reported for vanadium(V) nitrides’**%* and a V—V bonded vanadium(II)
guanidinate,* but the formation of comparable V(u—N),Li metallocycles has only
been reported on two prior occasions; (i—PryN),V[u—CH,C(=CH,)Ni—Pr|Li**®
and Me,V(u—NSit—Bu,),Li,**” though the interstitial oxide (Cy,N),(MeC)V,LiO
has revealed a V(u—N)(u—0O)Li motif.*08

The formation of this mono-vanadium complex contrasts with the previously
reported ability of bis-nitrogen donor ligands to stabilise triple V=V bonds, as in
complex 1.13 (Figure . The vanadium centre in 6.4 is in a distorted octa-
hedral environment, with the ligands bonded symmetrically (V—N bond distances
range from 2.047(2) — 2.094(3) A). The coordination of the ligand to lithium
results in the formation of 4-membered metallocycles, which lie essentially flat,
with the lithium residing only 0.24 A out of the N—V—N plane. Vanadium(IIT)
octahedral species have been noted previously, most often in the form of aquo-
complexed®®? U or otherwise solvated™ tricationic metal centres, although the
neutral species V[PS,(OEt),],72, (acac), V™ and the mono-cationic [L;V]" (Lg =

tetramethylenediamine- N, N, N, N-tetraacetate) have been reported.™

The prior synthesis of 6.2 led to the design of the synthetic strategy employed in
the generation of 6.4, with the aim of assessing the effect of the ligand changes
involved. In both 6.2 and 6.4, the vanadium centres are oxidised from V(II) to
V(III), most likely by a disproportionation reaction. However, the product formed
as a result of substituting 1,2-benzenediamine for 1,8-diaminonaphthalene was
significantly different from 6.2, with the observed structure of 6.4 containing one
vanadium centre chelated by three dianionic I'H, ligands, with the nitrogen centres
of adjacent ligands bridged by solvated lithium cations. This result shows the
dramatic structural effects that changing the ligand can have. 6.2 also retained a
cyclopentadienyl ligand from the metallocene starting material, a further indication
that the chemistry of these materials is complex and that predicting the composi-
tion, structures and properties of the resultant species is non-trivial, an issue which

is discussed further in Chapter 8.
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6.3.5 [(L'H,),Ni(Li-2THF)],, 6.5

The synthetic strategy employed in the generation of 6.5 was the same as that
used in the synthesis of 6.4 (Scheme [6.6)), and was modelled on that used in the
prior syntheses of compounds 6.1 — 6.3. Crystals of 6.5 were isolated as orange-red
blocks in a dark red solution in a 34% yield (with respect to Cp,Ni) from the
reaction of 1,8-diaminonaphthalene with two equivalents of n-BulLi followed by in
situ reaction in THF with Cp,Ni and crystallisation at -30° C. 6.5 was charac-
terised using 'H and *C NMR spectroscopy, elemental analysis (C, H, N), and by

single-crystal X-ray diffraction.

2 2 2Li®
4n-BuLi, THF, -78°C
NH; NH, NH NH
C) )
(\ THF
Cp,Ni, -78°C HN ~_ Li/ -
THF\L{_—'H\Ni\Hx} “~THF +2CpLi
> / \N'H NH NH
\) NH NH
) S)

THF
6.5

Scheme 6.6: Reaction scheme illustrating the synthetic method employed in the
generation of [(L'H,),Ni(Li- 2 THF)],, 6.5.

'H and 3C NMR spectroscopy of 6.5 revealed that a single type of 1,8-diamino-
naphthalene ring was present within this species, with the 'H NMR spectrum
containing a single NH resonance at ¢ 1.36 ppm. The signal integration indicated
that the ligand had been vicinally doubly-deprotonated. The crystals of 6.5 used in
these NMR studies were grown in a 1:1 solvent mixture of THF and toluene, with
signals for both solvents observable in the 'H and 3C NMR spectra of the material.
Toluene was only observed in trace amounts, whereas the 'H resonances for THF
were more considerable, with the diaminonaphthalene ring signals and the THF
signals existing in a 1:2 ratio. This suggested that the crystallographic structure of
6.5 contained significant amounts of THF, either as part of the structure or trapped

within the crystal lattice.
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Figure 6.14: The crystal structure of [(L'H,),Ni(Li-2 THF)],, 6.5 with H-atoms and
lattice toluene solvent omitted.

