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INVESTIGATING THE STERIC AND ELECTRONIC EFFECTS OF LOW-VALENT
URANIUM COMPLEXES ON THE ACTIVATION OF SMALL MOLECULES

SUMMARY

In the last decade substantial progress has been made in our understanding of uranium
organometallic chemistry, specifically regarding the activation of small molecules by
uranium(l11) complexes. Research by Cloke and colleagues has employed dianionic
eight- and monoanionic five-membered aromatic ligands around a uranium(l11) centre to
make mixed-sandwich systems, which have demonstrated novel reactivity with carbon
monoxide and carbon dioxide. This thesis continues this work and furthers our

understanding of the properties and reactivity of these complexes.

The first part of this thesis describes the preparation of novel mixed-sandwich
complexes incorporating the COT®"®? [igand and either a substituted cyclopentadienyl
ring or a heterocyclic analogue. The steric parameters of these complexes have been
quantitatively evaluated and provide insight into the molecular structures and reactivity
observed. The electronic properties of the complexes have been investigated using
cyclic voltammetry and complement results obtained by other researchers from the
group.

The second part of this thesis describes the reactivity of the novel mixed-sandwich
complexes with small molecules. Whilst it was found the cyclopentadienyl complexes
exhibit similar reactivity with carbon monoxide and carbon dioxide to previously
reported complexes, the heterocyclic analogues provided a wealth of new reactivity,
including facile cleavage of carbon monoxide at ambient temperatures, synthesis of an
unusual phosphacarbonate fragment, and unprecedented synthesis of a 2,2’-

bis(arsenine) species.

The third part of this thesis explores the reactivity of potential precursors to uranium(ll)
metallocene complexes. Uranium complexes in this oxidation state have only recently
been synthesised and the formation of a uranium(ll) sandwich complex is desirable for
its anticipated reactivity with small molecules. Reactivity studies include the attempted
reduction of uranium(lll) iodide precursors with potassium-based reducing agents and

the synthesis of a novel uranium(ll) tetraphenylborate complex.
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Abstract

Investigating the Steric and Electronic Effects of Low-Valent Uranium Complexes

on the Activation of Small Molecules
Rachel Jennifer Kahan

An introduction to the use of aromatic ligands in organouranium chemistry is reviewed
in Chapter 1, with reference to electrochemical studies on the thermodynamic stability
of the published complexes where appropriate. The synthesis of seven new uranium(l11)
mixed-sandwich complexes [U(COT®P2)(CpR)] is described in Chapter 2 and these
complexes have been studied by cyclic voltammetry. Three of these complexes
incorporate the heterocyclic five-membered rings Cp™®* (E = N, P or As), which are
structurally similar to their carbocyclic analogues. Thermolysis of the heterocyclic
mixed-sandwich complexes results in the formation of n-butoxide complexes
[U(COT®P™2)(cpEMy(0"Bu)] by ring-opening of THF, and an additional tuck-in
tuck-over complex, [(COT®™2)U(u-1°m*-NCsMesCH)U(COTE P2 (NC,Me,)] s
observed from [U(COT®P32)(cpNMety].

Chapter 3 is introduced with a summary of the activation of small molecules by
organouranium complexes, which is followed by reactivity studies of the synthesised
carbocyclic mixed-sandwich complexes, [U(COT®™2)cp®)] (R = 'Bu, Bus or
(Si'Prs),), with CO, CO, and N,O. These studies are limited with the larger complexes,
however [U(COT®™®2)(Cp®)] is observed to form an oxo complex
[{U(COT®P2)(Cp™®)},(u-0)] and a carbonate complex [{U(COTEP2)(Cp™®)},(u-
CO3)] from N,O and CO, respectively. The mixed-sandwich chloride complex
[U(COT® P2y cpCI] was also synthesised and its redox behaviour compared with

its uranium(111) analogue.

Chapter 4 explores the reactivity of the heterocyclic mixed-sandwich complexes with

small molecules. Reaction of [U(COT®™2)(CpPMe4)] and [U(COTEPRI2)(cpfMedy]
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with carbon monoxide results in initial insertion of CO into the heterocyclic ring to
yield oxy-phosphinine and oxy-arsenine fragments. This is followed by cleavage of the
C=0 bond, resulting the formation of [1,2-bis(2,3,4,5-tetramethylphospholyl)acetylene]

and [2,2°-bis(3,4,5,6-tetramethylarsenine)].

Carbon dioxide demonstrated both reduction and insertion reactivity with
[U(COT®EP™2)(CpEMe4)] (E = N or P) with the formation of [{U(COT®S"P2)1,(u-0) {p-
'm0, C(NC:Me}]  and  [{U(COTE™*2)}(u-0) {wn"m'-0,C(PCsMes)}e]
respectively. The carbamate complex is formed via the mixed-sandwich oxo complex
[(COTEPE2y(CcpNMey [ (-0)(u-nt:nP-Cp M) U (COTE P2, however the
phosphacarbonate complex is formed via [{(COT®"™®2)U},(u-0),] and [1,1°-
bis(2,3,4,5-tetramethylphosphole)]. Attempts to probe the mechanism of the latter
reaction using COS resulted in the formation of a bridging sulfide complex
[{U(COTEPR2)(cpPMe4)3, (u-S)], which was found to react with carbon dioxide to yield
two  thiocarbonate  complexes,  [{U(COT®™™2)(Cp™eH},(u-CO,S)]  and
[{U(COTE2)(Cp™ )} (u-CO-S{U(COT¥%)(n":'-0,CPCsMes)}].

Chapter 5 details the work undertaken to evaluate the steric parameters of uranium(lll)
mixed-sandwich complexes A brief literature review introduces the methods available
and their applications, and a comprehensive study of the mixed-sandwich complexes is
then described. The steric parameters obtained for individual ligands and entire
complexes are compared and trends pertaining to the solid-state molecular structures

and the reactivity of these complexes are discussed.

Chapter 6 presents the syntheses of [{U(Cp™)2}2(u-1)2] (R = 'Bus, (Si'Prs),), which have
been studied by cyclic voltammetry and their steric properties evaluated. Attempts to
reduce  [{U(CP™"H),}o(u-1),] with potassium-based reagents yielded the

tris(cyclopentadienyl)uranium complex, [U(Cp®*?

)s], by possible disproportionation of
a uranium(ll) intermediate. Attempts to trap this species with BH3-THF gave rise to a

bridging borane/borohydride complex, [{U(Cp‘BUZ)z}Z(p-BHX)z]. Attempts to synthesise
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a bis(cyclopentadienyl)uranium(l1l) cation resulted in the formation of a
mono(cyclopentadienyl)uranium  tetraphenylborate  complex,  [(Cp®"F¥?)U(p-
Ph),BPh,]. Summaries of the results and experimental details are included at the end of

each chapter and additional data are presented in the appendices.
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CHAPTER 1: INTRODUCTION TO ORGANOURANIUM CHEMISTRY

1.1 Introduction

The defining feature of organometallic chemistry is the bonding between carbon-based
ligands and metals. One of the dominant classes of ligand in the literature is the
aromatic carbocycle, which significantly features the five-membered cyclopentadienyl
ligand. The review below briefly introduces the properties of uranium and outlines some
of the most significant, and the most unusual, uranium complexes synthesised that

incorporate one or more aromatic ligands.

1.2 Properties of the f-Block elements

Despite the early progress of organometallic chemistry of the transition metals in the
1800s, analogous f-block chemistry did not begin until over a century later.* Earliest
reports of lanthanide, thorium and uranium organometallic complexes appeared in the
literature in the mid 1900s, but keen interest in this area did not develop until the
discovery of uranocene.” The late development of organolanthanide and actinide
chemistry can be attributed to the sensitivity of most of these species towards air and

moisture, and for some elements, the levels of radioactivity.

Lanthanide and actinide elements have a fourth angular momentum quantum number,
and therefore have s, p, d and f-orbitals, which can accommodate 32 electrons.® The
lanthanides have contracted, core-like 4f-orbitals, which are lower in energy than the
5d-orbitals. As a consequence electrons fill the f-orbitals prior to the d-orbitals giving
rise to a series of elements which are chemically very similar. Exceptions are however

found for lanthanum and cerium, whose 5d subshell is lower in energy than the 4f; and
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gadolinium and lutetium, where addition of an electron to the 5d orbitals maintains the

favoured half-filled and filled 4f-subshell.

The electronic configuration of the lanthanides can be observed by the ionisation
energies, which illustrate the +3 oxidation state is most favoured.* Despite this, many
divalent lanthanide complexes have been reported, as modification of the ligand
environment has given rise to stable complexes in this oxidation state.>® Ln** ions are

Lewis-acidic, and form complexes that are predominantly ionic in character.

The 5f-orbitals have a radial node, and therefore exhibit greater extension than the 4f-
orbitals. In addition, relativistic effects for the actinides give rise to contraction of the s
and p orbitals, but expansion and destabilisation of the d and f orbitals. Consequently,
the early actinide 5f-orbitals have greater availability for covalent bonding and access to
multiple oxidation states. For the later actinides however, ineffective shielding gives
rise to contraction of the f-orbitals and lanthanide-like properties. Behaviour
comparable to transition metals is therefore only seen in the early actinides up to
neptunium, however the higher levels of radioactivity for most actinide elements render
thorium and uranium the only actinides that have been extensively studied in
organometallic chemistry. Thorium is most commonly found in the +4 oxidation state,
which has a [Rn] electronic configuration. Reduction to thorium(lIl) is non-trivial and
only a few examples have been synthesised to date.”** As such the organometallic
chemistry of thorium has attracted less interest and organoactinide chemistry is

dominated by uranium.

Uranium exhibits properties that are individual to the early actinide elements, which
gives rise to a combination of transition metal- and lanthanide-like behaviour. As the
heaviest naturally occurring element, uranium has a large coordination sphere which
allows the coordination of more and/or larger ligands than transition metals.* However,
the participation of the f-orbitals gives rise to additional bonding interactions and

therefore the coordination geometries of the ligands are not constrained by overlap with
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the d-orbitals. In comparison to the lanthanides, uranium-ligand bonding has more
covalent character and the positioning of the ligands around the metal centre is therefore

not solely dependent on electrostatic interactions and packing.

Another feature of uranium is its oxophilicity, which renders organometallic complexes
highly reactive towards oxygen and water. As a result, the chemistry of the uranyl
([0=U=0]%") species is well developed, as this dication is stable in aqueous media.* The
stability of the uranyl fragment derives from relativistic effects, as the similar energies
of the 5f, 6p, 6d and 7s orbitals mean they all contribute to the very short, strong U=0
bonds. Like the lanthanides, uranium is Lewis acidic and coordinates with Lewis bases

if there is space within the coordination sphere.

Of the five oxidation states known, the +6 state is prevalent in uranyl chemistry and the
+4 state is the most common in organometallic chemistry. Uranium(V) complexes have
attracted increasing interest in recent years as their tendency to disproportionate has
given rise to some interesting redox activity and the formation of novel uranium-
element multiple bonds.*® However one of the largest topics of interest, activation of
small molecules, has focused predominantly on uranium(lV) and uranium(lll)
complexes.”® The latter has become increasingly important in recent decades, as the
formal electrode potential of the U"/U" redox couple is of a similar magnitude to the
M*/M couple in the alkali metals.** The reactivity of such complexes will be discussed

further in Chapter 3.
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1.3 Aromatic ligands in organouranium Chemistry

1.3.1 Five-membered carbocycles
1.3.1.1 Properties of cyclopentadienyl ligands

Cyclopentadienyl ligands are anionic and derive their aromaticity from six electrons
lying in a delocalised, cyclic n-system. The molecular orbitals can be split into a single
set of a-symmetry orbitals, and two sets of doubly degenerate e-symmetry orbitals with
one and two nodes respectively (Figure 1.1).! These orbitals are able to overlap with the
6d and 5f orbitals of uranium, and the small size of the Cp ligand in comparison to the

large uranium centre gives rise to predominantly ¢- and z-interactions.

P Sh A

Figure 1.1 Molecular orbital combinations for cyclopentadienyl ligands.*

The electron-donating properties of cyclopentadienyl ligands can be modified by the
addition of substituents. This has the added effect of providing steric stabilisation to the

complex, which is especially important with larger metals.

1.3.1.2 Tetrakis(cyclopentadienyl)uranium complexes

[UCps] was first synthesised by Fischer in 1962, and other analogous actinide

complexes soon followed.™ The molecular structure of the complex illustrates 1°-
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bonding for each ligand, which gives rise to pseudo-tetrahedral geometry (Figure
1.2).*! This assignment was supported by photoelectron spectroscopy, however the
dipole moment of this complex is non-zero, indicating a lower molecular symmetry than
Tq."*% DFT studies found the preference of pentahapto bonding is accounted for by
electron donation into an almost equal mix of 6d- and 5f-orbitals, and that the ligand =-

interaction results in a stronger bond, thereby stabilising the metal complex.??

An NMR study of a substituted version of this complex, [U(Cp*™),], found this
species is dynamic in solution, and illustrates that the sterics of the diphenylphosphino
substituents do not prevent the formation of this complex or significantly affect its
structure.”® Furthermore, this complex was found to react with the molybdenum
-PPh2

complex, [Mo(CO)4(C7Hs)], to yield a bimetallic complex bridged by two of the Cp
ligands (Figure 1.2).

Ph,P
wCsH4PPh,

(OC)4M0

U
\ NCoH.PPh,
Ph,P

Figure 1.2 [UCp4] (left) and a molybdenum-uranium bimetallic complex with a

[U(Cp™™™),] unit (right).*>**

1.3.1.3 Tris(cyclopentadienyl)uranium complexes

The tris(cyclopentadienyl) motif has become prevalent in organouranium chemistry due
to the steric stabilisation it imparts whilst accommodating substituents on the Cp"® rings
and other ligands bound to the uranium centre. It is therefore unsurprising that this was

the motif employed in the isolation of the first organometallic complex of uranium,
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[CpsUCI], in 1956.2* Since then, many [CpsUX] complexes have been synthesised,
where X includes carbon, nitrogen, oxygen and halide based ligands and more unusual

phosphido, azide and nitrosyl groups.”>%’

DFT studies of [CpsUX] complexes illustrate pseudo-tetrahedral geometry, with a
quasi-planar [UCps] arrangement.?> The tris(cyclopentadienyl)uranium fragment
exhibits similar bonding to [UCps], with additional stabilisation arising from the
transfer of electron density from the a, ligand orbitals to the 5f-metal orbitals.”® Studies
of the U-X interaction reveal that when X is a hydride, the o-bond has dominant 6d and
weak 5f and 7s character.?? When X is a chloride however, both 6- and m-interactions
are observed with the latter being predominantly 6d in character and mainly localised on
chlorine. It is also observed that the HOMOs of these complexes are lower in energy
than [UCpy], due to the decreased amount of ligand-to-metal donation when Cp is
replaced by X. This was verified by electrochemical studies which found the potential
of the U“/U" reduction couple becomes less negative as the number of

cyclopentadienyl ligands decreases.?®

This motif has also been employed to stabilise other oxidation states. There are several
examples of uranium(111) [U(CpF)s] complexes, which can be synthesised via several
routes.’**** These include reaction of a uranium trihalide with K[Cp®], or by
comproportionation of uranium metal with [UCp,].* More interestingly, [CpsU-THF]
could be generated by photolytic cleavage of [CpsU-'Pr] in THF.3"*® This reaction
proceeds via homolytic cleavage of the uranium—carbon bond, which contrasts to the -
hydride mechanism observed for the thorium analogue. The rationale for the different
mechanisms is based on the An'Y/An"' reduction potentials for uranium and thorium.
For [CpsUX] complexes, the U™/U" reduction potential lies in the range of -1.6 to -2.6

V vs [FeCp,]™"°, whereas Th'V/Th" potentials are predicted to occur below -3.0 V. 293942

Tris(cyclopentadienyl)uranium(V) complexes were first reported over three decades

ago, with the synthesis of the first uranium alkylidene and imido complexes (Figure
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1.3).%%" These complexes paved the way for the synthesis of other uranium(V)
complexes and illustrated interesting reactivity, including comproportionation in the

presence of [U(CpM®)s(THF)] to give a dimeric complex with two imido bridges.*®

Figure 1.3 The first uranium alkylidene complex and synthesis of the resulting imido

complex. 4

lonic complexes incorporating the tris(cyclopentadienyl)uranium fragment have been
synthesised in several oxidation states. Reaction of uranium(IV) alkyl complexes with
lithium alkyl reagents gave rise to concurrent reduction and alkylation to give
uranium(I11) Li[CpsUR] complexes.”>* An unusual hydrido-bridged uranium(ii1)

SiMe3y,U] with sodium hydride or by

complex was also synthesised by reaction of [(Cp
reaction of [(Cp*™®3);UCI] with sodium hydride in the presence of sodium amalgam

(Figure 1.4).5%%

Arguably one of the most notable ionic complexes of uranium is that of
[K(crypt)][U(CpS™®)], which was reported by Evans et al. in 2013 (Figure 1.4).%
This formally uranium(ll) complex was synthesised by reduction of the neutral
uranium(l1l) complex in the presence of a cryptand ligand, and was verified as a
uranium(11) species by comparison of electronic absorption spectra of this complex with

an independently synthesised uranium(l11) hydride anion. DFT studies of this complex
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indicate a 5f°6d" electronic configuration for the ground state, with predominantly 6d*

character for the HOMO that resembles a dz? orbital.

SiMe3

u

Megsj g SiMe3

[Na(THF)] [K(crypt)]

Figure 1.4 The anionic hydrido-bridged complex (left) and the uranium(ll) anion

(right).>*>*

Cationic complexes of tris(cyclopentadienyl)uranium have also been synthesised, which
have a metal-based counter ion. The first well-defined example of an organouranium
cation was reported in 1983, when [CpsUCI] reacted with traces of oxygen to give
[CpsU(NCMe),],[UO,Cls] (Figure 1.5).>> Uranium-metal bonds have also been
synthesised using this motif. DFT studies of [(Cp®)sU-Al(Cp*)] indicate a covalent
interaction between the two metals arising from charge transfer from the AICp* unit
onto uranium (Figure 1.5).*° However, studies of the gallium analogue have shown
predominantly ionic bonding which is composed of o-type donation from the GaCp*

unit to uranium.®’



(

— - Me3Si
FEd o\ Clm, Il wCl .
MeCN-—U—>NCMe ~US Me;Si U~
S c” ||l
0]

- -2 Me;Si

’
’r
Py
1%
Ve

Figure 1.5 Two multimetallic complexes synthesised from [(Cp®)sUCI].>>*®

1.3.1.4 Bis(cyclopentadienyl)uranium complexes

Bis(cyclopentadienyl)uranium(IV) complexes feature heavily in the literature and have
been used to synthesise many novel fragments. Complexes with uranium(lV) centres
typically feature two other supporting ligands, although some examples of dianionic
ligand coordination have been reported. This is the case for two tri-tert-

'BU3) " complexes supporting oxo and imido fragments,

butylcyclopentadienyl (Cp
[(Cp®*3),U0] and [(Cp™*®),UNMe] (Figure 1.6).°**° Reactivity and DFT studies of
these complexes indicate uranium-nitrogen double bond character for the imido
complex, but a stronger, polarised U*—Obond for the oxo complex.® A uranium-—sulfur
double bond was also synthesised by cleavage of a thiolate ligand during the reduction

of [(Cp*),U(S'Bu),] (Figure 1.6).%*

e

¥

S'Bu
U=—NMe U\\S__..-[K(crown)]

Figure 1.6 Uranium(IV) complexes featuring U=E bonds.>*®*
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Uranium(V) and uranium(V1) complexes featuring the [(Cp®),U] moiety have also been
synthesised. The uranium(l1l) species, [(Cp*),UCI][NaCl], was found to reductively
cleave azo or azido N=N bonds to give a uranium(VI) bis(imido) complex.®? This
species has been incorporated into a catalytic cycle, as reduction by dihydrogen forms

two amide units, which can be replaced by further additions of azide (Figure 1.7).%

i f 1. Na/Hg /NAd ; f N HAd
; : :

2, N3Ad NAd NHAd

NI

- NH,Ad

Figure 1.7 Synthesis of a uranium(V1) bis(imido) complex and the catalytic reduction

of an imido moiety.*®

Alternative complexes that mimic the [(Cp™),U] motif are uranium ansa-metallocenes.
The first examples of such complexes were reported in 1976 by Marks, who synthesised
a series of [H,C(Cp)2U2Cls][Li(THF);] complexes.®* This was furthered in 1999 by
Burns et al., who synthesised analogous complexes using the preferred dimethylsilyl-
bridged permethylated ligand (Figure 1.8).°° The series has also been extended to
include an ethyl-linked ansa-metallocene with a pendant pyridyl ring on each

cyclopentadienyl ring, which also coordinates to the uranium centre (Figure 1.8).%°
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, CI—H(ELO),

S U(\\\\a

d \cl
Cl—lier,0),

64-66

Figure 1.8 Examples of ansa-metallocenes.

Although the bent bis(cyclopentadienyl)uranium configuration is preferred, linear ionic
complexes have also been synthesised. These complexes feature five acetonitrile or
cyanide molecules in a pentagonal planar arrangement around the equatorial axis of the
molecule, whilst the two Cp* ligands occupy the axial positions (Figure 1.9).°% DFT
studies of the linear [U(Cp¥*).] fragment show these complexes have five 5f and two 6d
non-bonding orbitals, of which five are in the equatorial plane.”® These orbitals accept
electrons from the cyanide or acetonitrile ligands whilst the remaining unpaired

electrons occupy the out-of-plane non-bonding orbitals and one antibonding orbital.

NC
U/CN

NC
NC/ \CN

X, X = BPhy, OTfor |

Figure 1.9 A linear [U(Cp*)2(CN)s]** complex.®®
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1.3.1.5 Electrochemical studies of bis(cyclopentadienyl)uranium complexes

Cyclic voltammetry has become a popular method for assessing the thermodynamic
stability of complexes by measure of redox couples, as the change in Gibb’s free energy

is related to the electrode potential according to Equation 1.1.

AG = —nFE

Equation 1.1 The change in Gibb’s free energy as a function of electrode potential,

where n is the number of electrons and F is the Faraday constant (9.65 x 10* C-mol™).

Studies comparing families of complexes have therefore become especially prevalent,
as this method ascertains the effect on AG of altering the electronic properties of the

complexes.

[(Cp™)2UX] complexes have been studied extensively using this method. Comparative
studies of [(Cp*).UX;] and [Cp3UX] complexes found a trend of electron donating
ability by X ligands, whereby alkoxide ligands are more electron donating than alkyl
and amide ligands, and halide ligands donate the least electron density.***>™ Further
studies investigating the effect of varying halides on [(Cp*),U{N(SiMe3),}X] and
[(Cp*),U(=NANX] complexes found that both the U™/U"™ and UY/U"“ reduction

potentials become less negative descending the halogen group.”*"

Similar studies of [(Cp*),An(L)(L’)] complexes have shown than when L and L’ are o-
donors, a reversible metal-based process occurs between -1.8 and -2.9 V vs [Fesz]”0
corresponding to the U'/U" redox process.”*"" However, when one of the ligands can
interact in both ¢ and m-modes due to a nitrogen lone pair and/or m-orbitals on the

ligand, a second reversible wave is observed between -0.7 and +0.2 V vs [FeCp,] ™.

This corresponds to the UY/U" redox process and further stabilisation of the higher
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oxidation states can be observed in the formation of imide complexes, whereby the
UY/U" process is observed at -1.64 V vs [FeCp,] ™, and the UY'/UY process is observed

at-0.10 V (Figure 1.10).”®

:iPr: ;:

/Nth UéN .
'Pr

\

u\

Ph Ph

uViullt = -2.25 v uViuV =-1.64Vv
uvViuVv =-0.07v uviuvV=-0.10Vv

Figure 1.10 The observed redox potentials vs [FeCp,]""° for a uranium(1V) amide

complex (left) and uranium(V) imide complex (right). "

The uranium(111) oxidation state can also be stabilised with use of appropriate ligands.
Trimetallic actinide complexes containing either three uranium or two uranium and one
thorium centre have been prepared alongside a monometallic uranium(l\V) complex
featuring tripyridine-based (tpy) bridging ligands.” These studies showed the U"/U"!
potential to be appreciably less negative (-0.48 to -0.98 V vs [FeCp,]*"®) in comparison
to other couples reported in the literature, which was attributed to U-tpy =n-
backbonding. These studies also illustrated covalent interactions between the metal 5f
and 6d orbitals and the ligands, and DFT illustrates anti-ferromagnetic coupling
between the metal centres which arises from effective m-overlap between the 5f orbitals

and the nitrogen atoms.?* 2
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1.3.1.6 Mono(cyclopentadienyl)uranium complexes

In comparison to the number of bis- and tris(cyclopentadienyl)uranium complexes
reported, there are few mono(cyclopentadienyl) species. The majority of these
complexes, such as [CpU(BH,)3] and substituted variants, are synthesised as precursors
to other complexes.**®> [Cp*Ul,(THF)3] and [Cp*Ulx(py)s] have also been synthesised
and were found to be useful precursors to amide complexes as illustrated by their

reactivity with K[N(SiMes),] to yield [Cp*U(N{SiMes},).] (Figure 1.11).%

One of the reasons for employing a five-membered carbocycle is to impart the required
steric and electronic properties that would not be achieved in a complex bearing non-
carbocyclic ligands. For example, the synthesis of the first cyclopentadienyl complex of
an uranyl fragment, whereby the Cp* ring forces the uranyl unit to adopt an
unprecedented non-linear geometry (Figure 1.11).%" It is anticipated that such fragments
could lead to the development of a series of soluble uranium oxides, and have the

potential to coordinate a second metal centre through the cyanide ligands.

Some cyclopentadienyl ligands also have coordinating substituents in order to enforce
particular steric and electronic properties on a complex. One example, reported by
Marks et al. in 2003, employs a Cp" ring with an amide pendant in intramolecular
catalytic hydroamination chemistry (Figure 1.11).%%° This species exhibits enhanced
reactivity over [(Cp*);UMe,] and the ansa-metallocene [(Me,Si(Cp“**),UMe,], due to
the open steric environment this ligand provides, without compromising the stability of
the complex. The mechanism for hydroamination is proposed to proceed via C=C/C=C
insertion into a uranium-amide o-bond, as this route is more kinetically viable than

formation of an imido intermediate.
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Figure 1.11 Examples of mono(cyclopentadienyl)uranium complexes.

1.3.2 Five-membered heterocycles
1.3.2.1 Properties of heterocyclic ligands

Heterocyclic five-membered rings in which a carbon atom is replaced by a pnictogen
exhibit some degree of aromaticity due to partial lone pair delocalisation with the diene
unit.®> However deprotonation of the ring to form the anion gives rise to a fully
aromatic system with 6m electrons, in addition to the lone pair.* The lone pair is
approximately perpendicular to the delocalised n-system and exhibits nucleophilic

behaviour.

Incorporation of a heteroatom has a significant effect on the electronic properties of the
heterocycle. This is rationalised by the electronegativities of the atoms, which for
phosphorus and arsenic are 2.2, carbon is 2.5 and nitrogen is 3.0, according to the
Pauling scale." Therefore incorporation of nitrogen into the ring gives rise to partial
localisation of the electron density on nitrogen, however the o-donor/m-acceptor
properties of phosphorus make phospholyl rings apolar and a suitable substitute for the

cyclopentadienyl ligand.

A further effect of introducing a heteroatom is that the degeneracy of the e; and e;
orbitals is broken. If the heteroatom is more electronegative than carbon, the orbitals
with a coefficient on the heteroatom are lowered with respect to the cyclopentadienyl

analogue and all other orbitals remain the same energy (Figure 1.12).%*® The opposite
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is true however when the heteroatom is less electronegative than carbon, however the
similar electronegativity values for carbon, phosphorus and arsenic give rise to smaller
energy differences between the orbitals of the phospholide and arsolide anions than is
observed for the pyrrolide. The consequences of removal of degeneracy have been
observed in transition metal sandwich complexes, whereby redox potentials are
anodically shifted (E values are more positive) relative to their Cp® counterparts due to

the smaller energy gap between the HOMO and the LUMO.

G LRI .
Sbip = =d%

cyclopentadienide pyrrolide

Figure 1.12 Splitting of the e; and e, orbitals in the pyrrolide anion as reported by

Janiak et al..*® Energy levels are not drawn to scale.

1.3.2.2 Uranium heterocyclic complexes

In comparison to the wealth of research which details organoactinide complexes

supported by CpF ligands, few reports have discussed complexes bearing heterocyclic
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derivatives. Of these complexes the majority incorporate tetramethylphospholyl

(Cp”™*4 ligands as this moiety can be considered analogous with Cp*.

In 2008, Cloke et al. published the synthesis of tris(1,3-di-tert-butyl-1,2,4-
triphospholyl)uranium, which to date is the only example of a homoleptic uranium
complex employing heterocyclic ligands (Figure 1.13).% This complex features two n°-
bound phospholyl rings and one n*bound phospholyl ring, which reduces the steric

crowding around the uranium centre.

Mixed-coordination modes have also been observed for uranium(IV) borohydride
complexes. Ephritikhine observed that reduction of [(Cp"™™*),U(BH,),] gives rise to
loss of one [BH,4] ion and dimerisation of the complex via the phospholyl ring (Figure
1.13).5"% Coordination in this manner has been shown to retain the aromaticity of the
phospholyl ring and, in the case of these particular complexes, is not shown to impart
any steric constraints on the metrics within the molecular structure. It was also observed
that n*-coordination of the phosphorus lone pair to the second uranium centre is out of
plane with the phospholyl ring, illustrating that the lone pair is not involved in the
aromaticity of this ligand, and that the phospholyl rings coordinate in order to place the

phosphorus atoms centrally between the two metal centres.

Figure 1.13 A homoleptic uranium complex featuring triphospholyl ligands (left) and a

uranium borohydride dimer featuring bridging phospholyl ligands (right).%*%°
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Mixed-metal complexes have also been synthesised by exploiting the n*n°-coordination
modes of the tetramethylphospholyl ligand. In 1996 the syntheses of the trimetallic
complex, [CLU(p-n"n-Cp™™4),Ni(u-n’n*-Cp”™*4),UCI,], and the bimetallic complex,
[CLU(u-n"m*-Cp™*),RuH,(PPhs),], were reported (Figure 1.14). These complexes
demonstrate that in uranium-transition metal complexes the phospholyl ring bonds
exclusively to the uranium atoms via the aromatic ring and exclusively to the transition
metal via the phosphorus lone pair.’%*% The formation of a Ru---H---U bridge in the
latter complex is proposed to arise from a lack of electron-density on the metal centre,
which is not observed for the analogous borohydride complex, [(BH4),U(u-n>n*

CpP™**),RuH,(PPhs),] as [BH4]" is more electron donating than CI".

A =

3 \ H \
C~s NI/ el Ph3P,,,'“\R u/ _ _U‘“““\\\\u
ol i ~ SN
Cl \ (o Cl
@P/ P/\m PhgP \P /\m

Figure 1.14 Mixed-metal complexes featuring n°:n'-coordinated phospholyl ligands.

Methyl groups on the phospholyl rings have been omitted for clarity.

In a similar manner to the synthesis and studies of [(CpR)nUX(4_n)] complexes, a range of
uranium phospholyl complexes have been studied. Comparison of Cp* and Cp”™™**
complexes of [(CpR)nUCI(4_n)] illustrate that Cp* donates more electron density to
uranium than the phospholyl analogue, which makes coordinated THF more labile and
stabilises sterically unsaturated complexes.'® NMR studies of [(Cp®),U(BH4)wn)]

complexes also found a correlation between electron density at the uranium(1V) centre
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and chemical shift, whereby the B resonance shifts downfield as the number of Cp®

rings increases and as the rings become more electron donating."®*

Ephritikhine, Durand and colleagues studied bis- and tris(cyclopentadienyl)uranium(IV)
halide and borohydride complexes by cyclic voltammetry and DFT and found a good
correlation between the calculated electron affinities and the measured half-wave
potentials.**%% Variation of Cp® illustrated that increasing the number of electron-
donating substituents resulted in an increasingly negative U"/U" redox couple. In the
case of Cp™** however, it was found that the inductive effects from the methyl
substituents are counteracted by the phosphorus atom, so that overall this ligand donates
less electron density to the uranium centre than the unsubstituted cyclopentadienyl
ligand. When the E. values are compared for [(Cp¥),U(BH.),] and [(CpF)sUCI]
complexes, it was found that the phospholyl complexes have redox values that are more
than 0.2 V less negative than Cp, illustrating the additional stabilisation of the +3

oxidation state relative to the +4 state.

The different electronic properties of phospholyl ligands in comparison to
cyclopentadienyl ligands have led to the synthesis of some synthetically challenging

PMe4

fragments. [(Cp ™" ")sUCI] for example, can be synthesised in high yield and can
undergo further reactivity to form hydride, alkyl and alkoxide complexes.'® Synthesis
of [(Cp*);UCI] however, was not achieved until eight years later.!®” Conversely,
synthesis of [(Cp"™®*),UCI,] proved challenging and it could only be isolated in low

106

yields.

Despite the use of the phospholyl ligands as CpF alternatives, only two examples of
simple uranium pyrrolyl ligands have been reported. In comparison to the phospholyl
ligand, pyrrolyl complexes prefer to adopt the n*-coordination mode, and can rapidly
interconvert between n’- and n'-modes. However, Boncella and co-workers found
increasing the sterics of the pyrrolyl ligand gives rise to n>-coordination, presumably

because the uranium centre no longer has access to the sterically protected lone pair.*®
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Pseudo-n°-coordination of tetramethylpyrrolyl (Cp"M**

) was also observed by Evans et
al., who found [(Cp*).U(Cp"™**)] exhibited coordination of the pyrrolyl ligand via the

nitrogen lone pair, the a-ring carbon and its methyl group.*®

%
II,",'

Mes

Figure 1.15 n°-coordination of pyrrolyl ligands with bulky substituents (left) and n*-
coordination of Cp"™** in [(Cp*),U(Cp"M*4)] (right).1%81%°

1.3.3 Six-membered carbocycles
1.3.3.1 Properties of arene ligands

Arene rings are aromatic when neutral, and have one additional molecular orbital
combination than the cyclopentadienyl ligand: a singularly degenerate combination that
has three nodes.* As such the lower energy orbitals (a and e;) tend to be involved in o-
and m-bonding, whilst d-interactions arise from the e, orbitals. Despite the lack of
charge on arene ligands, uranium complexes have illustrated that these molecules can
accept electron density and acceptance of four electrons generates an alternative 10z

aromatic system.™*°

Although there are examples of pyridine- and phosphinine-based ligands in
organouranium chemistry, all examples involve n'-coordination through the lone

pair.*****2 Therefore a discussion of these complexes will not be included.
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1.3.3.2 Terminal arene uranium complexes

The earliest report of uranium arene complexes appeared in 1971 and featured the
synthesis of [(CsHg)U(AICI4)s] from UCI, using Friedel-Crafts methodology.™* XRD
analysis of similar complexes, [U2(CsMeg).Cl7]J[AICI,] and [(CsMeg)U(AICI,)s],
illustrates n°-coordination of the arene ring, however, a model of the bonding in these
complexes was not conducted.”>® Other variants of these complexes supported by

borohydride ligands have since been published.*"*!8

With exception of the aforementioned tetrachloroaluminate and borohydride complexes,
other terminal monoarene complex have supporting functional groups which bind to the
uranium centre and bring the arene unit into bonding proximity of the metal.**® Meyer
has reported two such complexes: a tris(aryloxide) functionalised mesitylene ligand and
a bis(diphenylmethyl)-substituted aryloxide ligand (Figure 1.16).}%'2' These
complexes are supported by a neutral, n°-bound arene ring, giving rise to uranium
centres in the +3 oxidation state. DFT studies of these complexes illustrate the metal-
arene bond is comprised of a d-interaction whereby electrons are donated from the 5f-

orbitals to the arene antibonding n-orbitals.

Ar = 2,6-bis(diphenylmethyl)-4-methylphenyl

Figure 1.16 Uranium aryloxide complexes with supporting arene groups.*?%*%
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The mesitylene-based complex has also been shown to undergo redox isomerisation in
the presence of a reducing agent.?? This proceeds via migration of a hydride from a
CH, linker to the uranium centre to give a formal uranium(lV) complex with a
U---H---M moiety and a reduced mesitylene unit (Figure 1.17). Further addition of a
crown ether results in hydride insertion into the mesitylene ring. However, alternative
use of a cryptand has illustrated that a uranium(ll) monoarene complex can be
synthesised.’”® Comparison of the molecular structure of this complex with the
preceding uranium(l1l) species illustrates little variation in the core structure, and the
planarity of the aromatic ring has been maintained. DFT studies of the uranium(ll)
complex describe the reduction as being predominantly metal centred and
+/0

electrochemical studies have shown a quasi-reversible wave at -2.5 V vs [FeCp,]

which is assigned to a formal U"'/U" redox couple.

18-crown-6 or
15-crown-5

O,
(omve

CHs
M(crown)THF

Potassium
2,2,2-cryptand

K(crypt)

Figure 1.17 Reduction chemistry of a uranium monoarene complex.*?'%3
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To date, no reports of bis(arene) sandwich complexes have been published due to the
instability of a uranium complex in the zero oxidation state. Synthesis via Friedel-Crafts
methodology has already been shown to be ineffective, and metal vapour synthesis
techniques were unsuccessful.*** DFT studies of bis(arene) complexes have shown that
unlike transition metal complexes, actinide bis(arene) complexes would adopt a bent
structure, unless sterically prohibited by bulky substituents.*>® However the feasibility
of synthesising this type of complex is low, as the dissociation of the complex is

thermodynamically favoured.*?

1.3.3.3 Bridging arene complexes

Despite the small number of uranium arene complexes in the literature, in 2000 a new
family of diuranium monoarene complexes was established with the publication of the
first inverted sandwich complexes of benzene and toluene (Figure 1.18).**" These
complexes exhibit comparatively shorter U-C bond distances than the terminal arene

complexes and exhibit n°-coordination to both metal centres.

Ar Ar\
t F t
Bua N :N/ Bu
N\
U U
/ \
tBu““""'\\I /N ~tgy
Ar Ar

Ar = 3,5'M€2C6H3

Figure 1.18 The first inverse sandwich complex of benzene.*?’

Assignment of the oxidation state of the metal and arene in these complexes is

ambiguous. Formation of an inverted sandwich complex by reduction of a uranium(lll)
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species can give rise to several possibilities ranging from two uranium(ll) centres with a
neutral arene bridge to two uranium(IV) units with a tetraanionic arene ligand.
Reactivity studies of these complexes suggest two uranium(ll) centres due to the
propensity for these complexes to behave as four-electron reductants.?”*?® Conversely,
XANES spectroscopy has determined an effective electronic charge consistent with two
uranium(111) centres. Evidence for an arene* ligand was however reported by Liddle,
who observed that high valent uranium(V) inverse sandwich complexes can also be

synthesised.'1%1?

DFT calculations of the low-valent ‘uranium(lll)’ inverse sandwich complexes have
suggested four electrons reside in uranium-based non-bonding orbitals, whilst another
four electrons are stabilised predominantly by a covalent &-interaction between 5f-
orbitals and the arene LUMOs.**" Further studies on an inverted arene complex
stabilised by carbene ligands revealed the two d-interactions consist of ca. 40% carbon

(arene) 2p-orbitals, 40% 5f-orbitals and 10% 6d-orbitals.**°

This family of complexes has since been extended to include other arene ligands,
including naphthalene, biphenyl, trans-stilbene and p-terphenyl (Figure 1.19).'%1%
These complexes are supported by three ketimide ligands per uranium centre, and are
synthesised as either the mono- or dianionic species. XRD studies illustrate that both
uranium centres coordinate to the same arene ring in all instances, with coordination of
the alkali-metal ion to another part of the complex. DFT studies have also illustrated
that these ionic complexes exhibit the same bonding as their neutral counterparts in

order to maintain the structure of the bridging unit, and that the charges are stabilised by

the m-donor/acceptor properties of the ketimide ligands. **?
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Mes'BuC=N N=C'BuMes MesBuC=N N=C'BuMes
‘Bu \U ‘ U: 'Bu 'Bu \ F 'Bu
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Figure 1.19 Examples of mono- and dianionic inverse sandwich complexes.'*"*3

Apart from their role as reducing agents, reactivity of these complexes includes
cleavage of the dimeric unit by substitution of the arene with two anionic ligands.**®
This gives rise to two uranium(l1l) complexes supporting the assignment of two
uranium(l11) centres in the inverse sandwich complex. Other reactions include the
borylation of the arene moiety, either by addition of the borane to the arene complex, or
by addition of the borane during the synthesis of the inverse-arene complex (Figure

1.20).3* The mechanism for this reaction is proposed to proceed via electrophilic

aromatic substitution, and offers an alternative method for functionalising arenes.

Ar = 2,6-'Bu,CgH5

Figure 1.20 A borylated arene bridged between two uranium centres.*3*
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1.3.4 Seven-membered carbocycles
1.3.4.1 Properties of cycloheptatrienyl ligands

The cycloheptatrienyl ligand is ambiguous in nature as it can be derived from
cycloheptatriene by removal of a hydride to generate the [C;H;]" (tropylium) cation,
which has 6m-electrons analogous to arene and cyclopentadienyl ligands. Alternatively,
it can be doubly-reduced with loss of a proton to generate the [C;H-]* trianion, which
has 10m-electrons and is analogous to the cyclooctatetraenyl ligand.* In organoactinide
chemistry, the latter mode is dominant as coordination of a tropylium ligand would
suggest the formation of extremely low or negative oxidation states. The trianion has a
set of a-symmetry orbitals and three sets of doubly degenerate e-symmetry orbitals

which feature one, two and three nodes respectively.