Atoms Distance (A)
Ni—N | 1.877(2) — 1.901(2)
Ni-Li 2.552(4)
N—Li | 2.089(5) - 2.101(5)
Li—O | 1.927(4) - 1.933(5)
Angle (°)
N—Ni—N | 85.57(9) — 94.43(9)
Ni—N—Li | 53.7(1) - 53.9(1)

Table 6.6: Selected bond lengths and angles for 6.5.
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The synthetic strategy employed in the generation of 6.5 was modelled on that
of 6.3, with the intention being to change the ligand involved in the reaction and
to observe the effect of this on the product formed. 1,8-Diaminonaphthalene is
more sterically demanding than 1,2-benzenediamine but is still capable of bridging
metal centres. e However, the product formed as a result of substituting 1,2-
benzenediamine with 1,8-diaminonaphthalene was significantly different from 6.3,
with the observed structure of 6.5 containing one nickel centre and two lithium cen-
tres bridged by the two dianionic 1,8-diaminonaphthalene ligands. Crystallographic
studies show 6.5 to be a dilithium nickelate containing one Ni(II) centre complexed
by two L'H, ligands and two bis-solvated lithium ions (Figure [6.14). The crystals
were grown in a 1:1 solvent mixture of THF and toluene, and the crystallographic
structure showed both THF molecules (solvating the lithium cations) and toluene
molecules trapped within the lattice. The distorted square planar Ni'' centre is
bound to four donor N-centres of the doubly-deprotonated organic ligand, giving the
nickelate dianion. The inclusion of lithium in this structure leads to the formation
of 4-membered metallocycles similar to those seen in 6.4, although in this case
rather than being flat these rings are puckered and distorted (the N-atoms lie on

average 1.52 A above or below the Li---Ni---Li plane).

The Ni—(pu—L)—Li motif seen in this structure is observed very rarely in the
TT64I7T

solid-state. In fact, aside from nickel porphyryns, such n*-N bridging of

nickel and lithium has only been reported once previously, in the structure of
the dinitrogen complex (PhLi);Niy(N,) - 2 (OEt,)*™ where dinitrogen is bonded
‘edge-on’ to a Ni—Ni moiety and simultaneously interacts with a lithium centre,
increasing the N—N distance to 1.35 A. This interaction does not result in a LiN,Ni
metallocycle of the type observed in 6.5. More common are bridging interactions
in which oxygen is the donor rather than nitrogen, although again in contrast to
the (L,Ni')Li, scenario seen in 6.5, these oxygen-bridged systems have generally

taken the form (L,Ni")Li with alkoxides, ™™ quinolates,™!' carboxylates, #2183

4

acetonates™™ and salen'® derivatives all capable of acting as 7?-O inter-metal

bridges. In the cases of salen systems and the alkoxide ligand [Me,NCH,CHMeO]"

the formation of LiL,Ni metallocycles is observed, and these are comparable to

those seen in 6.5, 1724185

Of the two previously reported examples of the 1,8-diaminonaphthalene ligand

1624163

adopting a chelating rather than bridging bonding mode, one of these

features a nickel(II) centre and two chelating ligands in a similar motif to 6.5
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(Figure [6.15). However, the structure of [Ni(1,8—dan),(DMF)CI], - 3H,0 (where
1,8-dan = 1,8-diaminonaphthalene) varies significantly from 6.5 in that the 1,8-
diaminonaphthalene ligands coordinating the nickel centre are neutral, rather
than doubly-deprotonated as the ligands seen in 6.5. The asymmetric unit
of [Ni(1,8—dan),(DMF)CI], - 3H,0 shows two [Ni(1,8—dan),(DMF)]" cations,
charge-balanced by two chloride anions, with three water molecules present in
the lattice. The observed Ni—N distances range from 2.070(2) — 2.108(2) A, and
are longer than those seen in 6.5 [range 1.877(2) — 1.901(2) A], as is expected
considering that the neutral ligand is less capable of electron donation to the metal

than the doubly-deprotonated system.
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Figure 6.15: The structure of [Ni(1,8—dan),(DMF)CI], - 3 H,O.

The complex [Ni(1,8—dan),(DMF)CI], - 3H,0 was tested as a ‘green catalyst’ (in
this case meaning phosphorus-free) for the hydrogenation of acetophenone. The
material showed some promise in the presence of KOH when H, gas was used as a
hydrogen source, with a conversion of 72.1% and a turnover number of 721, although
the conditions of 80° C and 50 atm pressure of H, used were fairly harsh. The de-
velopment of phosphorus-free hydrogenation catalysts for practical applications is

186387 a5 is the replacement of precious

highly desirable for environmental reasons,
metals such as ruthenium and iridium in such catalysts with cheaper alternatives,
for economic reasons. Nickel is particularly suitable for preliminary studies due to
it being relatively inexpensive, and the promising early results from the investiga-
tions into the catalytic properties of [Ni(1,8—dan),(DMF)CI], - 3H,O suggest that
the synthesis of materials such as 6.5 could be developed in this interesting and

stimulating area. 188190
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6.4 Conclusions

The study of the reactions of transition metal metallocenes with redox-active ligands
was motivated by the observation that these metallocenes are capable of forming
highly-charged multiply-bonded species such as 5.6. This, combined with the redox
effects of the ligands, provided the potential for the formation of higher- or mixed-
oxidation state arrangements. The resulting complexes represent a diverse class
of materials, from mixed-oxidation state clusters to metal-metal bonded species
with novel magnetic properties. This area of research is particularly ripe for further
development as the chemistry of these materials is still largely unknown, in particular
in relation to their potential applications with regard to catalysis and magnetic data
storage. These preliminary studies also demonstrate the versatility of metallocenes
in these syntheses as well as illuminating the research possibilities related to this
area, as interest in single-molecule magnets and organometallic catalysis continues to
grow. Ligand choice played an important role in these studies, with this preliminary
work focusing on structurally simple molecules, investigating 1,2-benzenediamine
first as it had shown promise as ligand for main group and transition metal species.
The study was then extended to a related system, that of 1,8-diaminonaphthalene,
and the results obtained demonstrated that these changes have a profound effect on

the properties of the products isolated.
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Chapter 7
General Conclusions

The aims of this project, as described in the Introduction (Section [1.4) were as

follows -

e To synthesise and characterise a range of transition metal-containing com-

plexes and materials using transition metal metallocenes as starting materials.

e To develop the synthetic chemistry of the transition metal metallocenes, us-
ing their known reactivity patterns and versatility to design novel reaction

pathways, and to fully investigate the properties of any resulting materials.

e To investigate the reactivity of transition metal metallocenes with nitrogen-

based redox-active ligands.

e To study the variable-temperature magnetic behaviour of products formed,

where relevant.

e To study any inter-metal bonding interactions (in particular any multiple
bonds) of products formed where relevant, including by computational meth-
ods.

The research presented within this project concentrated on the first of these aims,
as a range of novel transition metal-containing species were synthesised and charac-
terised. These successful syntheses also contributed to the existing field of transition
metal metallocene chemistry, adding to and developing what is already known about
the use of these materials as starting materials within organometallic synthesis.
The obvious conclusion to draw from these studies is that first-row transition metal
metallocenes are suitable starting materials for a range of organometallic products,