1.3.4.2 Uranium cycloheptatriene complexes

Few cycloheptatriene complexes have been reported, partly due to the difficulty in
functionalising this ligand. The first use of this ligand in organoactinide chemistry was
published in 1994, and illustrates two examples of anionic inverted cycloheptatrienyl
sandwich complexes with borohydride and amido ligands (Figure 1.21).2***%® Both
species exhibit planar [C;H7]* units, indicating that the ligand is aromatic in these

complexes and that both uranium centres are in the +5 oxidation state.

Following this publication, the first example of a bis(cycloheptatrienyl) uranium
sandwich complex was reported (Figure 1.21)."*"3 This species, which is synthesised
as [K(18-crown-6)][U(C;H5).], exhibits two staggered parallel rings giving rise to a
dumbbell-shaped molecule with Cj, symmetry. In the synthesis of this complex
uranium has undergone a one-electron oxidation to form the +5 oxidation state in order

to allow coordination of two [C7H;]* moieties.
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H48s ”B H, Q:,:
[U(BHy)2(THF)s]

Figure 1.21 An inverse cycloheptatrienyl complex (left) and the cycloheptatrienyl

sandwich complex (right)."*>**’

1.3.5 Eight-membered carbocycles
1.3.5.1 Properties of cyclooctatetraene ligands

Neutral cyclooctatetraene has 8z electrons and is most stable in the tub conformation. A
two-electron reduction of this ligand however, generates the 10m-aromatic system. This
ligand features a set of a-symmetry orbitals, three doubly degenerate e-symmetry
orbitals sets and a set of b-symmetry orbitals, which features four nodes.® Of these
orbitals, typically the lowest four are involved in bonding, and &-interactions tend to be

dominant due to the increased size of this ligand.

1.3.5.2 Uranocene

Uranocene, [U(CgHg).], was the first organoactinide sandwich complex to be
synthesised and was reported by Streitwieser and Miller-Westerhoff in 1968.% This
complex exhibits parallel COT rings giving rise to a dumbbell shaped structure with Dgp,
symmetry and was the first f-element complex to resemble ferrocene.’**'*° Other
studies of this complex found it to be thermodynamically stable, although it reacts

violently with pure oxygen and decomposes in air.***
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After this initial publication, several variations were reported with substituted COT
rings,**** including one example of a bridged uranocene,*® and a biuranocenylene
(Figure 1.22).° Some of these structures exhibit both staggered and eclipsed
conformations in crystalline material, but analysis of dibenzouranocene and
dicyclopentenouranocene suggests that the differing conformations are a result of
packing within the lattice rather than steric constraints.**>*** The presence of more than
one conformation in the solid state also demonstrates the very small rotation barrier
exhibited by these complexes.™™ However, silyl and tert-butyl substituted complexes
show the sterics of these groups inhibit full rotation, which is illustrated by the static
conformations observed by NMR spectroscopy at cooler temperatures.**>'*? Studies of
1,1’-dimesityluranocene have shown that the two mesityl moieties favour close contact,

which is proposed to be due to van der Waals attraction.*® This was determined by

NMR studies which revealed a high separation barrier of 10 kcal-mol™.

SO
S

Figure 1.22 Examples of substituted uranocenes.***°

The one exception to the usual structural motif of uranocene was reported in 2011 in the
formation of a bent uranocene which incorporates two COTE'® (CgHglh*SPhe12)
ligands.™®® Despite the non-linear COT-U-COT angle, the U-C distances vary little

from those of other uranocene complexes, illustrating that bending of the complex
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allows the general features of uranocene to be maintained whilst accommodating four

large substituents.

Analysis of the bonding in uranocenes found there is overlap between the 5f and the ey,
orbitals, and the 6d and ey, orbitals, which stabilise the complex."****> Due to
relativistic effects, these contributions are comparable, however greater radial extension
of the 6d orbitals also allows overlap with deeper ligand orbitals.**® It was also observed
that substituents cause little alteration in the spectra, indicating that they do not stabilise
or destabilise the complex.®"**® However, increasing levels of alkylation gives rise to

increased 6d- and 5f-orbital involvement in the bonding.

Despite the thermodynamic stability of uranocene, reactions of these complexes have
been reported. Early studies found uranocene could be reduced with potassium to yield
potassium bis(cyclooctatetraenyl)uranium(I11) and substituted derivatives.”** %! These
studies were supported by DFT which found uranocene to have a positive electron
affinity, and demonstrates than a uranium(lll) species with a 5f° configuration is
stable.'®> More recently, a novel bent uranocene was synthesised by reaction of
[U(CgHs)2] with a cyanide ion (Figure 1.23).2%® This gave rise to coordination of

cyanide to uranocene with a separated [NR,4]" cation.

[INEG][CN] @\
U_

-
'

- <D |

Figure 1.23 Synthesis of a bent uranocene.*®®
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Infrared spectroscopy of this complex illustrates little backbonding and XRD studies
found significant bending of the COT-U-COT angle. DFT studies of this complex
have found 6d and 5f orbitals continue to participate in the metal-ligand bonding to all

three ligands, giving rise to covalency in the U-CN bond.*®*

1.3.5.3 Monocyclooctatetraene uranium complexes

Despite the popularity of uranocene and the volume of research that has been conducted
on these complexes, reactivity studies of these complexes are limited. However half-
sandwich synthons incorporating only one COT ring have since been reported and offer

a wealth of reactivity.

An early example is [(CgHg)UCI(THF),], which could be synthesised by reduction of
cyclooctatetraene with UCIs, or by reaction of UCl,, COT and sodium hydride.*® The
synthetic utility of this complex was demonstrated by its conversion to
[(CgHg)U{N(SiMes).}-], however the analogue to this complex,
[(CgHg)U(NEL,)2(THF)], could not only be synthesised via [(CsHg)UCI,], but also from
uranocene, [U(NEt,)s] and UCIl, (Figure 1.24).2¢% Another useful synthon,
[U(COT)(OTf)2(py)], could be synthesised directly from [U(OTf),4] and one equivalent
K2 [C8H8] .169,170

U(NEts)4
- LiNEt
LiNEt, K2[CO'2I'] Ko[COT]
Li[U(COT)(NEt,)] (NEtHIBPhal U(COT)(NEt,),(THF)

Figure 1.24 Synthetic routes to [(CsHg)U(NEt)z(THF)].**"*
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Initial reactivity of [(CgHg)U(NEt,)2(THF)] involved conversion of the complex into the
ionic complex, [(CgHg)U(NEt,)(THF),][BPh,], by protonolysis of the half-sandwich
with [NEtsH][BPhs].*"* From this complex a range of reactivity was observed which
included addition, insertion and substitution reactions. More recently, this motif was
used to synthesise dicationic uranium(lV) and cationic uranium(l11) complexes.}”#7®
Addition of a Lewis base during these reactions gave rise to separation of the ions to
form discrete piano-stool uranium cations, which could be employed as precursors for
the synthesis of other complexes (Figure 1.25). This was demonstrated by reaction of
the uranium(l1l) cation with K[Cp*], which gave rise to displacement of two HMPA
ligands in order to allow coordination of the five-membered ring.}™ Similarly, reaction
of the uranium(lV) dication  with  K[Cp"™™] gave rise to
[U(CgHg)(Cp™™**)(HMPA),][BPh4] which could be reduced to the uranium(I11) complex
with sodium amalgam.'”® Regeneration of the parent uranium(1V) cation could however

be achieved by protonation of the Cp”™* ligand, illustrating the lability of this ligand in

comparison to its cyclopentadienyl analogues.

WU _NaBPh, WU
HMPA™ / SHMPA HMPA™ / SHMPA

| HMPA [BPhgl, | HMPA 1BPhy]

Figure 1.25 A uranium(1V) dication and uranium(l1l) cation, synthesised by

protonolysis of [(CsHs)U(BH4)(HMPA)3][BPh,].1">1"

The mixed-sandwich family of complexes with one cyclooctatetraenyl ligand and a
five-membered ring began with the publication of [U(COT)(Cp*)(THF)] in 1993.1

This complex, as with all uranium(111) and uranium(lV) mixed-sandwich complexes,
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adopts a bent structure. The ability of these complexes to coordinate a Lewis base, or
undergo a one-electron oxidation has given rise to a wide range of reactivity and has led

to the formation of many new complexes (see Chapters 2 — 4).

1.3.5.4 Inverse cyclooctatetraene uranium complexes

Although there is a large array of literature for cyclooctatetraenyl rings in
organoactinide chemistry, few inverse cyclooctatetraenyl uranium complexes have been
published. The earliest report appeared in 1978 which proposed the formation of
[{(Cp*)3U}2(CsHg)] by reaction of [U(Cp*)s] with Ky[CgHg].t”" In 1990, a second
publication described the synthesis of [(COT)U(BH,).] from [U(BH,)4] and uranocene,
in which it was proposed that the inverse sandwich complex [(BH4)sU(COT)U(BH,)s3]

was formed as an intermediate.'’

Crystallographic evidence of an inverse cyclooctatetraene complex was not published
until 2000, when Evans et al. reported the synthesis of [{(CgHg)(Cp*)U}.(CgHs)] by a
formal three-electron reduction of COT by [U(Cp*)s].}"® The bridging CgHg unit was
found to be non-planar and bound in an n®n® fashion (Figure 1.26). Alternative
methods of synthesising this complex have since been published and include reduction

of COT by [U(COT)(CP*)(THF)], [U(Cp*)zH1z, and [{(CaHz)(Cp*)U}2(CoHe)]. 0

A second inverted cyclooctatetraene complex was reported by Diaconescu and
Cummins in 2002 via a bridged naphthalene complex (Figure 1.26).*! This complex
however exhibits n®n®-bonding of the COT ring, which is proposed to be due to the
lesser sterics around the metal centre in comparison to [{(CsHs)(Cp*)U}2(CgHg)].
Theoretical calculations of this complex also illustrate the bonding between the bridging
ligand and the two metal centres is weaker than the analogous arene complexes due to

poorer overlap of the ligand d-orbitals and the 5f-orbitals.
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Mes'BuC=N N=C'BuMes
Mes'BuC=N""7" U~~N=C'BuMes
Mes'BuC=N N=C'BuMes

Figure 1.26 Two inverse COT complexes with n*:n*-bonding (left) and n®:m>-bonding

(right)'l3l,179

1.3.5.5 Properties of pentalene

An alternative eight-membered, dianionic aromatic ligand derives from pentalene,
which is a bicyclic moiety composed of two fused-five-membered rings. The neutral,
unsubstituted 8zn-system is unstable above -196 °C and readily decomposes, however
the stability of this species increases upon the addition of substituents. The aromatic
pentalene dianion however is stable at ambient temperature and a growing number of

organometallic complexes have now incorporated this ligand.*®

The bonding modes of this ligand are more varied than those of COT, and whilst the
ligand is viewed as a planar 10m-aromatic system, planar pentalene ligands tend to adopt
n°-coordination, giving rise to a Cp® motif.’® This has also led to the synthesis of a
series of bimetallic complexes, which can be anti- or syn-facial, with the latter allowing
the formation of metal-metal bonds.’®* Monometallic complexes however, tend to
exhibit n®-coordination of the ligand, which folds along the bridge with consequential
loss of aromaticity. This latter coordination mode is prevalent in the organometallic
chemistry of pentalene and is the only coordination mode observed in organoactinide

complexes.
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1.3.5.6 Uranium pentalene complexes

Uranium bis(pentalene) was first reported by Cloke and co-workers in 1999 and was
shown to form in both the semi-eclipsed and staggered conformations.’®® Theoretical
studies and photoelectron spectroscopy illustrate that the bonding in this complex is
similar to the bonding in uranocene, with overlap of the 5f and 6d-orbitals with the
pentalene HOMO. Studies of the ionisation energies of several complexes found the
pentalene complex to have the lowest energies, therefore illustrating that this ligand

donates more electron density to the metal centre than both Cp and COT.

An analogous complex was also synthesised a decade later with permethylpentalene
ligands (Figure 1.27).* This complex was found to exist in one staggered and two
eclipsed conformations in the solid state, which relate to one another by ca. 120°
rotation around the c-axis. Electrochemical studies of this complex suggest access to the
uranium(l11) oxidation state is achievable, as demonstrated by a redox wave at -1.13 V
relative to [FeCp,]™°. However, these results are not in agreement with other U"/U"
reduction couples in the literature and it is instead proposed that the metal-based process

occurs at ca. -2.3 V vs [FeCp,] ™.

Half-sandwich uranium(l11) pentalene complexes have also been synthesised with Cp*

and TpM*

supporting ligands, which bear resemblance to the COT mixed-sandwich
system (Figure 1.27).'*°*% DFT calculations on these two complexes illustrate that the
Tp“®® analogue is more reducing than its Cp* counterpart, but that the steric
environment around the metal centre is more crowded, giving rise to less observed

reactivity.
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Figure 1.27 A uranium bis(pentalene) complex in the staggered conformation (left) and

a uranium half-sandwich complex (right). 8418

1.4 Summary

The rich chemistry observed for uranium with aromatic ligands could not have been
foreseen when this field first emerged over 50 years ago. However the range of
complexes synthesised illustrates the applicability of these ligands in organometallic
chemistry, with tuning of the steric and electronic properties in terms of charge,
heteroatom incorporation and substituents available. This thesis extends this concept,
with the specific aim of altering the steric and electronic properties of published
complexes by changing the ligand substituents and incorporating heteroatoms into the

five membered ring.
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CHAPTER 2: URANIUM(I11) MIXED-SANDWICH COMPLEXES

2.1 Introduction

Sandwich complexes consist of a metal centre that is ‘sandwiched’ between two
aromatic ligands and have been prevalent in the literature since the discovery of
ferrocene by several research groups in 1951.7* Over the ensuing decades this area of
organometallic chemistry branched into half-sandwich complexes and complexes with
two-or more metal centres such as multi-decker sandwich complexes, inverse sandwich
complexes and double sandwich complexes (Figure 2.1). Mixed-sandwich systems,

which have two non-identical aromatic ligands have also been synthesised.

MesSi
©\SiMe3 Si'Prs
@ = i

c/ e

Bu | =Ti

'Pr Si / \
Me3Si OCO\\“ o CQ
\Q Si! Pr3
M93

Figure 2.1 Examples of sandwich complexes: a neodymium triple-decker sandwich

(left), molybdenum half-sandwich (centre) and titanium double sandwich (right).>”’

The sandwich framework has been widely used in organometallic chemistry, and has
become a popular choice in catalyst design.® The aromatic ligands provide a suitable
steric and energetic environment for the isolation of metal complexes in various
oxidation states and tend to be innocent towards reactivity with the substrates. Recently

however, researchers have reported the activation of C—H bonds within the substituents
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of the ligands, which results in oxidation of the metal centre and the formation of an

M-C o-bond (see section 2.3.7).5%°

Previous work by Cloke and colleagues has included the use of a mixed-sandwich
system in the synthesis of uranium(l11) and uranium(l\V) complexes. These complexes
are composed of a substituted COT or pentalene ligand, and a substituted
cyclopentadienyl ring (Figure 2.2), and demonstrate that the mixed-sandwich motif
provides suitable Kkinetic stabilisation of the +3 oxidation state, without compromising
the thermodynamic reactivity of the complexes with small molecules. As such further
variations of this ligand system have been explored with alteration of the five-

membered ring and COT substituents.?"%

||\/|e3 Sl Pr3
T SiPry @
SiMe, . !\/l SiPrs

Figure 2.2 Examples of uranium(I11) mixed-sandwich complexes synthesised by Cloke

et al..21'23'24

In order to further these studies and find trends regarding the electronic properties of
these complexes with respect to the activation of small molecules, this thesis aims to
synthesise a range of novel uranium(l1l) mixed-sandwich complexes, and analyse the
properties of these complexes by cyclic voltammetry. In order to obtain objective
comparisons, the [U(COT®"™®2)(CpR)] motif is utilised so that the only variation arises
from the five-membered ring, either by alteration of the ring substituents or by

heteroatom incorporation into the ring.
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2.2 Synthesis and characterisation of cyclopentadienyl-based uranium(l11) mixed-

sandwich complexes

Synthetic routes to the previously synthesised mixed-sandwich complexes involved
successive salt metathesis reactions of Ul; or UCl, with the ligand salts.”*® The
solubility of these starting materials precluded the use of non-coordinating solvents for
these reactions but reasonable yields were obtained with ethereal solvents. The synthetic
route for the synthesis of the new mixed-sandwich complexes was based on the

published preparation of [U(COT®"™2)(Cp*)(THF)].%

2.2.1 Synthetic route to mixed-sandwich complexes

The synthesis of the mixed-sandwich complexes was achieved by successive addition of
the ligand salts to Ul; according to Figure 2.3. Full conversion of Uls to the
[Ul,(CpT)(THF),] intermediate was observed over several hours by a gradual colour
change from deep blue to green or purple. Subsequent work up removed residual Ul
and K1 and addition of a deficiency of Ko,[COT®"®?] solution was required in order to

minimise the formation of the substituted uranocene, [U(COT®P)2),],

Si'Prg
R

=

[CpR] 0.9 KZ[COT(SIIPI’3)Z] SiiPr3

THF RT // \<\3> THF, -30 °C - RT g \U
<A

e )

Figure 2.3 Synthesis of [U(COT®"P2)(CpR)], where R = 'Bu (2.1), 'Buz (2.2), 'Bus

Ul,

n=2or3

(2.3) or (Si'Pr3); (2.4).
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Filtration of the mixed-sandwich complexes to remove KI and residual
[Ul(CpR)(THF),] was ineffective for [U(COT®P2)(Cp®™")(THF)] (2.1THF) unless
the mixture was first treated with pentane then stripped to dryness several times. This
resulted in removal of coordinated THF to vyield the base-free complex,
[U(COT®P™2)(Cp™®)] (2.1). Desolvation of complexes 2.2 — 2.4 however occurred as

soon as THF was removed in vacuo.

Synthesis of [U(COT®PR)2)(cp™® )] (2.2) in adequate yield proved challenging as two
additional products were observed in the 'H NMR spectrum of the crude product
mixture. Separation of these species by crystallisation revealed the side products to
include [{U(Cp™®"?),}o(p-1)2] (6.1) and [U(Cp™*?)s] (6.3). The presence of these other
complexes is rationalised by the increased solubility of [Uly(Cp®™'3)(THF),] in
comparison to Ulz. However the yield of the desired complex could be improved by

addition of K[Cp®®*’] as a powder instead of a suspension.

The synthesis of [U(COT®P2)(cp®*)] (2.3) was also modified to exclude work up of
the intermediate as [Ul,(Cp™“®)(THF),]Jwas found to be insoluble in non-coordinating
solvents. However adaptation of the synthetic route to a two-step, one-pot synthesis was

successful in this instance and significantly improved the yield.

2.2.2 NMR studies of mixed-sandwich complexes 2.1 - 2.4

Despite the pitfalls of NMR spectroscopy for paramagnetic complexes which include
loss of observable multiplicity, ambiguity in integration and in some cases,
unobservable resonances, NMR has been an important tool in the characterisation of the
uranium complexes synthesised in this thesis. A useful feature of paramagnetic
complexes is that most obey the Curie law, whereby the chemical shifts of the
resonances are inversely proportional to temperature. Therefore, in addition to

characterisation of proton and heteronuclei resonances, variable temperature *H NMR
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has been used to provide additional information on the properties of the complexes in

solution.

Analysis of complexes 2.1 — 2.4 by variable temperature *H NMR has shown the tert-
butyl substituted complexes have clearly defined resonances at room temperature and
follow the Curie law between -80 and +100 °C (Figure 2.4). However, the iso-propyl
and tert-butyl protons for 2.1 do not follow the Curie law, a feature which was also
reported by Andersen and co-workers for [(Cp™®);U(C(O)'Bu)] and was ascribed to a

temperature-dependent conformational equilibrium.?’

T /°C
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_80 - \‘\.\‘ ‘k‘\“.. X
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X
o
wn

Chemical Shift for /Pr-CH; 6 /ppm
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T /K!

Figure 2.4 Chemical shift vs 1/T for a COT/Cp-CH resonance of 2.1 (blue, y = -26358x
+10.25, R* = 0.998), 2.2 (red, y = -31608x + 14.11, R? = 0.999) and 2.3 (green,
y = -27885x +15.84, R? = 1.00) and chemical shift vs 1/T for an 'Pr-CHs resonance of

2.1 (purple crosses).
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In the case of 2.1, it is the protons that are furthest from the metal centre that are most
affected by conformational changes as rotation of both rings allows for variation in the
interactions between the tert-butyl substituent and the iso-propyl groups. This feature
was not observed in the NMR of 2.2 and 2.3 and it is postulated that this effect is
minimised by the presence of additional tert-butyl groups which dictate that the iso-

propyl groups always interact with one of the tert-butyl substituents.

The *H NMR spectrum of [U(COTE"P™2)(cpiPP2)] (2.4) at ambient temperature did
not show any clearly defined resonances, and variable temperature *H NMR shows that

this complex illustrates fluxional behaviour at this temperature (Figure 2.5).
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Figure 2.5 Plot of chemical shift vs 1/T for two COT ring proton resonances in 2.4.

Above 35 °C, the data fit the line y = -37117x + 26.77, R* = 0.9993. Below 5 °C the

data fit the lines y = -34043x + 17.64, R? = 0.9998 (above) and y = -39253x + 20.87,
R? = 0.9996 (below)
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Below 5 °C, the ring protons resolve into nine separate resonances, indicating that this
complex has C; symmetry on the timescale of the experiment. Between 5 and 35 °C
these resonances begin to coalesce and are not observed in the spectra. Above 35 °C,
five ring proton environments are observed, indicating that there is free movement of
the rings on the timescale of the experiment, giving rise to Cs symmetry. The proton
resonances of the iso-propyl groups overlap between -30 and 70 °C and a coalescence
temperature could not therefore be determined. These data also illustrate that above and

below the coalescence temperature, Curie-Weiss behaviour is observed.

2.2.3 Molecular structure of [U(COT®P™2)(Cp®)(THF)] (2.1THF)

Single crystals of 2.1THF were obtained from slow cooling saturated pentane solutions
to -35 °C and the structure was solved with two molecules in the unit cell (Figure 2.6).
Comparison of 2.1THF with previously synthesised uranium(lll) mixed-sandwich
complexes incorporating Cp*, Cp“** and Cp™® ligands illustrates little variation in the
U—COT centroid and U-Cp® centroid distances (1.96(2) — 1.977(5) and 2.499(6) —
2.50(2) A respectively).® The COT-U—Cp® angle however varies by up to 5° and it was
observed that the angle increases as the ligand size increases (139.8(5)° when R = Me,
141.8(2)° for R = Mey, and 144.5(2)° for R = Mes), giving rise to a larger pocket for the
smaller complexes. Based on this trend, it is concluded that complex 2.1THF is smaller
than [U(COTE™PI2)(CpMe(THF)], and may therefore exhibit different reactivity.
Further studies on the sterics of all the mixed-sandwich complexes are discussed in

Chapter 5.
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Figure 2.6 ORTEP view of 2.1THF with thermal ellipsoids at 50% probability;
hydrogen atoms and COT iso-propyl groups have been omitted for clarity. Selected
bond distances (A) and angles (°): U-Ct; 1.9740(4), 1.9730(4); U-Ct, 2.5061(4),
2.5046(4); U-0 2.673(6), 2.671(6); Ct;—U—Ct; 140.574(19), 140.768(19).

2.2.4 Molecular structures of the desolvated mixed-sandwich complexes (2.1 — 2.4)

Single crystals of all the mixed-sandwich complexes were obtained from slow cooling
saturated pentane solutions to -35 °C (Figure 2.7). Selected data are presented in Table

2.1.
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Figure 2.7 ORTEP views of 2.3 (top left), 2.2 (top right), 2.1 (bottom left), and 2.4
(bottom right) with thermal ellipsoids at 50% probability; hydrogen atoms and COT iso-

propyl groups have been omitted for clarity.

Comparison of complexes 2.1 and 2.1 THF show that upon coordination of THF the
U-Cp and U-COT distances increase. This is a minor difference for U-Cp (0.011 A),
but a more significant difference is observed for U-COT (0.085 A). Trends relating to
the U-Cp, U-COT and Cp-—U-COT data are not apparent from analysis of these four

complexes alone, but are discussed in depth in Chapter 5.
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It has also been observed with all the mixed-sandwich complexes that there is a degree
of ring slippage for the five-membered ring. This is marginal for 2.1 as observed by the
U-C(Cp) distances which range from 2.766(11) — 2.776(13) A, but is more significant
for 2.3, whose U-C(Cp) distances range from 2.724(6) — 2.823(6) A. This gives rise to a
pseudo 1° U-Cp interaction with the two adjacent tert-butyl groups lying on the two
carbon atoms that are furthest from the metal. Similarly, the two di-substituted
complexes show a slight tilt of the two adjacent unsubstituted carbon atoms towards the
metal centre, illustrating that these complexes allow tilting of the ligands in order to

accommodate the sterically demanding groups.

Distances (A) Angles (°)
Compound
Ct-U Ct-U Ct;-U-Ct,

[U(COT®P¥12y(CcpBY)] (2.1) 1.8891(7) 2.4950(7) 174.66(4)

sirag , 1.9129(4) 2.4706(4) 161.09(2)
[U(COTE™P2)(Cp®2)] (2.2)
1.9150(4) 2.4772(4) 159.83(2)

[U(COTEP2y(Cp®R)] (2.3)  1.92263(18)  2.48047(18)  167.042(10)

[U(COTEP2y(cp®iiPrazy] (2.4)  1.9086(7) 2.4830(7) 161.79(4)

Table 2.1 Bond lengths, distances and angles for 2.1 — 2.4. Ct; is the centroid for the

COT®P2 [igand and Ct, is the centroid for the Cp® ligand.

2.2.5 Cyclic voltammetry of cyclopentadienyl mixed-sandwich complexes

Studies by Cloke et al. on several uranium(l11) mixed-sandwich complexes have shown
little variation in the U"/U"' redox potential when altering the substituents on the

cyclopentadienyl ring.?? As such it was anticipated that studies of complexes 2.1 — 2.4
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would give similar values for the U"/U"' redox couple. For the purpose of comparing
redox values, all experiments were conducted under identical conditions as significant
variations can occur when altering solvent and electrolyte. This is also the case for the
in situ ferrocenium/ferrocene reference couple, and its decamethylferrocene analogue.?
Comparison of the observed redox potentials can only therefore be conducted when
identical conditions are used and conclusions about the results in reference to other

systems or reference electrodes can only be made with a degree of caution.

Upon application of potential in the anodic direction, an oxidative half-wave is observed
between -2.5 and -1.5 V vs [FeCp,]™° (process II, Figure 2.8). Scanning to a less
negative potential gives rise to a second oxidative wave for all complexes (process I11),
a third wave for the tert-butyl-substituted complexes (process IV) and several more
overlapping waves for 2.1. Reverse scanning indicates these last processes in 2.1 are
irreversible, but that processes Il and Il are quasi-reversible for all complexes. Process
IV was found to be quasi-reversible for complex 2.3 but was ambiguous for the other
tert-butyl complexes. Further scanning in the cathodic direction revealed a reductive
half-wave (process 1) close to the solvent breakdown, which was also found to be quasi-
reversible for 2.3 but ambiguous for the other complexes. Scanning in both directions
across the entire solvent window and across individual processes confirmed these
processes to be reproducible for five cycles at varying scan rates (50 — 200 mV-s™),
although some changes were observed in the voltammogram of 2.1 which indicated that

this complex was the least stable under the experimental conditions.
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Figure 2.8 Cyclic voltammograms of 5-10 mM solutions of uranium(I11) mixed-
sandwich complexes in 0.05 M ["BusN][B(CsFs)s]/THF at 100 mV-s™. A minimum of
three cycles are shown for all complexes, except 2.1, where only the first cycle is

shown.

*0 and are

The Ey, values for process Il are in the range of -2.01 and -1.83 V vs [FeCp,]
assigned to the U"/U" redox couples (Table 2.2). This is in general agreement with
values quoted in the literature and with the data obtained for a uranium(IV) mixed-
sandwich halide complex, [U(COT®™2)cp®YCl] (3.5), which has a U"/U"
reduction potential at -2.04 V vs [FeCp,]™ (see Chapter 3). Ideally, verification of this

assignment would be derived from a uranium(1V) cation, [U(COTE"™2)(Ccp™)]*, as the

presence of the halide gives rise to variation in the redox potentials. However, studies



59
by colleagues of the author on [U(COT®P2)(cpMe*EY)[B(CeFs)] found this complex
to be highly reactive in THF and meaningful data could not be obtained.®® The synthesis

and electrochemical analysis of an alternative cation has therefore not been attempted.

The other observed processes (I, Il and IV) have not been assigned and the
electrochemical events to which they correspond can only be speculated upon.
However, uranium(l1l) mixed-sandwich complexes have been proven to both activate
C—H bonds within the substituents of the ligands and ring open THF (see section 2.3.7).
The fact that several electrochemical events are observed is perhaps therefore
unsurprising, given the highly reactive nature of these complexes. Further studies to

definitively assign processes I, 11 and IV are however, beyond the scope of this thesis.

E., values (V) VS [FeCp2]+/o

Process|  Process Il Process Il Process IV

[U(COT®P2)(cp®iiPr2)] (2.4)  -2.58 -1.95 -1.12 -
[U(COTEP32y(CptBi)] (2.3) -2.51 -1.83 -1.14 -0.234
[U(COT®P¥12y(Ccp'B2)] (2.2) -2.72 -2.01 -1.36 -0.309
[U(COTSP¥2y(cp'BY)] (2.1) -2.73 -1.98 -1.44 -0.527

Table 2.2 Ey, values (V) vs [FeCp,]*"° for uranium(I11) mixed-sandwich complexes.

Process 11 has been assigned to the U'/U"" redox process.

Comparison of the values for the proposed U"/U"™ redox couples reported here with

those found by colleagues of the author illustrates the reducing ability of mixed-

T(SiiPr3)2

sandwich complexes incorporating CO is as follows, where [U]® denotes a
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uranium(111) mixed-sandwich complex with R substituents on the cyclopentadienyl

ligand:*

[U]tBu3< [U](SiiPI’3)2 < [U]tBu < [U]tBu2< [U]Me4SiM63< [U]Me4< [U]Me4iPr< [U]Me4Et< [U]MeS

These complexes clearly demonstrate that addition of electron-donating groups to the
cyclopentadienyl ring increases the electron density at the uranium centre and
destabilises the uranium(l11) oxidation state. However, [U(COT®™2)(Cp'®3)] (2.3),
was an anomaly in the trend and the U"/U"' couple for this complex had the least
negative potential. This is rationalised by the coordination of THF to the mixed-
sandwich complexes in solution. All the complexes under study were shown to
coordinate THF by observable shifting of the resonances in the *H NMR spectrum when
this solvent was added to the solutions. However, this was not the case for 2.3, and the
absence of coordinated THF gives rise to less electron density at the metal centre,
resulting in a less negative U'"/U"' redox couple. Excluding the data obtained for 2.3
from the overall analysis shows that the total variation in potential is only 0.18 V (when
comparing [U]Y® to [U]®"?) illustrating that altering the substituents on the

cyclopentadienyl ring has little effect on the redox properties of the complex.

Comparison of these values with the analogous pentalene complex, [U(Pn®""2)(Cp*)]
(-2.50 V vs [FeCp,]™"), illustrates that exchange of the COT ring for the pentalene ring
has a more substantial effect on the redox couple than varying the cyclopentadienyl
substituents.®! This value is 0.37 VV more negative than the corresponding redox process
for [U(COT®P2(Cp*)], illustrating that the pentalene complex is more reducing than
the COT variant. This is the rationale behind the activation of dinitrogen which occurs

with the pentalene complex but not with the analogous COT complex.?*
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2.3 Synthesis and characterisation of heterocyclic uranium(l11) mixed-sandwich

complexes

Previous studies by Cloke et al. investigated the potential of heterocyclic ligands Cp=M®

(E = P and As) in the synthesis of [Ul,(CpEM*)] complexes.*® Whilst the attempts to
synthesise the base-free complexes were unsuccessful, these ligands formed
[UL,(CpEM*)(THF)3] species analogous to their cyclopentadienyl analogues. This
offered the potential for these ligands to be used in the synthesis of mixed-sandwich

complexes.

2.2.1 Synthetic route to heterocyclic mixed-sandwich complexes

Synthesis of the mixed-sandwich complexes used the two-step, one-pot methodology as
the [Ul(CpEM*)(THF)s] intermediates were found to be insoluble in hydrocarbon
solvents (Figure 2.9). Removal of solvent resulted in complete desolvation of the
mixed-sandwich complexes, which could be accelerated by heating the complex to 80

°C under high vacuum (10°® mbar).

SiiPr3
K[Cp=Ve4] SilPr,
THF, -78 °C - RT
U|3 L U
0.9 KZ[COT(SiiPr3)2]
THF, -30 °C - RT
E

Figure 2.9 Synthesis of [U(COT®"P2)(CpEMe%)], where E is N (2.5), P (2.6) or As
@.7).
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T(SiiPr3)2

Despite using a deficiency of K;[CO ], the corresponding uranocene was a major

side product in all reactions. Whilst this resulted in poor to moderate crystal yields (15 —
40%) of 2.6 and 2.7, uranocene was the only product obtained in half of the syntheses of
2.5 conducted. In order to improve the reliability and yield of this reaction two

alternative methods were attempted (Figure 2.10).

K[CpNMe4] \ KZ[COT(SiiPI’S)Z]
Uy ———— = » _u U
THF 1=/ Jo THF
-78°C -RT | g 30°C-RT
N 1)

/\L? SilPrg
K[CpNMe4] \ K [COT(SIIPI’3)2]
ucl, ————» U0 U
THF /\ THF Cl
78 °C -RT Cl ¢ N 78°Cc-RT \%\

Si'Prs

@&P@
toluene
; )
25

Figure 2.10 Alternative synthetic routes to 2.5.
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Method (1) aimed to isolate [Ul,(Cp"“*)(THF)s] in order to ensure no residual Ul;
remained, and therefore reduce the formation of uranocene. However, whilst the
intermediate was soluble in aromatic solvents, isolation of this complex did not improve
the overall synthesis and uranocene was formed exclusively alongside brown intractable
solids. Method (2) focused on the synthesis of the uranium(lV) mixed-sandwich
chloride, which could then be reduced to 2.5. However addition of K,[COT®""®?] to a
solution of [UCI3(Cp"™**)(THF),] also gave rise to a mixture of uranocene and brown
intractable solids. The unsuccessful nature of these preliminary tests meant that these
approaches were not explored further and other alternative syntheses were not

attempted.

2.3.2 Characterisation of heterocyclic mixed-sandwich complexes

The phospholyl and arsolyl mixed-sandwich complexes were fully characterised by
NMR spectroscopy. However, full characterisation of 2.5THF was precluded as it was
always present in equilibrium with 2.5, preventing definitive assignment of the
coordinated THF resonances. The presence of both species in solution and the differing
pattern of proton resonances for the pyrrolyl complex in comparison to the phospholyl
and arsolyl analogues gave rise to the hypothesis that 2.5 is dimeric in solution (Figure
2.11). Attempts to confirm this using DOSY NMR spectroscopy were inconclusive and
cryoscopic molecular weight determination experiments were deemed unsuitable for

this complex due to its limited solubility.
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Figure 2.11 The proposed equilibrium between 2.5 and 2.5THF.

To investigate the coordination of THF to 2.5 in solution, a series of samples with
increasing concentrations of THF were analysed and independent integrals of the
resonances of 2.5 and 2.5THF were compared with an internal standard. This
experiment illustrated exponential decrease of 2.5 with concurrent formation of 2.5THF

as the concentration of THF increased (Figure 2.12).

These data indicate that 2.5 remains present in solution until THF becomes the sole
constituent of the solvent. However, preparation of samples in dg-THF found there were
traces (<2%) of 2.5 in solution. Addition of benzene to this solution gave rise to a
gradual increase in the ratio of 2.5:2.5THF, which is consistent with the proposed
equilibrium in Figure 2.11. The data further illustrate that uranium is conserved in this
process and that there are no unobservable intermediates in the conversion of 2.5 to

2.5THF (Figure 2.12).
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Figure 2.12 The change in relative intensity of 2.5 (purple) and 2.5THF (red) with
increasing concentration of THF in dg-benzene. Green dashes represent the exponential
fit for 2.5 according to y = exp(-0.0677x), R? = 0.999, and the black line illustrates that

the total relative intensity remains constant as the ratio of THF:benzene varies.

Calculation of the equilibrium constant (Equation 2.1) and AG (Equation 2.2) from
these data illustrates that the formation of 2.5THF is not spontaneous. The first two data
points gave anomalous results due to the errors associated with the measurements (see
Appendix 111). However the other data give a value for K, of 3.02 x 10 kg-mol™ (5.99
x 107 kg-mol™) and a value of AG of 8.86 kimol™ (+0.47 kJ-mol™) at 30 °C.

_ (bysrur)’
Ko = y0) ormr)?

AG = —RTLnK,

Equation 2.1 (top) The equilibrium constant according to Figure 2.11; and Equation

2.2 (bottom) Finding the change in Gibb’s free energy from the equilibrium constant.
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2.3.3 Molecular structures of 2.5THF — 2.7THF

Despite the ease in which the heterocyclic mixed-sandwich complexes could be
desolvated, single crystals of the base-free complexes could not be obtained for the
phospholyl and arsolyl complexes. However, addition of THF to saturated pentane

solutions yielded single crystals of 2.5THF — 2.7THF at -35 °C (Figure 2.13).
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Figure 2.13 ORTEP views of 2.5THF (top left), 2.6 THF (top right) and 2.7THF
(lower centre) with thermal ellipsoids at 50% probability; hydrogen atoms and COT iso-

propyl groups have been omitted for clarity.
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The data for 2.6 THF illustrate disorder of the five-membered ring over two positions,
which has been modelled by splitting the phospholyl ring. Data for 2.5THF however
could only be obtained at low resolution and the data must therefore be treated with a

degree of caution. Selected distances and angles are listed in Table 2.3.

C d
Distances (A) ompoun
and Angles (°)
2 5THF 2 6THF 2 7THF
U-Ct, 1.9649(3) 1.969(12) 1.9744(4)
U-Ct, 2.4867(3) 2255‘5(%)) 2 5062(4)
2.682(10) - 2.859(19) - 2.861(10) -
U-C(Cp) 2.896(10) 2.905(6) 2 924(9)
U-E 2 595(8) Zzgggé%a) 3.0781(7)
U-O(THF) 2.651(7) 2.716(2) 2.726(4)
Cti-U-Ct, 139.735(14) 1135231((113)) 141.482(16)

Table 2.3 Bond lengths, distances and angles for 2.5THF, 2.6 THF and 2.7THF. Ct; is
the centroid for the COT®"P®? [igand and Ct, is the centroid for the Cp™** ligand. Two

values are given for some metrics of 2.6 THF as a result of splitting the phospholyl ring.

Comparison of the data from the three complexes illustrates that there is an increase in
the U-Cp, U-COT and U-O(THF) distances as the pnictogen becomes larger, however
this increase is most pronounced between the pyrrolyl and phospholyl complexes and

only a marginal difference is observed between the phospholyl and arsolyl complexes.
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In comparison to the cyclopentadienyl analogues, the molecular structures of these three
complexes bear most resemblance to [U(COT®")2)(CpMe*)(THF)], however the U-Cp
distances in 2.6 THF and 2.7THF have been found to be the longest distances in all
comparable [U(COT®"P2)(Cp®)(THF)] complexes (2.450(2) — 2.5061(4) A).?® It was
also noted that whilst all mixed-sandwich complexes exhibit a small degree of ring
slippage, this effect is more pronounced in the heterocyclic analogues due to the varying
U-E distances. In complex 2.5THF, the U-N distance is significantly shorter than the
U—C distances, giving rise to a pseudo n’-interaction. However in complexes 2.6 THF
and 2.7THF, the increased U-E distances give rise to longer U-C(Cp) distances. Whilst
the U-C(Cp) distances are still within the range reported for the majority of published
complexes (ca. 2.65 — 2.95 A),**3* they are longer than average for the uranium(lll)

complexes synthesise oke et al. (2. — 2. 2Les,
plexes synthesised by Cloke et al. (2.687(6) —2.816(7) A).#*%

Similar mixed-sandwich complexes incorporating pyrrolyl and phospholyl ligands have
been synthesised for the lanthanides. Comparison of samarium and neodymium
complexes with unsubstituted COT rings and bulky heterocyclic rings have illustrated
an increase in the COT-M-Cp® angle, which is postulated to be due to an overall
decrease in the sterics around the metal centre.**>" Further comparison to a uranium
mixed-sandwich borohydride complex, [U(COT)(Cp™®*)(THF)(BH4)], shows a
marginal increase in the U-COT and U-Cp distances (2.013(4) and 2.610(3) A
respectively), but a significant decrease in the U-O(THF) distance (2.527(7) A).® The
degree of ring slippage in all these complexes was found to be more pronounced than in
2.6THF and 2.7THF and this is speculated to be due to the different sterics around the

metal centre.
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2.3.4 Molecular structure of [U(COT®P2)(cpNMe4)] (2.5)

XRD data of single crystals of 2.5 illustrate a dimeric structure in the solid-state, with
n°:n'-coordination of both pyrrolyl ligands (Figure 2.14). The steric environment is not
predicted to be over-crowded around the uranium centres however, as the silyl groups

on the COT ring are still observed to face towards the centre of the molecule.