and can be used as versatile synthetic precursors for metal-containing materials.
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It can also be concluded that the metallocenes utilised in this study offer access
to materials that would not be obtained easily or at all with the more commonly
used transition metal halides as starting materials. These products include the
multiply-bonded chromium paddlewheel 5.6, which is peripherally functionalised
by units of CpLi originating from the metallocene starting material. In several
of the characterised products cyclopentadienyl ligands remained coordinated to
the metal centre to which they are bound in the reagent Cp,M. All of the com-
pounds presented in Chapter 4 are dimeric molecules featuring two metal centres
and two cyclopentadienyl ligands amongst their components, although they differ
significantly in their structures and properties. In all of these cases the retention
of the cyclopentadienyl ligand is a result of the limited ability of metallocenes to
fully deprotonate organic acids, a subtle reactivity that leads to the isolation of

interesting and varied solid-state structures.

Another conclusion that can be drawn from the research presented is that there is
great potential for metallocene starting materials to be used in the generation of
magnetic materials which could conceivably have applications in data storage or
other areas. The preliminary research into this area discussed in Chapter 6 shows
that when magnetic measurements were undertaken on the vanadium dimer 6.2,
the results were not straightforward and will require further investigation to enable
a full understanding of the behaviour of these materials. Although the magnetic
behaviour of this molecule is not fully understood it is certainly interesting, as it has
a much higher than anticipated magnetic response along with some temperature-
independent paramagnetic contribution. The mixed-oxidation state manganese cage
6.1 is a representative of a class of materials that are currently highly desirable;
manganese-based clusters with the potential to be developed into single-molecule
magnets through tuning of the coordinated ligands. The formation of this species
and other transition metal structures containing redox-active ligands from reactions
with metallocene precursors is promising with regards to the development of novel

magnetic materials.

Some of the manganese chemistry presented herein bears similarities to mag-
nesium chemistry described within the literature. A magnesium analogue of 6.1,
minus the oxide core, was reported by Clegg et al. in 1994 as the first octahedral Mgg
cluster.* The structure differs slightly from that of 6.1 as every magnesium centre
is solvated by a THF molecule, giving each a five-coordinate square-pyramidal

geometry with all of the metal centres in the +2 oxidation state, although the
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essential connectivity is very similar. There are also examples of magnesium species

which share key structural characteristics with 5.4, namely the classical ‘Weiss

f7192

moti arrangement whereby linear Li---M---Li centres are connected by four an-

ionic ligands. Of the published examples of lithium magnesiates, several structures
feature amido ligands, #3190
[((TMEDA)Li,Mg(CH,SiMes),| has a very similar structural arrangement to that

seen in 5.4.1% This relationship between magnesium and manganese is worth

and the recently published tetraorganomagnesiate

noting, as the body of existing literature pertaining to magnesium coordination
chemistry provides a useful insight into the formation of related manganese species,

and could be used to inform and direct further study.

One of the established aims of this projects was to investigate any inter-metal
bonding within the products obtained, wherever relevant. This was achieved largely
through DFT calculations and inference from similar compounds, and also by
taking into account the electronic configurations of the materials in question. It
was thus established that, for example, 4.3 had a single Mn—Mn bond, 5.3 and
5.6 contained quadruple Cr—Cr bonds, and that 5.2 and 5.5 showed no degree of
inter-metal bonding between nickel centres. Other examples are discussed in the
relevant chapters, but it can be seen that the aim set out at the beginning of the
project, to assess the degree of inter-metal bonding within relevant compounds, was
achieved through a combination of methods. This aspect of the work was important
as it established the materials most likely to be suitable for further reactions, or
to possess some catalytic capabilities. Multiply-bonded metal centres can be used
to trap small molecules, act as catalytic sites, and be exploited synthetically, for
example as precursors to supramolecular networks. Therefore, the establishment of
the bonding situations within the molecules discussed in this project was a vital
aspect of the research, and one which was managed successfully. The information
yielded by these investigations will assist in directing future study into these

structures and related materials.

The research presented throughout this project serves as an illustration of how
metallocene starting materials can be deployed in the generation of novel products.
These products provide new opportunities for the construction of magnetic materi-
als and supramolecular networks, areas which are currently being pursued within
the groups. The aims set out at the beginning of the project were largely achieved,
although to different extents as more emphasis was placed on the synthetic goals of

the project than on the more materials-based aspects, such as the research into the
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magnetic properties of some of the species characterised herein. The synthetic goal
of producing a range of novel metal-containing materials was particularly successful,
as several of the species discussed within this project differ significantly from each
other, even in cases where similar methodologies and indeed ligands were employed
in the syntheses. An example of this can be seen within Chapter 6, where three
metallocenes (Cp,Mn, Cp,V and Cp,Ni) were reacted with the same ligand to
give three products that differed both structurally and in terms of their properties.
However, this can also be viewed as a drawback in that it is extremely difficult to
predict the outcomes of these reactions, limiting the degree of control it is possible
to exert and making synthetic design problematic. The yields also tended to be
variable, and the air- and moisture-sensitivity of both the starting materials and

the products renders handling and isolating them non-trivial.

In summary, this research furthers our collective understanding of metallocene
reactivity and contributes to the field of synthetic inorganic chemistry related to
metallocene chemistry. The ways in which this research could be used to direct

further studies are discussed at length in Chapter 8.

123



Chapter 8

Future Work

The scope of this project was very broad, and the results obtained are suitable for
development in several different ways. The main aim of the project, the synthesis
of novel organometallic compounds using first-row transition metal metallocenes as
starting materials, lends itself to almost infinite further study as long as suitable
ligands can be obtained for syntheses. More generally, the complexes structurally
characterised within this work can be seen as proof-of-concept as to the viability
and versatility of using the metallocenes as starting materials, and can be used as
a basis for designing other, similar reactions and making informed choices as to
appropriate ligands, solvents and reaction conditions. Although synthesis is the
most obvious route along which this research can be developed, there are other
areas into which it can be seen as a logical progression from this research to explore.
In terms of future synthetic work, more specific examples of how to build on the
results already obtained are discussed below, with the understanding that any
future work would be less broad in nature and would instead focus more closely on

the individual synthetic challenges presented by this research.

The structurally analogous compounds 4.1 and 4.2 discussed in Chapter 4,
along with similar examples previously reported in the literature, offer an insight
into the extent to which manganocene can be used as a Brgnsted base to deproto-
nate organic acids. This could be developed into a study of the precise boundaries
of this type of reactivity, if a range of acids of known pK, were reacted with
manganocene in order to assess exactly how strong an acid has to be in order to
be singly- or doubly-deprotonated by the metallocene reagent. If this study were
successful, it could be expanded to the other first-row transition metal metallocenes
in order to establish more comprehensive guidelines relating to the ability of these

materials to deprotonate organic acids, aiding future syntheses and contributing
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further knowledge to the field of synthetic metallocene chemistry. Further work
could also focus on expanding the family of materials related to 4.1 and 4.2 and on

analysis of materials obtained, for example in relation to their magnetic behaviour.

The manganese phosphine/phosphide dimer 4.3 discussed in Chapter 4, Sec-
tion 4.3.3| was novel in its ligand arrangement, but disintegrated easily on exposure
to vacuum and in solution. One area in which this research project could be
developed is that of phosphorus-donor transition metal clusters and paddlewheel
complexes, as these are still relatively rare compared with their oxygen- and
nitrogen-donor counterparts. The use of phosphorus-based ligands allows access to
compounds with different electronic properties from the oxygen- and nitrogen-based
analogues. The original synthetic strategy behind 4.3 was directed toward the
potential formation of analogues of the amido/imido manganese clusters discussed
in Chapter 1, Section [1.3.3] using primary phosphine ligands capable of bridging
metal centres. Although this was not the direction in which the research evolved,
phosphorus-ligated manganese clusters remain a desirable synthetic target, and
further work relating to this field would be a rational continuation of the research
presented within this project. The initial focus would likely be directed at ligand
choice, with an obvious first step being the synthesis of direct phosphorus analogues
of the nitrogen-containing 2-aminopyrimidine ligands successfully used by Bond et
al. in the generation of amido/imido clusters.™® If this approach proved successful,
further ligand manipulations could be undertaken in order to create a family
of related compounds, which could then undergo variable-temperature magnetic

studies in order to screen them for any unusual or interesting magnetic behaviour.