0 ‘J\\?\ (5 x / Siz 1
) Ct \)i Siz /t“/?_‘,)c—(tz /‘

Sir

Figure 2.14 ORTEP view of 2.5 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity. Selected distances (A)

and angles (°): U;—Ct; 1.968(3), 1.974(3); U;—Ct, 2.548(4), 2.568(4); U—N; 2.680(5),

2.691(6); U;—N;- 2.598(6), 2.615(5); Ct;—U,—Ct, 138.66(11), 138.55(12); Ct,—U;—N;-:
96.7(2), 96.36(19).

The averaged U-N bond distances are observed to be very similar to the U-O(THF)

distances in the THF adducts, and are only 0.05 A shorter than the U-O distances in
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2.5THF. The U-Cp and U-COT distances in this complex are also found to be very
similar to those in complexes 2.5THF — 2.7THF, and the degree of ring slippage is very
similar to 2.5THF such that this molecule can also be considered to have a pseudo n*-

pyrrolyl-uranium interaction.

Similar dimeric pyrrolyl complexes are prevalent in the literature and have recently
been observed by Cloke et al. for desolvated ytterbium and samarium bis(2,5-di-tert-
butylpyrrolyl) complexes.** However, the only other uranium complexes featuring this
interaction were supported by a calix[4]tetrapyrrole ligand, which enforced a
perpendicular orientation of the two uranium centres (Figure 2.15).** These complexes
exhibit near identical U-Cp distances (2.547(3) — 2.611(4) A) and U-N distances
(2.609(5) — 2.696(7) A) to 2.5, but the scaffold and halide ligands dictate a wider Cp—
U-Cp angle (151.45(16) — 153.87(11) °) and more acute Cp—U-N angles (80.38(18) -
83.01(17) °).

Other dimeric phospholyl and arsolyl complexes have also been reported and it is
hypothesised that 2.6 and 2.7 may also be dimeric in the solid state. Phospholyl
complexes in which this ligand adopts n°:n'-coordination include [{U(1°-Cp™**)(u-
°m-Cp™M*)(BH,)}2] (Figure 2.15), which has similar U-Cp distances to 2.6THF
(2.56(1) and 2.54(1) A), but expectedly longer U-P distances (2.945(3) and 2.995(3) A)
than the U-O(THF) and U—N distances discussed here.*!2

Evidence for the dimeric nature of [{U(n>-Cp”M**)(u-n>n'-Cp"™)(BH4)}.] in solution
was also present in the **P{"H} NMR spectrum, which exhibited two broad resonances
at 727 and 3471 ppm for the terminal and bridging phospholyl rings respectively.***
This contrasts to 2.6, which has a broad resonance at 911 ppm, illustrating that there is

no interaction between the phosphorus atom and the second uranium centre.
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Li(THF),

Figure 2.15 Published structures which feature n°:n*-bonding: A diuranium

calix[4]tetrapyrrole complex (left) and a dimeric uranium phospholyl complex (right).

40,42

The propensity for heterocyclic ligands to exchange between 1° and n*-coordination has
been well documented (see Chapter 1) and accounts for the lability of these ligands in
comparison to Cp" ligands. This is demonstrated by reaction of 2.6 THF with K[Cp*],
which gives rise to [U(COT®P)2)(Cp*)(THF)], although the reverse reaction does not

occur.

2.3.5 Cyclic voltammetry of heterocyclic mixed-sandwich complexes

As discussed in Chapter 1, studies of uranium, complexes with Cp® and Cp™** ligands
illustrate that incorporation of a pnictogen into the five-membered ring reduces the
electron density at the uranium centre giving rise to less negative redox couples.”*™ It
was therefore anticipated that the heterocyclic complexes 2.5THF — 2.7THF would
exhibit U"/U"' redox potentials that are ca. 0.2 V less reducing than their carbocyclic
counterparts. In order to obtain comparable results, the experiments were carried out
+/0

under the same conditions as complexes 2.1 — 2.4. The electrode potentials vs [FeCp,]

are listed in Table 2.4 and the cyclic voltammograms are shown in Figure 2.16.
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Scanning in the anodic direction gave rise to a half-wave between -2.0 and -1.7 V vs
[FeCp,]™ (process I1), which has been assigned to the U"/U"" redox couple. This was
followed by two additional waves (processes Il — 1V) for 2.6 THF and 2.7THF and
three additional waves (processes Il — V) for 2.5THF. Reverse scanning revealed
processes Il and IV to be quasi-reversible, however ambiguity in the analysis of the
voltammetric responses was found descending the group from Cp"M** to Cp*M™**. An
additional reductive process (process 1) was also observed for 2.5THF bordering the
solvent breakdown (-2.5 V), which was not seen in the other two voltammograms. As
was the case for complexes 2.1 — 2.4, the additional redox processes (I, 11l — V) could

not be assigned.

E., values (V) vs [FeCp,] ™

Process Process Process

[ 1 Y
[U(COT®P2y(cp”Me4)(THF)] (2.7THF) -1.8 -1.3 -0.78
[U(COTEP2y(CpPMeYTHF)] (2.6 THF) -1.8 -1.3 -0.81
[U(COTE P2y (cpNMety(THF)] (2.5THF) -1.9 -1.4 -0.62

Table 2.4 Ey, values (V) vs [FeCp,]™"° for the heterocyclic mixed-sandwich complexes.

Comparison of these results to those of the carbocyclic mixed-sandwich complexes
found the U"/U" redox couple to be 0.2 — 0.3 V less negative than the comparable
redox couple for [U(COT®P2)(cpMe4)(THF)] (-2.08 V). This is in agreement with the
other published results.®*****® However, the error that arises in the values of Es, due to

the distortion in the half-waves precludes comparison between the three complexes.
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Figure 2.16 Cyclic voltammograms of 5-10 mM solutions of 2.5THF — 2.7THF in
0.05 M ["BusN][B(C¢Fs)s/THF at 100 mV-s™. Two cycles are shown for all complexes.

2.3.6 Identification and characterisation of side products
2.3.6.1 Characterisation of [U(COT>*SP®)(cOT*51P%] (2.8)

Although uranocene was the predominant side product in the synthesis of 2.5 — 2.7,
another species precipitated from all three reaction mixtures. This complex was
identified as [U(COT*SPR3)(CcOT*S1PR)] (Figure 2.17), a novel uranocene in which
one of the silyl groups has migrated to give 1,3-substitution. XRD data illustrated the
connectivity of this complex, however full refinement was precluded due to twinning.
Comparison with the major uranocene side product, [U(COT>*5""),], was therefore

not attempted.
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Figure 2.17 POV-Ray views of 2.8 from the side (left) and the top (right).

Substituent redistribution on COT rings has been previously observed by Evans and
Edelmann who synthesised a bent cerocene anion with two migrated COT®'® (CgHg™*
SIPh3y ligands.*® Oxidation of this complex resulted in silyl migration on both rings to
generate the linear cerocene with two CgHgh3SiPh3 ligands in order to relieve steric
congestion around the metal centre. Similarly, Edelmann reported silyl group migration
in the synthesis of a holmium triple-decker sandwich complex which did not occur for

the corresponding neodymium, cerium and samarium analogues due to the larger radii

of these lanthanide metals.*

2.3.6.2 Characterisation of [U(COT®P2)(cp”Mey] (2.9)

During attempts to obtain analytically pure samples of [U(COTE™P2)(Cp™Mety(THF)],
single crystals of a second species were obtained. XRD studies revealed the complex to
be the uranium(IV) mixed-sandwich iodide (Figure 2.18), which was partially
characterised by NMR spectroscopy. Due to the very low yields (<5%) of this complex

however, characterisation remains incomplete.
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Comparison of 2.9 to the uranium(l11) analogue 2.7THF shows minimal variation in the
mixed-sandwich fragment. Similarly, the related complex [U(COT®"™®)2)(Cp*)CI], has
an almost identical U-COT bond distance (1.9142(15) A) and Ct;—U-Ct, angle
(139.85(8)°), although the U-Cp distance is shorter (2.465(2) A).** This is postulated to
be due to the smaller radius of the chloride compared to the iodide as Cp”*V** and Cp*
are similar in size. The U-I bond distance is typical of uranium(I\V) complexes with

terminal iodide ligands which fall in the range of 2.942(3) — 3.1119(5) A.*>*%%®

—
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Figure 2.18 ORTEP view of 2.9 with thermal ellipsoids at 50% probability; hydrogen
atoms and COT iso-propyl groups have been omitted for clarity. Selected bond
distances (A) and angles (°): U-Ct; 1.9120(5); U-Ct, 2.5386(5); U—I 3.0526(6); Ct;—U—
Ct, 139.58(2).

2.3.7 Thermolysis of mixed-sandwich complexes

Studies by Cloke et al. on [U(COT®™2)(Cp*)(THF)] revealed the formation of a
‘tuck-in’ complex, [U(COTE™2)°n1-CsMesCH,)], by activation of a Cp* methyl

group at elevated temperatures.'® In order to test for analogous reactivity, thermolysis
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reactions of the heterocyclic mixed-sandwich complexes were conducted. Heating
solutions of 25THF — 2.7THF at 70 °C for seven days yielded three analogous
complexes,  which  were identified as the n-butoxide  complexes
[U(COT®P™2)(CpEMe4)(0"Bu)] (2.10 — 2.12 for E = P, As and N respectively), formed
by ring-opening THF. Mass spectrometry confirmed the formulation, and full
characterisation of the n-butoxide resonances was achieved by comparison of the *H
NMR spectra with those for [U(COT®"™2)(Cp*)(OR)] (R = Me, Et, and "Bu),

synthesised by Cloke and co-workers.>**®

In order to find the optimum reaction conditions, the reaction was repeated with varying
concentrations of THF at different temperatures for [U(COT®P2)(Cp™e4)(THF)].
Results from these studies illustrated that excess THF was required in order to avoid
prolonged heating and decomposition, but that using THF as the solvent increased the
concentration of impurities. Similarly, heating the complex to a high temperature caused
degradation, and overall it was concluded that the reaction proceeds with fewest side

reactions when carried out at 75 °C over ten days (Figure 2.19).

SiPrs SilPrs
SiPr SilPrs

U 10 THF
- U\ n
Q ] C.Dg O"Bu

75 °C, 10 days

Y

P P
2.6THF 2.10

Figure 2.19 Synthetic route to the n-butoxide uranium(l1V) mixed-sandwich complex,

2.10 under optimum conditions.
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The phospholyl and arsolyl n-butoxide complexes (2.10 and 2.11 respectively) were the
only paramagnetic species obtained from the parent uranium(I1l) complexes. However,
thermolysis of [U(COT®™P)2)(cpNMe4)] (2.5) in the presence of THF yielded a second,
minor species. This was identified crystallographically as a ‘tuck-in tuck-over’ complex
[(COTE™R2)U(-n®n -NC,MesCH)U(COTE P2y (cpNMety] - (2.13),  formed by
activation of one methyl group on the pyrrolyl ring (Figure 2.20). This results in
oxidation of the two uranium centres to uranium(lV) and loss one molecule of

dihydrogen for every reacted molecule of 2.5.

SiiPr3 SiiPr3
U——- —

N THF N

> + 2.12
C7Dg
100 °C, 3 days —N—U
'Pr;Si 'Pr3Si
'Pr3Si . IPraSi” 213

Figure 2.20 Activation of C-H to form the ‘tuck-in tuck-over’ complex, 2.13.

Full characterisation of this complex by NMR spectroscopy was precluded, due to the
ca. 4:1 ratio of n-butoxide (2.12) to 2.13. This contrasts to the results obtained by Cloke
et al., which yielded an equal mixture of the ‘tuck-in’ complex and the n-butoxide
complex.”® Attempts to obtain 2.13 by thermolysis of 2.5 in the absence of THF gave
rise to no reactivity or decomposition of the mixed-sandwich complex, even after 14

days at 100 °C.
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The molecular structure of 2.13 (Figure 2.21) illustrates that activation of the methyl
group has resulted in the formation of two new U-C bonds, evidenced by the observed
bond lengths in Table 2.5. Comparison of these values with those stated in the literature
for alkyl and silyl ‘tuck-in’ and ‘tuck-over’ complexes reveal the U;—C; bond to be of
average distance, whereas the U,—C; distance lies within the lower limits of the
literature values (Figure 2.22).°% A decrease is also observed in the U-N distances
compared to those in [U(COT®"P2)(cp™#4)] and it is postulated that these constraints
give rise to the short ‘tuck-over’ bond. It is also worth noting that the C;—C, bond length
has not changed as a consequence of activation, and still lies within the range of the

other Ciing—CHj3 distances.

Figure 2.21 ORTEP view of 2.13 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.

Comparison of 2.13 with 2.5 also illustrates a marginal increase in the U-COT distances
and the non-activated U-Cp distance, but that the activated pyrrolyl ring is now closer
to the uranium centre. The latter is perceived to be another effect of the constraints

introduced by the activated methyl substituent, and it is postulated that the other three
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U—Ct distances have increased in order to counteract the increase in sterics as a

consequence of the shorter U-Cp and U-N contacts.

Distances (A)

Cti-U; 2.4623(4) Cty-U; 2.5953(4) Ct;-U; 1.9869(4)

Ct,—U, 2.0025(4) Ur-N, 2.573(7) Uo-N; 2.525(7)

Ui-Cy 2.553(9) U,-Cy 2.388(9) C,-C; 1.474(12)
Angles (°)

Ct-U-Ct; 134.318(19) Ct, U, Ct, 130.868(18) Ct; C, C;  151.9(9)

U-Ci-U,  102.5(3) Uy C; C; 69.6(5) U C: C,  89.8(6)

Table 2.5 Bond lengths, distances and angles for 2.13. Ct; and Ct;, are the centroids for

the pyrrolyl ligands and Ct; and Ct. are the centroids for the COT®"P®? [igands.

5

6 I I
2.35

250 255 260 265 270 275
Bond Length /A

Frequency
o [ LF3] f=N

=]

Figure 2.22 Published U-C bond lengths for silyl ‘tuck-in’ complexes (teal), alkyl

‘tuck-in’ complexes (purple) and ‘tuck-over’ complexes (pink).gf20
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2.4 Summary

Seven novel mixed-sandwich complexes featuring substituted cyclopentadienyl or
heterocyclic ligands have been synthesised. Analysis of the carbocyclic analogues by
cyclic voltammetry reveals the U'/U" redox couple is not significantly affected by the
substituents and that the potential for this process occurs at ca. -2.0 V vs [FeCp,]™.
Comparative studies of the heterocyclic derivatives illustrate that incorporation of a
pnictogen lessens the reducing power of these complexes and that their synthesis is
complicated by the formation of multiple side products. The complexes are also

thermally sensitive in the presence of coordinating solvents giving rise to ring-opening

of THF and formation of a novel ‘tuck-in tuck-over’ complex.

2.5 Experimental details for chapter 2

2.5.1 Synthesis of [U(COTEP2)(Cp®Y)(THF)] (2.1THF)

A solution of K[Cp™"] (0.3025 g, 1.89 mmol) in THF (30 mL) was added via cannula to
a solution of Ul3 (1.176 g, 1.90 mmol) in THF (100 mL), and stirred overnight to give a
teal solution of [UI,(Cp™")(THF),] and KI precipitate. The solvent was removed in
vacuo and the residue dissolved in toluene. The green solution was filtered and dried in
vacuo and the yield of the green residue recorded. The complex was dissolved in THF
and a solution of Ko[COT®™?] (0.758 g, 1.53 mmol, 0.80 equivalents) in THF (20
mL) was added dropwise over 40 minutes at -35 °C. A brown solution with a pale
precipitate formed after 10 minutes and upon warming to room temperature the solvent
was immediately removed in vacuo leaving a brown residue. The product was filtered in
pentane through a Celite frit to give a green solution from which dark green crystals

were obtained at -20 °C.
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Yield: 0.554 g (6.53 mmol), 34% based on Uls.
Anal. calc (found) for C39HgeOSi,U: C 55.23 (55.20), H 8.20 (7.76)%.
MS (E1): m/z = 115 (100%), 776 (19%, M* - THF).

'"H NMR (dg-toluene, 303 K): & 5.6 (s, br, 2H, Cp/COT-CH), 4.9 (s, br, 2H, Cp/COT-
CH), 1.5 (s, br, 4H, THF), 0.7 (s, br, 4H, THF), -2.8 (s, br, 6H, iPr-CH), -4.0 (s, br, 18H,
'Pr-CHs), -4.1 (s, br, 2H, Cp/COT-CH), -5.7 (s, br, 18H, 'Pr-CHs), -12.8 (s, br, 9H, ‘Bu-
CHs), -58.2 (s, br, 2H, Cp/COT-CH), -74.8 (s, br, 2H, Cp/COT-CH).

2Sif*H} NMR (dg-toluene, 303 K): & -134.3 (Si'Prs).

2.5.2 Synthesis of [U(COT®™2)(cp®¥)] (2.1)

A solution of 2.1THF in pentane (20 mL) was thoroughly dried under reduced pressure
(10 mbar). The residue was dissolved in pentane and filtered through a Celite frit.
Removal of solvent under reduced pressure resulted in quantitative yield of green

powder. Crystals were obtained from a saturated pentane solution at -35 °C.

'H NMR (dg-toluene, 303 K): & 10.8 (s, br, 2H, Cp/COT-CH), 5.8 (s, br, 2H, Cp/COT-
CH), 0.0 (s, br, 2H, Cp/COT-CH), -4.6 (s, br, 6H, 'Pr-CH), -6.8 (s, br, 18H, 'Pr-CHs),
-9.0 (s, br, 18H, 'Pr-CHs), -17.9 (s, br, 9H, 'Bu-CHs), -54.7 (s, br, 2H, Cp/COT-CH),
-76.8 (s, br, 2H, Cp/COT-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -126.7 (Si'Prs).

2.5.3 Synthesis of [U(COT®P12)(Cp'®U2)] (2.2)

To a stirring solution of Ul; (0.900 g, 1.45 mmol) in THF (50 mL), was added K[Cp"*’]
powder (0.310 g, 1.45 mmol) to give [UI,(Cp™"3)(THF),] and KI precipitate after 12
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hours. The solvent was removed in vacuo leaving white solids and purple residue,
which was dissolved in toluene. The dark pink solution was filtered via filter cannula
and stripped to dryness leaving green powder and the yield of this complex recorded.
Dissolution in THF and cooling to -35 °C yielded a teal solution, to which a solution of
K,[COTEP™2] (0.51 g, 1.0 mmol, 0.71 equivalents) in THF (20 mL) was added
dropwise via cannula over 40 minutes. A brown solution with a pale precipitate formed
after 10 minutes and upon warming to room temperature the solvent was immediately
removed in vacuo leaving a brown residue. The product was taken up in pentane and
filtered through a Celite frit to give a green solution from which a dark green powder

was obtained.

Yield: 0.425 g (0.511 mmol), 35% based on Uls.

Anal. calc (found) for C39HggSi,U: C 55.72 (56.29), H 8.48 (8.36)%.
MS (El): m/z = 373 (100%), 831 (5%, M").

'H NMR (dg-toluene, 303 K): & 20.2 (s, br, 2H, Cp/COT-CH), 10.6 (s, br, 1H, Cp-CH),
-2.6 (s, br, 6H, 'Pr-CH), -4.4 (s, br, 18H, 'Pr-CHs) -6.6 (s, br, 18H, 'Pr-CHs), -14.7 (s, br,
2H, Cp/COT-CH), -17.0 (s, br, 18H, 'Bu-CHs), -58.1 (s, br, 2H, Cp/COT-CH), -90.4 (s,
br, 2H, Cp/COT-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -122.5 (Si'Prs).

2.5.4 Synthesis of [U(COTEP¥2)(Cp'®U3)] (2.3)

A suspension of K[Cp™**] (0.630 g, 2.32 mmol) in THF (30 mL) was added via cannula
to a solution of Ulz (1.44 g, 2.33 mmol) in THF (100 mL), and stirred overnight to give
a purple solution of [UI,(Cp®")(THF),] and KI precipitate. To this, a solution of
K,[COTEP™2] (0.98 g, 1.98 mmol, 0.85 equivalents) in THF (30 mL) was added

dropwise at -35 °C over 30 minutes. Upon warming, the solution became brown with a
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pale precipitate and was stirred overnight at room temperature. The solvent was
removed in vacuo to give a brown residue which was dissolved in pentane and filtered

through a Celite frit to give a green solution from which crystals were obtained.
Yield: 1.34 g (1.51 mmol), 64.8% based on Uls.

Anal. calc (found) for C43H7Si,U: C 58.14 (57.95), H 8.74 (8.81)%.

MS (EI): m/z = 888 (100%, M*).

'H NMR (dg-toluene, 303 K): & 2.8 (s, br, 2H, Cp/COT-CH), -3.1 (overlapping, br, 24H,
'Pr-CHs, 'Pr-CH), -4.7 (overlapped, br, 20H, 'Pr-CHs, Cp/COT-CH), -7.8 (s, br, 18H,
'Bu-CHs), -24.3 (s, br, 9H, 'Bu-CHa), -50.4 (s, br, 2H, Cp/COT-CH), -76.1 (s, br, 2H,
Cp/COT-CH).

2°Sif*H} NMR (ds-toluene, 303 K): & -116.6 (Si'Prs).

2.5.5 Synthesis of [U(COTEPR2)(cp®iiPray] (2.4)

A solution of K[Cp®"P™?] (0.65 g, 1.6 mmol) in THF (20 mL) was added via cannula to
a deep blue solution of Ul; (0.97 g, 1.7 mmol) in THF (100 mL), and stirred overnight
to give a purple solution of [Ul,(Cp®"*™?)(THF),] and KI precipitate. The solvent was
removed in vacuo leaving white solids in a green residue, which was dissolved in
pentane. The solution was filtered and the green residue dried in vacuo. The yield was
recorded. The residue was dissolved in THF and to this was added a solution of
K,[COTEP®2] (0.67 g, 1.4 mmol, 0.87 equivalents) in THF (30 mL) at -30 °C over 30
minutes. Upon warming to room temperature the solvent was immediately removed in
vacuo leaving a green residue, which dissolved in pentane. The solution was filtered
through a Celite frit to give a green solution from which dark green crystals were

obtained.
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Yield: 0.848 g (0.822 mmol), 52% based on Uls.
Anal. calc (found) for C49Hg3Si,U: C 56.99 (56.702), H 9.08 (8.693)%.
MS (EI): m/z = 157 (100%, [Si'Prs]*), 1032 (6%, M™).

'H NMR (dg-toluene, 373 K): & 19.0 (s, br, 2H, Cp/COT-CH), 8.1 (s, br, unassigned),
7.7 (s, br, unassigned), -1.6 (s, br, 6H, 'Pr-CH), -2.0 (s, br, 18H, 'Pr-CHs), -3.3 (s, br,
18H, "Pr-CHs), -4.0 (s, br, 18H, 'Pr-CHj), -4.2 (s, br, 18H, 'Pr-CHs), -5.8 (s, br, 6H, 'Pr-
CH), -46.5 (s, br, 2H, Cp/COT-CH), -72.8 (s, br, 2H, Cp/COT-CH).

2Sif*H} NMR (ds-toluene, 373 K): & -96.8 (Si'Pr3), -98.0 (Si'Prs).

2Sif*H} NMR (ds-toluene, 228 K): & -106.5 (Si'Prs), -136.2 (Si'Prs), -159.6 (Si'Prs),
-212.6 (Si'Prs).

2.5.6 Synthesis of [U(COTEP2)cp"Meh] (2.5)

To a dry mixture of Uls (1.240 g, 2.000 mmol) and K[Cp"“*] (0.335 g, 2.08 mmol)
was added THF (150 mL) at -78 °C. The mixture was slowly warmed to room
temperature and stirred for 24 hours. The blue/black solution was cooled to —38 °C and
to this was added a solution of Ko[COT®"?] (0.865 g, 1.75 mmol) in THF (50 mL)
dropwise over 35 minutes. The reaction mixture was warmed to room temperature and
the solvent removed in vacuo to give a dark green/brown residue. Residual THF was
removed by addition of pentane (20 mL) and subsequent drying in vacuo. Dissolution in
pentane and filtration through a Celite frit gave a brown solution from which brown

solids were obtained at -35 °C.
Yield: 0.243 g (0.311 mmol), 16% based on Uls.
Anal. calc (found) for C34HgoNSi,U: C 52.55 (52.73), N 1.80 (1.85), H 7.78 (7.77)%.

MS (EI): m/z = 157 (100%), 776 (9%, M").
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'H NMR (dg-toluene, 303 K): & 1.7 (s, br, 18H, 'Pr-CHs), 1.1 (s, br, 6H, 'Pr-CH), -0.5 (s,
br, 18H, 'Pr-CHj), -5.5 (s, br, 2H, COT-CH), -6.4 (s, br, 6H, Cp-CHg), -43.9 (s, br, 2H,
COT-CH), -60.4 (s, br, 2H, COT-CH), -60.9 (s, br, Cp-CH).

2°Sif*H} NMR (ds-toluene, 303 K): & -139.6 (Si'Prs).

2.5.7 Characterisation of [U(COT®P2)(CpNMe4)(THF)] (2.5THF)

To a saturated solution of [U(COT®")2)(cpNMe4)] in dg-toluene was added THF (0.5

mL) to give a mixture of 25THF and 2.5 in a 1:2 ratio.

'H NMR (dg-toluene, 303 K): & 8.4 (s, br, 2H, COT-CH), 3.4 (s, br, Cp-CHs), 3.2 (s, br,
4H, THF), -1.3 (s, br, 4H, THF), -1.1 (s, br, 6H, 'Pr-CH), -2.2 (br, 24H, 'Pr-CH), -4.0
(s, br, 18H, 'Pr-CHs), -34.9 (s, br, Cp-CHs), -75.0 (s, br, 2H, COT-CH), -91.4 (s, br, 2H,
COT-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -141.6 (Si'Prs).

2.5.8 Synthesis of [U(COTEP2)(Cp™™eY(THF)] (2.6 THF)

To a solution of Ulz (0.618 g, 0.999 mmol) in THF (30 mL) was added a solution of
K[Cp"™®] (0.178 g, 0.998 mmol) in THF (20 mL) and the mixture was stirred
overnight. The green solution was cooled to -45 °C and to this was added a solution of
K,[COTEP™2] (0.430 g, 0.869 mmol) in THF (20 mL) dropwise over 20 minutes. The
reaction mixture was warmed to room temperature and the solvent removed in vacuo to
give a dark brown residue. Dissolution in pentane and filtration through a Celite frit
gave a brown solution. Purple needles were obtained at -35 °C from a saturated pentane

solution with 0.5 ml THF added.

Yield: 0.281 g (0.324 mmol), 32% based on Uls.
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MS (EI): m/z = 157 (100%, [Si'Prs]*), 794 (5%, M* - THF).

'H NMR (ds-toluene, 303 K): & 14.9 (s, br, 2H, COT-CH), 1.8 (s, br, 4H, THF), 0.8 (s,
br, 4H, THF), -1.8 (s, br, 6H, 'Pr-CH), -3.0 (br, 24H, 'Pr-CHs, Cp-CHs), -4.8 (s, br, 18H,
'Pr-CHs), -25.7 (s, br, Cp-CHs), -73.0 (s, br, 2H, COT-CH), -83.4 (s, br, 2H, COT-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -127.5 (Si'Prs).

31P{*H} NMR (dg-toluene, 303K): & 846.2 (br, wy, = 411 Hz, P-‘ring’).

2.5.9 Synthesis of [U(COTEP2)(cp™™eH] (2.6)
Method A:

Solids of [U(COT®"P2)(cpPe4)(THF)] were heated at 80 °C under reduced pressure
(10 mbar) for 45 minutes. The residue was dissolved in dg-toluene and was used for

later reactions.
Method B:

A pre-weighed sample of [U(COT®P2)(Cp”™e*(THF)] was dissolved in 3 mL toluene
in a Young’s tube. The solvent was slowly evaporated under reduced pressure at 50 °C

to leave a purple residue, which could be used for later reactions.
Anal. calc (found) for C34HgoSi,PU: C 51.43 (51.57), H 7.62 (7.69)%.

'H NMR (dg-toluene, 303 K): & 34.3 (s, br, 2H, COT-CH), -1.7 (s, br, 6H, 'Pr-CH), -4.6
(s, br, 18H, 'Pr-CHs), -8.1 (s, br, 18H, 'Pr-CHg), -13.4 (s, br, 6H, Cp-CHs), -35.4 (s, br,
Cp-CHa), -72.5 (s, br, 2H, COT-CH), -106.8 (s, br, 2H, COT-CH).

295i£'H} NMR (dg-toluene, 303 K): & -120.3 (Si'Pra).

31p£IHY NMR (dg-toluene, 303K): & 910.6 (br, wy, = 1433 Hz, P-‘ring’).
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2.5.10 Synthesis of [U(COT®™™2)(cpMeH] (2.7)

To a dry mixture of Ulz (0.592 g, 0.956 mmol) and K[Cp”*™**] (0.213 g, 0.958 mmol)
was added THF (80 mL) at -78 °C. The mixture was slowly warmed to room
temperature and stirred for 24 hours. The green solution was cooled to -40 °C and to
this was added a solution of Ko[COT®""?] (0.370 g, 0.747 mmol) in THF (30 mL)
over 30 minutes. The reaction mixture was warmed to room temperature and the solvent
removed in vacuo to give a brown residue. Residual THF was removed by addition of
pentane (20 mL) and subsequent drying in vacuo. Dissolution in pentane and filtration

through a Celite frit gave a brown solution from which solids were obtained at -35 °C.
Yield: 0.320 g (0.381 mmol), 40% based on Uls.

Anal. calc (found) for C34HgoSi,AsU: C 48.73 (48.29), H 7.22 (7.33)%.

MS (El): m/z = 115 (100%, [Si'Pr2]"), 837 (20%, M").

'H NMR (ds-toluene, 303 K): & 35.3 (s, br, 2H, COT-CH), -1.6 (s, br, 6H, 'Pr-CH), -4.2
(s, br, 18H, 'Pr-CHs), -7.6 (s, br, 18H, 'Pr-CHj), -13.9 (s, br, 6H, Cp-CHs), -41.0 (s, br,
Cp-CHs), -71.7 (s, br, 2H, COT-CH), -105.8 (s, br, 2H, COT-CH).

2Si{*H} NMR (dg-toluene, 303 K): 5 -116.3 (Si'Prs).

2.5.11 Synthesis of U(COTEP2y(cp®Me4)(THF) (2.7THF)

To a saturated solution of [U(COT®P2)(cp”Me4)] in pentane was added 0.5 mL THF.

Crystals were obtained at -35 °C.

'H NMR (dg-toluene, 303 K): & 15.4 (s, br, 2H, COT-CH), 8.4 (s, br, 4H, THF), -1.7 (s,
br, 6H, 'Pr-CH), -2.8 (br, 24H, 'Pr-CHs), -3.2 (s, br, Cp-CHs) -4.6 (s, br, 18H, 'Pr-CHs),
-16.5 (s, br, 4H, THF), -28.7 (s, br, Cp-CHs), -72.6 (s, br, 2H, COT-CH), -80.5 (s, br,
2H, COT-CH).
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2Sif*H} NMR (ds-toluene, 303 K): & -126.5 (Si'Prs).

2.5.12 Characterisation of [U(COT**S"3)(cOT?*S1Pr3] (2.8)

After crystals of 2.6 had been obtained, the remaining pentane solution was allowed to
evaporate at room temperature. The residue was dissolved in equal parts toluene and

THF then cooled to -35 °C to yield microcrystalline solids of 2.8.
MS (EI): m/z = 115 (100%, [Si'Pr,]"), 1071 (5%, M* + H).

'H NMR (dg-toluene, 303 K): & -1.7 (s, br, 18H, 'Pr-CHs), -1.9 (s, br, 18H, 'Pr-CHs),
-2.2 (s, br, 18H, 'Pr-CHa), -4.1 (s, br, 18H, 'Pr-CHjz), -4.5 (s, br, 6H, 'Pr-CH), -5.5 (s, br,
6H, 'Pr-CH), -18.3 (s, br, 1H, COT-CH), -26.9 (s, br, 2H, COT-CH), -28.2 (s, br, 2H,
COT-CH), -36.2 (s, br, 2H, COT-CH), -39.3 (s, br, 2H, COT-CH), -42.5 (s, br, 2H,
COT-CH), -47.6 (s, br, 1H, COT-CH).

2Sif*H} NMR (dg-toluene, 303 K): & -72.8 (Si'Prs), -93.4 (Si'Prs).

2.5.13 Characterisation of [U(COT®P2)(cp*Me (] (2.9)

Crystals of 2.9 were obtained at -35 °C amongst the desolvated powder of

[U (COT(SiiPI’3)2) (CpASMe4)] .

'H NMR (dg-toluene, 303 K): & -73.8 (s, br, 2H, COT-CH), 9.0 (s, br, Cp-CHs), 7.3 (s,
br, Cp-CHa), -6.5 (s, br, 6H, 'Pr-CH), -7.4 (s, br, 18H, 'Pr-CHs), -8.6 (s, br, 18H, 'Pr-
CHa), -90.2 (s, br, 2H, COT-CH), -101.5 (s, br, 2H, COT-CH).

2Si{*H} NMR (dg-toluene, 303 K): 5 -74.3 (Si'Pr3).
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2.5.14 Synthesis of [U(COT®™™2)(cp”™¢4)(0"Bu)] (2.10)

To a solution of [U(COTE"P)2)(Ccp®™e4)] (28.7 mg, 3.61 x 10° mol) in dg-toluene was
added 10 equivalents THF (30 pL). The solution was heated to 75 °C for ten days to

quantitatively form 2.10.
MS (EI): m/z = 728 (100%), 867 (15%, M™).

'H NMR (dg-toluene, 303 K): & 159.0 (m, br, 2H, OCH,CH,CH,CHjs), 133.2 (m, br, 2H,
COT-CH), 62.6 (s, br, 2H, OCH,CH,CH,CHs), 34.8 (s, br, 2H, OCH,CH,CH,CHj),
18.7 (s, br, 3H, OCH;CH,CH,CHj), -7.7 (m, 6H, 'Pr-CH/Cp-CHs), -7.9 (m, 18H, 'Pr-
CHs), -15.0 (m, 6H, 'Pr-CH/Cp-CHs), -15.7 (s, br, 18H, 'Pr-CHs), -18.5 (m, 6H, Pr-
CH/Cp-CHs), -31.8 (m, br, 2H, COT-CH), -107.7 (m, br, 2H, COT-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -143.3 (Si'Prs).

$1pL1HY NMR (dg-toluene, 303 K): & 51.2 (m, P-ring).

2.5.15 Synthesis of [U(COT®™™2)(cpMey(0"Bu)] (2.11)

To a solution of [U(COTEP2)(cpMe4)] (15.9 mg, 1.90 x 10®° mol) in dg-toluene was
added two drops THF. The solution was heated to 100 °C for three days to

quantitatively form 2.11.
MS (EI): m/z = 28 (100%), 919 (9%, M").

'H NMR (dg-toluene, 303 K): & 161.8 (s, br, 2H, OCH,CH,CH,CHs3), 135.5 (s, br, 2H,
COT-CH), 63.2 (s, br, 2H, OCH,CH,CH,CHs), 35.1 (s, br, 2H, OCH,CH,CH,CHj),
18.9 (s, br, 3H, OCH,CH,CH,CHs), -7.7 (m, 6H, 'Pr-CH/Cp-CHs), -7.8 (m, 18H, 'Pr-
CHs), -15.7 (s, br, 18H, 'Pr-CHs), -16.5 (m, 6H, 'Pr-CH/Cp-CHj3), -18.6 (m, 6H, Pr-
CHICp-CHs), -31.1 (s, br, 2H, COT-CH), -110.1 (s, br, 2H, COT-CH).

2Si{"H} NMR (ds-toluene, 303 K): 5 -144.3 (Si'Prs).
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2.5.16 Synthesis of [U(COT®™™2)(cp™™e(0"Bu)] (2.12) and [(COTS™™2)Uu-n°:n*-
NC4MesCH)U(COT CP¥12y(NC,Me,)] (2.13)

To a solution of [U(COT®P2)(cpNMeh] (31.1 mg, 4.00 x 10°° mol) in dg-toluene was
added one drop THF. The solution was heated to 75 °C for 14 days to completely
consume the starting material. NMR analysis showed 2.12 and 2.13 were present in ca.
4:1 ratio. The residue was dried in vacuo then dissolved in pentane and filtered through
a filter pipette to give a brown solution from which crystals of 2.13 were obtained at

-35 °C.

Characterisation of [U(COT®P2)(cp"Me4)(0"Bu)] (2.12)
MS (EI): m/z = 59 (100%), 850 (20%, M").

'H NMR (dg-toluene, 303 K): & 153.1 (s, br, 2H, OCH,CH,CH,CHs), 122.9 (s, br, 2H,
COT-CH), 60.4 (s, br, 2H, OCH,CH,CH,CHs), 34.6 (s, br, 2H, OCH,CH,CH,CHj),
18.0 (t, ®Jun = 6.5 Hz, 3H, OCH,CH,CH,CHs), -5.0 (s, br, 6H, 'Pr-CH/Cp-CHs), -7.6 (d,
3J4n = 6.5 Hz, 18H, 'Pr-CHg), -12.7 (s, br, 6H, 'Pr-CH/Cp-CHs), -15.6 (d, Jun = 5.5 Hz,
18H, 'Pr-CHs), -18.4 (s, br, 6H, 'Pr-CH/Cp-CHj), -33.8 (s, br, 2H, COT-CH), -100.3 (s,
br, 2H, COT-CH).

2Si{*H} NMR (dg-toluene, 303 K): 5 -140.6 (Si'Prs).

Characterisation of [(COT®"P2)U(p-n®n -NC4MesCH)U(COTE P2 (NC,Mey)]
(2.13)

Yield: 6.9 mg (4.4 x 10 mol), 22% based on [U(COT®"¥2)(Cp™™*].

MS (EI): m/z = 775 (100%), 1550 (4%, M").



91
'H NMR (ds-benzene, 303 K): 6 24.0 (s, br, 3H, Cp-CHj3), 17.9 (s, br, 6H), 12.3 (s, br,
1H, COT-CH), 10.9 (s, br, 1H, COT-CH), 0.0 (br), -1.6 (s, br, 18H, iPr-CHg), -2.9 (s, br,
6H), -10.9 (s, br, 6H), -18.6 (s, br, 6H), -24.3 (s, br, 6H), -24.5 (s, br, 6H), -106.8 (s, br,
6H).
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CHAPTER 3: ACTIVATION OF CARBON OXIDES BY URANIUM(III)
MIXED-SANDWICH COMPLEXES WITH SUBSTITUTED
CYCLOPENTADIENYL LIGANDS

3.1 Binding and activation of small molecules by uranium complexes

Reactive transformations of small molecules have been of considerable interest for
many years. The prospect of controlled synthesis of biologically, pharmaceutically and
industrially important species in a manner that is cost-effective, scalable and safe has
profound implications, and could ultimately lead to better products and a cleaner
environment. Uranium is an element that has recently come into the foreground of this
area of research due to its ability to promote challenging transformations under mild
reaction conditions. A summary of the chemistry reported within the last few decades is

detailed below.

3.1.1 Dinitrogen
3.1.1.1 Features and applications of dinitrogen activation by uranium(l11) complexes

Dinitrogen activation has been a prominent area of research for decades due to its
significance in the synthesis of industrially useful molecules and important biological
functions. The Haber-Bosch process, which employs iron and ruthenium catalysts to
convert dinitrogen and dihydrogen into ammonia is an important example.! This process
produces in excess of one hundred million tons of ammonia each year; however the
conditions for the conversion are not trivial and require temperatures and pressures
reaching 550 °C and 350 bar respectively.? This is a stark contrast to biological systems
which, under ambient conditions, employ nitrogenase enzymes to facilitate the same

transformation.
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Whilst the availability of dinitrogen does not present any problems, its high bond
dissociation energy (945 kJmol™), large HOMO-LUMO gap (ca. 23 eV) and its
apolarity make it thermodynamically and kinetically difficult to break the triple bond.®
The mechanisms nitrogenase enzymes employ to complete the transformation from
dinitrogen to ammonia are still uncertain, but research has found that active sites
incorporating transition metals play an active role in this process. Using nature as a
model, it has been proposed that using the correct combination of metal(s) and ancillary
ligands can significantly weaken the triple bond, allowing transformations to occur
under mild conditions. As such, work to date on dinitrogen activation has looked at the
binding and reduction of dinitrogen at metal centres within an organometallic complex.
As a weak o-donor/m-acceptor ligand, dinitrogen can bind either end-on or side-on, as a
terminal or bridging ligand. Side-on binding has been reported for several trivalent
lanthanide complexes as this coordination mode enables effective m-backbonding and

reduction of the triple bond.*

The degree to which activation has occurred can be assessed by study of the N-N bond
length and the N—N stretching frequency. As a coordinated, side-on ligand, dinitrogen is
classed as a neutral ligand with a characteristic triple bond and high frequency N-N IR
absorption band (ca 1.1 A and 2331 cm™ respectively). Upon reduction however, the
bond length is seen to increase and the stretching frequency decrease (ca 1.24 A and
1440 cm™ for the N, ligand and 1.4 A and 1110 cm™ for the N,* ligand).>® Although
most reductions of this nature are two-electron processes, the synthesis of an N>

radical ligand bridging two dysprosium centres was reported in 2009, a study which has

since been extended to other lanthanides (Figure 3.1)."*
THF
[K(THF)¢] I|<
THF,, JOAr ThE AO™ \ 0Ar
Dy // — T THRW ] N
Aro’ ”'OAr Ea— Dy _ / Dy OAr
AI’O + THF ArO0™ \ y\

THF

Figure 3.1 The dysprosium complexes featuring the N, ligand.’
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3.1.1.2 Coordination of dinitrogen

Coordination of dinitrogen to a uranium(ll) centre was first reported in 1998 by
Roussel and Scott, who reported the reversible coordination of N, to a uranium(lll)
triamidoamine complex (Figure 3.2).** Subsequent removal of the dinitrogen ligand
could be achieved by freeze-thaw degassing the solution, which regenerated the parent
uranium complex without decomposition. Crystals of the dinitrogen complex however

were stable under an argon atmosphere for several months.