In terms of synthetic developments, some of the compounds reported within
Chapter 5 are highly interesting, whereas some are unlikely to elicit much further
study. The simple paddlewheel complexes 5.2 and 5.5 both contain two nickel
centres and four bridging N-donor ligands in the familiar M,L, conformation, with
no inter-metal bonding between the nickel centres evident. As such, they are
unlikely to be active as catalysts or have any immediately obvious applications,
so although they contribute to the field of transition metal paddlewheel chemistry
and have some interesting structural features, it is unlikely that further research
would focus particularly on developing this chemistry. The vanadium analogue
of 5.2 is a potential synthetic target, as it would complete the family of N,N-
dimethylformamidinate paddlewheels obtained from the metallocenes employed

within this project, and would likely contain a triple bond, and so be more likely to
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possess catalytic activity than its nickel counterpart. This could then be developed
into a study in which the ligands were systematically substituted for related ligands,
in order to build a more comprehensive picture of the ligand effects on the sterics
and electronics of these systems. The aim of this would be to obtain results for
all of the relevant transition metal metallocenes and compare them, as well as to
observe how ligand choice affects factors such as inter-metal distance. The man-
ganese analogue of 5.2 and 5.3 has also yet to be obtained, with the only isolable
product from the reaction thus far being the manganese-oxo complex 5.1. In
order to obtain the oxygen-free version, some modification of the synthesis would be

required, such as carrying out the entire preparation within a glovebox environment.

The tetrahedral manganese-oxo cage 5.1 could be a subject for further study on its
own merit, particularly in conjunction with the related octahedral manganese-oxo
cage 6.1. The initial research would likely focus on establishing where the inter-
stitial oxide in each species originates from, and how to make these materials in a
more controlled manner, possibly through the considered introduction of a limited
amount of water at some point during synthesis. The introduction of oxygen into
organometallic complexes is discussed in Chapter 1, Section [1.3.2] with one method
being the layering of the dry reaction solution with wet hexanes to produce crystals
with the desired encapsulated oxide ion. The ability of 5.1 to trap oxygen in
this manner without more substantial decomposition occurring and the oxygen-
scavenging nature of the manganese ions could potentially lead to applications
within organometallic chemistry, removing oxygen from systems. Development of
this exact system into a practical method of oxygen removal may not be possible
but research into related materials could lead to the furthering of this idea and

the potential development of suitable materials for oxygen removal within syntheses.

With regards to specific compounds, one obvious direction into which to take
this research would be to investigate the catalytic potential of the multiply bonded
chromium species from Chapter 5, in particular 5.3, Cry(N, N —dimethylform-
amidinate),. As mentioned within the discussion of this compound, Cr, units
have recently been utilised in oxygen binding studies as part of the complex
Cr,(1, 3, 5—benzenetricarboxylate),.** This material features paddlewheel-type
arrangements of quadruply-bonded Cr'' centres connected wia triangular BTC3~
ligands to give a porous three-dimensional framework. This is known to be capable
of reversible binding of O, across the Cr—Cr bond although the dissociation con-

ditions, which require heating to 50° C under vacuum for 48 hours, are as yet too
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energy-intensive for practical purposes. However, this research, presented by Long,
has potential implications for materials such as 5.3, in which the N, N'-ligands allow
for tight control of the steric and electronic properties of the product obtained,
and the paddlewheels formed are similar to Crs(1,3,5—benzenetricarboxylate),,
with open structures that expose the metal centres which are therefore available
for small-molecule coordination. A collaboration with the Long group on this
research would potentially be beneficial. It would also be expedient to develop
the materials aspect of this research, in particular probing possible ways in which
molecular compounds such as 5.3 could be isolated and mounted in order to render
them more practical for use as catalysts or for the binding of small molecules. For
example, solid-state catalysts are often used in the form of thin films deposited
onto the internal surfaces of a vessel, a process which has not been attempted with
5.3, and the viability of which would need to first be established before pursuing

any catalytic studies.

Compounds 5.4 and 5.6 are similar in that they both contain lithium as well
as one or more transition metal centres in their solid-state structures. Compound
5.4 is not obviously related to any of the other species reported within this project,
featuring as it does one manganese centre and two lithium centres bridged by mon-
odentate guanidinates to give a spirocyclic molecule that is then asymmetrically
coordinated by THF'. It is unlikely that much future work would be focused around
this particular species, as it is improbable that this or related compounds would
exhibit any desirable catalytic or magnetic behaviour. Compound 5.6, however, is
particularly interesting and it is likely that some further work would be directed
towards extending this result by creating a family of such structures, with suitable
aromatic ligands chosen for their ability to assist in stabilising the CpLi units that,
in the case of 5.6, decorate the periphery of the molecular structure. It may be
possible to develop this into the synthesis of supramolecular arrangements, using
bridging ligands to support an extended network of structures with the potential
capability of trapping CpLi or other small molecule fragments within this network.
Trapping of fragments that are not otherwise accessible can increase knowledge
about rare systems and aid in the development of further syntheses and materials.
The isolation and characterisation of 5.6 can be seen as further proof that met-
allocenes are valuable starting materials for research focused on the synthesis of
complex molecular structures with the capability to trap or form co-complexes with

other molecular fragments.

127



Future Work

The synthetic possibilities relating to the novel complexes presented in Chap-
ter 6 are myriad, as research into reactions of transition metal metallocenes with
redox-active ligands is an area which has only recently begun to be investigated
in a systematic and meaningful way. The complexes 6.1 - 6.5 utilise structurally
simple ligands, although this leads to a diverse range of products - developing
this chemistry through the use of more complex ligands could lead to any number
of notable results, with materials produced likely to possess interesting magnetic
properties. Similarly, using analogues of the ligands already investigated but
replacing the N-donor ligands with O-, S-, or P-donor atoms may provide further
information as to the nature of the products formed, as tuning the electronic
properties of the ligands may lead to formation of products with different material
properties. Developing a family of related molecules based on such ligands is likely
to yield more structurally and magnetically novel complexes and is an area into
which future work related to this project is likely to enter, with an emphasis on

mixed-oxidation state clusters that may be capable of magnetic data storage.

The magnetism studies presented within this project constitute the first foray
into expanding the synthetic aspect of the research into materials-based analysis
of the properties of the reported compounds. This is an area into which it would
be logical to develop, particularly with regard to the species presented within
Chapter 6. These materials utilise redox-active ligands to promote the formation
of various metal-based compounds, including heterometallic species, polynuclear
clusters and asymmetric transition metal coordination species. The latter of these,
the ion-separated species 6.2, has already shown unique magnetic behaviour which
would benefit from further study since, as yet, the data collected does not fit any
proposed models. One suggestion as to how to progress with regards to magnetic
measurements on this compound is to synthesise a fully deuterated version of 6.2
and undertake a neutron diffraction study. This poses some problems due to the
expense and potential difficulty involved in the synthesis of a deuterated analogue
of the product. However, it is one route which could be explored if research were to
continue on this particular material. It has also been suggested that the magnetic
behaviour of 6.2 may be due to a phase change occurring within the material at
a certain temperature, in which case variable-temperature X-ray crystallography
could be employed to elucidate this. A collaboration with magnetism specialists
would perhaps facilitate this work, particularly if they are able to offer advice on
mounting and handling extremely air-sensitive magnetic materials, as that was one

of the major difficulties when undertaking the original studies.
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The manganese-oxo mixed-oxidation state cage 6.1 would also be suitable for
magnetic studies. As discussed in Chapter 6, Section [6.3.1] the field of manganese-
based single-molecule magnets is one which is attracting much interest currently,
with advancements being made towards the creation of magnetic materials suitable
for use in a data storage capacity, for example within hard drives. Other uses for
SMMs have also been posited, including applications within quantum computing
and magnetic refrigeration.™ Recent developments in this area include the synthesis
of a molecular material with the highest energy barrier to magnetisation of any
compound reported thus far; 86.4 K ([MngO,(sa0)s(0,CPh), - 4EtOH], 1.17).5% A
high energy barrier is desirable as it means that the material remains magnetised