R R R R

R

/ / \
O Q0
e A

N

\s
_U —_— L
\ - N3 \ N H N
N NN
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Figure 3.2 Reversible binding of dinitrogen to a uranium(111) triamidoamine complex.*?

Magnetic susceptibility studies of the dinitrogen complex indicated that uranium had
not undergone a change in oxidation state upon binding, and XRD studies illustrated
side-on coordination of dinitrogen with negligible lengthening of the N-N bond.*?** At
the time of publication the binding was proposed to consist of c-donation by the m
orbital to the uranium centre, however subsequent theoretical work has suggested the
interaction to be predominantly backbonding from the 5f orbitals into the antibonding 74

orbital . **

In 2003 Evans and co-workers reported the first example of an end-on bound dinitrogen
uranium complex, formed from [U(Cp*)s] under 80 psi dinitrogen (Figure 3.3).°
Studies of [(Cp*)sU(n*-N,)] revealed the dinitrogen fragment retains the properties of a
neutral N, ligand and binds perpendicularly to the [U(Cp*)3] plane. The formation of
this complex is also reversible and regenerates the trivalent uranium starting material

without decomposition when the pressure is lowered to one atmosphere.
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Figure 3.3 Synthesis of [(CsMes)sU(n'-N2)]."

3.1.1.3 Reductive activation of dinitrogen

The earliest report of dinitrogen reduction by a uranium complex was published in 1998
by Cummins and co-workers, who synthesised a uranium/molybdenum bimetallic
complex with an end-on bound dinitrogen bridge (Figure 3.4).*° Initial reactivity
studies found that the uranium(l11) complex, [U(N-tert-butylanilide)s], was unreactive
towards dinitrogen. However, in the presence of a stoichiometric quantity of
[Mo(N{'Bu}Ph)s], the dinitrogen bridged complex was synthesised quantitatively. This
is rationalised by initial formation of [(N,)Mo(N{'Bu}Ph)s] which is subsequently
trapped by the uranium complex. Infrared and XRD data illustrate a two-electron
reduction of dinitrogen with concurrent one-electron oxidations for uranium and

molybdenum.

N(R)Ar
t
PRCBUN, o @ J NR)Ar
Ph('B )N’MOZN:N_U.
UNT ¢
Ph('Bu)N N(R)AT

N(R)Ar = N-tert-butylanilide

Figure 3.4 A heterobimetallic dinitrogen complex featuring an end-on bound Ny*

ligand.®
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More recently, Cloke and co-workers reported the reduction of dinitrogen by a
uranium(111) pentalene complex to yield a bridged species with a p-n*m?-N,* fragment
(Figure 3.5)." This complex exhibits a N=N bond length consistent with a two-electron
reduction, and a slight fold within the [U;N] core away from the pentalene ligands.
This is postulated to be due to the sterics of the complex and it is believed that this is the
cause of the facile regeneration of the uranium(lll) pentalene complex under reduced
pressure. Computational studies on this complex confirmed that a two-electron
reduction of dinitrogen had occurred and found the core to be composed of uranium 5f

orbitals and a set of N w4 orbitals which point towards the uranium atoms.*®

SilPry 'PraSi

“‘\\\\“\ N I””ll',". I

T

Figure 3.5 [U(PnSP2)(Cp*)]o(u-nZn-N,) as synthesised by Cloke et al.."”

In 2011, Arnold and co-workers reported the activation of dinitrogen during the
synthesis of a uranium(lll) trisaryloxide complex (Figure 3.6).'° The complex,
[(TtbpO)sU(N,)U(OTtbp)s] (OTtbp = 2,4,6-'BusCsH,), was found to be more kinetically
stable than the preceding dinitrogen complexes and only regenerated the starting
complex when heated to 80 °C. Analogous complexes supported by siloxide ancillary
ligands have also been reported and the stability of these and the aryloxide complexes is

assigned to the steric environment supporting the N,> fragment.?
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A0, JOAr (Mes)3Sio, N 0si(Mes)s
U
AOT7TN / / U\"’"OAr (MeS)3S'O’/ \I/ - U\"”OSl(Mes)a
ArO OAr (Mes)3SiO OSi(Mes);
Ar = (2,4,6-'BuzCgH,) Mes = (2,4,6-Me3CgH>)

Figure 3.6 Dinitrogen complexes of uranium supported by TtbpO aryloxide ligands

(left) and siloxide ligands (right).**%

3.1.2 Carbon monoxide
3.1.2.1 Properties and applications of carbon monoxide

Carbon monoxide has become increasingly important over the last few decades for its
use as a C; feedstock. Fischer-Tropsch processes, which convert carbon monoxide and
dihydrogen into hydrocarbons and oxygenates, have seen more attention, especially as
the finite resources of fossil fuels decline.??* The scope for this chemistry is broad,
with the synthesis of alcohols, carbonyl, aromatic and aliphatic compounds available.
The majority of this chemistry employs transition metal catalysts, but forcing conditions
are often required. Low Temperature Fischer-Tropsch (LTFT) reactions for example,
require temperatures exceeding 180 °C and typically use syngas pressures above 10

bar.?®

Carbon monoxide is ubiquitous as a ligand in transition metal chemistry, whereas
lanthanide and actinide carbonyl complexes are contrastingly rare. As a o-donor/zn-
acceptor ligand, CO interacts favourably with transition metals, with back-donation
from the metal d-orbitals to the carbonyl n*-orbitals the main stabilising factor.?* The f-
orbitals however, are less suited to this role and consequently most f-element carbonyl
complexes have only been observed by matrix isolation. Carbon monoxide can bind to
metals in several modes (Figure 3.7), with characteristic infrared bands for each,

allowing facile structural characterisation of the complexes.
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Figure 3.7 The binding modes of CO with infrared stretching frequencies.

Reactivity of carbon monoxide at the metal centre is also of key importance. With a
bond dissociation energy of 1076.5 kdmol™, cleavage of the C=O bond is not trivial.
However, the polarity of the bond gives rise to a wealth of reactivity which is not seen

for isoelectronic dinitrogen.?®

3.1.2.2 Carbonyl complexes

The earliest examples of uranium carbonyl compounds were observed by matrix
isolation. In 1971, Sheline and Slater reported the synthesis of uranium carbonyl species
by condensing uranium metal vapour into a dilute carbon monoxide-argon matrix at
4 K. Infrared studies of the matrix identified over six carbonyl species, however, later
studies found that pulsed laser evaporated uranium atoms have sufficient energy to
insert into the C=0O bond upon condensation, giving rise to a series of C---U---O
species.?”?® These complexes were found to be the dominant product over the carbonyl
species. Other carbon monoxide matrix isolation studies carried out on UF,; show a
blue-shifted carbonyl band, consistent for o-donation to the metal centre, and little or no

n-interaction.?

The first organometallic uranium carbonyl complex, [(Cp>™®

)3UCO], was reported in
1986 by Andersen and co-workers, however this complex underwent reversible

extrusion of carbon monoxide under reduced pressure.®® The first isolable uranium
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carbonyl complex was not reported until 1995, when the cyclopentadienyl rings were
altered from Cp™™® to Cp™®*, providing the ideal steric and electronic environment to
stabilise the uranium-carbonyl fragment.* The M—CO stretching frequencies of both
complexes are red-shifted in comparison to carbon monoxide, indicating significant -

backbonding into the antibonding orbitals of the carbonyl moiety.

Studies on analogous complexes gave a total of five [(CpT)sUCO] complexes. All these
species exhibit reversible coordination of carbon monoxide and only [(Cp“**);UCQO]
and [(Cp*)sUCO] (Figure 3.8) were crystallographically characterised.** Comparison of
these structures shows that both complexes have a linear U-C-O unit, but have varying

geometries as [(CpV*®

)3UCQ] is too bulky to adopt a pseudo tetrahedral geometry in
order to relieve steric strain. Infrared studies also illustrate that the frequency of the
carbonyl stretch is lowered as more electron donating groups are added to the

cyclopentadienyl ring.3**

[(Cp*)sUCQO] however, has a higher stretching frequency
than [(Cp"“**)sUCO], which is assigned to the long U-CO bond in [(Cp*)sUCO] due to

steric crowding.®

When CO was added to [(Cp*)3Nd] and [(Cp*)sSm] however, a carbonyl complex was
not the product obtained. Instead two molecules of CO inserted into the M—C(Cp) bonds
to give a carbonium ion complex with a positive charge on the reacted cyclopentadienyl
ring and a negative charge on the metal centre (Figure 3.8).%3* The size similarity of
Nd** and Sm*" (112.3 and 109.8 ppm respectively) make the analogous reactivity
unsurprising.®* However, the varied reactivity for uranium illustrates that the reaction
outcome is not governed by sterics alone, and highlights the differences in reactivity

between the 4f- and 5f-elements.

Computational studies on the uranium carbonyl complexes found back-donation of
electron density to originate from the U-Cp® bonding fr and drn orbitals.®*® This

rationalises why [Ln(Cp~)s] complexes do not form carbonyl complexes as the radial
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extension of the 4f and 5d orbitals is significantly smaller than the 5f and 6d, and cannot

therefore engage in transfer of n-electron density.

CO

Figure 3.8 [(Cp"*),Nd(0,C;Mes)] (left) and [(Cp™**)sUCO] (right).*

3.1.2.3 Insertion chemistry

Due to the apparent instability of uranium carbonyl complexes it is not surprising that
the earliest forms of reactivity involved insertion of CO into uranium-element c-bonds.
The majority of the literature on this subject centres on uranium-carbon and uranium-
nitrogen bond reactivity. Unsurprisingly, the high affinity of uranium for oxygen
implies that the uranium-oxygen bond is too strong to be broken by CO and no insertion
reactions of this type have been reported. Insertion of carbon monoxide into other

uranium-element bonds has also received little attention.

Early examples of CO insertion include the synthesis of n?-acyl and n’-carbamoyl
complexes from [Cp3sUR] and [CpsUNR;], which was found to be reversible with gentle
heating under a dinitrogen atmosphere.®” n%Coordination was confirmed by the
presence of an infrared band between 1490 and 1505 cm™ and the absence of a band
between 1630 and 1680 cm™. Carbamoyl complexes of uranium and thorium

synthesised by Fagan also exhibited distinct nz-carbonyl frequencies, which were lower
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in energy than analogous transition metal carbamoyls due to the actinides higher affinity

for oxygen.*®

Hoffmann and co-workers investigated the orbital interactions of n>-acyl ligands with
transition metal and actinide complexes of d° electronic configuration.®® These
calculations revealed that there are two energy minima for the complexes corresponding
to O-inside coordination and O-outside coordination (Figure 3.9). These minima only
differ by 0.03 eV, which rationalises the coexistence of both configurations in
[(Cp*),An(CONR,)CI] complexes.® Further studies found that despite the small energy
difference, uranium complexes with two acyl moieties such as [Cp,U(COCHj3),] favour
O-outside, O-outside coordination, which is the most stable of the three possible
configurations.®®**  These results agree with the observed geometry of

[(Cp*).U(CONMe,),] which also favours this configuration (Figure 3.9).

O

QP e o,
: : :
N Mez

Figure 3.9 The O-inside configuration (left) and the O-outside configuration (centre)
for [(Cp*),U(CONMe,)CI]. The O-outside, O-outside configuration is illustrated by
[Cp*,U(CONMe,)] (right).384°

It has also been observed that reaction of carbon monoxide with uranium and thorium
dialkyls gives rise to double CO insertion and coupling of the two acyl carbons to form

an enediolate moiety.** These products are monomeric when the alkyl groups are large,
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but have been found to dimerise when smaller alkyls are used. The enediolate fragment
can be characterised by infrared spectroscopy and exhibits bands corresponding to
vC=C and vC-0O. Calculations by Hoffmann and co-workers rationalised the formation
of the enediolate complex by finding that this species is 2.9 eV lower in energy than the

acyl complex.*°

Insertion of carbon monoxide into uranium metallacycles also gives rise to the
formation of a C=C bond. A recent example reported by Bénaud found CO insertion
gave rise to expansion of the ring by one atom with formation of an enolate fragment by

migration of the silyl moiety (Figure 3.10).%

TiMes SiMes;

H2 CH2
AN N co Me;SI— T\ /O\C/
Me28|\ /U\ _SiMe; ———> /U \

c” | N THF S0 |\N/SiMe2

N* = N(SiMej3),

Figure 3.10 Formation of an enolate complex by double CO insertion.*?

An analogous metallacycle was reported by Arnold and co-workers, who proposed
carbon monoxide insertion occurs following thermally induced C-H activation.*® This
was rationalised to proceed according to the mechanism outlined in Figure 3.11,
however attempts to isolate the C-H activated complex by thermolysis under partial
static vacuum failed to produce the four-membered metallacycle intermediate. This
reactivity indicates that the tethered carbene is sufficiently labile to allow approach of
CO to the metal centre, however the reducing capability of the complex is insufficient to

facilitate reductive coupling of carbon monoxide.
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Figure 3.11 Formation of a five-membered metallacycle via C-H activation.*®

Insertion reactions have also been reported for uranium-carbon multiple bonds. In 1982
Cramer and Gilje demonstrated that carbon monoxide insertion into a U=C(ylid) bond
gives rise to an n’-acyl complex with a C=C bond that is delocalised over the np-
ketoylide fragment.** This study was furthered by reaction of [CpsU=CHPMe,Ph] with
[CpMn(CO)3], which resulted in the insertion of one of the carbonyl ligands into the
uranium—carbon double bond (Figure 3.12). The resulting bimetallic complex is
observed to have similar delocalisation to the n-p-ketoylide complex, such that the

bonding in the structure lies between an enolate and a Fischer carbene complex.*®

Cng_O
H
/ =—==Mn(CO),C
CpaU=C CpMn(CO); _ Y. (CO)LCp
\ H—C’
PMe,Ph N

PMe,Ph

Figure 3.12 Insertion of a carbonyl ligand into a uranium-carbon multiple bond.*>*
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Further studies found that the carbon-oxygen bond can be thermolytically cleaved
giving rise to a novel manganese complex with a zwitterionic phosphonium acetylide
ligand and a uranium hydroxo complex. This reactivity demonstrates that coordination
of the oxygen atom to uranium weakens the carbon-oxygen bond, facilitating cleavage
(Figure 3.13).* A related study found that reaction of [CpsU=CHPMe,Ph] with
tungsten hexacarbonyl gives rise to the analogous bimetallic complex. However

thermolysis of this species results in rearrangement, leaving the C—O bond intact.*®

Cp3sU—0, CpsU—0O
\C—H \ ==[M]
/ 90 °C Vi reflux CpsU-OH
H—C -~ H—C s N
THF \ toluene
PPhMe PPhMe [M]CCPMe,Ph
/ 2
[M]—CH, HsC
[M] = W(CO)s [M] = CpMn(CO),

Figure 3.13 Thermolysis of the uranium-molybdenum and uranium-tungsten

heterobimetallic complexes.*’

3.1.2.4 Activation of CO

Whilst carbon monoxide insertion has been present in the literature for over forty years,
reductive activation of carbon monoxide has only been reported recently. A novel
example, published by Meyer and co-workers, is the one electron reduction of carbon
monoxide by a uranium(lll) tacn complex to form a uranium(ll)/uranium(lV) mixed
valence bimetallic complex with a p:n*n'-CO bridge.*® Carbon monoxide has also been
observed to serve as a reducing agent for a uranium(V) imido complex with the tacn

ligand system to yield an isocyanate complex (Figure 3.14).>° This results in the one-
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electron reduction of the uranium centre, and coupling of the two trimethylsilyl

fragments.
i
SlMe3 C
| || Ad
o, N N
al "] [
—O0 :.U—O Bu
tBu O\ \ 058|2M66 s \
N
'‘Bu \/’

Figure 3.14 Reactivity of a uranium(V) imido complex with CO.*®

Cloke and colleagues first reported the reductive activation of carbon monoxide by
uranium(l11) mixed-sandwich complexes in 2006 with the synthesis of the bimetallic
deltate complex.®* This was followed by the publication of the analogous squarate and
ynediolate complexes and further investigations illustrated that the homologised CO-
derived fragment obtained is dependent on the sterics of the ligands (Figure 3.15).5%>
In addition, reactivity studies on this system found the final products to be unreactive
towards dihydrogen, however a methoxide complex could be synthesised by reacting
the uranium(l11) complex with a mixture of CO and H,.>* Other gaseous mixtures also

proved fruitful with the synthesis of cyanate and oxo complexes from a mixture of CO

and NO.%®
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Figure 3.15 Reactivity of uranium(I11) mixed-sandwich complexes with CO (R’ =

Si'Prs except for the ynediolate complex where R’ = SiMes).”* ™

Ynediolate complexes have also been synthesised by other research groups. Arnold et
al. reported the synthesis of this fragment from [U(N{SiMes}>)s] under mild conditions
regardless of CO stoichiometry.”® This complex was also unreactive towards
dihydrogen, however, underwent insertion of the ynediolate fragment into a C—H bond
to form an asymmetrical enediolate complex when heated (Figure 3.16). Liddle and
colleagues also reported subsequent reaction of the ynediolate fragment in a uranium

complex bearing amido ligands.®’ In this case the ynediolate fragment inserts into the
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N-Si bond, and a new oxo bridge is formed between the two metal centres by reaction

of the complex with an unidentified oxygen source.

: /SiMe3 OSiMe,'Bu
S=gi—N__ N(SiMes), HeorCy
uS. 75°C _ 80 °C 5 }\"w
H,C | “N(SiMes), <———— [U—0—C=C—0—[U] ——
benzene benzene [U]l~aqe—Y—N
O (@) § \
Cx~ -~ s
¢ ~
[U]—O \ /N
H BuMe,Si SiMe,'Bu
[U] = U(N{SiMes}s) [U] = U(N{CH,CH,NSiMe,'Bu}s)

Figure 3.16 Thermolysis reactions of uranium ynediolate complexes.*®*’

3.1.3 Carbon dioxide
3.1.3.1 Properties and coordination of carbon dioxide

Interest in carbon dioxide has become prominent over the last few decades, due in part
to declining fossil fuel reserves and due to its contribution to climate change. Carbon
dioxide is therefore not only desirable in terms of its use as a C; feedstock, but also as a
recyclable gas that could be extracted from the atmosphere. Carbon dioxide is a linear
molecule with two strong (532.2 kJmol™) polar C=0 bonds giving rise to an overall

apolar molecule.®

There are several modes of coordination for carbon dioxide to one or two metal centres
(Figure 3.17) and several transition metal adducts have been reported.*® ®° Only Meyer
and colleagues however, have reported the coordination of carbon dioxide to a uranium
centre.®%2 Coordination to [((®“*9ArO)stacn)U] was accompanied by a one-electron

reduction of CO to give a linear n*-OCO radical anion bound to a uranium(IV) centre.
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This rare form of coordination occurs due to the cylindrical shape of the reactive pocket,

which is encompassed by the adamantyl substituents.

i i |
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Figure 3.17 Coordination modes of carbon dioxide to one or two metal centres.

3.1.3.2 Insertion chemistry

Insertion of carbon dioxide into uranium-element bonds is a common occurrence and
has proved useful for the synthesis of novel uranium complexes and fragments.
Coordination of the fragment can be mono- or bidentate and can coordinate to one or
two metal centres (Figure 3.18). For actinide complexes, it is generally expected that
the fragment will coordinate in a bidentate fashion due to the large coordination sphere

of the metal, unless the sterics of other ancillary ligands preclude this.

R R R R
D
c C. /= Cs
| | | \ ANVZAN
M M M M M M

Figure 3.18 Coordination modes of carbon dioxide insertion fragments.
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Variation in coordination mode was recently observed by Bart and Meyer in
uranium(IV) tacn carbamate complexes, [((®“RArO)stacn)U(O,CNHMes)], where the
sterics of the R substituent dictate the bonding mode.®* When R is tert-butyl, the
coordination pocket is larger allowing for a shorter U-O contact and n'-coordination.
When R is adamantyl however, the binding pocket is smaller and prevents close contact
between the oxygen atoms and uranium. This results in bidentate bonding with two
longer U-O bonds. Interestingly, when the analogous uranium(V) imide complexes are
exposed to carbon dioxide, insertion does not occur. Instead a [2+2] cycloaddition
reaction yields a uranium(V) oxo complex with formation of mesityl isocyanate (Figure
3.19). However, alteration of the imide substituent from mesityl to phenyl results in a
double [2+2] cycloaddition reaction, which forms the uranium(V) oxo complex and a

uranium(V) diphenyl ureate complex.
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I c
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[U1={( ArO)stacniu VARGAN N/
O N—Ph
. N/ I I
R'= Ad, tBu C —_— C —_—
7\ -[uU=O VRN 7N\
Ph—N_ O Ph—N_ O Ph—N_  N—Ph
[U] (U] (U]

Figure 3.19 Observed reactivity of carbon dioxide with uranium(V) imide complexes.®
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Insertion of carbon dioxide into uranium—carbon bonds was first reported by Moloy and
Marks in 1985 with the sequential insertion of CO; into uranium-methyl fragments in
the complexes [Cp,UMe,] and [(Cp*),UMe,].%* These results also highlight the
influence of sterics on coordination mode as it was found the smaller, unsubstituted
cyclopentadienyl complex formed a dimeric product, whereas the Cp* complex
remained monomeric. Evans has also shown that U-C insertion chemistry is not limited
to uranium alkyls, by successful reaction of uranium alkynyl and allyl complexes with

carbon dioxide.®>%®

Although uranium hydride complexes are less common, they have also been shown to
insert carbon dioxide to yield formate complexes.®” In the case of [U(CpS™®3);H], the
resulting formate can then be converted to a dioxymethylene complex by reaction with
the hydride starting complex (Figure 3.20) giving rise to a reduced carbon dioxide

moiety.®®

Figure 3.20 Synthesis of a dioxymethylene complex by reaction of a uranium hydride

complex with carbon dioxide.®®

CO; insertion into a uranium-sulfur bond was first reported in 1996 with the reversible
synthesis of [CpsUO,CS'Pr].% [(Cp*),U(SR),] complexes however, have more stable
insertion products and [(Cp*),U(O,CS'Bu),] was the first crystallographically

characterised complex of this type.” Similar reactivity was also observed with carbon
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disulfide, which formed a novel trithiocarbonate complex, [(Cp*),U(S,CS'Bu)(S'Bu)].
More recently, Meyer and co-workers reported the insertion of CO,, COS and CS; into
uranium-sulfur and uranium-selenium bonds to give mixed-carbonate fragments
bridging two uranium centres.”* These complexes have proved to be stable and are not

reactive towards hydrolysing, silylating or reducing reagents.

Whilst insertion reactivity has typically involved uranium(IV) complexes, Bart and co-
workers published the first uranium(l11) carboxylate and dithiocarboxylate complexes in
2011.”" Interestingly, whilst the delocalisation of the carboxylate fragment is observed
in the molecular structure, the dithiocarboxylate structure exhibits a U-S single bond

and a U-S dative bond, as evidenced by infrared studies.

In recent years Meyer has investigated the derivatisation of 1,2-ketones by CO,
insertion (Figure 3.21).”* Reaction of the diketone with two mole equivalents uranium
complex yielded a dinuclear dienolate complex, which inserted carbon dioxide to form a
new C—C bond. The CO, unit is bidentate with delocalised charge whereas the diketone
fragment shows distinct C-O single and double bonds. In contrast the mononuclear
enolate complex, formed by stoichiometric reaction of the diketone with the starting

complex, was shown to be unreactive towards carbon dioxide.

R
R)S( R.__O 7|
] @) . I )  CO, (1 atm) - /O%O
[U]\O R benzene \

[U]
\O-'/'C'\‘~O/[U]

[U] = {("BuBUArO);tacn}U

Figure 3.21 Functionalisation of diketones by carbon dioxide insertion.”
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3.1.3.3 Reduction of carbon dioxide by uranium complexes

An area of research currently receiving a lot of attention is the reductive activation of
carbon dioxide. One reductive transformation that can occur is a two electron reduction
of CO; to the oxo dianion and CO. Formation of uranium complexes with bridging-oxo
ligands by this method was first reported in 1991 by Ephritikhine and co-workers in the
reaction of [U(CPS™®);] with CO, (Figure 3.22).”° The resulting complex,
[{(Cp°™*3)3U},(1-0)], which can also be prepared by reaction of [U(Cp*™®);] with
N.O, has Sg symmetry, with the bridging oxygen atom lying on the inversion centre.
The U-O-U bond angle is linear, minimising electrostatic repulsions between the
cyclopentadienyl rings, and the short U-O distances indicate a possible bond order
greater than one from a m-interaction between the oxygen and uranium atoms. The
analogous sulfide complex however, formed by reaction of [U(CpS™®)s] with COS,
does not have this feature, and the minimised electrostatic repulsion caused by a greater

U-U distance gives rise to a bent U-S—U fragment.”

Despite the being isoelectronic with carbon dioxide, reaction of [U(Cp>™*)s] with
carbon disulfide resulted in the formation of a bridging adduct, [{(Cp®™**)sU}2(n-n"m*
CS,)].”" It was postulated that the formation of the oxo complex proceeds via the
analogous CO, complex, however the oxophilicity of uranium, coupled with the
thermodynamic stability of CO, favours extrusion of carbon monoxide to yield the
observed product. Similar reactivity has also been observed by Cloke and Kilpatrick for
a bis(pentalene) dititanium complex, which forms a kinetically unstable CO, adduct
prior to formation of an oxo complex.”®® Similarly, reactivity of COS gives rise to an
unstable COS adduct, which decomposes to sulfide and carbonyl complexes, however

the CS; adduct is stable and undergoes no further reactivity.
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Figure 3.22 Comparative reactivity of [U(Cp>™®)s] complex with CO,, COS and
CSZ 75-77

A more recent example of bridging oxo formation was reported by Meyer who found
reaction of a uranium(I11) tacn complex with carbon dioxide gave rise to the bridging
oxo complex via a fleeting, colourless intermediate.*® This species is proposed to be a
carbon dioxide bridged diuranium species, however could not be isolated as rapid

removal of solvent under vacuum only yielded the starting complex.

3.1.3.4 Reductive disproportionation

Uranium complexes have also facilitated the reductive disproportionation of two CO,
molecules to give a carbonate dianion and CO. This was first reported by Cloke et al. in
2008, whereby reaction of the mixed-sandwich complex, [U(COT®P)2)(cpMe4)(THF)]
with carbon dioxide  yielded the bridging carbonate complex,
[{U(COTEP2)(CpMe}p(n-ntn?-C03)].8" Furthermore, if the stoichiometry of the
reaction was adjusted to give 25% molar excess of the mixed-sandwich, the carbon
monoxide side product was reductively coupled by the remaining complex to give the
bridging squarate anion, making this the first synthesis of an oxocarbon fragment from

CO..

Meyer and co-workers also observed similar reactivity with [({FArO}sN)U] systems
bearing resemblance to the tacn complexes.?? Exposure of these species to excess

carbon dioxide resulted in the formation of uranium(1V) bridging carbonate complexes,
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where the mode of coordination is dependent on the ligand substituents (Figure 3.23).
The formation of the carbonate complexes, which was not observed in the tacn ligand
system, is explained by the increased flexibility of the aryloxide ligands, and it was
suggested that smaller substituents on the tacn ligand would lead to similar reactivity.
This proved to be the case and resulted in the formation of a p-i?K?-carbonate
complex.® However, unlike the two carbonate complexes previously synthesised in this
series, [[({M**"MeArO}stacn)U](u-k*:x*-CO3)] reacts cleanly and almost quantitatively
with potassium graphite to regenerate the starting uranium(l11) complex, illustrating the

potential of optimised uranium systems for catalytic processes.

Mechanistic studies of these reactions found carbonate formation proceeds via an 0xo
intermediate which can be isolated by reaction of [({"**"M¢ArO}stacn)U] with N,0.525
This has also led to the synthesis of the first uranium sulfite complex,
[P MeArO}stacn)Uo(p-k1:k%-S03)] by insertion of SO, into the uranium-oxo
fragment.2® The mixed-sandwich analogue however, was computed to form the
carbonate complex via a concerted mechanism, as formation of an initial bridging oxo

complex was found to be kinetically less accessible.®

O

/C).\ . \
V] I U—o== S
[U] = [({"®"ArO}sN)U] [U] = [(*?ArO}sN)U]

Figure 3.23 Coordination modes of the carbonate fragment in [({*ArO}sN)U]

complexes.®



118

3.1.3.5 Reductive coupling reactions

Until last year, reports of reductive coupling reactions by uranium complexes were
limited to the synthesis of a tetrathiooxalate complex from [({*?ArO}:;N)U] and carbon
disulfide.®”® The p-k*:k*-C,S4 fragment, which bridges two uranium centres to form
two four-membered metallacycles (Figure 3.24) was the major product from the
reaction, with formation of the trithiocarbonate complex as a minor product. The
preference for the formation of the tetrathiooxalate complex can be rationalised by the
requirement to form CS in the synthesis of the trithiocarbonate complex. DFT studies of
the formation of the sulfide complex from carbon disulfide show this step is endogonic
(+2.6 kcal-mol™), unlike the CO, analogue, illustrating the favourable formation of CO
vs CS. As a consequence, the trithiocarbonate is formed in low vyields, as the
thermodynamic gain from the formation of this species is reduced with respect to the

tetrathiooxalate complex.

The tetrathiooxalate unit exhibited delocalisation over each CS, fragment, however the
C—C bond was found to be single, and the unit exhibited a perpendicular twist along the
C—C axis (Figure 3.24). Further studies on this complex found it could be reduced with
sodium amalgam to yield the ethylenetetrathiolate complex. This fragment has a
different bonding mode to its precursor, and bridges the two uranium centres to form
two five-membered metallacycles (Figure 3.24). The bonding within the fragment also

showed elongation of the C-S bonds with formation of a C=C bond.

Calculations by Maron and co-workers also suggested that the formation of the
analogous oxalate species was more thermodynamically favourable than formation of
the carbonate complex.®* However, the synthesis of this complex was only recently
observed, due to the higher activation barrier required for its formation. It was
suggested however, that changes to the ligand substituents may lower the activation
energy and facilitate its formation. This proved to be the case, and the oxalate complex

was isolated from reaction of [({**ArO}sN)U] with a mixture of CO, and KCg.*° This is
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rationalised by formation of the kinetically favoured carbonate complex, which is
instantly reduced to the starting material by potassium graphite, allowing formation of

the oxalate in modest yield.

e ~u e = o] U]
N

~ N N\ O
[U] = [({A9ArO}sN)U]

Figure 3.24 The tetrathiooxalate (left), ethylenetetrathiolate (centre) and oxalate

fragments (right) bridging two uranium centres.%>#"%

Cloke et al. also reported the synthesis of three oxalate complexes by reaction of
uranium(111) mixed-sandwich complexes with carbon dioxide.®® DFT studies of these
reactions show the oxalate species to be thermodynamically more stable than the
carbonate and oxo complexes, but kinetically more challenging under the reaction
conditions employed. The difference in activation energy required however, is small

accounting for the formation of both species.

3.1.4 Scope for Chapter 3

The wealth of small molecule reactivity reported in the literature illustrates the scope for
uranium complexes to make unusual or otherwise inaccessible fragments under mild
reaction conditions. The mixed-sandwich system, which has already been proven to
facilitate challenging reductive transformations, has been thoroughly investigated, and

illustrates the importance of the steric environment on the activation of small molecules.
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Further studies of this nature wusing the tert-butyl and tri-iso-propylsilyl

cyclopentadienyl ligands, were therefore conducted.

3.2 Activation of carbon monoxide

Activation of CO by mixed-sandwich complexes has seen the formation of the squarate,
deltate and ynediolate fragments by reductive homologation of four, three and two CO
molecules respectively.”*>*# The croconate and rhodizonate fragments, however, have
not been observed despite the increased stability of these fragments with respect to the
deltate and squarate moieties.” [U(COT®"P2)(Cp™)] (2.1) is a suitable candidate for
the synthesis of one of these larger fragments due to the ability of the tert-butyl moiety
to be positioned away from the COT silyl groups, allowing for a larger reactivity
pocket. The rhodizonate fragment however, is thermodynamically unstable with respect
to the croconate unit and would therefore only be formed if the increased steric
stabilisation of the complex offset this energy. Previous studies by Cloke and the author
for an undergraduate project found the largest three complexes, 2.2 — 2.4, did not react

with CO and the details of these experiments are not discussed.*

3.2.1 Reactivity of [U(COT®"P2)(Ccp®)] (2.1) with carbon monoxide

Exposure of a solution of 2.1 to *3CO resulted in a rapid colour change from
green/brown to red/brown. NMR spectroscopy illustrated a multitude of proton
resonances and no isotopically labelled carbon resonance, precluding characterisation of
the resulting species. Repetition of the experiment with varying stoichiometries of CO
(0.5 to 3.5 equivalents) for both the base-free complex (2.1) and THF adduct (2.1 THF)
consistently yielded the same result within minutes of gas addition. Other experiments
conducted with a mixture of **CO and H, also gave rise to unassignable *H and **C{*H}

NMR spectra and it was therefore concluded that the decreased steric environment



121

around the uranium centre was unable to stabilise the croconate or rhodizonate

fragments or the methoxide moiety observed by Cloke and Frey.>

However, red crystalline needles were obtained from saturated pentane solutions of both
the CO and CO/H; reaction mixtures after several weeks. In both cases the crystals
corresponded to a bimetallic uranium oxo species [{U(COT®P2)(Cp™®)},(u-0)] (3.1,
Figure 3.25), formed by decomposition of the mixed-sandwich complex in the presence
of CO. Comparison of the NMR spectra of the reaction mixtures after CO addition with
the crude spectrum of 3.1 found that this species is not present within the first week
after gas addition. It is therefore concluded that 3.1 is formed by slow reactivity

between the decomposition products in solution.
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Figure 3.25 Reactivity of [U(COT®™P2)(Cp™®)] with CO.

3.2.2 Alternative synthesis of [{U(COT®"™™®2)(Cp®)},1-0)] (3.1)

In order to fully characterise 3.1, an alternative synthetic route was required. Nitrous
oxide has been shown to react with various uranium complexes to give bridging oxo
species, including other mixed-sandwich complexes.”>% % Addition of N,O to a
solution of 2.1 yielded 3.1 exclusively, which was characterised by a silicon resonance
at -85.7 ppm (Figure 3.26). However the *H NMR spectrum precluded full assignment

due to the presence of broad overlapping resonances between -6 and +5 ppm.
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Figure 3.26 Synthesis of [{U(COT®™2)(Cp™®")},(u-0)] (3.1)

Comparison of the molecular structure of 3.1 (Figure 3.27, Table 3.1) with other oxo
complexes in the literature which have no other bridging fragments to constrain the
U—O-U unit shows that there is a wide variation in the U-O-U angle, ranging from
154.5(3) to 180.0°.%% However with the exception of the reported mixed-sandwich oxo
complexes, [{U(COTEPR2)(Cp*)},(n-0)] and [{U(COTEME2)(Cp*)},(u-0)], which
have U-O-U angles of 154.5(3) and 159.6(3)° respectively, all the other complexes
have near linear angles, illustrating that 3.1 has the most acute U-O-U angle.®®%" The
U-O distances in the bridging oxo complexes however are similar (2.104(4) — 2.117(5)
A), resulting in a slight shortening of the U-U distances for the three mixed-sandwich

complexes in comparison to other bridging oxo complexes.

Comparison of the mixed-sandwich fragments shows the COT-U—-Cp angles in 3.1 are
much more acute than 2.1 and ca. 5° more acute than 2.1THF due to increased sterics
caused by dimerisation. The U-COT and U-Cp distances vary marginally from the

starting complexes and are found to lie between those of 2.1 and 2.1THF.
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Figure 3.27 ORTEP view of 3.1 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.

The mixed-sandwich fragments are also similar to those in [{U(COTE™™2)(Cp*)},(p-
0)] and [{U(COT®ME2)(Cp*)},(u-0)] which have COT-U-Cp angles of 139.6(3) —
140.7(3)°, U-Cp distances of 2.501(9) — 2.538(4) A, and U-COT distances of 1.955(4)
— 2.003(9) A. Variation is however found in the COT-U-U-COT and Cp-U-U-Cp
torsion angles which are almost perpendicular for the Cp* complexes (ca. 80 — 95 °).
This is postulated to be due to the increased size and symmetrical shape of the Cp*

tBu

ligand in comparison to Cp ", and arises in order to avoid unfavourable contacts

between the ligands.
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Distances (A)

Ct,-U; 2.4932(2) Ct, U; 1.9708(2) Ctz U,  2.4959(2)
Cts-U, 1.9732(2) U O, 2.117(5) U, Oy 2.110(4)

U,-U, 4.0871(7)

Angles (°)

Ct;-U;-Ct, 135.327(9) Ctz-U,Cty 136.724(10) U;-O1-U, 150.4(3)

Ct;-U;—U-Cts 136.2508(16) Ct,-U-U,Cty 108.549(2)

Table 3.1 Bond lengths, distances and angles for 3.1. Ct; and Ctzare the centroids for

the Cp™" ligands and Ct, and Ct, are the centroids for the COT®""®? [igands.

3.3 Activation of carbon dioxide

The observed products from the reductive activation of carbon dioxide have been shown
to be dependent on the sterics of the mixed-sandwich complexes.®*® It was anticipated
that the largest mixed-sandwich complexes would therefore give rise to a bridging oxo
complex, whereas [U(COT®"P2)(Cp®¥)] would yield a carbonate and/or oxalate

complex.

3.3.1 Synthesis and characterisation of uranium(lV) oxo complexes (3.2 and 3.3)

Exposure of solutions of [U(COT®"P2)(Cp™®*)] (2.3) and [U(COTEPR)2)(cpEiP2)]
(2.4) to *CO, gave rise to conversion of the complexes to [{U(COT®"P2)(Cp™3)},(p-
0)] (3.2) and [{U(COTEPR2)(cpEiiPRR)1,(1-0)] (3.3) respectively over several hours

at room temperature. In both cases, *C{*H} NMR spectra of the reaction mixture
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showed no incorporation of **C-enriched carbon into the uranium complex, and the only
labelled carbon resonance observed was assigned to *CO at 184.5 ppm. Whilst 'H
NMR spectra illustrated that only one uranium species was present in the mixture,

impurities were observed that indicated some decomposition was occurring.

To support the hypothesis that 3.2 and 3.3 are both uranium(lV) bridging oxo
complexes, the reactions were repeated with N,O (Figure 3.28). In both cases the same
products were observed to form quantitatively by NMR. However, verification of the
identity of the complexes by XRD, microanalysis and mass spectrometry was precluded
due to the thermal lability of the complexes and difficulty in obtaining analytically pure

samples.
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Figure 3.28 Synthesis of [{U(COT®™2)(Cp™*)},(u-0)] (3.2)

3.3.2 Synthesis and characterisation of [{U(COT®"™2)(Cp®)},(u-n*:#2-CO3)] (3.4)

Addition of *CO, to [U(COT®"P2)(Cp™Y)] gave rise to the immediate formation of
one product, 3.4, that was crystallographically identified as a bridging carbonate
complex (Figure 3.29). This reaction was reproducible with 2.1THF and with varying
stoichiometries of carbon dioxide. It was also observed that the oxo complex, 3.1, was

not formed when 0.5 mole equivalents CO, were used.
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Figure 3.29 Synthesis of [{U(COT®P®2)(Cp®)},(u-n':n?-CO3)] (3.4).

The C{*H} NMR spectrum displayed one broad resonance at 195.4 ppm (wsy, = 375
Hz), consistent with a fluxional carbonate environment at 30 °C (Figure 3.30). Variable
temperature *C{*H} NMR of the complex illustrated that the linewidth decreased as the
complex was heated (wy, = 44 Hz at 90 °C) and cooled (wy, = 239 Hz at -60 °C)
suggesting that it is possible to freeze out the fluxionality at low temperatures and
encourage an averaged environment at higher temperatures. However, it was not
possible to calculate the Gibb’s energy of activation for this process, as broadening of

all the carbon resonances was observed as the temperature was lowered.

o)
|

[U]\O/C\O/[U]

Figure 3.30 Proposed fluxionality of the carbonate fragment in 3.4.

Single crystals of 3.4 were obtained from a saturated pentane solution and contained a
molecule of pentane in the unit cell (Figure 3.31). Comparison of 3.4 with four related

complexes synthesised by Cloke and colleagues ([{U(COT®"P2)(Cp*)},(u-ntn’-
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CO3)] and [{U(COTEME2)(CpMeaR) Y, (-t m-CO3)] (R = Et, 'Pr, 'Bu)) shows all the
complexes except 3.4 feature Cp—U-U-Cp and COT-U-U-COT torsion angles of ca.
180°, and that [{U(COT®P®2)(Cp*)}o(u-n'm?-COs)] also features a centre of

inversion.®*®® This is justified by the asymmetrical shape of Cp™"

, Which gives rise to a
near perpendicular twist to the uranium centres (Table 3.2). Despite this difference, the
U—Ct distances and the COT-U—Cp angles are similar in all complexes, and the subtle

variations can be explained by differing substituents on both rings.
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Figure 3.31 ORTEP view of 3.4 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.

Comparison of the carbonate fragment in 3.4 with the other mixed-sandwich carbonate
complexes illustrate that the difference between the U;—Oj3 distance and the U,—O; and
U,—O, distances is less pronounced in 3.4 (ca. 0.15 A). The U;—O3—Cy angle is also
more acute than in the analogous complexes (174.2(8) — 175.3(14)°), whereas the
U,—01-Cy and U,—0,—Cyo angles are similar (93.2(3) — 95.3(9)°). Further variation
between the complexes is seen within the carbonate unit itself whereby the three C-O

bonds in 3.4 are similar, giving rise to a symmetrical carbonate fragment (Figure 3.32).
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Distances (A)
Cti-U; 1.9071(5)  Ct, U 2.4651(5) Ctz U,  1.9627(5)
Ct,-U, 2.5021(5) Up Os 2.229(7) U,-O1 2.383(7)
U,-O, 2.387(7) Cuo-O1 1.274(13) Ci-O,  1.280(14)

Cu0-O3 1.277(13) Uy Cao 2.778(11)

Angles (°)

Ct-U-Ct, 13655(2) Cty U, Ct; 136.85(2) U; O3 Cix  158.5(8)
U—O1—Cixo  93.6(7) UrO0,Cs  94.0(7) O1-Cu-0, 117.9(10)
01-C4-O;  121.6(11) 0, Csp-Os  120.5(10)

Cti-U-U,-Ct;  77.6564(6) Ct,-Ui-U,Cty 71.4376(5)

Table 3.2 Bond lengths, distances and angles for 3.4. Ct; and Ctzare the centroids for

the COT® ™2 ligands and Ct, and Ct, are the centroids for the Cp™" ligands.

2.387(7)

1.280(14) .
3
2.229(7) g A

/ ' Cao
/1. 277(13) U

Figure 3.32 ORTEP view of the U-CO3-U fragment in 3.4 with bond lengths.
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3.3.3 Cyclic voltammetry of [{U(COTEP2)(Cp®},(u-1t:#%-CO3)] (3.4)

In order to compare the electronic properties of the carbonate complex with its
uranium(l1l) precursor and other mixed-sandwich carbonate complexes, cyclic
voltammetry was performed on 3.4. Application of potential in the cathodic direction
gives rise to two quasi-reversible waves at -2.07 and -2.80 V vs [FeCp,]*°, which have
been assigned to a single electron reduction of each uranium centre (Figures 3.33 and
3.34). A small wave (assigned to impurities at -2.47 V vs [FeCp,]™) is also observed
between these two processes. No other reducing processes were observed in the solvent
window. The separation between the two processes (AEy, = 0.73 V) is slightly larger
than AEs, values obtained for [{U(COTE™e2)(cpMe4R)L,(in':n?-CO3)] (R = 'Pr (0.67
V) and 'Bu (0.67 V)), illustrating increased interaction between the two uranium centres

in the mixed valence [U"-U"] state.®®
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Figure 3.33 Cyclic voltammogram of a 5.6 mM solution of

[{U(COTEPR2)(Cp'™®Y3,(CO3)] in 0.1 M ["BusN][PFe]/THF at 100 mV-s™.



130

_e'

[U|||_U|V]- [U|V_U|V]

Process | Process Il
-2.80V 207V

[UIII_UIII]Z-

Figure 3.34 Ey, values (V) vs [FeCp,] ™ for [{U(COT®™P2)(Cp®},(n-ntm2-COs)].

3.3.4 Extraction of the carbonate fragment

Whilst the activation of small molecules at metal centres is, independently, an area of
interest, for any process to show catalytic potential the starting material must be
regenerated. Research with this theme has already been published for other uranium
mixed-sandwich complexes by Cloke and co-workers for the methoxide complex,
whereby the uranium(l11) mixed-sandwich is regenerated via the uranium(IV) triflate

complex (Figure 3.35).>

Si'Prs SilPr
SiPrs SiPr
13CO+2H,

U > U\Ol3CH3

SilPrg
1% KHg Me;SiOTf
SilPrg

U—OTf

+  MegSiO3CH;,

Figure 3.35 Activation of syngas to form a uranium(IVV) methoxide complex, from

which the uranium(111) mixed-sandwich is regenerated.>
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Previous work by Cloke and Farnaby included extensive studies on the cleavage of
oxocarbon fragments from the uranium centre using a variety of SiR3X reagents (R =
alkyl, X = halide or triflate).” These studies found mixed results, and in some instances
the mixtures required heating in order for the reaction to reach completion. In order to
avoid repetition of this work, only TMSCI was used to extract the carbonate fragment
from 3.4. The reasons for this were two-fold: reactivity of 3.4 with TMSCI would allow
some comparison with previous work; and a mixed-sandwich halide was desired for
cyclic voltammetry studies in order to validate the results obtained for the uranium(lll)

complexes (see Chapter 2).

The reaction of 3.4 with excess TMSCI was slow to progress at ambient temperature,
however heating the mixture to 75 °C resulted in complete consumption of the
carbonate complex within 24 hours. NMR spectroscopy revealed residual TMSCI and
two paramagnetic species in equal ratio (Figure 3.36). One of these complexes was the
uranium(V) mixed-sandwich chloride [U(COT®P2)(Cp®Y)CI] (3.5), however the
second complex could not be identified as crystals and analytically pure samples could

not be obtained.

Si'Pry 'PrySi Si'Pry
SiPry 'PrsSi
] TMSCI

) Si'Pr3
U e O — U + 36
/U —Cl '
0

0==C c.of
75°C, 24 h
3.4 3.5

Figure 3.36 Reactivity of [{U(COT®""2)(Cp®)},(u-n'm?-COs)] with TMSCI.
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NMR characterisation of the unidentified complex (3.6) illustrated resonances
corresponding to the mixed-sandwich fragment and an additional broad resonance
which integrated to nine protons. However, the presence of only one silicon resonance
for this complex at -136.4 ppm led to the conclusion that the nine additional protons do
not derive from a TMS group. What is more, the only **C-enriched resonance observed
corresponded to carbon dioxide, indicating that CO, is extruded from one of the species
during the reaction. Further studies to characterise this species were not conducted as

detailed work into the functionalisation of 3.4 is beyond the scope of this thesis.

3.3.5 Alternative synthesis of [U(COT®P2)(cp®¥)Cl] (3.5)

Due to the formation of 3.6 in the synthesis of 3.5 from the crude carbonate complex,
crystalline material could only be obtained in low yields. An alternative synthesis of 3.5
by reaction of [U(COT®"P2)(Cp®')(THF)] with 'BuCl was therefore conducted

(Figure 3.37), and yielded sufficient material for full characterisation.

SilPrg SilPrg
@Simg @SP@
BuCl

g toluene, RT g
2.1THF 3.5

Figure 3.37 Synthesis of [U(COT®™32)(cp®hCI] (3.5).
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XRD data show the mixed-sandwich unit in 3.5 (Figure 3.38) is comparable to
[{U(COTE™™2)(Cp'®)}(un"n*CO3)]. Both complexes exhibit marginally shorter U—
COT and U-Cp bond lengths than [U(COTEP2)(Cp®™¥)(THF)], and both complexes
have a COT-U-Cp angle that is more acute than the uranium(l1l) complex by ca. 4°.
Whilst this can be justified in the carbonate complex by the additional sterics from the
second mixed-sandwich fragment, 3.5 is less sterically congested than
[U(COT®P™2)(Cp®™Y)(THF)]. Comparison of 3.5 with [U(COT®™R2)cp*)Cl]
illustrates the complexes have almost identical bond distances (U-COT 1.9142(15) A,
U-Cp 2.465(2) A and U-CI (2.6496(15) A) although the COT-U-Cp angle in 3.5 is
more acute (139.85(8)°). This can be explained by the absence of the other four

substituents on the cyclopentadienyl ring which allows additional bending to occur.

NV i o .

Figure 3.38 ORTEP view of 3.5 with thermal ellipsoids at 50% probability; hydrogen
atoms and COT iso-propyl groups have been omitted for clarity. Selected bond
distances (A) and angles (°): U-Ct; 1.9126(3), U-Ct, 2.4522(4), U-CI 2.647(2),

Ct,—U—Ct, 136.233(15).
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3.3.6 Cyclic voltammetry of [U(COT® ™2 (cp®YClI] (3.5)

In order to validate the electrochemical results obtained for the uranium(lll) mixed-
sandwich complexes in Chapter 2, cyclic voltammetry was conducted on 3.5.
Application of potential in the cathodic direction gave rise one quasi-reversible wave at
-2.04 V vs [FeCp,]™, which has been assigned to the U"/U" redox couple (Figure
3.39). Two additional processes were also observed to flank the main process, but these
have not been assigned. The potential at which the U"/U" reductive process occurs is
consistent with the results obtained for [U(COT®"P2)(Cp®Y)(THF)] (2.1 THF, -1.98 VV
vs [FeCp,]™), supporting the assignment that the U'/U"' redox processes for all the

mixed-sandwich complexes occur between -1.8 and -2.1 V vs [FeCp,] ™"

10

=

Current /pA

i
L

-10
-2.90 -2.70 -2.50 -2.30 -2.10 -1.90 -1.70 -1.50 -1.30
Potential vs [FeCp2]"0/V

Figure 3.39 Cyclic Voltammogram of a 5.0 mM solution of [U(COT®P®2)(cp®)Cl]

in 0.1 M ["BusN][PFe]/THF at 100 mV-s™,
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3.3.7 Regeneration of 2.1 by reduction of [U(COT®"™2)(cp®)Cl]

In order to complete the cycle of reactivity for this mixed-sandwich system, a
stoichiometric quantity of potassium graphite was added to a solution of 3.5. This
achieved the desired result and reduced the uranium(lIV) mixed-sandwich chloride to the

uranium(111) mixed-sandwich complex.

Siipr3 SiiPr3 iPr38i
. SiPry 'PrsSi
SiIPr3 $
CcoO
U > U~qm=c O~y
X
; { (@]
CcoO
2.1 3.4
TMSCI
KC .
8 SilPrg
3.6
Siiprg

.

Figure 3.40 Reactive cycle of 2.1 with carbon dioxide.

3.4 Summary

Carbon monoxide reactivity studies of the cyclopentadienyl-based mixed sandwich
complexes have illustrated that the steric environment in [U(COT®™®2)(Cp®¥)] is

insufficient to stabilise an oxocarbon fragment. However it was observed that this
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complex reacts with carbon dioxide to yield the carbonate complex from which the
uranium(lll)  precursor can be obtained via [U(COT®™2)cp®hcl.
[U(COTEP2)(Cp®)] and [U(COTEP®2)(Cp®iP¥2)] are observed to react with

carbon dioxide or nitrous oxide to yield bridging oxo complexes and carbon monoxide.

3.5 Experimental details for Chapter 3
3.5.1 Synthesis of [{U(COT®P2)(Cp®)},-0)] (3.1)

To a frozen, degassed solution of [U(COT®™2)(Cp®™")(THF)] (90.6 mg, 1.07 x 10
mol) in toluene (5 mL) was added excess N,O at -78 °C. Upon thawing, an immediate
colour change from green/brown to red/brown was observed. The mixture was stirred
for 24 hours then the solvent removed in vacuo. The residue was dissolved in pentane

and filtered. Slow evaporation of the solvent at -35 °C yielded red crystalline needles.
Yield: 37.9 mg (2.42 x 10° mol), 45.2% based on [U(COT®™2)2)(Cp™®Y)].
Anal. calc (found) for C7oH12,0SisU,: C 53.62 (52.44), H 7.84 (7.51)%.

'H NMR (ds-benzene, 303 K): § 115.6 (s, br, 2H, Cp/COT-CH), 2.1 (br), -0.4 (m, br,
18H, 'Pr-CHg), -0.5 (m, br, 18H, 'Pr-CHs), -1.39 (br), -5.0 (br), -10.6 (s, br, 9H, 'Bu-
CHa).

2Si{"H} NMR (ds-benzene, 303 K): & -85.7 (Si'Prs).

3.5.2 Synthesis of [{U(COT®™™¥2)(Cp®*3)},1u-0)] (3.2)

To a frozen, degassed solution of [U(COT®"2)(Cp®¥®)] (280 mg, 3.15 x 10 mol) in
pentane was added a stoichiometric amount of N,O at -196 °C. Thawing the solid to
room temperature resulted in a colour change from olive green to red/brown. 3.2 was

obtained quantitatively by NMR.
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'H NMR (dg-toluene, 303 K): & 39.2 (s, br, 2H, Cp/COT-CH), 11.7 (s, br, 9H, 'Bu-CHj),
-0.5 (s, br, 18H, 'Pr-CHs), -2.3 (s, br, 2H, Cp/COT-CH), -4.1 (s, br, 18H, 'Pr-CHs), -5.0
(s, br, 6H, 'Pr-CH), -9.5 (s, br, 18H, 'Bu-CHs), -37.5 (s, br, 2H, Cp/COT-CH).

2°Si{*H} NMR (ds-toluene, 303 K): 5 -73.3 (Si'Prs)

3.5.3 Synthesis of [{U(COTEP2)2)cptiPR2yL, 0,-0)] (3.3)

To a frozen, degassed solution of [U(COT®"P™)2)(cpiP™2)] (226 mg, 2.18 x 10™ mol)
in pentane was added a stoichiometric amount of N,O at -196 °C. Thawing the mixture
to room temperature resulted in a colour change from green to red/brown. 3.3 was

obtained quantitatively by NMR.

'H NMR (dg-toluene, 303 K): & 37.6 (s, br, 2H, Cp/COT-CH), 5.2 (s, br, 18H, 'Pr-CHs),
4.6 (s, br, 6H, 'Pr-CH), 4.3 (s, br, 18H, 'Pr-CHs), -2.1 (s, br, 18H, 'Pr-CHs), -5.2 (s, br,
18H, 'Pr-CHs), -6.6 (s, br, 6H, 'Pr-CH), -22.9 (s, br, 2H, Cp/COT-CH), -38.5 (s, br, 2H,
Cp/COT-CH), -39.7 (s, br, 2H, Cp/COT-CH).

2Si{"H} NMR (ds-toluene, 303 K): & -40.7 (Si'Prs), -52.6 (Si'Prs).

3.5.4 Synthesis of [{U(COTEP2)(Cp® "}, (u:nt:7%-COs)] (3.4)

To a frozen degassed solution of [U(COT®P2)(Cp™®4)] (85.0 mg, 1.09 x 10 mol) in
pentane was added three equivalents of CO, at -196 °C. Thawing of the solution caused
a colour change from green to red/brown over several minutes. Reduction of solvent

volume to 50% and addition of three drops toluene gave rise to crystals at -35 °C.
Yield: 39.9 mg (2.47 x 10™ mol), 45% based on [U(COT®"™2)(Cp™Y)].

Anal. calc (found) for C71H12,03Si4U,: C 52.90 (52.44), H 7.63 (7.51)%.
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MS (EI): m/z = 115 (100%, [Si'Pr,]*), 1613 (19%, M").

'H NMR (dg-benzene, 303 K): & 33.7 (s, br, 2H, Cp/COT-CH), 9.7 (s, br, 2H, Cp/COT-
CH), -4.8 (d, 3Jun = 6.8 Hz, 18H, 'Pr-CHs), -6.4 (d, Jun = 6.6 Hz, 18H, 'Pr-CHs), -8.3
(s, br, 6H, 'Pr-CH),-13.3 (s, br, 9H, 'Bu-CHs), -15.7 (s, br, 2H, Cp/COT-CH), -21.7 (s,
br, 2H, Cp/COT-CH), -44.7 (s, br, 2H, Cp/COT-CH).

BC{*H} NMR (3.4)-*CO; (dg-benzene, 303 K): & 195.4 (br, wy, = 375 Hz).

#Si{'"H} NMR (ds-benzene, 303 K): & -100.8 (Si'Pr).

3.5.5 Synthesis of [U(Cp™*)(COT® P2 C] (3.5)
Method A:

To a cooled, degassed solution of [U(COT®)2)(Cp™")] (48.9 mg, 6.30 x 10° mol) in
ds-toluene was added 0.86 bar **CO, at -78 °C. Warming the solution resulted in a
colour change from olive to red/brown. After 24 hours the solution was degassed and
two drops TMSCI were added. The mixture was heated to 75 °C for 24 hours to yield
3.5 and 3.6 in equal quantity. The mixture was stripped to dryness then dissolved in
pentane and filtered. Slow cooling a saturated diethyl ether solution to -35 °C yielded

red crystals of 3.5.

Yield: 5.6 mg (6.9 x 10°® mol), 11% based on [U(COTEP2)(Cp')].

Method B:

To a stirring solution of [U(COT®P#2)(Cp™")(THF)] (101.7 mg, 1.20 x 10 mol) in
toluene (5 mL) was added 13 pL 'BuCl (1.20 x 10" mol) via microsyringe. The mixture
was stirred at ambient temperature and a colour change from olive to red was observed.

The mixture was stirred for several hours then stripped to dryness. The residue was
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dissolved in pentane and filtered then dried in vacuo. Red crystals were obtained at

-35 °C from a saturated diethyl ether solution.

Yield: 67.9 mg (8.37 x 10°° mol), 69.7% based on [U(COT®P¥2)(Cp®Y)(THF)].
Anal. calc (found) for C3sHe; CISi,U: C 51.80 (52.30), H 7.58 (7.59)%.

MS (El): m/z = 157 (100%), 811 (22%, M").

'H NMR (dg-toluene, 303 K): & 52.5 (s, br, 2H, Cp/COT-CH), 36.7 (s, br, 2H, Cp/COT-
CH), 4.6 (s, br, 2H, Cp/COT-CH), -5.9 (s, br, 18H, 'Pr-CHs), -6.4 (s, br, 6H, 'Pr-CH),
-6.9 (s, br, 18H, 'Pr-CHs), -10.0 (s, br, 9H, 'Bu-CHs), -67.4 (s, br, 2H, Cp/COT-CH),
-86.9 (s, br, 2H, Cp/COT-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -80.7 (Si'Prs).

3.5.6 Characterisation of 3.6

'"H NMR (dg-toluene, 303 K): & 108.7 (s, br, 2H, Cp/COT-CH), 37.4 (s, br, 9H,
unassigned), 8.7 (s, br, 2H, Cp/COT-CH), -6.7 (s, br, 18H, 'Pr-CHs), -13.7 (s, br, 18H,
'Pr-CHs), -16.5 (s, br, 6H, 'Pr-CH), -26.1 (s, br, 9H, unassigned), -29.6 (s, br, 2H,
Cp/COT-CH), -62.2 (s, br, 2H, Cp/COT-CH), -96.2 (s, br, 2H, Cp/COT-CH).

2Si{'H} NMR (ds-toluene, 303 K): & -136.4 (Si'Prs).
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CHAPTER 4: ACTIVATION OF SMALL MOLECULES BY
HETEROCYCLIC MIXED-SANDWICH COMPLEXES

4.1 Introduction

As discussed in Chapter 3, the steric properties of the mixed-sandwich complexes are
important in determining the outcome of small molecule reactivity. The heterocyclic
complexes [U(COTEP2)(cpEMeH] (E = N (2.5), P (2.6) and As (2.7)) have similar

steric properties to their Cp“®*

and Cp* analogues, both of which have shown
interesting reactivity with small molecules.*™ It is therefore concluded that the steric
environment of the three heterocyclic mixed-sandwich complexes should be favourable

with respect to activation of small molecules.

Studies of 2.5THF — 2.7THF by cyclic voltammetry (Chapter 2) showed a shift in the
U™V/U™ redox potential from ca. -2.1 V vs [FeCp,]™"° for the CpR complexes to ca. -1.8
—-1.9 V for the heterocyclic complexes. These values indicate that complexes 2.5THF
— 2.7THF are thermodynamically less reactive than their all-carbon counterparts.
However, these values are comparable with the redox potential for
[U(COT®P2)(cp™)] (2.3, -1.83 V) and therefore should reductively activate the

small molecules under study.

As both the steric and thermodynamic properties of the heterocyclic mixed-sandwich
complexes imply favourable reactivity with small molecules, it was concluded that the
Cp™** fragment was an appropriate choice for exploratory reactions with carbon
monoxide and carbon dioxide. These gases were chosen due to their industrial and
environmental importance (see Chapter 3). However, in order to gain better
understanding of the reactivity, analogous molecules such as isonitriles and

heteroallenes of the type S=C=X (X = O and S) were also explored.
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4.2 Activation of carbon monoxide

Reactivity of CO with uranium(l11) mixed-sandwich complexes has to date been limited
to reductive activation, although insertion of carbon monoxide has been observed for
uranium(1V) alkyl, amide and hydride complexes.® Despite the literature presence of
heterocyclic uranium complexes, there have to date been no reports of small molecule

activation by these species.

4.2.1 Reactivity of [U(COT®"P)2)(Cp”™e4)] with carbon monoxide

Addition of excess CO to a cold solution of [U(COT®P2)(cpPMeH] (2.6) resulted in a
colour change from purple to red upon warming. NMR studies of the mixture revealed
the initial formation of 4.1, which decomposed over several days to give a mixture of
species in solution and brown intractable solids (Figure 4.2). However, in the presence
of a coordinating solvent, 4.1 persisted in solution, even though the solvent molecules
do not coordinate to this complex. 4.1 was identified by XRD studies as a mixed-
sandwich complex with an oxy-phosphinine ligand, formed by insertion of CO into the

P—C bond of the phospholyl ligand (Figure 4.1).

Si'Prg Si'Prg
< SilPrg SlPr3
U— C >
o) C7D8/THF \i
Q\\ -78 °C -RT Nr— .
P
2.6THF

Figure 4.1 Reactivity of [U(COT®"P2)(CpPMe*)(THF)] with *CO.
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Decomposition of 4.1 in the absence of coordinating solvent occurred above -20 °C,
even if the solution was degassed shortly after CO addition. Two of the decomposition
products observed were diamagnetic, and their stoichiometry in solution was
determined by the addition of an internal standard (Figure 4.2). The first species was
identified as COT®"™®?2 which was often observed in trace amounts in other gas
reaction mixtures. However, accurate comparison of the integrals of this species with
the resonances of 2.6 was precluded by overlap of the ligand iso-propyl resonances and

significant line-broadening of the ring proton resonances.

The second species was found to incorporate isotopically labelled carbon when **CO
was used. This species was identified crystallographically as [bis(2,3,4,5-
tetramethylphospholyl)acetylene] (4.2), a detailed characterisation of which is discussed
below. This species was formed quantitatively, and *C{*H} NMR spectroscopy

revealed that no other **C-enriched species were formed in this reaction.

Analyses of the brown solids were difficult due to their insolubility in all hydrocarbon
and ethereal solvents and attempted characterisation by infrared spectroscopy did not
reveal any notable absorptions. Further attempts to characterise the solids by powder
diffraction and mass spectrometry were unsuccessful, however microanalysis revealed
low carbon and hydrogen content, indicating a cluster or polymeric species of

approximate composition [(COT®P2)Ug0].

SilPry
@\Sl 'Pr3 'Pr3$| SilPrg
U C—P
C7D8
\\ -78 °C -RT
P
2.6 + intractable solids

Figure 4.2 Reactivity of [U(COT®"™2)(cp”™®4)] with *CO in the absence of THF.
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Similar decomposition products were observed by Ephritikhine et al., for the reaction of
[CpsUR] with carbon monoxide.” This reaction involved insertion of CO into the U-R
bond to yield the acyl complex which subsequently decomposed into an unidentified
uranium oxo species and a substituted arene (Figure 4.3). Analogous reactivity was also
reported by Andersen for uranium(lV) alkyl complexes and Cloke et al. for a
uranium(lV) hydride.®® Studies by Cramer and Gilje also demonstrate that n'-
coordination of the CO-oxygen to uranium weakens the triple bond facilitating

cleavage.™

3o = i — O
é T é .

[(THF)Cp,U=0l,

Figure 4.3 Synthesis and decay of [CpsU(CO)R].”

4.2.1.1 Characterisation of [U(COT®P2)(CpPMe*(2-0-PCsMey)] (4.1)

After work-up of the reaction mixture, 4.1 is stable without the presence of a
coordinating solvent and is found to persist for several weeks in hydrocarbon solvents.
Mass spectrometry supported crystallographic data for 4.1 (Figure 4.4, Table 4.1) and
NMR analysis illustrated the coupling between the phosphinine-phosphorus (191.4

ppm) and the *C-enriched carbon atom (423.1 ppm, XJcp = 33 Hz).

Comparison of the mixed-sandwich fragment in 4.1 with 2.6THF shows a slight
contraction of the U—Ct distances and increased bending of the Cp—U—-COT unit, which

is caused by shortening of the U-O distance upon creation of a formal U-O bond.
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Figure 4.4 ORTEP view of 4.1 with thermal ellipsoids at 50% probability; iso-propyl

groups and hydrogen atoms have been omitted for clarity.

Distances (A)
U,—Ct; 2.58768(5), 2.57980(6) U,—Ct, 1.91936(3), 1.91819(4)
U0, 2.146(7), 2.120(6) 0;-Cas 1.347(14), 1.376(12)
Cas—Cas 1.382(18), 1.358(16) Cas-Caz 1.418(19), 1.446(17)
Ca—Cag 1.40(2), 1.40(2) Cag—Cag 1.39(2), 1.357(19)
Cso—P> 1.721(14), 1.752(12) P>—Css 1.759(13), 1.755(12)
Angles (°)

Ct—U—Ct,  135.2974(10), 136.7744(9) U;-O;Css 166.9(8), 168.4(7)

0:~Cas—P, 114.5(9), 113.4(8) O1-CssCss  121.1(12), 121.5(10)

Table 4.1 Bond lengths, distances and angles for 4.1. Ct, is the centroid for the Cp”™**

ligand and Ct; is the centroid for the COT®")? |igand.
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The 2-oxyphosphinine moiety has very similar metrics to three analogous ligands in the
literature (C—C distances of 1.362(10) — 1.439(2) A and P—C distances of 1.700(7) —
1.7793(17) A).™™ However, these ligands exhibit different coordination modes,
whereby n°-coordination is observed for two chromium carbonyl complexes and
phosphorus-based n'-coordination is observed for a tungsten complex (Figure 4.5). 4.1
is therefore not only the first uranium complex featuring a phosphinine ligand, but also
the first organometallic complex with an oxygen-bound oxy-phosphinine moiety. The
C-O distance in this complex short, indicative of oxygen lone pair delocalisation into
the aromatic ring, giving rise to partial double bond character. The bond angles around
Css and the C—C and P-C distances within the ring further illustrate the aromaticity of

the unit.

0—CHj
P OHOG €O
HO By <©:P—6\{—CO
oc““7c r\co od ¥o
oC
11-13

Figure 4.5 Oxy-phosphinine ligands in organometallic chemistry.

4.2.1.2. Infrared studies of the reaction of [U(COT®P2)(cp™4)] with CO

In situ solution phase IR studies were carried out for the reaction of
[U(COT®P2)(cpPMe4)] with 2CO from -52 to 27 °C. As the mixture warmed, two
absorption bands assigned to 4.1 were observed at 2178 and 2015 cm™. However, above
-10 °C, the intensity of these bands diminished, illustrating that decomposition was
occurring. The frequencies of these absorptions are high with respect to U-CO

complexes in the literature, which have absorption bands in the range of 1817 to
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1976 cm™ for terminal U-CO stretches and 1429 to 1600 cm™ for n’-carbonyl
complexes.®**2 A complex which exhibits a carbonyl absorption band that is closer in
value to the frequencies reported here however, is (tacn)U-CO-U(tacn), whose *2CO

stretching frequency lies at 2092 cm™.%

Repetition of the reaction with **CO illustrated an isotopic shift of both absorption
bands (Figure 4.6, Table 4.2), however the isotopic ratio R for these absorptions is not
consistent with the calculated values using the reduced mass ratio for carbon monoxide
(u**Coyu®Cco) = 0.9777).° It is therefore proposed that the bands correspond to
O-C-P/O-C-C stretches, as analogous —C=C=0, —-N=C=0 and —-N=C=S bands
typically fall in the region of 2260 to 2020 cm™.® The absence of a typical M—CO
stretching frequency suggests that this species only occurs transiently and is not
observed on the timescale of the experiment. The infrared spectrum of analytically pure

4.1 also exhibits the same absorption bands and supports the assignment.

2093, 1948 em!
217%, 2015 cm?!

2500 2300 2100 1900 1700 1500 1300 1100 G00 700
Wavenumber /cm?

Figure 4.6 Overlaid in situ infrared spectra at -20 °C for the reaction of

[U(COTEP™2)(cpPMe4)] with 2CO (red) and 2*CO (blue).
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Band v(**CO) v(**CO) (obs) v(*CO) (calc) Av R
(1) 2178 2093 2129 36 0.9610
2) 2015 1948 1970 22 0.9667

Table 4.2 Frequency values (cm™) and the calculated isotopic shifts R
[v(**CO)V(**CO)] at -20 °C for both absorption bands. Av is the frequency difference

between the calculated and observed values for v(**CO).

4.2.1.3 Characterisation of [bis(2,3,4,5-tetramethylphospholyl)acetylene] (4.2)

Analysis of 4.2 by *H NMR spectroscopy shows a singlet at 1.5 ppm corresponding to
the methyl groups in the 3- and 4-ring positions, and a doublet at 2.0 ppm for the methyl
groups in the 2- and 5-ring positions (3Jpy = 10.9 Hz, Figure 4.7). The 3P{*H}
spectrum shows a singlet at -19.4 ppm which splits into a doublet of doublets (*Jcp =
16.7 Hz, %cp = 15.3 Hz) when the acetylenic carbons are *C-enriched. The
corresponding doublet of doublets was also observed in the **C{*H} spectrum at 103.1
ppm. This is due to an AA’XX’ system, which gives rise to both one-bond and two-

bond coupling, illustrating that each phosphorus atom is magnetically inequivalent.

2.0
1.5
131.2
1438 -19.4/ 7S
p—=——0~"
~ 103.1 =
13.8
12.8

Figure 4.7 NMR assignments (8) of 4.2. Proton resonances are shown in red, carbon

resonances are shown in blue and the phosphorus resonance is shown in green.
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The molecular structure of 4.2 has a gauche-conformation, a feature which is seen to a
lesser extent in other reported structures with a P-C=C—P unit.””"* This conformation
gives rise to partial overlap between the phosphorus lone pair and the n* system in the
acetylenic unit. As a result, the P—C single bond is ca. 0.05 A shorter than typical P-C
bonds (ca. 1.83 — 1.86 A) and the C=C bond is ca. 0.02 A longer than non-conjugated
C=C bonds (ca. 1.18 A, Table 4.3).** These metrics agree with the other published
structures with the P—C=C-P unit, which have similar short P—C bonds and long C=C

bonds (1.753(7) — 1.789(9) and 1.198(12) — 1.211(11) A respectively).?”

Figure 4.8 ORTEP view of 4.2 with thermal ellipsoids at 50% probability; hydrogen

atoms have been omitted for clarity.

The P-C-C bond angle in 4.2 falls within the range of the literature values for
analogous complexes (170.2(8) — 175.792(7)°), but the Ct—P—C angle is less acute than
in analogous phosphorus(l1l) (ca. 105 — 111°) and phosphorus(V) molecules (ca. 111 -
115°). This cannot be attributed to steric parameters, as the molecules reported in the
literature have varied sterics around the phosphorus atom. It is therefore concluded that
the obtuse angle is due to packing of the molecules within the lattice in order to enable

staggered overlap of the phosphole rings due to dipolar interactions (Figure 4.9).



Figure 4.9 The molecular structure of 4.2 illustrating the partial overlap of the

phosphole rings in the solid-state.

Distances (A)
C—C, 1.353(2) C,-Cs 1.481(2) Cs-Cs 1.352(2)
CeP,  18009(15)  P.C;  1.8047(15) P.—Cs 1.7673(16)
Co—Cyr 1.209(3)
Angles (°)

P,—Co—Cy  172.67(15) CtP;-Cy 115.12(6) Ct;-P-P;~Cty  96.08(7)

Table 4.3 Selected bond lengths and angles for 4.2. Ct; and Ct;- are the centroids for the

phosphole fragments.
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4.2.1.4 Synthesis of [{U(COTE™2)},(u-0)(n-ntm*-0,SOCFs3),] (4.3)

Prior to the successful isolation of 4.1, attempts were made to trap this species before
decomposition occurred. Maintaining the solution of [U(COT®"™2)(cp”™e"] and *CO
at -40 °C for 1 hour after gas addition gave rise to full conversion to 4.1 without

significant decomposition, at which point TMSOTT was added.

NMR analysis of the solution revealed a mixture of species, one of which was identified
as [{U(COTEP2)1,(u-0)(ntint-0,SOCF3),] (4.3) by XRD and mass spectrometry
(Figure 4.10). Attempts to further characterise this species have proved difficult due to
its high solubility in hydrocarbon and silane solvents and consequential difficulty in
obtaining an analytically pure sample. Mass spectrometry also revealed a peak which
corresponds to [Me,C4P-COSiMes]. However, the number of resonances present in the
NMR spectra of the reaction mixture precluded the estimation of a yield or further

characterisation of either species.

SilPr, Ipras.i\@ ¢ 5O sivte,
S|Pr3
SiPry (i) *Co o %
C;Dg, -78-40°C /

@]
.,o \\\\C—

C,

~

(ii) TMSOTf O H O
\\ C;Dg, -40 °C - RT

IPr38|

SIMeg

Figure 4.10 The synthesis of 4.3 via the reaction of [U(COT®"™2)(cp”™®4)] with *CO.



157

4.2.1.5 Molecular structure of [{U(COTS™¥2)1,(1-0)(untin’-0,SOCFs3),] (4.3)

Crystals of 4.3 were obtained by slow evaporation of a pentane/SiMe, solution at
-35 °C. However, XRD studies revealed a disordered structure with a mirror plane,

illustrated in Figure 4.11.

Figure 4.11 Two ORTEP views of 4.3 with thermal ellipsoids at 50% probability;

hydrogen atoms and COT iso-propyl groups have been omitted for clarity.

To date, only two other bimetallic uranium complexes with analogous bridging triflate
and oxo fragments have been published, and feature longer U-O bonds and more obtuse
U-O-U angles than 4.3 (2.0987(16) — 2.115(4) A and 158.7(2) — 159.2(5)°
respectively).** Comparison of the triflate metrics however, reveal that the U-O and
O-S distances in 4.3 show more similarity to terminal triflate complexes (U-O
distances lie in the range of 2.36(1) — 2.485(9) A), whereas the U-O-S angles are
typical of bridging triflate complexes (121.6(3) — 156.8(3)°).3*
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Distances (A)

U-O4 2.087(6) Ui-O; 2.425(18) Up—Os 2.381(16)

$1-0, 1.471(19) S0 1.485(17) SO 1.36(2)

S1—Cy7 1.95(4) U—Cty 1.901(9) Ui-Up 4.0028(9)
Angles (°)

0-S1-C»  1015(15)  03S;-Cpy  102.1(12)  O4S;-Cy  104.9(16)
0,S1-0;  111.2(10)  0,-S;-O4 114.9(12) 03-S1-O4 119.3(13)

Ui—O-S;  139.0(10)  U;—OsS;  136.0(11) U0 Up  147.0(12)

Table 4.4 Bond lengths, distances and angles for 4.3. Ct; is the centroid for the
COTEPR2 [igand.

4.2.2. Reactivity of [U(COTEP2y(cp*Me4)] with carbon monoxide

Reaction of [U(COTEP2)(cp M4 (THF)] (2.7THF) with carbon monoxide in
THF/toluene resulted in the formation of several species, including the analogue to 4.1
[U(COTEP2)(cpMe4)(2-0-AsCsMes)] in 43% vyield (4.4). This species was
characterised by a distinctive *C-resonance at 428.0 ppm and it was observed that the
'H NMR spectrum for this complex closely resembled that of 4.1. However, further
characterisation of this complex was not achieved as an analytically pure sample could
not be obtained. In the absence of coordinating solvent, the yield of 4.4 was reduced
(ca. 8%), illustrating analogous reactivity to the phospholyl complex. A second
diamagnetic species was also observed in low yields (29%), which was identified as
[2,2’-bis(3,4,5,6-tetramethylarsenine)], formed by coupling of two cleaved arsenine

units (Figure 4.12).
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Figure 4.12 Reactivity of [U(COT®"P2)(cp”Me4)] with *CO.

In situ solution phase infrared studies for this reaction illustrated the appearance of an
absorption band at 1964 cm™, which shifted to 1923 cm™ when *CO was used (Figure
4.13). These values are consistent with a uranium monocarbonyl complex, such as those
synthesised from [(CpT)sU] complexes (1880 — 1976 cm™).® The isotopic shift of 41
cm is also within error of the calculated value using the reduced mass ratio (1920 cm™

for 3C0O), and supports the assignment of a uranium-carbonyl frequency.?

1923 em!

1964 cm!

2500 2300 2100 1900 1700 1500 1300 1100 Q00 700
Wavenumber /cm!

Figure 4.13 Overlaid in situ infrared spectra at -32 °C for the reaction of

[U(COT®PE2y(cpMefy] with 2CO (red) and 2*CO (blue).
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These absorption bands diminished upon warming, however the two anticipated bands
for 4.4 were not observed in solution. This is postulated to be due to the very low yields
of 4.4 in the absence of THF. However a solid-state infrared spectrum did reveal two

bands at 2123 and 1921 cm™ assigned to O—C—As/O—-C—C stretching frequencies.

4.2.2.1 Characterisation of [2,2°-bis(3,4,5,6-tetramethylarsenine)] (4.5)

Crystals of 4.5 were obtained in low yields due to the number of decomposition
products present in the crude solution. This was demonstrated by the addition of an
internal standard, which showed the formation of 4.5 in 29% vyield, and 4.4 in 15%
yield. As a consequence, 4.5 could only be partially characterised. The *H NMR
spectrum showed four methyl proton environments between 2.5 and 1.7 ppm. Five
carbon environments corresponding to the methyl carbons (25.0 — 14.6 ppm) and the
B3C-enriched carbon atom from **CO (185.7 ppm) were also identified, however the

other aromatic carbon resonances could not be definitively assigned.

Figure 4.14 ORTEP view of 4.5 with thermal ellipsoids at 50% probability; hydrogen
atoms have been omitted for clarity. Selected bond distances (A) and angles (°):
aromatic C—C 1.39678(7) — 1.41803(10), Cs—Cs- 1.495(6), C—As; 1.85512(13) —

1.86145(9), As;—Cs—Cs—As;- 63.672(6).
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XRD data of the crystals (Figure 4.14) showed that aromaticity is maintained within the
six-membered rings as shown by the ring C—C bond lengths. The Cs—Cs- bond that links
the two rings is however significantly longer and is more consistent with a single bond.
The twist observed between the rings, illustrated by the 63° torsion angle, is due to

repulsion of the methyl substituents at C,.

Few structures have been published which contain the arsenine unit, and only two
exhibit a six-membered ring linked by a C—C bond a to arsenic.***® These structures
also show a twist in the torsion angle of 45.6(3) and 37.32(2)°, which is less pronounced

due to the repulsion arising from proton substituents at C,4 rather than methyl groups.

4.2.3. Reactivity of [U(COTEP12y(CpPMefy(THF)] with isonitriles

During the course of reactivity studies with carbon monoxide, isoelectronic reagents
were also considered. Whilst awaiting identification of 4.1 and 4.4, it was proposed that
an alternative steric environment would allow the synthesis of a stable analogue to these
complexes, which could be isolated in higher yields. Isonitriles are isoelectronic with
carbon monoxide, but the variety of R substituents available allows the sterics to be

tuned in order increase product stability.

Reaction of methyl isonitrile with 2.6 THF resulted in decomposition of the complex,
however the larger variant, tert-butyl isonitrile yielded the adduct
[U(COT®P™2)(cpPMe4)(CN'Bu)] (4.6, Figure 4.15). In situ infrared studies illustrated
that adduct formation occured instantaneously upon addition of the isonitrile by the
appearance of a vCN absorption band at 2152 cm™ (+14 cm™ vs CN'Bu). The small shift
of free vs coordinated isonitrile has been observed previously, and the direction of the
shift is dependent upon the bonding within the complex.'® The positive shift in 4.6
illustrates weak = back-donation, so that ligand-to-metal c-donation is the main bonding

interaction.
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Figure 4.15 Reactivity of [U(COT®P®2)(CpPMe(THF)] with tert-butyl isonitrile.

4.2.3.1 Molecular structure of [U(COT®P)2)(cp”™*4)(CN'Bu)] (4.6)

Comparison of the molecular structure of 4.6 (Figure 4.16) with 2.6 THF illustrates the
U-Cp and U-COT distances have contracted slightly upon adduct formation, and the
increased Cp—U—-COT angle arises from the decreased sterics of the isonitrile ligands in

comparison to THF.