)

for longer, and the molecule that achieved this record value was an “Mng” cluster

featuring Mn'" ions and bulky oxygen-donor salicylaldoxime ligands. This species
is structurally quite similar to 6.2, as they are both clusters based around six
manganese centres bridged by ligands, although in the case of 1.17 the ligands
are oxygen- rather than nitrogen-based and the manganese ions are all in the +3
oxidation state. In order to move the research presented in this project into this
area, some further proof-of-concept work would need to be undertaken in order to
establish suitable ligands and reaction conditions for generating materials likely to
display this type of magnetic behaviour. It would also be necessary to optimise said
reactions in order to give sufficiently high yields for extensive magnetic studies. One
of the limiting factors in undertaking magnetic analysis of 6.1 was the extremely
air-sensitive nature of the material, so the use of bulkier N-donor ligands to reduce
this and to structurally mimic molecules with established desirable magnetic be-
haviour such as Mn';0,(sa0),(0,CPh), - 4 EtOH provides a rational way in which

to initiate this research.

There are several more specific ways in which this research could be devel-
oped. The issue of low yields, mentioned briefly in Chapter 7, would need to be
addressed before this work could be extended into other areas. The yields obtained
for many of the products were highly variable and unpredictable, so optimisation
of reaction conditions and investigation into alternate methodologies to improve
yields would be a logical next step in developing this research, particularly if the
eventual aim is to make commercial use of these species where they will need to be
produced consistently on a viable scale. One aspect that was not within the scope
of this project but which would be valuable is the investigation into scaling-up

these reactions, although this would only be worthwhile if studies into improving
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the yields had been undertaken. Most of the syntheses were carried out using
approximately 100 mg of the metallocene starting material, a decision which was
due to the very air- and moisture-sensitive nature of both the reactants and the
products, in order to minimise the amount of material lost if the reaction should
become exposed to the atmosphere. To facilitate larger scale syntheses, it would
be necessary to consider alternative methodologies. Performing entire reactions
within a glovebox environment would be a potential area in which to progress, as
this would help eliminate atmospheric contamination during synthetic steps such
as filtration, when the attachment and detachment of the filter stick make air
exposure more likely. Increasing the reliability of these reactions would allow for
further study of the products and would increase the likelihood of them being used

in further reactions, either as reagents or as catalysts.

The research undertaken within this project also highlighted several issues with the
reported reactions, largely concerning their unpredictability. In several cases the
products obtained from reactions were not those expected or predicted, and had
to be rationalised retroactively. As demonstrated throughout Chapter 6, making
very minor changes to either the ligand or the metallocene used in reactions led to
major differences in product identity and structure, which again were unpredictable.
These factors may frustrate some of the further work undertaken, and may mean
that some of the ideas postulated within this chapter are not in fact viable, in
particular the creation of libraries of compounds closely related to those already

characterised.

One way of building upon the research presented within this project would be
to focus more closely on potential applications of the products already charac-
terised, possibly in conjunction with the scaling-up research described above. This
approach avoids the issues of unpredictability and lack of control related to using
the reported reactions to generate more novel compounds, instead restricting further
research to the compounds already obtained. The focus of this project was largely
synthetic, with the main aim being the synthesis and characterisation of novel
materials using first-row transition metal metallocenes as reagents. As such, there
is not much research into the applications that these materials might be suited
for, aside from some preliminary magnetic measurements, as this was not within
the remit of the project. Future work could delve into this area, particularly with

regard to catalytic applications and magnetic possibilities.
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