The isonitrile fragment maintains the C=N bond, which is also observed for other
uranium isonitrile complexes in the literature.*®?**"** Comparison of 4.6 with
[U(COT®EP2)(TpMe2)(CNMe)] and [U(COTEP2)(n2-dmpz)(CNMe)], illustrates 4.6
has a shorter U-C bond (2.675(3) and 2.660(4) A) and a longer C—N bond (1.140(3) and
1.142(5) A), implying 4.6 exhibits more backbonding.**** This was also inferred by the
infrared data, which illustrate the vCN band for 4.6 is ca. 20 cm™ lower in frequency

than the other two complexes.
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Figure 4.16 ORTEP view of 4.6 with thermal ellipsoids at 50% probability; hydrogen
atoms and iso-propyl groups have been omitted for clarity. Selected bond distances (A)
and angles (°):U;—Ct; 2.52807(14); U1—Ct; 1.9459(2); U1—Css 2.626(6); C35—Ny
1.156(8); N1—Cas 1.515(14), 1.442(16); Ct;—U;—Ct, 146.882(17); U1—Css—N; 173.2(10);
C35—N1—C36 173(3), 165.0(14).

4.3 Activation of carbon dioxide

Due to the observed insertion reactivity of carbon monoxide with the heterocyclic
mixed-sandwich complexes, it was anticipated that this reactivity might also occur with
carbon dioxide. Insertion of CO, has been observed for uranium(IV) mixed-sandwich
complexes, with the formation of carboxyl, carbamate and formate complexes from the
respective alkyl, amide and hydride species.®® However, it was anticipated that
oxidation of the uranium(1ll) complexes would also occur, resulting in a mixture of

reduction and insertion reactivity.
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4.3.1 Reactivity of [U(COT®"™2)(cp™e"] with carbon dioxide

Addition of excess **CO, to a solution of [U(COT®")2)(cpNMe4)] (2.5) resulted in the
formation of an initial product (4.7) within minutes of gas addition. This species was
characterised by a singlet at -60.7 ppm in the *C{*H} NMR spectrum and a single
silicon resonance at -93.1 ppm. Within several days however, these resonances had
diminished and were replaced by a carbon resonance at -7.1 ppm and a silicon
resonance at -79.7 ppm. These resonances corresponded to a second product,
[{U(COTEP2) Y, (u-0){u-n':n'-0,C(NCsMes)},], which was formed by formal
oxidation of uranium and insertion of carbon dioxide into the uranium—nitrogen bonds
(4.8, Figure 4.17). *H NMR showed the overall conversion of 2.5 to 4.8 to be

quantitative, and analytically pure samples of this complex were isolated in 62% yield.

In order to trap 4.7, the reaction was repeated with varying stoichiometries of carbon
dioxide. These studies found that one mole equivalent CO, per uranium centre gave rise
to a mixture of 4.7 and 4.8, but that using 0.5 equivalents exclusively yielded 4.7 and
3CO. Single crystals and analytically pure samples of 4.7 however could not be
obtained and this complex remains unidentified. It is therefore not possible to determine

a mechanism for the transformation of 2.5 to 4.8.
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Figure 4.17 Reactivity of [U(COT®"P2)(cp"Me4)] with carbon dioxide.

4.3.1.1 Characterisation of 4.8

The NMR spectra of 4.8 showed the complex was dynamic in solution, however the
COT-ring protons could not be observed regardless of sample concentration. Mass
spectrometry supported the formulation of the complex; however microanalysis values

were consistently low for carbon over repeated measurements due to the thermal

instability of the complex.

XRD data for 4.8 (Figure 4.18, Table 4.5) illustrate that the U-Ct distances are slightly
shorter in 4.8 than for the THF adduct and base-free parent mixed-sandwich complexes

(2.5THF and 2.5). However these distances are still within the range of U-Ct distances
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for the uranium(I11) mixed-sandwich complexes synthesised by Cloke et al. (1.8891(7)
—1.977(5) A, see Appendix II).

Figure 4.18 ORTEP view of 4.8 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.

The bridging oxo, Os, is positioned slightly off-centre, and lies within the range of
similar fragments reported in the literature (1.905(10) — 2.372(10) A).**3* The U-O-U
angle, however lies at the lower end of the literature range (128.8(5) — 180.0°),
illustrating the constraints the carbamate ligands impose on this fragment. The
carbamate moieties are asymmetrical, which is observed by the varied U-O and O-C

bond lengths.
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Distances (A)

U—Cty 1.923(7) U,—Ct, 1.9121(5) U-U, 3.9087(8)
U-O4 2.096(10) U—O, 2.350(8) U-Oy 2.378(11)
U-04 2.067(10) U,-0O5 2.353(8) U,—Os 2.320(11)
C1-O, 1.260(14) C1-Os 1.261(15) C10-Oq4 1.241(19)
C10-Os 1.27(2) Ci-E; 1.385(12) Ci0-E> 1.410(15)
Angles (°)
0,-C1-0;  1252(11) 04Cy;-Os  117.8(11) 0,-C1-E; 116.9(11)
0,~Ci-E, 1235(15) Os3Ci-E; 119.5(16) Os-Cio-E; 117.0(14)
U-O:-U,  139.8(5)

Table 4.5 Bond lengths, distances and angles for 4.8. Ct; and Ct; are the centroids for

the COT®™)2 |igands.

The pyrrole rings retain a degree of aromaticity despite the formation of the N-C bond,

which is illustrated in Figure 4.19 by the similar C-C bond distances in this fragment.

This arises from overlap of the nitrogen lone pair with the diene unit, evidenced by the

almost linear Ct-N-C angles (169.2(10) and 179.2(12)°). There is also a pronounced

twist (ca. 30°) in the pyrrole rings in relation to the N-CO; plane, in order to avoid

close contact of the pyrrole methyl substituents with the iso-propyl groups.
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Figure 4.19 ORTEP view of the [Me,C4NCO,] fragment in 4.8 with bond lengths.

A similar core structure was reported by Arnold and co-workers for a dimeric uranium
aryloxide complex with bridging oxo and carbonate fragments (Figure 4.20).** The
metrics of the oxo fragment are similar to those in 4.8 (U-O; 2.095(3) A, U-O;-U
140.4(5)°) and the carbonate fragments also exhibit the same asymmetry. Another
uranium complex with bridging oxo and acetate moieties also has similar metrics within
the core unit, illustrating that the constraints imposed by the three bridging moieties

keep the metrics within a narrow range.*

(|3pr
N 1 bar CO /O O\
/ \ 2
(ropou_ \I/U<0pr>3 ~  (TbpO)y——0—U(OTbp),

N 80 °C, 15 min \ /
25°C, 16 h Oz, .20

arene solvent (|3
Tbp = 2,4,6-'BusCgH, OTbp

Figure 4.20 Reactivity of a uranium(trisaryloxide) complex with carbon dioxide.**
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4.3.2 Reactivity of [U(COT®"P2)(cp™e"] with nitrous oxide

The formation of the bridging oxo fragment in 4.8 and the observed formation of CO in
the reaction mixture gave rise to the hypothesis that a bridging oxo complex was an
intermediate in the reaction. In order to test this, [U(COT®P®2)(CpNMef] (2.5) was

reacted with nitrous oxide.

Addition of N,O to a solution of 2.5 resulted in the instantaneous formation of one
paramagnetic species (4.9), which was identified by XRD studies as

[{(COTE"™)(n’-Cp™*)UR(-O)(-n"m*-Cp"™*){U(COT)}] (Figure 4.21).

SiiPr3

SiPr, @ SilPry
U 3

N C7Dg / \

U -78 °C -RT N %
PrySi ~N

25 4.9
'Pr;Si

Figure 4.21 Synthesis of 4.9 by reaction of the mixed-sandwich complex with N,O.

The asymmetric structure of 4.9 gives rise to complicated NMR spectra. Four silicon
resonances and individual protons are observed, giving rise to overlapping resonances
between +13 and -12 ppm in the *H NMR spectrum. A molecular ion could not be
observed by mass spectrometry due to the thermal lability of this species, however

microanalysis agreed with the proposed formulation.
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The asymmetric nature of this complex is ascribed to the steric properties around the
U—O-U centre. Due to the propensity of the pyrrolyl ring to coordinate in both 1° and
n-modes, one of the rings forms a second bridge between the two metal centres (Figure
4.22). This is observed by the near identical U-N distances, in addition to the typical U—
Ct(pyrrolyl) distance. Not only does this prevent n°-coordination of the second pyrrolyl

ring, but also gives rise to inequivalent COT rings.

The U-O-U core metrics fall within the range of values published in the literature (U-O
1.905(10) — 2.372(10) A and U-O-U 128.8(5) — 180.0°), however the 0.06 A difference
in the U-O bond distances within the complex is more unusual.**** The U-O-U bond
angle is more acute than uranium(lV) mixed-sandwich oxo complexes previously
observed (154.5(3) and 159.6(3)°), and the U-U distance is ca. 0.3 A shorter (4.1140(4)
—4.1600(8) A), due to the additional bridge formed by the pyrrolyl ligand.*®*’

Figure 4.22 ORTEP view of 4.9 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.
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Distances (A)
Cti-U; 1.9430(3) Ct, Uy 2.5498(4) Ctz U,  1.9798(2)
Ui=N; 2.661(6) Uy N; 2.653(6) UrN,  2.352(6)
U—O; 2.059(4) U, O, 2.121(4) UrU,  3.7977(5)
Angles (°)
Cti-U;—Ct, 135.253(10) Ct;-U,N, 126.052(6) U;-O;-U,  130.6(2)
Ni-U,-N, 97.9378(10) O U, N,  88.140(7) Ui N;-U, 91.238(4)
Cti-U;-U,-Ct;  68.960(3) Ctr-Up-U-N,  104.399(4)

Table 4.6 Bond lengths, distances and angles for 4.9. Ct; and Ctzare the centroids for

the COT®"P¥? |igands and Ct; is the centroid for the pyrrolyl ligands.

4.3.2.1 Reactivity of 4.9 with carbon dioxide

Addition of one equivalent CO; to a solution of 4.9 resulted in the gradual conversion of

this complex to 4.8 via 4.7 by NMR. This confirms that 4.9 is an intermediate in the

formation of the carbamate complex (Figure 4.23). However, as the identity of 4.7

remains unknown, it is not possible to deduce a mechanism for the transformation that

occurs.
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Figure 4.23 Reactivity of [U(COT®P®2)(cpNMeh] with CO..

4.3.3 Reactivity of [U(COT®"P)2)(cp”e4)] with carbon dioxide

Addition of excess *CO, to a solution of [U(COTEP2)(CcpPMeh] (2.6) gave rise to an
instantaneous colour change from purple to red/brown. Analysis of the solution revealed
complete consumption of the mixed-sandwich complex within minutes of gas addition
and formation of an initial product (4.10), which was characterised by a singlet at -108.2
ppm in the *C{*H} NMR spectrum. Within 48 hours however, this resonance had
disappeared and two doublets corresponding to a second product (4.11) were present at
433 and -46.6 ppm. 4.11 was identified as [{U(COT®"™2)},u-0){p-ntm'-

0,C(PC4Me,)},], the phospholyl analogue of 4.8 (Figure 4.24). However, the



173
formation of 4.11 is observed to occur more quickly than the analogous carbamate

complex, which is postulated to be due to the dimeric nature of

[U(COTEP2)(cp"Me4)] in solution.

Reaction of 2.6 with 0.5 equivalents carbon dioxide resulted in the exclusive formation
of 4.10, indicating that this complex is analogous to the pyrrolyl intermediate, 4.7.
Heteronuclear NMR studies of the solution illustrated that in addition to the singlet in
the *C{*"H} NMR spectrum, two silicon resonances (-72.8 and -93.3 ppm) and a broad
phosphorus resonance were observed. However, further characterisation of 4.10 was not
achieved as neither single crystals or analytically pure samples were obtained. As a

consequence a mechanism for the formation of 4.11 cannot be determined.

SiiPr3
Siiprg
0.5 eqg. *CO,
U » [4.10] +*CO
C7Dg
-78 °C -RT 1 eq. *CO,
P C7Dg
-78 °C -RT
2.6
iPr3Si
Si'Pry
g
P‘Cl' _O ‘é’P
SilPrg
'Prgsi 4.11

Figure 4.24 Reactivity of [U(COT®"2)(Cp™#4)] with carbon dioxide.
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4.3.3.1 Characterisation of 4.11

NMR analysis of 4.11 suggested that this complex is fluxional at ambient temperature,
which gives rise to broad overlapping resonances in the **P{*H} NMR spectrum and
major and minor doublets at -46.6 and -43.3 ppm respectively in the *C{*H} NMR
spectrum. Cooling the probe to -20 °C removed the degeneracy; however definitive
assignment of the resonances could not be achieved due to overlap with impurity
resonances. The non-trivial formation of 4.11 was confirmed by the presence of three
phosphorus resonances at -50 °C for the crude reaction mixture and the low vyields of
analytically pure solids (25%). However, mass spectrometry and combustion analysis

confirmed the proposed formulation.

The crystallographic data obtained for 4.11 illustrate the similarity between this
complex and its carbamate analogue (4.8, Figure 4.25). However, O; is positioned
exactly between the two uranium centres in 4.11, although the U-O-U angle is identical

to this angle in 4.8 within error.

¢ / ]
1 Ct, -
i

Figure 4.25 ORTEP view of 4.11 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.
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There is also a slight contraction in the U-Ct distances in 4.11 compared to 4.8 as the
longer C—P bonds preclude close contact between the phosphole methyl substituents and
the iso-propyl groups. A further consequence of this is that the phosphole moieties do

not twist with respect to the PCO, plane.

Unlike the carbamate fragments in 4.8, the phosphacarbonate moieties are no longer
aromatic, which is illustrated in Figure 4.26 by discreet single and double bonds.
Further evidence that the phosphorus lone pair does not participate in delocalisation of
the diene unit is illustrated by the Ct—P—C angles (116.6(2) and 116.2(3)°), illustrating a

trigonal pyramidal geometry around the phosphorus atoms.

Distances (A)

UCt;  1.9320(3)  U,-Ct 1.9323(3) Ui-U, 3.9313(3)

U;—O4 2.096(3) U,-0O, 2.346(4) U1—Oy4 2.391(4)

UrO;  2.096(3) U;-O; 2.362(3) U,-Os 2.343(4)

Ci-O, 1.260(6) C1-Os 1.262(6) C1o-Ou 1.260(6)

CiOs  1.286(6) CiEs 1.855(6) Cro-Es 1.850(6)
Angles (°)

0,-C1-03 124.3(5) 04—C10-0s 123.7(5) 0,-C1—E; 119.4(4)

O0~Ci-E, 1188(4) O3 CiE; 116.1(4) Os-Cio-E» 117.3(4)

Ui—O-U,  139.38(19)

Table 4.7 Bond lengths, distances and angles for 4.11. Ct; and Ct; are the centroids for

the COT®P? [igands.
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Figure 4.26 ORTEP view of a [Me,C4,PCO;] fragment in 4.11 with bond lengths.

4.3.4 Reactivity of [U(COT®"P)2)(Cp”™e4)] with nitrous oxide

During the formation of 4.10 using 0.5 mole equivalents carbon dioxide, another
intermediate was observed (4.12), which had no **C-enriched resonance in the *C{*H}
NMR spectrum. It was speculated that 4.12 could be an oxo intermediate analogous to

4.9. Nitrous oxide was therefore employed to independently synthesise 4.12.

Addition of N,O to a solution of [U(COT®"P2)(Cp™4)] (2.6) resulted in complete
consumption of 2.6 within minutes. However the observed species disappeared over
several hours to yield 4.12 as the predominant paramagnetic species in solution. This
implied the presence of another observable intermediate; however repetition of this
reaction with varying stoichiometries of N,O yielded the same result. The only other
paramagnetic species observed in solution were the two uranocene complexes,
[UCOTYS1PR),1 and [U(COT*SPR)(coT*5P)], which were present in varying

ratios as minor products.
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4.12 was identified as [{(COTE™2)U},(u-0),] by the XRD analysis of the DME and
THF adducts of this complex (4.12DME and 4.12THF respectively). This complex
forms by abstraction of one oxygen atom from N,O per uranium complex and loss of
the phospholyl ring, demonstrating the lability of this ligand in comparison to the
pyrrolyl ligand. The phospholyl rings couple to give [1,1’-bis(2,3,4,5-
tetramethylphosphole)] (4.13), which was the only phosphorus incorporated species

present in solution (Figure 4.27).
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Figure 4.27 Reactivity of [U(COT®"¥2)(Cp™e4)] with N.O.

4.3.2.1 Characterisation of [{(COT®"™32)U},(u-0),] (4.12)

Analysis of 4.12 by NMR spectroscopy revealed the dynamic behaviour of this complex
in solution is non-trivial, precluding definitive assignment of the resonances between
-80 and +100 °C. At ambient temperature only one silicon resonance is observed at
-85.4 ppm, however overlapping resonances in the proton spectra preclude assignment.
Below -20 °C some of these resonances are observed to split, which is consistent with a
fluxional structure that adopts a static conformation in solution below this temperature.

Mass spectrometry exhibited a parent ion for the complex at m/z = 1341, and
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microanalysis results from a powder sample obtained in the absence of coordinating

solvent supported the proposed formulation.

Data from crystals of the DME adduct, [{U(COT®"™™®2)(DME)},(u-0),] (4.12DME,
Figure 4.28) show the molecular structure has longer U-Ct distances than the parent

mixed-sandwich complex, 4.8 and 4.11 as a consequence of DME coordination.

Figure 4.28 ORTEP view of 4.12DME with thermal ellipsoids at 50% probability;
hydrogen atoms and COT iso-propyl groups have been omitted for clarity. Selected
bond distances (A) and angles (°): U;—Ct; 2.059(2), 2.049(3), U;—0; 2.111(4), 2.107(5),
U;—0;- 2.131(5), 2.128(5), U1—0, 2.618(6), 2.627(5), U1—03 2.651(6), 2.653(6), U1—U;-
3.4081(5), 3.4027(6), U1—O:—U1- 106.93(18), 106.93(18).

The U-O bond lengths for the oxo fragments are within the reported range for
analogous complexes (2.034(4) — 2.2012(16) A), and the U-O-U angles allow the
oxygen atoms to adopt a pseudo-tetrahedral geometry.**>* The U-U distance is also

typical of bis-u-oxo complexes (3.3557(5) — 3.5090(4) A), which is ca. 0.5 A shorter
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than in 4.8 and 4.11 due to the absence of the bridging carbamate and phosphacarbonate
fragments.

A similar complex, [{(COT®SM®2)UY(u-0){U(Cp*)-}], synthesised by Cloke and
Tsoureas by reaction of [U(COT®SM®2)(Cp*)(THF)] with N,O, exhibits similar U-O
bond distances in the bridging oxo fragments (2.099(7) to 2.134(7) A), but more acute
U-O-U angles (104.8(2) — 105.2(2)°).>> The U-Ct distance is also slightly shorter
(1.932(4) A), as the absence of coordinated solvent allows for closer proximity of the
ring to the metal centre.

The THF adduct of 4.12, [{U(COTS"P®2)(THF)},(u-0),] (4.12THF) also yielded
crystals. However the data obtained from these samples could not be fully refined and
only illustrate connectivity (Figure 4.29). Consequently, the metrics of this complex

cannot be compared to those of 4.12DME.

Si

Figure 4.29 POV-Ray depiction of an unrefined molecular structure of 4.12THF. COT

iso-propyl groups have been omitted for clarity.
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4.3.2.1 Characterisation of [1,1°-bis(2,3,4,5-tetramethylphosphole)] (4.13)

4.13 was obtained as an oil and the low quantities of this species precluded thorough
purification and characterisation. However, mass spectrometry exhibited the molecular
ion at m/z = 278 and this species was characterised by NMR spectroscopy (Figure
4.30). The proton resonance at 1.8 ppm exhibited two-bond coupling to phosphorus (4.9
Hz), and correlation experiments supported the proposed formulation of 4.13 by the

absence of coupling in the *H-*!P HSQC.

1.8 13.6
1.7 14.1
= 8.3/ T
P_
142.4
134.3

Figure 4.30 NMR assignments (5) of 4.13. Proton resonances are shown in red, carbon

resonances are shown in blue and the phosphorus resonance is shown in green.

4.3.4 Reactivity of 4.12 and 4.13 with carbon dioxide

Addition of CO, to a mixture of 4.12 and 4.13 resulted in the formation of 4.10 then
4.11, illustrating that 4.12 and 4.13 are intermediates in the formation of the
phosphacarbonate complex (4.11). However it should be noted that an oxygen atom has
been lost in the formation of 4.11, demonstrating that the mechanism for the

transformation is not trivial.

Reactivity of 4.12 and 4.13 with CO was attempted, however no changes were observed
by NMR, illustrating that CO is not a reactive species in the transformation.

Analytically pure samples of 4.13 were also found to be unreactive towards carbon
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dioxide; however addition of CO, to 4.12 yielded a new unidentified paramagnetic
species that had not been previously observed. This demonstrates that both 4.12 and
4.13 need to be present as a mixture in order for 4.11 to be formed, however further

deductions about the mechanism could not be determined (Figure 4.31).
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Figure 4.31 Reactivity of [U(COT®P32)(CcpPMe] with CO..

4.3.5 Reactivity of [U(COT®"P2)cp”Me"] with carbon dioxide

The reaction of [U(COT®P2)(cp™Meh] (2.7) with carbon dioxide formed a fluxional
species, which was observed to have one set of iso-propyl environments at ambient
temperature and two sets of resonances at -30 °C. However the only **C-enriched

carbon environment observed was assigned to *CO at 184.5 ppm. Attempts to
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characterise this complex were precluded by its instability, and reactivity of 2.7 with

CO, was therefore not pursued.

4.3.6 Removal of the phosphacarbonate moiety

In an attempt to cleave the phosphacarbonate fragment from 4.11, reactions with TMSX
(X = CI, I or OTf) were conducted. The purpose of this was twofold: replacing the
carboxyl fragment with a halide would allow subsequent ligand metathesis reactions,
thereby allowing the synthesis of other complexes with the [{(COT®™2)U},(u-0)]
backbone. It was also anticipated that this method would allow elucidation of the
structure of 4.10 by identification of the organic and organometallic species from these
reactions. In order to achieve the latter goal, reactions of 4.10 and [{U(COT®P2)1,(pu-
0){p-n'm*-0,C(PCsMes)}s] (4.11) with TMSX reagents were explored so that
comparisons could be made. Initial studies found that these complexes were unreactive

towards TMSX, however the reactions proceeded when heated to 70 °C.

Thermolysis of 4.11 with two equivalents TMSOTf yielded [{U(COT®P32)3,(u-
O)(u:n'm*-03SCFs3),] (4.3) by cleavage of the phosphacarbonate unit from the uranium
complex, and coordination of the triflate anion. However, whilst reaction of 4.10 with
TMSOTf yielded the same paramagnetic fragment, identification of the organic
compounds from the two reactions was precluded by the complicated mixture of species

observed by GC-MS and NMR.

The *'P{"H} NMR spectra of both reaction mixtures contained several resonances, but
three major species were identified from the reaction of 4.11. The first of these was
[1,1°-bis(2,3,4,5-tetramethylphosphole)] (4.13), which was identified by its
characteristic **P{"H} NMR resonance at -8.3 ppm. The second species, 4.14, had **C-

enriched carbon incorporation, which coupled to a phosphorus resonance at 16.7 ppm



183

(19.3 Hz). This species was anticipated to be the silylated phosphcarbonate moiety,

however it was not observed in all the reaction mixtures.

Full characterisation of the silylated phosphacarbonate was achieved by independent
synthesis according to Figure 4.32. However, 4.14 was found to be unstable over
several days under 1 bar inert atmosphere, and extruded CO, to yield the silylated
phosphole (4.15, Figure 4.33). 4.15 was found to be the dominant phosphorus-
incorporated species present in all solutions and its formation from 4.14 justifies the

absence of this species from the crude reaction mixtures.

0
= *CO, = AL
pK ————> P—Cg\ ,
CeD /" CoDaRT
= 6“6 = 6-76
78 °C -RT o “osive,

Figure 4.32 Synthesis of the silylated phosphacarbonate (4.14) from K[Cp™*]

= //O N, or Ar =
P—C > P—SiMe;
~ 0SiMes <1 bar ~
4.14 4.15

Figure 4.33 Extrusion of CO, from the silylated phosphacarbonate to yield the silyl
phosphole (4.15).

Owing to the reactivity observed using TMSOTT, it was anticipated that analogous
reactivity would occur with a trimethylsilyl halide. Repetition of the reaction using

excess TMSCI or TMSI yielded 4.13, 4.14 and 4.15 by **P{*H} NMR, in addition to a
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paramagnetic species, which was identified as [{(COT®"™®2)U(OSiMes)}o(u-X)2] (X =
Cl (4.16) or | (4.17), Figure 4.34).

U
“ 0SSl + 414
7P T \CF
. F3C O\G/O 3
'PrsSi / SiPrs
SiPr 2 eq.TMSOTf @/
o~ 2>~o 70°C, 92 h .
— /. ‘: \‘\ — 'Pr3S| 4.3
P—C. © _C—R
S Ny i = xs TMSX
\U/ R h )
siPr 70°C. 92N ippg vesS)
o]
i S ‘\\\\\X///,,, / SIP +
i ; Pr3Si i'Pra 4.14
'Pr3$| 4.11 3

U u
2 _
SiMes Si'Prg

X=Cl, 4.16
X=1417

Figure 4.34 Extraction of 4.14 from 4.11 using TMSOTTf or TMSX (X = Cl or I).

The silylation of the bridging oxo fragment and the addition of a second siloxy fragment
to give symmetrical dimeric complexes was an unexpected result. However the
formation of multiple products, observed by GC-MS and *'P{*H} NMR, illustrates that
the reactions of 4.11 with TMSX are non-trivial and further studies were therefore not

pursued.

4.3.6.1 Characterisation of 4.16 and 4.17

The NMR spectra of 4.16 and 4.17 were found to exhibit two resonances for each

proton and silicon environment, indicating non-trivial behaviour in solution. For the
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chloride complex, one resonance was dominant, and the corresponding minor resonance
was shifted upfield. The iodide complex however, showed both resonances were of
equal intensity. Mass spectrometry characterised the molecular ion for both complexes,
illustrating that 4.16 and 4.17 are also dimeric under these conditions, however
microanalysis results could only be obtained for [{(COT®"™®2)U(0OSiMes)}2(u-Cl),]

due to the low yields of the iodide complex.

Single crystal XRD analysis of both complexes showed dimeric structures, which have
a centre of inversion (Figure 4.35). The U,X; core is planar with parallel COT rings,
resembling [{(COTE"P2)U(DME),}2(u-0),] (4.12DME), however the U-Ct distances
are shorter in 4.16 and 4.17 due to the decreased sterics around the metal centres.
Contrastingly the U-U distance is almost 1 A longer in 4.16 than 4.12DME due to the

larger covalent radius of chlorine (0.99 A) than oxygen (0.66 A).*°

P / -9 , AN

£ ~ Si '

- _S‘-l-s e \_\~ — 1 \ N

Si, | Cly N o N A
1 \ 01 "'--...__-/ '[I]’ \
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\/_h... ; | \ocu ) /T
o ’ N )
Sy Siy /Y

Figure 4.35 ORTEP views of 4.16 (left) and 4.17 (right) with thermal ellipsoids at 50%

probability; hydrogen atoms and COT iso-propyl groups have been omitted for clarity.

Comparison of 4.16 and 4.17 with similar published bridging halide complexes reveal

typical uranium—chloride and uranium—iodide bond lengths (Figure 4.36) and angles
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(U—1-U 99.23(1) — 103.551(13)° and I-U—1 76.449(13) — 79.58(9)°; U-CI-U 83.28(10)
—111.91(8)° and CI-U—CI 66.71(12) — 86.60(4)°) within the planar core.**>"%

20 -
18 -
16 -
14 -

10 +

Frequency

2.60 2.70 2.80 2.90 3.00 3.10 3.20 3.30 3.40
U-X Bond Length (A)

O N b~ OO ©
1

Figure 4.36 Published U-CI bond lengths (green) and U-I bond lengths (purple) for

complexes with bridging halide ligands.***

The uranium-siloxide fragment, which is perpendicular to the U,X; plane, has an almost
linear U-O-Si bond angle. Comparison of this fragment with published complexes
featuring similar fragments reveals the angle varies extensively from 153.5(5) to
179.25(15)°.°%%%% This may be attributed to the steric environment around this
complex which demands a more linear angle than would otherwise be expected. In the
case of complex 4.16, the 171(2)° angle enables the siloxide group to be positioned
exactly between the iso-propyl groups on the nearest COT ring and the ring atoms on
the furthest COT ring, so that there is a minimum separation distance between this

fragment and the nearest carbon atoms of 3.5 A.
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Comparison of the U-O distances in these complexes also reveals shorter than expected

bond lengths reminiscent of uranium(V) siloxide species.”®®*® These range from

1.975(7) to 2.034(9) A, whereas uranium(lV) siloxide complexes exhibit U-O bond

lengths in the range of 2.065(6) — 2.173(9) A.%*%°

Distances (A)

1.9(6) 2.8(11) 2.8(8)
Ul—Ctl U 1—X1 U1—X1’
1.9113(4) 3.1782(8) 3.1788(8)
2.1(5) 1.7(4) 4.4(11)
Ul—Ol Ol—Si3 U1—U2
2.034(6) 1.674(7) 4.8796(8)
Angles (°)
105(10) 75(10) 171(2)
U—X1—Uy X1-U1—Xy U1—01-Si3
100.28(2) 79.72(2) 176.3(4)
87.33(26) 133(9) 180.00(34)
U;—U1-0O, Ct;-U;-0; Ct;-U;-U—Cty
86.6(2) 133.7(2) 180.0(3)

Table 4.8 Bond lengths, distances and angles for 4.16 and 4.17 (italicised). Ct; and Ct;-

are the centroids for the COT®"®? [igands.

4.4 Alternative heteroallenes

4.4.1 Introduction

Despite the prominent reactivity of organouranium complexes with carbon dioxide in

the literature, few studies have employed analogous heteroallenes to observe how the
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reactivity changes with alteration of one or more functional groups. Some research
groups have carried out comparative reactivity studies with carbonyl sulfide and carbon
disulfide in order to observe the effect of an isoelectronic, but softer analogue. In some
cases these reagents give rise to analogous reactivity, which has been primarily
observed for insertion of CO,, COS or CS, into uranium—carbon bonds.”™ However
some of these complexes exhibit different bonding modes whereby the carboxylate
fragment is delocalised but the dithiocarboxylate fragment has defined uranium—sulfur
single and dative bonds.”? Alternatively, the number of insertions that occur can vary, as

exemplified by a ‘double tuck-in’ complex, whereby double insertion of CO, takes

place in comparison to single insertion of CS, (Figure 4.37).”"
M62
Si i
~cH, SiMe,
o= C
S \\\d/ 1 atm CO, “‘\\\\\‘CHZ excess
;o < U AN
\ A\ benzene AN toluene
O<C CH, \
Y CH
.~CH> : si” 2
I\S/Ilez SiMe, Me,

Figure 4.37 Comparative reactivity of carbon dioxide and carbon disulfide with a

‘double tuck-in> complex.”"™

In other instances, carbonyl sulfide and carbon disulfide have given rise to products that
are not analogous to their carbon dioxide derivatives. Mazzanti and co-workers found
that reaction of a trivalent uranium siloxide complex with carbon dioxide yielded a
bimetallic carbonate complex, whilst reaction with carbon disulfide yielded a dimeric
complex with a U-CS,-U core.” This type of reactivity has also been observed by Cloke
et al. for titanium bis(pentalene) complexes and Andersen and co-workers for

tris(cyclopentadienyl)uranium species.”®"
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Carbonyl sulfide and carbon disulfide reactions have also provided insight into the
mechanism by which carbon dioxide reactions occur. Studies by Maron and co-workers
have found the sulfur-based complexes are often analogous to suggested intermediates
in the formation of the carbon dioxide derived species.”® Calculations of the Gibbs free
energy for these species have shown that the thio analogue is more thermodynamically
stable than its oxo counterpart and/or that the activation barrier to the next transition

state is too large to overcome, thereby giving rise to different reaction products.

These examples demonstrate that whilst isoelectronic reagents often follow a similar
reaction pathway, the reaction products observed can vary from their carbon dioxide
analogues giving rise to a wealth of unexpected products, or previously unobtainable
intermediates. In order to gain further insight into the transformations that give rise to
4.7 — 4.11, reactions of [U(COTSP2)(CpP™e(THF)] with COS and CS, were

conducted.

4.4.2 Reactivity of [U(COT®P2)(Cp”™e*)(THF)] with carbonyl sulfide

Condensation of one mole equivalent COS to a degassed solution of
[U(COTEP™2)(CcpPMe4)(THF)] (2.6 THF) resulted in the instantaneous formation of one
paramagnetic species (4.18, Figure 4.38), which was identified crystallographically as
[{U(COTEP2)(Cp™e4)1,(p-S)]. Attempts to form the carbonyl sulphide analogue of
4.8 and 4.11 by addition of excess COS to 2.6 THF were unsuccessful and no further

reactivity was observed.
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Figure 4.38 Synthesis of [{U(COT®"P2)(Cp”™e"},(1-S)] (4.18) using COS.

Due to the limited availability of COS, alternative synthetic routes to 4.18 were
explored (Figure 4.39). Addition of triphenylphosphine sulfide to 2.6 THF resulted in
instantaneous formation of 4.18. However sublimation of triphenylphosphine away
from the crude complex required prolonged heating of the residue to 80 °C on a turbo
assisted vacuum line. Whilst this did not degrade the sulfide complex, the procedure

needed repeating to ensure all traces of the phosphine were removed.

To avoid this process, triethylphosphine sulfide was used as an alternative source of
sulfide dianions. Addition of this reagent to a solution of [U(COT®")2)(Cp™e)(THF)]
at room temperature resulted in the formation of 4.18 over four days. This method
required less manipulation of the crude solution, as triethylphosphine could be sublimed

away from the complex within two hours at ambient temperature.
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_ Si'Prs
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Figure 4.39 Alternative syntheses of [{U(COT® P2y (CpPMef},(u-S)].

4.4.2.1 Characterisation of [{U(COT®P2)(Cp™eH},(p-9)]

NMR studies of 4.18 showed one set of resonances for each environment illustrating
that the complex is dynamic in solution and microanalysis agreed with the proposed
formulation. 4.18 could not be characterised by mass spectrometry however due to the
thermal lability of the complex under electron impact and electrospray ionisation

conditions.

XRD analysis of 4.18 illustrates that despite the similarity between this complex and
[{(COTEF)(n'-Cp™™*) U (u-0)(u-n"m®-Cp"™){U(COTEF)] (4.9) there are
several differences in the solid-state molecular structures. 4.18 features a more obtuse
COT-U-U-COT torsion angle than 4.9 and both phospholyl units adopt bridging n*:n>-
coordination to the two metal centres (Figure 4.40). These rings bond so that the
phosphorus atoms lie almost exactly between the two metals, which is analogous to the
bridging pyrrolyl unit in 4.9 and several dimeric phospholyl complexes in the
literature.?>®! The mixed-sandwich fragment has longer U-COT bonds than 4.9 and a
more obtuse COT-U-Cp angle, which is rationalised by the increased length of U-P

and U-S bonds relative to U-N and U-O bonds.
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Figure 4.40 ORTEP view of 4.18 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.

Distances (A)
Ct;-U; 2.0001(4) Ct,-U; 2.6199(4) Ui-S; 2.653(3)
U-P; 2.904(3) Up—Ps 3.071(4) UrUp  4.16699(14)
Angles (°)

Ct-U-Ct, 131.92Q2) Ct; U P, 160.74(18) Ct; Uy Py 114.55(17)

U-P;-Up  88.40(10) Ct, Uy Py 99.74(17)  Up=S-U,  103.50(18)

Cti-U-U;—Ctpr  139.892(2) Ct, Uy Up Ctyy  125.056(3)

Table 4.9 Bond lengths, distances and angles for 4.18. Ct; and Ct;- are the centroids for

the COT®"P? |igands and Ct, and Ct,- are the centroids for the phospholyl ligands.
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Comparison of the mixed-sandwich fragment in 4.18 with the uranium(lll) starting
complex also shows lengthening of the U-COT and U-Cp distances by 0.026 and
0.033 A respectively, illustrating that the molecular structure of 4.18 prohibits
shortening of these bonds upon oxidation. The U-P bond however is ca 0.1 A shorter
in this complex than its precursor as n'-coordination to the second uranium centre (U;-)

requires the phospholyl ring to slip so that the phosphorus atom lies closer to Uj.

The U-S-U fragment is typical of other uranium sulfide complexes in the literature,
which exhibit U-S bonds in the range of 2.588(1) to 2.8124(9) A.>**# The U-S-U
angles reported in the literature however fall within two ranges: 92.17(7) — 99.63(7)°
and 165.2(2) — 180.0°. This appears to be dependent on the U-S bond length and can be
rationalised by partial uranium-sulfur double bond character giving rise to a near linear

U-S-U angle.

4.4.3 Reactivity of [{U(COT®"P™2)(cpPMe4y,11-S)] with carbon dioxide

Due to the aforementioned insertion reactivity of carbon dioxide into uranium-nitrogen
and uranium-phosphorus bonds, reactivity of 4.18 with CO, was attempted. Reaction of
4.18 with excess CO; yielded two major paramagnetic species. The predominant species
was identified as the thiocarbonate complex [{U(COT®™2)(CpPMeH},(n-CO,S)]
(4.19, Figure 4.41), formed by insertion of one molecule of CO; into the uranium-
sulfur bonds. The second complex (4.20) features a phosphacarbonate fragment in
addition to the thiocarbonate unit, giving rise to an asymmetrical complex (Figure

4.42).
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Figure 4.41 Reactivity of 4.18 with carbon dioxide to form 4.19.
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Figure 4.42 Reactivity of 4.18 with carbon dioxide to form 4.20.

Addition of excess carbon dioxide to a mixture of 4.19 and 4.20 did not yield a triple
insertion species, but lead to decomposition of both complexes. It is hypothesised that
such a species may not have sufficient steric saturation to allow kinetic stabilisation, as
the space-filling model of 4.20 reveals the core thiocarbonate unit to be visible (Figure
4.43). It is anticipated that insertion of another CO, molecule would open the cavities

around the core further, and therefore give rise to the decomposition observed.
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Figure 4.43 Space-filling views of 4.20 from ‘above’ the COT ligands (left) and
‘behind’ the thiocarbonate fragment (right). All non-core atoms are illustrated in grey

(hydrogen atoms in pale grey) and U-CO,S-U core atoms are shown in colour.

4.4.3.1 Characterisation of 4.19

The NMR spectra of [{U(COT®P®2)(Cp”™®4)},(u-CO,S)] exhibit one silicon and one
phosphorus resonance (-98.8 and 602.2 ppm respectively) consistent with a structure
that is dynamic in solution. Assignment of the thiocarbonate carbon resonance however
was precluded by the presence of multiple resonances in the crude spectra and the low
yield of analytically pure material. XRD studies illustrated the connectivity of the
complex but disorder in the phospholyl and thiocarbonate units gave rise to an unrefined

structure (Figure 4.44).

Figure 4.44 POV-Ray depiction of 4.19, illustrating connectivity.
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4.4.3.2 Characterisation of 4.20

The NMR spectra of 4.20 illustrate two phosphorus environments corresponding to the
phospholyl ring (716.6 ppm) and the phosphacarbonate fragment (54.7 ppm), and two
silicon environments corresponding to each COT® ™2 [igand. The *3C-enriched carbon
resonances for this complex however could not be assigned due to low yields of
analytically pure solids. This also precluded microanalysis and mass spectrometry only
detected fragments of the complex due to its thermal lability. Single crystals of 4.20
were obtained from saturated pentane solutions (Figure 4.45) and data are presented in

Table 4.10 and with Figure 4.46.
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Figure 4.45 ORTEP view of 4.20 with thermal ellipsoids at 50% probability; hydrogen

atoms and COT iso-propyl groups have been omitted for clarity.

The mixed-sandwich fragment shows contraction in the U-Ct distances in comparison

to 4.18 and [U(COT®P®2)(cpPMe4y(THF)] (2.6 THF), indicating that expansion of the



197
bridge lessens the sterics around the uranium(IV) centre, allowing closer contact with
the ancillary ligands. This is also proposed to be the reason for the near linear torsion
angles of the ligands either side of the bridge, which contrasts to the perpendicular
torsion angles observed in 4.18. Another feature of 4.20 is the lengthening of the U;—P;
bond in comparison to 4.18 illustrating that the ring has slipped to increase the U-P

distance. Despite this, the U-P bond is still shorter in 4.20 than in 2.6 THF.

Distances (A)
U-Cti  2.5299(5)  UiCt 1.9519(5) U,—Cts 1.9031(4)
U-P; 2.951(4) Ur—Ces 3.017(14) U—Ceo 3.003(15)
Angles (°)

Ct—U—Ct, 139.06(2) Uy-S;-U,  151.70(12) U;Ces-U,  139.3(5)
Ctz-UrO; 13583) Cty Uy O,  1235(3)  Cty U, Cr 136.380(6)
UrCr—P,  170.4(7) CtsPrCs  109.603(8)

Cti-U—Up-Ct;  149.449(5) Ct, U U, Cro  171.9661(13)

Table 4.10 Bond lengths, distances and angles for 4.20. Ct, and Ct; are the centroids for

the COT®"P™? |igands and Ct; and Ct, are the centroids for the phospholyl ligands.

Only one other bimetallic uranium thiocarbonate complex has been published, and was
synthesised by successive reaction of a uranium(lll) tacn complex with elemental
sulfur/triphenylphosphine sulfide and carbon dioxide.>® This complex features
pn-k*(0):x%(0,S)-coordination of the planar thiocarbonate unit, as demonstrated by

varied U-S distances (2.8919(13) and 4.6512(13) A) and slight variation in the U-O
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distances (2.225(3) and 2.422(3) A). One of the U-O-C angles is also more linear
(173.9(3)°) due to «'-coordination of this oxygen atom to uranium. All other metrics
within the thiocarbonate unit are the same as those in complex 4.20 illustrating that the

varied coordination mode has no effect on the bonding within this fragment.

The phosphacarbonate fragment in 4.20 is similar to the analogous fragments in 4.11
and the carbamate fragments in 4.8, with the exception of the O-C-O bond angle,
which is 4° more acute due to n?-coordination to one metal centre. Comparison of this
unit to other U-O,CR moieties in the literature illustrates average bond lengths and
angles, and that the slight asymmetry observed is also typical of these complexes

(Figure 4.46).3%3

1.757

581760z

Figure 4.46 ORTEP views of the thiocarbonate fragment (above) and the

phosphacarbonate fragment (below) of 4.20 with bond lengths and angles (italicised).
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4.4.4 Carbon disulfide reactivity

4.4.4.1 Reactivity of [U(COT®"P)2)(cp™e4)] with CS,

Addition of excess carbon disulfide to [U(COT®"™2)(Ccp™®4)] (2.6) resulted in the
formation of a brown/black viscous solution. However, no identifiable products were
observed with the exception of COT®"™®)2 and [1,1°-bis(2,3,4,5-tetramethylphosphole)]
(4.13). The formation of a dithiophosphacarbonate complex analogous to 4.11 is
believed not to occur as this would require the formation of C=S, which is
thermodynamically unfavourable. Further reactions using a stoichiometric amount of

carbon disulfide were therefore not attempted.

4.4.4.2 Reactivity of 4.12 and 4.13 with CS,

Despite the decomposition observed in the reaction of 2.6 with carbon disulfide, it was
postulated that reaction of [{(COTC™®2)U,(u-0),] (4.12) and [1,1°-bis(2,3,4,5-
tetramethylphosphole)] (4.13) with CS, would not present the same problem if insertion
was the only type of reactivity taking place. Addition of excess carbon disulfide to a
degassed solution of 4.12 and 4.13 gave rise to the formation of one paramagnetic
species within minutes, evidenced by one set of proton environments, one broad
phosphorus resonance at 147.2 ppm (wsy, = 813 Hz), and one silicon resonance at -103.4
ppm. However, attempts to fully characterise this complex were precluded as this
species was observed to decompose over several weeks at -35 °C. Similar attempts to

synthesise a dithiophosphacarbonate complex from 4.18 and CS, were unsuccessful.
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4.5 Summary

The heterocyclic mixed-sandwich complexes, [U(COT®"P™2)(CpEM*4)], have illustrated
a wealth of new reactivity and the synthesis of some novel fragments. Carbon monoxide
reactivity has illustrated that under optimum conditions the C=0 bond can be cleaved at
ambient temperature, and offers a synthetic route to the synthesis of substituted

bis(arsenine) species.

Carbon dioxide has illustrated a combination of reductive and insertive reactivity in the
formation of phosphacarbonate and carbamate complexes via two isolable
intermediates. The identity of the second intermediate in both instances is unclear and
precludes the formulation of a mechanism. Reactivity studies of carbonyl sulfide and
carbon disulfide in an attempt to probe this mechanism resulted in the formation of
thiocarbonate complexes and illustrates that these reagents cannot be used

interchangeably.

4.6 Experimental details for Chapter 4

4.6.1 Synthesis of [U(COT® P52 (CpPMe4)(2-0-PCsMey)] (4.1)

A solution of [U(COT®™2)cpP™Meh] (127.0 mg, 1.60 x 10™ mol) in equal parts
THF/toluene (4 mL) was cooled to -78 °C and freeze-thaw degassed. Excess (>3 mole
equivalents) carbon monoxide was added via Toepler line. The mixture was slowly
warmed to room temperature, and a colour change from dark purple to red/orange was
observed after several hours. The mixture was stirred at ambient temperature for five
days then dried in vacuo. The residue was dissolved in pentane and filtered to yield a

red solution, from which crystals were obtained at -35 °C.

Yield: 35.7 mg (3.71 x 10°° mol), 46.4% based on [U(COT®"™¥2)(Cp™*4)].,
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MS (EI): m/z = 157 (100%, Si'Prs), 962 (<1%, *C-4.1 M").

IR (NaCl): °C-4.1 2943, 2890, 2864, 2722, 2083, 1940, 1891, 1496, 1365, 1292, 1220,

1194 cm™.
IR (methylcyclohexane, -20 °C): 4.1 2178, 2015; *C-4.1 2093, 1948 cm™.

'"H NMR (dg-toluene, 303 K): & 102.8 (s, br, 2H, COT-CH), 43.4 (s, br, 3H,
phosphinine-CH3), 15.6 (s, br, 3H, phosphinine-CH3), 15.0 (s, br, 3H, phosphinine-
CHs), 9.3 (d, *Jue = 15 Hz, 3H, phosphinine Cs-CHs), 7.2 (s, br, 6H, Cp-CHs/'Pr-CH),
-9.3 (s, br, 18H, 'Pr-CHs), -12.0 (s, br, 6H, Cp-CH3/'Pr-CH), -12.6 (s, br, 18H, 'Pr-CHs),
-15.7 (s, br, 6H, Cp-CHs/'Pr-CH), -35.1 (s, br, 2H, COT-CH), -89.9 (s, br, 2H,
COT-CH).

PC{"H} NMR (de-toluene, 303 K): § 423.1 (d, "Jcp = 33 Hz, °C-phosphine-Cy).
28Si{*H} NMR (dg-toluene, 303 K): & -132.8 (Si'Prs).

3IpL'H} NMR (dg-toluene, 303 K): & 201.4 (s, Cp P-ring), 191.4 (d, Ycp = 33 Hz,

phosphinine P-ring).

4.6.2 Synthesis of [1,2-bis(1,2,3,4-tetramethylphospholyl)acetylene] (4.2)

To a degassed solution of [U(COTEP2)(Ccp™e4)] (18.0 mg, 2.26 x 10° mol) in ds-
toluene at -78 °C was added 3.2 equivalents **CO (7.35 x 10°° mol). Warming of the
mixture resulted in a colour change from brown to red/brown. The mixture was filtered
and the residue dried in vacuo. Crystals of 4.2 were obtained at -35 °C from a saturated
pentane solution as off-white prisms. Duplicate elemental analyses and high yields
indicated that pentane molecules remained in rigorously dried samples, even though

pentane was not present in the unit cell.
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Yield: 3.8 mg (1.2 x 10° mol), 100% based on [U(COTE™2)cp™4)] for

Ci6°CaH24P2+(CsH12)o.4.

Anal. calc (found) for C1*3C,H,4P2: C 71.69 (72.49), H 7.95 (8.04)%.

Anal. calc (found) for C16"3CoH24P2.(CsHi12)0.2: C 72.22 (72.49), H 8.35 (8.04)%.
MS (EI): m/z = 304 (100%, M™).

IR (NaCl): 2966, 2909, 2852, 2723, 2343, 2092, 1606, 1542, 1435, 1371, 1310, 1261,
1215 cm™.

'H NMR (dg-benzene, 303 K): & 2.0 (d, Jpy = 10.9 Hz, 12H, C1-CHs, C4-CHs), 1.5 (s,
12H, C»-CHs, C3-CHs).

BC{"H} NMR (dg-benzene, 303 K): & 143.8 (m, Cy, C3), 131.2 (d, Jep = 6.9 Hz, C;,
C,), 103.1 (dd, YJcp = 16.7 Hz, 2Jcp = 15.4 Hz, acetylenic-*C), 13.8 (m, C,-CHs, Cs-
CHa), 12.8 (d, Zcp = 22.6 Hz, C1-CHs, C4-CHs).

31p{'H} NMR (ds-benzene, 303 K): & -19.4 (dd, "Jcp = 16.7 Hz, 2Jcp = 15.3 Hz, P-ring).

4.6.3 Synthesis of [{U(COT®"P®2)},14-0) (u-n*: *-0,S0CF3),] (4.3)
Method A:

To a degassed solution of [U(COT® P2y (CpPMeH] (31.4 mg, 3.95 x 10”° mol) in toluene
(3 mL) at -78 °C was added ca. four mole equivalents carbon monoxide via Toepler
line. The mixture was stirred for one hour between -50 and -35 °C and a colour change
from dark purple to orange/red was observed. The mixture was freeze-thaw degassed
and three drops TMSOTT added via cannula. The mixture was warmed to ambient
temperature and a slight colour change from orange/red to bright red was observed. All

volatiles were removed in vacuo, the residue dissolved in pentane and filtered.
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Method B:

To a degassed solution of [U(COT®P™2)(cpPMeH] (98.4 mg, 1.24 x 10™° mol) in toluene
(2 mL) at -78 °C was added ca. 2 mole equivalents carbon dioxide via Toepler line. The
mixture was warmed to room temperature and a colour change from purple to
red/brown was observed. The mixture was stirred for three days then the mixture was
degassed to remove residual carbon dioxide. Four drops TMSOTf was added to the
solution and the mixture was heated to 80 °C for three days. The mixture was cooled
and all volatiles were removed in vacuo to give a bright red residue. This was dissolved
in pentane and filtered. Addition of tetramethylsilane to a saturated solution yielded

crystals at -35 °C.
Yield: 6.6 mg (4.1 x 10°° mol), 6.6% based on [U(COT®™32)(CcpPMedy].
MS (EI): m/z = 157 (100%, Si'Prs), 1624 (5%, M").

'H NMR (dg-toluene, 303 K): 162.2 (br, 1H), 148.4 (br, 1H), 49.1 (br, 3H), 42.6 (br,
1H), 42.1 (br, 4H), 5.2 (br), -9.4 (br, 14H), -9.8 (br, 8H), -19.4 (br, 20H), -24.3 (br, 3H),
-25.1 (br, 2H), -95.8 (br, 9H), -142.6 (br, 1H), -143.7 (br, 1H).

YFE{*H} NMR (dg-toluene, 303 K): & -127.6 (CFs).

2Sif*H} NMR (ds-toluene, 303 K): -143.4 (Si'Prs), -145.9 (Si'Prs).

4.6.4 Synthesis of [U(COTEP¥12)(Cp*Me4)(2-0-AsCsMey)] (4.4)

To a degassed solution of [U(COT®P2)(Cp”M*4)(THF)] (20.8 mg, 2.28 x 10° mol) in
dg-toluene at -78 °C was added 0.86 bar *CO. Warming of the mixture resulted in a
colour change from brown to red/brown. After four days all volatiles were removed in

vacuo. A solution was made up in pentane and filtered to yield a red/brown solution.
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Cooling the solution to -35 °C resulted in precipitation of some solids. Filtration of the

solution then removal of all volatiles gave rise to crude solids of 4.4.

Yield of crude solids: 51 mg (49 x 10° mol), 43% based on

MS (EI): m/z = 59 (100%), 626 (20%, [UO(COT®P™2)* _ipy),

IR (NaCl): *C-4.4 2942, 2890, 2864, 2123, 1921, 1888, 1582, 1385, 1364, 1319, 1255

(br) cm™.

'"H NMR (dg-toluene, 303 K): & 104.6 (s, br, 2H, COT-CH), 41.6 (s, br, 3H, arsenine-
CH3), 15.5 (s, br, 3H, arsenine-CHj3), 15.0 (s, br, 3H, arsenine-CHs), 10.3 (s, br, 3H,
arsenine-CHs), 10.1 (s, br, 6H, Cp-CHa/'Pr-CH), -9.2 (d, 3Jun = 5.3 Hz, 18H, 'Pr-CHs),
-12.3 (d, *Jun = 5.0 Hz, 18H, 'Pr-CHs), -14.2 (s, br, 6H, Cp-CHs/'Pr-CH), -15.4 (s, br,
6H, Cp-CHs/'Pr-CH), -32.6 (s, br, 2H, COT-CH), -93.1 (s, br, 2H, COT-CH).

BC{*H} NMR (dg-toluene, 303 K): & 428.0 (s, **C-arsenine-Cy).

28Si{*H} NMR (ds-toluene, 303 K): & -134.5 (Si'Prs).

4.6.5 Synthesis of [2,2-bis(3,4,5,6-tetramethylarsenine)] (4.5)

To a degassed solution of [U(COT®P®2)(Ccp”Me4)] (12.4 mg, 1.36 x 10° mol) in ds-
toluene at -78 °C was added 0.86 bar **CO. Warming of the mixture resulted in a colour
change from deep pink to red/brown. After several hours all volatiles were removed in
vacuo, and the residue was filtered in pentane. Addition of THF to the solution yielded

crystals of 4.5 as colourless blocks at -35 °C.
NMR Yield: 29% in d;,-cyclohexane referenced to C¢Hg internal standard.

MS (EI): m/z = 392 (100%, M").



205
'H NMR (dg-benzene, 303 K): § 2.5 (s, 6H, CHs), 2.2 (5, 6H, CHz), 2.0 (s, 6H, CH3), 1.7
(S, 6H, CH3)

BC{*H} NMR (dg-benzene, 303 K): & 185.7 (s, **C-C,), 177.4 (s, aromatic-C), 142.9 (s,
aromatic-C), 139.5 (s, aromatic-C), 133.4 (d, YJcc = 77 Hz, C,), 25.0 (s, CH3), 20.4 (s,
CHs3), 20.3 (s, CH3), 14.6 (s, CHy).

4.6.6 Synthesis of [U(COT®P32y(CpPMeYy(CN'Bu)] (4.6)

To a solution of [U(COT®P2)(CpPMe(THF)] (74.4 mg, 8.59 x 10° mol) in pentane (3
mL) was added excess CN'Bu via syringe (13 pL, 1.15 x 10 mol). An instant colour
change from purple to black/brown was observed with precipitation of dark solids. The
mixture was stirred for several hours then filtered via cannula to give a pale
green/brown solution and dark solids. The solids were dissolved in benzene and filtered
to give a dark solution. Slow evaporation of the solvent at ambient temperature yielded

crystals of 4.6.

Yield: 37.4 mg (4.26 x 10°° mol), 49.6% based on [U(COT® 32y (CpPMey(THF)].
MS (EI): m/z = 115 (100%), 875 (2%, M*-H).

IR (NaCl): 2941, 2890, 2862, 2718, 2142 (vCN), 1461, 1382, 1365 cm™.

'H NMR (dg-benzene, 303 K): & -2.2 (s, br, 9H, 'Bu-CHs), -3.6 (s, br, 24H, 'Pr-CHs,
'Pr-CH), -4.0 (s, br, 18H, 'Pr-CHs), -12.7 (s, br, 6H, Cp-CHs), -22.5 (s, br, 2H, COT-
CH), -30.3 (s, br, 6H, Cp-CHs), -46.2 (s, br, 2H, COT-CH), -54.9 (s, br, 2H, COT-CH).

295i£'H} NMR (dg-toluene, 303 K): & -117.7 (Si'Pra).

31pLIHY NMR (dg-toluene, 303 K): & 661.2 (br, Wy, = 466 Hz, P-ring).
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4.6.7 Reaction of [U(COT®"P2)(cp"Me"] with 0.5 equivalents of *CO,

To a degassed solution of [U(COT®P2)(cpNMeHy] (37.2 mg, 4.79 x 10° mol) in dg-
toluene at -78 °C was added 0.5 equivalents *CO, (2.39 x 10" mol). Warming of the

mixture resulted in a colour change from brown to red/brown.
'H NMR (dg-toluene, 303 K): Resonances could not be assigned.
BC{*H} NMR (dg-toluene, 303 K): & -60.7 (s).

2°Sif*H} NMR (ds-toluene, 303 K): & -93.1 (Si'Prs).

4.6.8 Synthesis of [{U(COT®"™®2)},14-0)fu-n'1n*-0,C(NC4Mey)}2] (4.8)

To a degassed solution of [U(COT®P2)(cpNMety] (34.2 mg, 4.40 x 10° mol) in ds-
toluene at -78 °C was added 0.86 bar **CO,. Warming the mixture to room temperature
resulted in a gradual colour change from brown to red/orange. The residue was dried in
vacuo then dissolved in hexane and filtered. Slow evaporation of the solvent at -35 °C

yielded crystals.
Yield: 22.7 mg (1.37 x 10°° mol), 62.2% based on [U(COT®"™#2)(cp™e4].

Anal. calc (found) for Ceg"*CoH12005N,SisU,: C 50.76 (49.527), H 7.29 (7.201), N 1.69
(2.100)%.

MS (EI): m/z = 59 (100%), 1659 (< 1%, M*-H).
IR (NaCl): 2917, 2858, 2346, 1513, 1443, 1396, 1344 cm™.

'H NMR (dg-toluene, 303 K): & -1.4 (s, br, 18H, 'Pr-CHs), -2.3 (s, br, 6H, 'Pr-CH), -2.6
(s, br, 18H, 'Pr-CHj), -10.0 (s, br, 6H, Cp-CHj), -27.7 (s, br, 6H, Cp-CHj).

BC{*H} NMR (dg-toluene, 303 K): & -7.1 (s, carbamate-"*C).
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2Sif*H} NMR (ds-toluene, 303 K): & -79.7 (Si'Prs).

4.6.9 Synthesis of [(COT®"P2)(Cp™"™*) Uu-0) (u-n*:n>-Cp"M*HU(COTEP2)] (4.9)

To a degassed solution of [U(COT®"P®2)(cp™e4] (30 mg, 3.9 x 10° mol) in dg-
toluene at -78 °C was added 0.86 bar N,O. A colour change from purple/brown to
red/brown was observed which persisted as the solution was warmed to room
temperature. All volatiles were removed in vacuo six hours after gas addition. The
residue was taken up in pentane and filtered. Single crystals of 4.9 were obtained from a

saturated diethyl ether solution at -35 °C.
Yield: 21.2 mg (1.35 x 10 mol), 69% based on [U(COT®™#2)(CpN™e4)],

Anal. calc (found) for CegH1200N,SisUy: C 52.02 (51.504), H 7.70 (7.460), N 1.78
(1.468)%.

'H NMR (dg-toluene, 303 K): & 171.8 (s, br, 1H, COT-CH), 141.7 (s, br, 1H, COT-CH),
127.7 (s, br, 1H, COT-CH), 124.8 (s, br, 1H, COT-CH), 35.2 (s, br, 1H, COT-CH), 12.4
(s, br, 3H, 'Pr-CH/Cp-CHs), 10.4 (s, br, 9H, 'Pr-CHs), 8.2 (s, br, 3H, 'Pr-CH/Cp-CHj),
7.4 (s, br, 3H, 'Pr-CH/Cp-CHs), 5.3 (s, br, 9H, 'Pr-CHs), 3.5 (s, br, 3H, 'Pr-CH/Cp-CHs),
-0.3 (s, br, overlapping), -1.1 (s, br, overlapping), -1.5 (s, br, overlapping), -2.5 (s, br,
3H, 'Pr-CH/Cp-CHs), -3.8 (s, br, overlapping, 9H, 'Pr-CHs), -4.2 (s, br, overlapping, 9H,
'Pr-CHs), -5.4 (s, br, 9H, 'Pr-CHs), -8.0 (s, br, 9H, 'Pr-CHs), -10.2 (s, br, overlapping,
3H, 'Pr-CH/Cp-CHs), -10.7 (s, br, overlapping, 3H, 'Pr-CH/Cp-CH3), -11.0 (s, br,
overlapping, 3H, 'Pr-CH/Cp-CHj), -24.0 (s, br, 3H, 'Pr-CH/Cp-CHs), -76.8 (s, br,
overlapping, 1H, COT-CH), -77.3 (s, br, overlapping, 1H, COT-CH), -80.9 (s, br, 1H,
COT-CH), -88.1 (s, br, 1H, COT-CH), -97.4 (s, br, overlapping, 3H, 'Pr-CH/Cp-CHs), -
97.9 (s, br, overlapping, 1H, COT-CH), -100.6 (s, br, 3H, 'Pr-CH/Cp-CHs), -101.6 (s,
br, 1H, COT-CH), -104.2 (s, br, 1H, COT-CH).
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2Sif*H} NMR (dg-toluene, 303 K): & -41.7 (Si'Prs), -46.8 (Si'Prs), -87.7 (Si'Prs), -154.1
(Si'Prs).

4.6.10 Reaction of [U(COT®P12y(cpPMeM] with 0.5 equivalents of *CO,

To a degassed solution of [U(COT®P2)(cpP™e4)] (55.9 mg, 7.04 x 10° mol) in d-
toluene at -78 °C was added 0.5 equivalents *CO, (3.48 x 10" mol). Warming of the

mixture resulted in a colour change from brown to red/brown.
IR (NaCl): 2961, 2920, 2863, 1448, 1261 cm™.

'"H NMR (dg-toluene, 303 K): & 13.3 (br), 10.7 (br), 6.3 — 1.8 (br, overlapping), -0.1
(br), -5.1 (br), -9.5 (br), -15.7 (br), -19.5 (br), -57.4 (br).

BC{*H} NMR (dg-toluene, 303 K): & -108.2 (5).
2Sif*H} NMR (dg-toluene, 303 K): & -72.8 (Si'Pr3), -93.3 (Si'Prs).

3IP{"H} NMR (ds-toluene, 303 K): & -20.9 (br).

4.5.11 Synthesis of [{U(COT® ™), -0)fu-nt-n*-0,C(PCsMes)},] (4.11)

To a frozen, degassed solution of [U(COT®®2)(Cp™™eH] (191.5 mg, 2.21 x 10 mol)
in pentane at -196 °C was added 3.2 equivalents CO, (7.06 x 10™* mol). Thawing of the
mixture and warming resulted in a colour change from brown to red/brown. The
mixture was stirred for two days then filtered via cannula and crystals of 4.11 were

obtained at -35 °C.
Yield: 47.5 mg (2.81 x 10° mol), 25.4% based on [U(COTEPR)2)(cpPMed.

Anal. calc (found) for C7oH12005P,SisU,: C 49.69 (49.937), H 7.15 (7.332)%.
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MS (EI): m/z = 1070 (100%, [U(COT®PR)2),1%), 1692 (< 1%, M").
IR (NaCl): 2945, 1509, 1360, 1309 cm™.
'H NMR (dg-toluene, 303 K): & 6.0 — -4.0 (br, overlapping), -9.7 (br), -19.0 (br).

'H NMR (dg-toluene, 363 K): & 1.8 (s, br, 6H, Cp-CHs/'Pr-CH), 0.9 (s, br, 18H, 'Pr-
CHs), 0.2 (s, br, 18H, 'Pr-CHjs), -7.3 (s, br, 6H, Cp-CHs/'Pr-CH), -15.0 (s, br, 6H, Cp-
CHa/'Pr-CH).

BC{*H} NMR (ds-toluene, 303 K): & -43.3 (d, YJcp = 18.0 Hz, phosphacarbonate->C),
-46.6 (d, Wcp = 20.3 Hz, phosphacarbonate-'3C).

2°Sif*H} NMR (ds-toluene, 303 K): & -75.7 (Si'Prs).

31pLIHY NMR (dg-toluene, 303 K): & 15.0 — 9.0 (br, overlapping), -14.5 (br).

4.6.12 Synthesis of [{(COTEP22)U3,1-0),] (4.12) and [MesC4P]- (4.12)

To a degassed solution of [U(COTS™P2)(cp™e4)] (1245 mg, 1.57 x 10™ mol) in
toluene at -78 °C was added 0.86 bar N,O. Warming of the mixture resulted in a colour
change from brown to red/brown. Solvent was removed in vacuo and the residue was

dissolved in a mixture of hexane/DME to give crystals of 4.12DME.

Characterisation of [{(COT®™2)U},(u-0),] (4.12):

Yield: 59.8 mg (4.46 x 10°° mol), 56.8% based on [U(COT®P2)(cpPMedy).
Anal. calc (found) for Cs,HgsO,SisU,: C 46.55 (45.690), H 7.21 (6.966)%.
MS (EI): m/z = 59 (100%), 1341 (4%, M").

IR (NaCl): 3050-2700 (br, overlapping), 1455, 1365, 1294, 1252, 1218 cm™.
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'H NMR (ds-toluene, 303 K): & 30.1 (br, 1H), 6 — 1.5 (br, overlapping), -10.0 (br, 1H),
-39.3 (br, 1H), -63.7 (br, 1H), -93.1 (br, 1H).

2Sif*H} NMR (ds-toluene, 303 K): & -85.1 (Si'Prs).

Characterisation of [1,1°-bis(2,3,4,5-tetramethylphosphole)] (4.13):
MS (EI): m/z = 140 (100%, [MesC4PH]"), 278 (55%, M").

'H NMR (dg-toluene, 303 K): & 1.8 (t, *Jup = 4.9 Hz, 6H, C3- CH3, C4-CHs), 1.7 (s, 6H,
C,- CH3, Cs-CHa).

BC{"H} NMR (dg-toluene, 303 K): & 142.4 (m, 3,4-CCH3), 134.3 (m, 2,5-CCH3), 14.1
(s, 3,4-CHs), 13.6 (m, 2,5-CHy).

3'P{"H} NMR (dg-toluene, 303 K): & -8.3 (P-ring).

4.6.13 Synthesis of [CsMesP*CO,SiMes] (4.14)

A suspension of K[Cp"™®*] (11.5 mg, 6.45 x 10™ mol) in dg-benzene in a Young’s tube
was frozen at -78 °C and degassed prior to addition of 0.86 bar **CO,. During the three
hours after gas addition the suspension became white. The mixture was freeze-thaw
degassed then TMSCI was added dropwise via syringe until all solids had reacted.

White solids (presumably KCI) were observed to precipitate leaving a yellow solution.
MS (EI): m/z = 73 (100%, [SiMes]"), 258 (15%, M*+H).

'H NMR (ds-benzene, 303 K): 6 2.2 (d, 3Jpyy = 10.5 Hz, 6H, C;-CHj, C4-CH3), 1.6 (s,
6H, C,-CHj3, C3-CHj3), 0.2 (s, 9H, Si(CHs)s3).

BC{*H} NMR (ds-benzene, 303 K): § 176.1 (d, JJep = 19.2 Hz, P-*CO;), 158.1 (9),
151.1 (s), 35.6 (s, 2,5-CHs), 23.3 (s, 3,4-CHa).
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2Sif*H} NMR (ds-benzene, 303 K): 6 30.0 (Si'Prs).

31pLIHY NMR (dg-benzene, 303 K): & 16.7 (d, *Jep = 19.3 Hz, P-ring).

4.6.14 Characterisation of [C4Me4PSiMes] (4.15)
MS (EI): m/z = 73 (100%, [SiMe3]?), 212 (20%, M™).

'H NMR (ds-benzene, 303 K): & 2.0 (d, %Jpy = 10.2 Hz, 6H, C1-CHs, C4-CHs), 1.9 (s,
6H, C,-CHs, C5-CHs), 0.0 (d, %Jpy = 4.1 Hz, 9H, Si(CH3)s).

BC{H} NMR (dg-benzene, 303 K): & 142.9 (d, cp = 5.7 Hz, Cy, C3), 131.9 (d, YJcp =
8.4 Hz, C1, C4), 14.6 (d, %Jcp = 22.8 Hz, C1-CHa3, C4-CHs), 14.0 (d, 3Jcp = 2.2 Hz, Cy-
CHs, C3-CHs), -1.7 (d, “Jep = 10.1 Hz, Si(CH3)s).

2°Sif*H} NMR (ds-benzene, 303 K): & 3.1 (Si'Prs).

31pLIHY NMR (dg-benzene, 303 K): & -33.4 (s, P-ring).

4.6.15 Synthesis of [{U(COT®™™2(OTMS)},(u-Cl),] (4.16)

To a degassed solution of [U(COT®"P®2)(cp™4)] (150.0 mg, 1.89 x 10™ mol) in
toluene (5 mL) at -78 °C was added three equivalents CO,. The mixture was warmed to
ambient temperature, stirred for 24 hours, then freeze-thaw degassed. Excess TMSCI (5
drops) was added and the mixture was heated to 90 °C for 72 hours. The residue was
dried in vacuo, dissolved in pentane and filtered. Slow evaporation of the solvent at

-35 °C yielded red crystals.
Yield: 60.8 mg (3.90 x 10°° mol), 41.3% based on [U(COT®™92)(Cp™*].

Anal. calc (found) for CsgH114Cl20,SigU,: C 44.68 (44.718), H 7.37 (7.390)%.
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MS (EI): m/z = 59 (100%), 1557 (1%, M").

'H NMR (dg-toluene, 303 K): 8 158.9 (s, br, 2H, COT-CH), 148.5 (s, br, 2H, COT-CH),
47.3 (s, br, 9H, TMS-CHj3), 46.0 (s, br, 9H, TMS-CHj3), -12.3 (s, br, 18H, iPr-CHg),
-12.4 (s, br, 18H, 'Pr-CHs), -17.0 (s, br, 2H, COT-CH), -17.6 (s, br, 2H, COT-CH),
-20.6 (s, br, 18H, 'Pr-CHg), -21.6 (s, br, 18H, 'Pr-CHs), -23.8 (s, br, 18H, 'Pr-CH), -25.1
(s, br, 18H, 'Pr-CH), -137.2 (s, br, 2H, COT-CH), -139.6 (s, br, 2H, COT-CH).

29Si{*H} NMR (ds-toluene, 303 K): 5 -139.8 (SiR3), -143.3 (SiRs).

4.6.16 Synthesis of [{U(COT®™P2(OTMS)}(u-1),] (4.17)

To a degassed solution of [U(COTEP2)(cp™4)(THF)] (98.3 mg, 1.13 x 10 mol) in
toluene (5 mL) at -78 °C was added three mole equivalents carbon dioxide. Warming
the mixture to room temperature resulted in a gradual colour change from brown to
red/orange. The mixture was stirred for 24 hours then stripped to dryness. The residue
was taken up in ds-benzene and excess TMSI (four drops) was added. The mixture was
heated to 75 °C for 24 hours then stripped to dryness. The residue was extracted in

pentane and filtered to yield a bright red solution which yielded crystals at -35 °C.
Yield: 30.7 mg (1.76 x 10°° mol), 15.6% based on [U(COT®P®2)(CpPMefy(THF)].
MS (EI): m/z = 827 (100%, [U(COTESPI2(OTMS)I]" - SiCHs), 1741 (1%, M*).

'H NMR (dg-benzene, 303 K): & 176.5 (s, br, 2H, COT-CH), 159.1 (s, br, 2H, COT-
CH), 52.0 (s, br, 9H, TMS-CHjs), 48.7 (s, br, 9H, TMS-CHs), -11.4 (s, br, 18H, 'Pr-
CHs), -11.8 (s, br, 18H, 'Pr-CHs), -12.8 (s, br, 2H, COT-CH), -13.8 (s, br, 2H, COT-
CH), -19.8 (s, br, 18H, 'Pr-CHjs), -20.3 (s, br, 18H, 'Pr-CHj), -26.6 (s, br, 6H, 'Pr-CH),
-27.2 (s, br, 6H, 'Pr-CH), -148.8 (s, br, 2H, COT-CH), -152.5 (s, br, 2H, COT-CH).

2Si{*H} NMR (ds-benzene, 303 K): & -149.3 (SiRs), -154.5 (SiRs3).
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4.6.17 Synthesis of [{U(COT®P™2)(cpPMe4},11-S)] (4.18)
Method A:

A solution of [U(COT®P2)(CcpPe4)(THF)] (90.5 mg, 1.04 x 10™ mol) in toluene (2
mL) was cooled to -78 °C and degassed. To this solution was added two mole
equivalents COS via Toepler line. The mixture was slowly warmed to room temperature
and a colour change from purple to brown was observed. The mixture was stirred for 24
hours then all volatiles were removed in vacuo. The residue was filtered in pentane and

crystals of 4.18 were obtained at -35 °C.

Yield: 46.3 mg (2.86 x 10 mol), 55.0% based on [U(COT®"P32)(CpPMe4)(THF)].

Method B:

A mixture of [U(COT®"™32)(Cp”™e4)(THF)] (197.5 mg, 2.28 x 10* mol) and
triphenylphosphine sulfide (72.0 mg, 2.45 x 10™ mol) were cooled to -78 °C and toluene
(5 mL) was added. The mixture was warmed to ambient temperature and a colour
change from purple to brown was observed within minutes. The mixture was stirred for
24 hours then all volatiles were removed in vacuo. The residue was extracted in pentane
and filtered then solvent and triphenylphosphine were sublimed away from the product
at 80 °C at 10”7 mbar. The complex was extracted in pentane and filtered to give a

saturated solution from which crystals were obtained at -35 °C.

Yield: 126.3 mg (7.79 x 10 mol), 68.4% based on [U(COT®P2)(Cp”™e4)(THF)].
Anal. calc (found) for CggH120P2SSisU,: C 50.41 (50.495), H 7.47 (7.333)%.

IR (NaCl): 2942, 2889, 2864, 1463, 1380, 1260, 1224, 1146,1071, 1022 cm™.

'H NMR (dg-benzene, 303 K): & 77.2 (s, br, 2H, COT-CH), 43.8 (s, br, 2H, COT-CH),
12.2 (s, br, 6H, Cp-CH3), 1.9 (s, br, 2H, COT-CH), 0.3 (s, br, 18H, iPr-CHg), 0.1 (s, br,
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36H, 'Pr-CHs), -0.6 (s, br, 6H, 'Pr-CH), -0.7 (s, br, 6H, 'Pr-CH), -2.0 (s, br, 18H, 'Pr-
CHg3), -6.4 (s, br, 6H, Cp-CH3), -22.8 (s, br, 6H, Cp-CHj3), -33.6 (s, br, 2H, COT-CH),
-47.2 (s, br, 6H, Cp-CHs), -48.4 (s, br, 2H, COT-CH), -81.4 (s, br, 2H, COT-CH).

2°Sif*H} NMR (ds-benzene, 303 K): & -94.3 (Si'Prs), -123.2 (Si'Prs).

31p£IHY NMR (dg-benzene, 303 K): & 1669.4 (br, wy, = 432 Hz, P-ring).

4.6.18 Reactivity of [{U(COTEP22)(Cp”Me)1,-S)]with CO,.
Method A:

A solution of 4.18 was prepared from reaction of [U(COT®™2)(Cp™e"(THF)] (176.4
mg, 2.04 x 10 mol) and triethylphosphine sulfide (31.3 mg, 2.08 x 10™ mol) over
seven days. All volatiles were removed in vacuo and triethylphosphine was sublimed
away from the product at 60 °C at 10 mbar. The complex was extracted in pentane and
filtered to give a crude solution which was degassed at -78 °C. To this was added excess
carbon dioxide (2.36 x 10™ mol), and the mixture was warmed resulting in a
yellow/brown  solution. NMR spectroscopy illustrated the formation of
[{U(COTEP2)(Cp™e4)1,(u-CO,S)] 4.19. All volatiles were removed in vacuo, and
the residue was extracted in pentane and filtered. Crystals of 4.19 were obtained at -35

°C.
Yield 17.9 mg (1.08 x 10°° mol), 10.5% based on [U(COT®®2)(Cp™*)(THF)].
MS (EI): m/z = 115 (100%), 1479 (15%, M" - [0,"°CPC4Mey]).

'H NMR (dg-benzene, 303 K): 5 26.3 (2H), 5.0 (br, overlapping), 3.8 (br, overlapping),
-1.5 (br, overlapping), -2.9 (br, overlapping), -4.7 (br, overlapping), -5.5 — -8.0 (br,
overlapping), -10.7 (br, overlapping), -12.8 (br, overlapping), -21.1 (1H), -33.7 (1H),
-60.4 (2H).
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BC{"H} NMR (dg-benzene, 303 K): Resonances could not be assigned.
2°Sif*H} NMR (ds-benzene, 303 K): 5 -98.8 (Si'Prs).

31pLIHY NMR (dg-benzene, 303 K): 8 602.2 (br, Wy, = 123.7 Hz, P-ring).

Method B:

A solution of 4.18 was prepared from [U(COT®P)2)(Cp”™e)(THF)] (17.3 mg, 2.00 x
10° mol) and COS. Once the reaction had reached completion, the mixture was
degassed, cooled to -78 °C and two mole equivalents CO, was added via Toepler line.
The mixture was warmed to room temperature and a subtle colour change from
red/brown to yellow/brown was observed. NMR spectroscopy illustrated the formation
of [{UCOTE™2)(Cp™)},(u-CO,S)] (4.19) and [{U(COTEP)(Cp™)} (p-
CO,S){U(COTEPR2y (1.0t 0,CPC4Mes)}]  (4.20) . All volatiles were removed in
vacuo, and the residue was extracted in pentane and filtered. Crystals of 4.20 were

obtained at -35 °C.
Yield: 4.5 mg (2.63 x 10 mol), 26.3% based on [U(COT®"™®2)(Cp™*)(THF)].
MS (EI): m/z = 115 (100%), 961 (45%, [U(COT®P®2)(Cp™*)]* + [0,"*CPC4Me4])

'H NMR (dg-toluene, 303 K): & 6.0 (br), 5.1 (br), 3.1 (br, overlapping), 2.9 (br,
overlapping), 1.2 (br), -5.2 (br, overlapping), -5.3 (br, overlapping), -5.4 (br,
overlapping), -6.8 (br), -7.3 (br).

BC{"H} NMR (dg-toluene, 303 K): Resonances could not be assigned.
2°Sif*H} NMR (dg-toluene, 303 K): & -79.9 (Si'Prs), -90.3 (Si'Prs).

31pfIH} NMR (dg-toluene, 303 K): & 716.6 (br, wy, = 88.5 Hz, P-ring), 54.7 (d, “Jcp =

26.9 Hz, phosphacarbonate-P).
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CHAPTER 5: STERIC EFFECTS OF THE FIVE-MEMBERED RING

5.1 Introduction

The terms ‘steric effects’ or ‘steric properties’ have seen a great deal of attention in the
literature for several decades as chemists have tried to gain a better understanding of the
consequences of changing functional groups on a molecule of choice. In organometallic
chemistry, the effects of size are often used as a justification for the observed chemistry,
whether anticipated or unexpected. In some instances the rationale is evident, and no
further evidence is required to persuade peers. However, in some cases the alteration of
a functional group can lead to indecision about the type or degree of change that has
taken place. As a consequence, chemists have spent the last four decades developing
methods for evaluating the steric properties of their complexes in a quantitative way so

that they can better understand and predict their reactivity."

Earliest studies were carried out by Tolman, who required a numerical definition for the
size of phosphine ligands when coordinated to a nickel centre.®> Using a physical
representation constructed from space-filling atomic models and an angle measuring
device, the steric parameters were determined. Using the model as a cone with the metal
centre at the apex, the boundaries of the cone were just wide enough to enclose the van
der Waals radii of the outermost atoms (Figure 5.1). This approach was found to have
reasonable accuracy (x 2° error) for phosphine ligands where the R groups have limited
flexibility. However, in cases where the substituents possess internal degrees of
freedom, the model assumed the ligand ‘packed’ into the smallest cone possible, leading
to substantial errors of up to 10°. In addition, further studies into the effect of cone
angle against strain energy found that a better relationship between cone angle and
ligand dissociation was obtained when the strain energy was close to zero.* A second

problem with this method is that it didn’t cater for unsymmetrical phosphine ligands.
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The model was therefore adjusted to generate the ‘effective cone angle’, which is the
averaged sum of each half cone angle, as defined by Equation 5.1. This method was
also used in the calculation of chelating ligands, whereby 6;/2 is the angle between one

metal—phosphorus bond and the bisector of the phosphorus—metal-phosphorus angle.

Equation 5.1 The effective cone angle, calculated from the half angle of each

substituent.

228 A 228 A

Figure 5.1 A pictorial representative of the cone angle (left) and the effective cone
angle (right) for a phosphine ligand bonded to a nickel atom, whereby the phosphorus-

nickel distance is set to 2.28 A.>*

Despite the improved model and the adjustments made for the effects of strain within
the ligand, Tolman reported that this method contained many flaws.? Firstly, there is
variation in the metal-phosphorus bond length, which whilst accounting for a difference
of £ 4° in the cone angle, is not a significant error when compared to the variation in

cone angle due to uncertainties in the measurements. Secondly, it was observed that the
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angles around the phosphorus atom are generally distorted from a perfect tetrahedron,
and this distortion can sometimes be enhanced by changes in the crowding around the
ligand. A third aspect is that the model assumes a cylindrical ligand, which allows no
overlap with another ligand. However, in order to achieve higher coordination numbers
substituents have been known to ‘mesh’, allowing for more ligands to fit around a metal

centre than is predicted by the model.

Since then, several models based on experimental and computational methods have
been established with varying degrees of success. Brown developed a molecular
mechanics model which calculates the ligand repulsive energy, Egr, based on van der
Waals interactions of phosphine and phosphite ligands with a Cr(CO)s binding site.’
Hirota and co-workers used molecular mechanics to define a steric constant for organic
substituents, Qs,>" and Coville and co-workers developed an algorithm for calculating
the solid angle, Q, as a function of distance from the metal centre.® *° These and other

11-14

methods all have their own advantages and disadvantages and several reviews cover

the models and their applications.™>*°

In 2006 an algorithm was released that calculates the steric parameters of ligands with
more accuracy.'” Unlike previous methods which often employed unspecified van der
Waals radii and were only used to compare the size of one ligand vs another without
consideration of other coordinating ligands, the ‘Solid-G’ software utilises atomic radii,
which are smaller than the van der Waals radii published by Bondi,™® but are larger than
covalent radii. This allows more accurate values to be obtained when looking at ligand-
ligand interactions. It also removes the variation found in van der Waals radii that arises

from the environment in which the atom resides.

By building on Coville’s definition of the solid angle, which is described as the
‘measure of shadow’ cast on the surface of a sphere by the ligand if the metal at the
centre were a source of light, Solid-G calculates the solid angle, Q (Equation 5.3),

using the surface area of a sphere (Equation 5.2).2" As the maximum solid angle is 4,
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the solid angle can be converted into the percentage shielding of the sphere, or the ‘G-
parameter’ using Equation 5.4. The values obtained for the area of shadow can be
calculated either by the coordinates obtained from XRD analysis of single crystals, or

from the coordinates calculated by molecular mechanics.

A = 4mr? Equation 5.2
A .

0= = Equation 5.3

G =100 Equation 5.4

Equation 5.2 (top) the surface area of a sphere; Equation 5.3 (middle) calculating the
solid angle, Q; and Equation 5.4 (bottom) converting the solid angle into the G-

parameter (percentage shielding).®*’

There are several advantages of the Solid-G software over other algorithms/models
available. Firstly, expressing the G-parameter as a percentage enables straightforward
comparison with other ligands around the metal centre, as well as informing the analyst
of the number of such ligands that can fit around the metal. This feature also allows the
sterics of several ligands to be evaluated simultaneously so that both individual ligands
and the complex as a whole can be viewed in terms of the shielding. Secondly, the G-
parameter is independent of ligand size, shape and hapticity, allowing facile comparison
of chelating ligands with monodentate ligands. Additional features of the software
include the calculation of unfavourable contacts, and calculation of the overlap

parameter, Gy, which describes the amount of ‘meshing’ that occurs between
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substituents/ligands and is especially useful when a complex contains functional groups

with several degrees of freedom.

Due to the nature of the algorithm there is scope for variation in the values obtained,
particularly with regard to conformational changes that the ligand can adopt. This is
especially true when calculating G-parameters from crystallographic data where the
effects of lattice packing, solvent and temperature can influence the atomic coordinates.
Similarly with molecular mechanics calculations, the number of conformations

calculated will affect the range and standard deviation of the steric values obtained.

Since the release of Solid-G, many research groups have employed its use for evaluating
the steric properties and effects on reactivity in a quantitative manner. One application
of the algorithm is its use in determining the steric effects on catalysis. Holland and co-
workers used both this method and the %V, parameter (percent buried volume
parameter calculated using SambVca)'® to evaluate the effects of altering carbene
substituents on palladium complexes used in Sonogashira coupling reactions.® The
%Vy,r parameter calculated was found to be unreliable for these complexes because the
calculation only measures the sterics within 3.5 A of the metal centre, and the
substituents that were being studied were positioned over 6 A away from palladium.
The G-parameter however, effectively showed the changes in overall shielding of the
metal centre, and the values obtained correlated well with reactivity studies, showing
that increasing the sterics on the carbene ligand increases the catalytic activity. Similar
results were also obtained for palladium catalysts with phosphine ligands, which had
previously found the cone angle model inaccurate for evaluating the steric parameters,?
and in tris(carbene)borate complexes of nickel nitrosyl, which found that bulkier ligands

stabilised low-coordination numbers without blocking the metal centre.?

Other studies by Holland and co-workers on iron(l11) imido complexes supported by di-
and tri-substituted p-diketiminate ligands found that there was only a slight increase in

the G-parameter from 62.2 to 63.8% on exchange of di-iso-propyl substituents on the
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phenyl ring for triphenyl substituents (Figure 5.2).* However, the observed reactivity
with hydrocarbons is significantly increased because the shape of the binding pocket is
altered due to increased bending in the imido Fe-N-C angle. The good correlation
between ligand size/shape and catalytic reactivity has given rise to studies which aim to
design ligands with particular steric and electronic properties in mind.** Molecular
mechanics calculations are also being used to track changing steric properties in
intermediates in order to gain a better understanding of how changing the sterics

changes reactivity.”

FeLPh? @ Fel P
| |

R
NHR R=R'= “R=R=ph EF_iFJ NHR
KreL =1

Figure 5.2 The iron(I111) complexes supported by B-diketiminate ligands and their

relative rate constants for comparable hydrogen atom transfer reactions.”®

Solid-G has also been employed to explain crystallographic features. For a pyridine-2-
tellurenyl chloride complex the small degree of shielding (28.1 and 28.3% for each
telluride centre) results in dimerisation of the complex and a shortening of Te---Cl
intermolecular contacts (Figure 5.3). The combination of these effects increases the
shielding of each metal centre to approximately 73%.%® Contrastingly, calculations of
the shielding in bimetallic molybdenum complexes with a silicon-containing linker
showed that a trimetallic complex could not be synthesised as the silicon atom was

already shielded by over 95%.%’
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Other studies of the scandium complex [Sc(q™®)sH] (g™ = 2-methyl-8-quinolinolate)
found that only two of the four ™ ligands could chelate to the scandium centre whilst
the other two were monodentate (Figure 5.3).® Overall, the shielding in this complex
is almost 90% with approximately 28% arising from each bidentate ™ ligand and 18%
arising from each monodentate g™ ligand. It was also observed that one of the ligands

has a proton coordinated to the nitrogen atom in order to maintain neutrality.

N  HC=CH
VIO I O-
RO™ /T X T\ ""OR
o VAT

N A
H‘/ \N

Clm—Co—=C]|

Figure 5.3 The pyridine-2-tellurenyl chloride complex (top left), bimetallic
molybdenum complex (top right), scandium quinolinolate complex (bottom left) and the
cobalt pyrazole complex (bottom right). The atoms for which G-parameters were

calculated are shown in bold.?*?°
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Further research by Guzei has found that subtle changes in the steric shielding can lead
to unusual interactions. Crystallographic studies of dichlorobis(3,5-di-tert-butyl-1H-
pyrazole-kN2)cobalt(I) have shown that there are two N-H---Cl intramolecular
hydrogen bonds within the complex, interactions which are not seen with related
complexes (Figure 5.3).%% This is due to the tert-butyl groups increasing the shielding
parameter of the ligand by approximately 3%, preventing the formation of

intermolecular bonds.?®

The steric parameters of lanthanide complexes have also been investigated to determine
how altering the lanthanide metal causes changes in ligand conformation. Studies by
Fukin and co-workers found that reaction of LnCl; with two equivalents of the lithium
guanidinate ligand resulted in the formation of a bimetallic complex with bridging
chloride ligands for the larger lanthanides, but the formation of a lanthanide ate-

complex for the smaller lanthanides (Figure 5.4).%

(Me3Si)2N>_‘ >/ \( \<N(5|Me3)2

(Me3Si),N >/
>»NT

N

\ |\\CIIII
L|

N

Q

Figure 5.4 Synthesis of lanthanide guanidinate complexes from LnCl;.
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Studies of analogous bimetallic lanthanide hydride complexes showed the guanidinate
ligands have an eclipsed arrangement for the larger lanthanides (neodymium, samarium
and gadolinium) but a staggered conformation for the smaller lanthanides (yttrium,
ytterbium and lutetium).®* This is justified by a decrease in the lanthanide radii
shortening the Ln-Ln and Ln-ligand distances. The ligands therefore impart more
shielding on the metal centre and the changing orientation allows the release of steric
stress. Another feature noted with these complexes is that the overlap parameter, Gy,
increases as the lanthanide becomes smaller in order to reduce the overall shielding.
Furthermore, monomeric lanthanide guanidinate complexes bearing
bis(trimethylsilyl)amide ligands feature agostic C-H---Ln interactions, which are
illustrated in the molecular structures by short Ln—C contacts (Figure 5.5).% This has
the effect of increasing the G-parameter of these ligands by up to 10%, providing a

significant increase in the total shielding.

Me;Si
Cy. 3
MesSis, ,N"",,, N—SiMe;
N— Y ---Me
vessi” W N e
4 / \
Cy
M63Si Me

Figure 5.5 A monomeric yttrium guanidinate complex illustrating the agostic C—H---Y

interaction (dashed lines) between the metal and the ligand.*?

Comparison of the values obtained for all the complexes studied show that the overall
shielding in mono- and bis(guanidinate) lanthanide complexes lies in the range of 85 —

88%, and that tris(guanidinate) complexes lie in the range of 84 — 92%, This illustrates
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that achieving an optimum level of steric saturation is a key feature of lanthanide

complexes.*

Other studies on lanthanide complexes have been used to determine the extent of
ligand-ligand interaction. For NdIs(PrNH,)4 it was found that the Nd—I bond lengths
(3.1130(2) — 3.1711(2) A) are longer than the corresponding Nd—I distances in
NdIz(THF),4 (3.0714(4) — 3.1468(4) A) in order to achieve a similar degree of shielding.
It was therefore concluded that there are less non-bonding ligand-ligand interactions in
the amine complex when compared to the THF complex due to the elongation of the

Nd—I bonds.*

5.2 Calculating the steric parameters

As demonstrated by the above examples, there is considerable scope for study using the
Solid-G algorithm, in terms of explaining the properties of a complex and its reactivity.
It was therefore deemed an appropriate method for evaluating the steric properties of the
mixed-sandwich complexes discussed in Chapter 2. In order to achieve the best
overview of the steric properties, all mixed sandwich complexes incorporating the
COT®P2 Jigand and a five-membered aromatic ring were evaluated. In some cases
however, comparison of [U(COT®™®2)cpNMety] (2.5) with other complexes was

inappropriate because dimerisation in the solid state was expected to give biased results.

Analyses of the base-free complexes and THF adducts have been kept separate due to
the variation in values as a consequence of THF coordination, and where appropriate,
values for 2.5 have been compared with both the THF adducts and base-free complexes.
This is illustrated in Figures 5.10 and 5.11 (vide infra). Values for 2.5THF must be
considered approximate due to the limitations of XRD data but have been included for
comparative purposes. All G-parameters calculated for the complexes and individual

ligands are included in Appendix II.
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5.3 Steric effects on molecular structures

At first glance of the crystallographic data in Appendix Il, there appeared to be a
correlation between the size of the five-membered ring and the Cp—U-COT angle
(measured for the centroids of each ligand). When these data were plotted however,
there was a fair correlation for the THF adducts but no correlation for the base-free
complexes (Figure 5.6). Comparison of the G-parameters obtained for the complexes
with the Cp—U-COT angles also gave rise to similar results. The only observed
correlation pertaining to the Cp—U-COT angle related to the G-parameter for THF,
which showed that as the G-parameter decreases (and U-THF bond length increases),

the angle increases.

170
165
160 ooe

150

Cp-U-COT Angle /°

145 .

“ l...

135 T T T T 1
20 25 30 35 40 45

G-parameter of CpR /%

Figure 5.6 Comparison of the calculated G-parameters for substituted cyclopentadienyl
rings (Cp®) with the Cp—U-COT angle for base-free complexes excluding 2.5 (blue
dots, y = 0.5299x + 137.5, R? = 0.09) and THF-adducts (red squares, y = 0.4923x +

127.4, R? = 0.35).
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It was also observed that despite keeping the COT®"3?

ring constant, the G-parameter
for this ligand varied from 48.4 to 54.1% and normalisation of the U-COT distance to
2.28 A only increased the variation (40.6 — 48.8%). The cause of variation was
hypothesised to arise from the slight bending of the silyl groups away from the uranium
centre caused by partial sp® character of the aromatic ring. Changes to the degree of sp®
character would therefore give rise to significant variation in the perceived size of the
ligand. In addition, the iso-propyl groups possess several degrees of freedom, a feature
which highlights the limitations of using XRD data, as other conformations of these

substituents present in solution and at varying temperatures are not accounted for in the

calculations.

To observe the effect of partial sp® character for the COT ring carbons, the Ct—C-Si

angles were compared to the COT®!P32

G-parameters (Figure 5.7). These data show a
strong correlation, and fair correlation is also observed when the aforementioned
substituent angle is compared to the U-COT distance (Figure 5.8), illustrating that

shorter uranium carbon bonds result in less sp® character in the aromatic ring carbons.

The same features were also expected of the five-membered rings. However, the
differing substituents on these ligands make comparison with U-C(cyclopentadienyl)
distances inappropriate as the contribution due to the number and size of the
substituents and the degree of sp® character in the aromatic ring would be impossible to

distinguish.
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Figure 5.7 Comparison of the silyl bending angle with calculated G-parameters for
COT®P2 for the base-free complexes (blue dots, y = 0.5058x — 36.74, R® = 0.90) and
THF adducts (red squares, y = 0.4914x — 35.61 R? = 0.95).
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Figure 5.8 Comparison of the silyl bending angle with U-COT distances for the base-
free complexes (blue dots, y = -0.0044x + 2.671, R? = 0.73) and THF adducts (red
squares, y = -0.0016x + 2.247, R* = 0.37).
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Further analysis of the COT G-parameters showed that with decreasing U-COT
distances the shielding increases. A less expected result however, is that the COT G-
parameters show some dependence on the Cp® G-parameters (Figure 5.9). It is
therefore postulated that there is an ideal steric saturation in these complexes as was
observed by Fukin and co-workers for lanthanide complexes (vide supra).®** For the
mixed sandwich complexes, this is remediated by the coordination of THF in the

smaller complexes, bending of the substituents away from linearity and varying the

uranium-ligand distance.
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Figure 5.9 Comparison of the CpR G-parameter with the COT®""32 G-parameter for
the base-free complexes excluding 2.5 (blue dots, y = -0.2927x + 61.10, R? = 0.53) and
THF adducts (red squares, y = -0.4742x + 62.79, R? = 0.58).
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5.4 Steric effects on reactivity

The primary purpose of calculating the G-parameters was to provide a quantitative
measure of how altering the steric saturation around the metal centre affects the
observed reactivity with small molecules. As observed from the previous work by Cloke
et al. and the reactivity studies of the mixed-sandwich complexes discussed in Chapter
3, varying the size of the cyclopentadienyl ring alters the reactivity with small
molecules.®** Arranging the ligands in ascending order of the G-parameter (Figure
5.10) allows both guantitative comparison of the ligands and the formulation of a trend
for the observed small molecule reactivity. This could be useful for the synthesis of

other complexes, which could be tailored with particular sterics (and reactivity) in mind.

Comparison of the ligand G-parameters in Figure 5.10 shows the shielding varies from
24 to 40% as the number and the size of the substituents increases. However there is
some variation in the values obtained for the THF adducts and base-free complexes
[U(COT®PP2)(Cp*)(THF),] and [U(COT®™2)(Cp™®“)(THF),] due to the coordination

of the solvent molecule.

Another point to note is the subtle change in sterics upon changing E in Cp=** from C
to a heteroatom. In the series CpM** < Cp™e* < Cp™e* < Ccp”Me4 < CpM* (Cp*), the G-
parameter increases by 0.21 to 0.46% as E increases in size. This increase may affect
the reactivity observed with small molecules. However the observed non-innocence of
the Cp™** ligands prevents conclusive deductions about the effects of sterics on

reactivity for these complexes (see Chapter 4).
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Figure 5.10 The G-parameter for Cp® in ascending order for the base-free complexes
(blue) and the THF adducts (red). The pyrrolyl ligand in [U(COT®P™2)(cpNMe] (2.5)

is shown in grey.
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For some complexes, it is also observed that there is a significant degree of ‘meshing’,
evidenced by larger values of Gy, which gives rise to less steric saturation than would
otherwise be expected. This is exemplified by [U(COT®™P2)cpNM4)(THF)] (2.5),
which has an overlap parameter of 0.61%, giving rise to its displacement in the series
and the impression of an anomalous result (Figure 5.11). Contrastingly,
[U(COT®P32)(cpMe4Et)] exhibits no ligand meshing and has a Geompiex Value which is
almost 3% lower than [U(COT®"P®2)(Cp*)]. It is postulated that this is due to the
increased sp® character of the COT ring carbon atoms, as the Ct-C-Si angles for
[U(COTEP2)(cpMe*EY]  (170°) bear resemblance to the larger complexes,
[U(COTEP2)(cpMeBZ)]  and  [U(COTE P2 (Cp®iP¥2)] These results  further
demonstrate that caution must be applied to the interpretation of results obtained from
crystallographic data, as degrees of freedom exhibited in solution and at varying

temperatures cannot be modelled.

Analysis of the steric parameters of [U(COT®™2)(cpNM*4)] (2.5) supports the idea of
an ideal degree of steric saturation. Due to dimerisation it would be anticipated that each
metal centre would be shielded to a greater extent than the other complexes. Whilst this
is the case when looking at the dimeric unit, calculations illustrate that the pyrrolyl ring
is the smallest of all the five-membered rings with the exception of the Cp™*® ligand due
to lengthening of the U-Cp distance (2.548(3) — 2.567(3) A). This coupled with the
longest U-COT distances (1.967(3) — 1.975(3) A) and most acute Cp—U—-COT angles
(138.55(10) and 138.57(11)°) partially counteracts the increase in the Geomplex Value, so
that the metal exhibits ca. 91% shielding. Whilst these values are almost 10% higher
than the G-parameter for [U(COT®"P2)(Cp*)], they are only 2 — 3% higher than those
obtained  for  the  three  largest  mixed-sandwich ~ complexes  and

[U(COTE™2)(Cp*)(THF)].
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Figure 5.11 The G-parameter (Gcompiex) for the mixed-sandwich complexes in ascending

CpMe
Cp®Be
CpNMed
CpMet
CpPMed
CpAsMed
CpMes
CpNMed

order for the base-free complexes (blue) and the THF adducts (red). The pyrrolyl ligand
in [U(COT®P22)(cpNMeh] (2.5) is shown in grey. The paler colour represents the total

shielding (G) and the darker colour represents the overlap parameter (Gy).
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Overlaying the results obtained from carbon monoxide reactivity studies with the
calculated Cp® G-parameters shows that within the [U(COT®"P™2)(Cp®)] series, any
Cp" ligand that provides more than 35% shielding of the uranium centre precludes
reductive activation, and that optimum results are obtained for ligands within the 28 —
31% range (Figure 5.12, Table 5.1). Given that [U(COT®")2)(cpMe4EY] gives rise to
the ynediolate complex contaminated by the deltate complex, it is anticipated that a
ligand which provides shielding in the range of 31 — 35% would give rise exclusively to

the ynediolate complex.®

Comparison of carbon monoxide reactivity with values of Geompiex hOwever is more
difficult because of the anomalous result obtained for [U(COT®P2)(CpM*EY], and the
differing values obtained for THF adducts and base-free complexes. However, it can be
ascertained that for the base-free complexes, no reaction occurs when the G-parameter
is greater than 86%. Conversely, if the uranium centre is less than 82% shielded there is

insufficient steric saturation to stabilise an oxocarbon product and the complex

decomposes.
\\\\\\O C=C- OI/I,
Ul 1L U
[ \O C_C_\_O/ ]
[U]\O/[U] squarate
0X0
cOo, co wO=C
- [U] > U< /O >C=0—[U
U, [ U]
\\\\Q\
U \:C:O deltate
PIN 7570~
(@)
[U—O—C=C—0—[U]
carbonate

ynediolate

Figure 5.12 Summary of the observed reactivity with CO and CO, for the uranium(lIl)
mixed-sandwich complexes studied, with the exception of [U(COT®P2)(cpEMe4)] (E

=N, P or As), where [U] represents [U(COT®P2)(CpR)(THF),].
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R Geomplex Goor Outc%rré;e with VCJil#]c%rgi
Me 86.64 23.97 unknown unknown
‘Bu 81.14 28.28 decomposition carbonate
Me, 88.56 28.56 squarate carbonate
Mes 83.42 30.71 deltate carbonate

Me.Et 80.41 30.85 y”e‘éi;'tzttee and “”riﬁi‘;r;ltj:;e"
'Buj, 86.22 35.14 no reaction 0X0
N'Bu; 8712 35.81 no reaction 0X0
Me,SiMe; 86.61 35.98 no reaction 0X0
Me,'Pr 88.56 37.54 no reaction 0X0
'Bus 89.44 39.56 no reaction 0X0
(Si'Prs), 88.26 39.73 no reaction 0XO0
Me,Bz 88.44 39.96 no reaction 0X0

Table 5.1 Comparison of the shielding parameter G with the observed reactivity for
[U(COTEP2)(cpRy] complexes, where R # EMes (E = N, P or As). All values of G are
given for the base-free complexes except when R = Mejsand R = Me, where values

obtained from the THF adduct are shown in italics.

An exception to the trend arises with [U(COT®P2)(cpNMe4)], which despite having
the highest degree of steric saturation is reactive towards carbon monoxide. However, it

was observed during the course of the reactivity studies that the mixture required
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heating to initiate, and that the reaction proceeded at a slower rate than the
corresponding phospholyl and arsolyl analogues even when heated to 100 °C. It can
therefore be concluded that steric saturation still plays a pivotal role in the reactions

with the heterocyclic mixed-sandwich complexes.

Reactivity with carbon dioxide can also be compared to the steric saturation of the
complexes. In this case, all ligands that impart less than 31% shielding give rise to the
bridging carbonate complex, and all ligands with greater than 35% shielding give rise to
the bridging oxo complex (Figure 5.12, Table 5.1). An exception is
[U(COTEP™2)(cpMe*EY] which gave rise to an unidentified mixture of species.®
However, in order to obtain a clearer understanding of the steric saturation required for
the switch from carbonate to oxo to occur, a ligand that is more sterically saturated than
CpMe*Et (30.85%) but less than Cp™“? (35.14%) would be required. This would bridge
the large gap observed in the Geompliex Values (Figures 5.10 and 5.11) and would also

provide further insight into carbon monoxide reactivity.

Studies of [U(COT®™M®2)(CpR)] complexes by Cloke and Tsoureas have shown the
same dependence on sterics regarding the activation of carbon monoxide and carbon
dioxide.***® However, whilst calculation of the G-parameters was carried out for these
complexes by the author, disorder of some of the structures precluded meaningful

comparison with the results discussed here.

5.5 Summary

The G-parameters calculated for the mixed-sandwich complexes synthesised by Cloke
et al. reveal trends pertaining to the molecular structures and the observed reactivity
with carbon monoxide and carbon dioxide. Despite this, anomalies in the data illustrate
the shortcomings of using XRD data for the calculations. The data also reveal a sudden

increase in the sterics of the mixed-sandwich complexes around the upper limit of
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carbon monoxide reactivity and illustrate that more studies are needed to find the

precise shielding value that would preclude reactivity.

5.6 Computational details for Chapter 5

The G-parameter was calculated using the Solid-G algorithm, based on the surface area
of a sphere.}” G-parameters were calculated for all individual ligands (COT®P®2 cpR
and THF) and Gcomplex- Values for the overlap parameter, Gy, were obtained by
summation of the individual G values less Geompex. All calculated values, their
comparison with XRD data and error analyses are given in Appendix Il. For the purpose
of consistency hydrogen atoms were included in all the calculations. Where there is
disorder in the XRD data or multiple complexes in the unit cell, the G-parameters have

been calculated for all variants and the average value or range quoted.

G-parameters were calculated for the given XRD data and for normalised data, where
the central atom (in all cases uranium) is set to 2.28 A from a geometrical centre (COT
or Cp centroids, THF oxygen atoms or n-pyrrolyl nitrogen atoms). Normalised values
have not been discussed as the overall trends from both sets of data are the same but the

results from these calculations are included in Appendix Il.

Analyses of the base-free complexes and THF adducts were kept separate due to the
variation in values as a consequence of THF coordination, and where appropriate,
values for [U(COTE"P™2)cpNMe4)] were compared with both desolvated and solvated

complexes.
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CHAPTER 6: STUDIES TOWARDS A URANIUM(I1) METALLOCENE

The key to life is to have high hopes and no expectations.

6.1 Introduction

Uranium in the +2 oxidation state was, until recently, unisolable. The reductive
chemistry exhibited by uranium(l1l) complexes led to the belief that a uranium(ll)
complex would not only be a more powerful reducing agent, but would donate two
electrons per uranium centre and therefore facilitate an even broader range of reductive

transformations.

Despite the recent synthesis of two anionic uranium(ll) complexes (Figure 6.1), a
neutral, formal uranium(l1) complex has yet to be reported."* Evans et al. also reported
that [K(crypt)][U(CpS™®)s] cleaves dihydrogen to yield the uranium(lll) anionic
complex [K(crypt)][UH(Cp>™®3)s], however further reactivity studies have yet to be
published." It is therefore still desirable to synthesise a neutral uranium(11) complex by

using sterically demanding cyclopentadienyl ligands.

[K(crypt)]* [K(crypt)]*

Figure 6.1 The two ionic uranium(ll) complexes.*?
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6.2 Synthesis of bis(cyclopentadienyl)uranium(l11) iodides

6.2.1 Synthesis and characterisation of [{U(Cp™"9)2}2(u-1)2] (6.1)

As detailed in Chapter 2, 6.1 was observed as a side product in the synthesis of
[U(COT®P™2)(Cp®¥2)] (2.2). However, direct synthesis could be achieved by reaction
of Ul; with two equivalents of K[Cp®*’] (Figure 6.2). The *H NMR spectrum of 6.1
exhibits three broad resonances corresponding to two ring-proton environments at 85.8
and -68.5 ppm and a tert-butyl resonance at -4.2 ppm. Mass spectrometry and

microanalysis were consistent with the proposed formulation.

2.1 K[Cp'BU2| \ 1IN /
s THF, RT g Q% ;U\: /éjzU :
6.1

Figure 6.2 Synthetic route to [{U(Cp™"?)2}2(p-1)2] (6.1).

XRD analysis of 6.1 (Figure 6.3) revealed eclipsed cyclopentadienyl rings and a planar
U,l, core, which has U-I bond lengths and U-1-U angles that are similar to
[{(COTEP2)U(OSiMes)}a(p-1)2] (4.17) and fall within the range of values reported in
the literature (U—1 3.0764(12) — 3.3768(7) A, U-I-U 99.23(1) — 103.551(13)° and I-U-I
76.449(13) — 79.58(9)°).>° A similar complex synthesised by Cloke et al.,

[{UPNEP32)(Cp*)}(p-1),], exhibits slightly longer uranium-iodide distances
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(3.1997(8) to 3.3584(9) A) and more acute 1-U—I angles (70.98(2) and 71.46(2)°).°
These differences may be attributed to the larger size of the pentalene ligand relative to
the cyclopentadienyl ligand, which encourages longer U-I distances in order to

minimise steric crowding.

Figure 6.3 ORTEP view of 6.1 with thermal ellipsoids at 50% probability; hydrogen

atoms have been omitted for clarity.

Several structures of the type [{(CpF).U}2(u-X)2] have previously been reported.
[{(Cp™®"?),U}(u-Cl),], synthesised by Andersen and co-workers, has very similar U-Ct
distances to 6.1 (2.517(8) and 2.515(7) A) with variation in the U-X bond distances and
angles arising from the smaller halide.” This is also true for [{(CpE™®2),U}(u-X),]
complexes (X = Br, Cl or F) and further demonstrates that the U-U distance shortens as
the halide becomes smaller (4.335(7) A for Br, 4.357(1) A for Cl and 3.8505(9) A for

F).29
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Distances (A)
Cti-U; 2.5154(6) Cty-U; 2.5210(6) CtzU,  2.5110(6)
Ct,-U, 2.5145(6) Ul 3.1894(11) U—l;  3.1929(11)
U, 3.1990(11) Upl, 32113(11)  Ui-U,  4.93430(18)
Angles (°)

Ct;-U—Ct, 123.71(3) Ct;-U,—Cty 123.97(3) Ui-1h-U, 101.27(3)

Us—1-U, 100.66(3) 1-U—1, 79.15(3) U1,  78.92(3)

Table 6.1 Bond lengths, distances and angles for 6.1. Ct; — Ct, are the centroids for the

Cp™*? ligands.

6.2.2 Synthesis and characterisation of [{U(Cp®""?),},(u-1),] (6.2)

Following the successful synthesis of 6.1, the larger analogue, [{U(Cp®"F2),},(u-1),]
(6.2) was prepared. However, despite the steric crowding imposed by the substituents,
three different samples were isolated, including the base-free complex (6.2), the THF
adduct, [UI(CpE™™2),(THF)] (6.2THF), and the DME solvated ate-complex,

[U(Cp®™P2),1,K(DME),] (6.2DME, Figure 6.4).

6.2THF was obtained as a bright green complex from a solution of Ul; and K[Cp®)?]

in THF. However, removal of the coordinated solvent molecule proved difficult and
was achieved either by heating the residue in vacuo (10° mbar) at 100 °C, or by
removal of toluene in vacuo from a crude solution at the same temperature. However
both methods of desolvation were ineffective for large quantities of the complex and
rarely removed all traces of THF. Repetition of the reaction in other ethereal solvents

resulted in the formation of the ate-complex [U(Cp®"F™?),1,K(DME),] (6.2DME) from
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DME, and the desired base-free complex [{U(CpE™2),},(u-1).] (6.2) from diethyl

ether. NMR spectroscopy revealed 6.2, 6.2THF and 6.3DME are dynamic in solution,

illustrating that the bulky substituents do not impede rotation of the Cp"""? Jigands at

ambient temperature.

21 K[Cp(SiiPr3)2]
Et,0, RT,96 h

21 K[Cp(SiiPrS)Z]

THF, RT, 24 h

21 K[Cp(SiiPI’3)2]

L
Y

DME, RT, 24 h

'PrgSi @ﬂp@
'PrsSi Uz U SilPr; 6.2
SiPry  'PrgSi
106 mbar
SiPrs 100 °C
iP@Siﬁ/
\ “\\\O
> u“\ 6.2THF
X
'Pr3Si )
Si|Pr3
SiiPr3
iPr Si N
3 O/>
\ “‘\\\\IIII,,". '/
U< : 6.2DME

K
v

O
\ \O\O/
iPrgsi%\ d \)

Siiprg

Figure 6.4 Synthetic routes to [{U(Cp©F™®2),]5(p-1)2] (6.2).

6.2.2.1 Molecular structure of [{U(Cp©F2),},(p-1),] (6.2).

There are two notable features about the solid-state structure of 6.2 in comparison to 6.1

and other [{(Cp")2U}»(u-X)2] complexes (Figure 6.5). Firstly, the cyclopentadienyl

rings are not eclipsed due to

distances to remain at ca. 2.5

steric repulsion of the silyl groups. This allows the U-Ct

A, although has given rise to obtuse Ct-U—Ct angles. The
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second feature of this complex is that the iodides lie 0.4341(5) A below the plane,
thereby maintaining the normal bond lengths and angles within the unit despite the

increased sterics of this complex.

Sis
Siz \ l
,_. . ’Y(‘\\
y / (‘tl " Y] ‘\\(.t3 Jt !
] g Si6
Siy ;
Ui / \ AU, Sis
\,;/; \ ) 7 Si3 7 (‘t4 ; ;Ag
\ct | 14 AN
=il I, Y
Sy Si7 I

Figure 6.5 ORTEP view of 6.2 with thermal ellipsoids at 50% probability; hydrogen

atoms and Cp iso-propyl groups have been omitted for clarity.

Distances (A)

Ct;-U; 2.5038(5) Ct-U; 2.5154(5) Ct;-U; 2.5184(5)

Ct,~U, 2.5094(5) U1 3.1961(7) U1y 3.1938(7)

U1, 3.2364(7) U1, 3.1846(7) U-U,  4.9099(6)
Angles (°)

Ct—U—Ct, 128.225(17) Ct;-U,Ct, 130.047(17) Up-I:-U, 100.420(19)

Ui—I-U; 99.751(18) 1-Ui-I, 77.382(17) I-U—l,  78.166(17)

Table 6.2 Bond lengths, distances and angles for 6.2. Ct; — Ct, are the centroids for the

Cp®P?2 [igands.
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6.2.2.2 Molecular structures of [UI(CpE™™2),(THF)] and [U(Cp©P™2),1,K (DME),]

Single crystals of 6.2THF and 6.2DME were obtained by cooling saturated pentane
solutions to -35 °C. 6.2THF was solved with two molecules in the unit cell (Figure

6.6), and 6.2DME exhibited a mirror plane (Figure 6.7).

Si
Sl] / ;l _
LA /
Uy
\H §
\( tz
\‘ l \. 513
Sig

Figure 6.6 ORTEP view of 6.2THF with thermal ellipsoids at 50% probability;
hydrogen atoms and Cp iso-propyl groups have been omitted for clarity. Selected bond
distances (A) and angles (°): U;—Ct; 2.5274(3), 2.5132(3); U;—Ct, 2.5170(3), 2.5201(3);

Us—1; 3.0673(5), 3.0554(5); U;—0; 2.534(4), 2.557(5); Ct;—U;—Ct, 123.612(12),

122.795(12).

Comparison of 6.2THF and 6.2DME with the base-free complex shows a marginal
increase in the U-Ct distances and a large decrease in the Ct-U—Ct angles, so that these
complexes bear more resemblance to 6.1. The U-I distance in 6.2THF is slightly
shorter than the other complexes as the iodide is terminal instead of bridging. The
angles within the Ul;K core are also more distorted than in the cores of 6.1 and 6.2 due
to the longer potassium-iodide contacts. Other uranium halide ate-complexes have also
been structurally characteried.®® XRD analysis of [(Cp®™®?),UCL,Li(THF),] and
[(Cp®™Me2),UCI,Li(pmdta),] show both complexes have a planar UCLLi unit and

staggered Cp conformations.
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Figure 6.7 ORTEP view of 6.2DME with thermal ellipsoids at 50% probability;
hydrogen atoms and Cp iso-propyl groups have been omitted for clarity. Selected
distances (A) and angles (°): U;—Ct; 2.52954(14); Us—I; 3.1350(2); Ki—I; 3.3993(8);
U:1—K; 4.73608(6); Ct;—U;—Ct; 123.909(12); U;—11-K; 92.816(13); 1;-Us—1, 91.596(8);
1.-Us—1,82.77(2).

6.2.3 Cyclic voltammetry of [{U(Cp®*®).}a(u-1)2] (6.1) and [UI(CpSP2)y(THF)],
(6.2THF)

As the U"V/U" redox couple for mixed-sandwich complexes is already very negative
(ca. -2.1 V vs [FeCp,]™), it was anticipated that the U"'/U" redox couple would occur
at a potential more negative than -2.5 V, and might occur outside the electrochemical
window of the ["BusN][PFs]/THF medium. Studies of 6.1 and 6.2THF were conducted
under comparable conditions and sections of the cyclic voltammograms are shown in

Figure 6.8.
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Figure 6.8 Cyclic voltammograms of 5.0 mM solutions of 6.1 (bottom) and 6.2b (top)

in 0.05 M ["BusN][PFg]/THF at 100 mVs™, showing the first cycle only.

Both complexes exhibit an irreversible half-wave close to the solvent breakdown.
Repeated scans between -2.8 and -3.5 V gave rise to loss of the half-wave and fouling of
the working electrode, illustrating the instability of the observed species. As a
consequence the potentials at which these processes occur can only be considered
approximate, although Ep. values were found to be ca. -3.4 V vs [FeCp,]™° for
[{U(CP®*3)s}2(u-1);] and in the region of -3.1 to -3.4 V for [UI(Cp®P™?),(THF)]. If
these processes correspond to the U"'/U" redox couple, their highly negative potentials
illustrate that the uranium(ll) oxidation state will highly reactive (for example towards

solvents) and as a consequence may not be isolable.
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6.2.4 Calculating the G-parameter for bis(cyclopentadienyl)uranium(l11) iodides

One of the main considerations when choosing an appropriate cyclopentadienyl ligand
for a uranium(Il) metallocene is the steric properties imposed by the substituents. As
previous calculations illustrated the larger size of the Cp®"*™? ligand in comparison to
Cp™“? (Chapter 5), it was considered that 6.2 might provide the additional steric
stabilisation required. However, XRD studies have shown that despite the size of this
ligand, coordination of solvent molecules, and dimerisation of the base-free complex
still occurs, illustrating that this complex is not coordinatively saturated. Calculations of
the G-parameter, for the four complexes and their ligands discussed thus far are

presented in Table 6.3.

6.1 6.2 6.2THF 6.2DME
Geomplex 91.06-91.14 95.21-95.36  92.83 -93.65 95.35
Gy 0.48-0.54 3.86 -4.97 1.17-1.41 0.00
Gepr 31.74-32.01 33.44-35.88  34.79-36.07 36.30

Giodide 10.15-10.32  9.98-10.37 11.27-11.38 10.73-10.76

GthE - - 12.09 - 12.49 -

Table 6.3 The steric parameters, G, calculated for 6.1 and 6.2, including values for the
individual ligands and the overlap parameter, Gy. All values are expressed as a

percentage, and a range of values is given where more than one value was obtained.

The values for the G-parameter show that the shielding in all the complexes is high,

with [{U(Cp®™™2),},(u-1),] (6.2) and 6.2DME exhibiting the most sterically protected
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metal centres. This further rationalises the differences in the molecular structures for
[{U(CP™®*2),}2(u-1)2] (6.1) and [{U(CPEP2),},(u-1),] 6.2 in regards to a non-planar
core and staggered cyclopentadienyl rings. It is also observed for 6.2 that the silyl
substituents are able to mesh effectively, thereby lowering the values of Geomplex by Up

to 5%.

Analysis of the only monomeric complex, [UI(Cp®""™2),(THF)] (6.2THF), illustrates
that the U-l and U-Cp bonds are shorter and the overlap parameter is reduced in
comparison to 6.2 in order to compensate for the size difference of THF vs a second
[U(Cp®™)2),),1] unit. The degree to which the ligands shield the metal is illustrated by
the space-filling model in Figure 6.9, which shows small scattered areas in which the
metal complex exhibits no shielding (no colour). These results demonstrate the
conformational changes complexes undergo in order to maintain an ideal steric
environment. It is therefore difficult to conclude whether the steric parameters of 6.1
and 6.2 are sufficient to stabilise a uranium(ll) metallocene, as it is anticipated that
conformational changes would arise in order to fill the coordination sphere to

compensate for the loss of the iodide and solvent ligands.

Figure 6.9 Three space-filling views of 6.2THF. The Cp®"*? [igands are represented
by yellow and green shadows, THF is shown by the red shadow and the iodide ligand is
illustrated by the purple shadow. White areas between the ligands represent parts of the

metal centre that are not shielded.
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6.3 Reactivity of [{U(Cp")2}a(n-1)2] with reducing agents

(SiiPr3)2 5

Although there is insufficient evidence to suggest that the sterics of the Cp
Cp™“? ligands are large enough to sterically protect a uranium(ll) centre, reactivity of
these complexes with reducing agents was explored. The electrochemical data suggest
that the U"'/U" redox couple is in the order of magnitude of the M*/M redox couples for
the alkali metals, and potassium based reducing agents were therefore employed for

these reactions.!

6.3.1 Attempted reduction of [{U(Cp®™™2),},(u-1);] (6.2)

Attempts to reduce 6.2 with potassium graphite or sodium-potassium alloy were
unsuccessful and the results varied according to the stoichiometry of reducing agent
employed. With one mole equivalent, little change was observed and the resulting
solution predominantly contained the uranium(l1l) complex with traces free Cp®'P™)2
ligand. However as the stoichiometry of reducing agent was increased the degree of
decomposition increased until the Cp®"*™)? ligand was the only characterised species
remaining in solution. Repetition of these reactions with [UI(Cp®™"™)2),(THF)] and
[U(Cp®™P)2),1,K(DME),] yielded similar results with the formation of dark solutions

from which crystals of the sodium/potassium salt of the cyclopentadienyl ligand were

obtained.

6.3.2 Reactivity of [{U(CptBuz)g}g(u-l)z] (6.1) with potassium graphite

Addition of potassium graphite to a solution of 6.1 resulted in a gradual colour change

from green to olive. Monitoring the reaction by NMR spectroscopy illustrated the

tBu2

quantitative conversion of [{U(Cp~)2}2(u-1)2] to a new complex (6.3) over several
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days (Figure 6.10). This complex was identified crystallographically as [U(Cp™“?)],

possibly formed by the reduction of [{U(Cp™"%);}»(u-1)2] and disproportionation of
[U(Cp'™®*?),]. This species can alternatively be synthesised by salt metathesis of Ul and
K[Cp™"?], however the isolated yields from this reaction are poor (<10%) and synthesis
of 6.3 by reaction of 6.1 with potassium graphite was the more efficient route (29%

yield with respect to Uls).

e N

U U U

é E I/i % toluene

Figure 6.10 The synthesis of [U(Cp'™®*?)4].
6.3.1.1 Characterisation of [U(Cp'®"?)3] (6.3)

6.3

The *H NMR spectrum of 6.3 displays three resonances corresponding to two ring
proton environments at 26.3 and -16.0 ppm and a tert-butyl resonance at -11.2 ppm.
Mass spectrometry also confirmed the formulation of 6.3; however characterisation by
microanalysis repeatedly yielded low values of carbon and hydrogen as the complex
was found to slowly decompose in the absence of solvent. Single crystals of 6.3 were
obtained by slow cooling a saturated pentane solution to -35 °C and selected data are

presented with Figure 6.11.
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Figure 6.11 ORTEP views of 6.3 from the side (left) and top (right) with thermal
ellipsoids at 50% probability; hydrogen atoms have been omitted for clarity. Selected
bond distances (A) and angles (°): U;—Ct; 2.5657(3), U1—Ct; 2.5807(3), U;—Ct3
2.5635(3), U1—-Cp 2.729(3) — 2.939(3), Ct;—U;—Ct, 119.883(13), Ct;—U;—Cts
119.691(13), Ct,—U;—Ct; 120.426(13).

Seven other [U(CpF)s] complexes have been published, all of which exhibit ca. 120°
Ct-U-Ct angles in order to maintain maximum separation of the rings and their
substituents.” " It is observed that as the number and size of the substituents increase
the U-Ct and U-C(Cp) distances increase, however the degree of ring slippage appears
to be dependent only on the number of substituents so that a symmetrical ring such as
Cp* exhibits slightly less slippage (U:—C, 2.813(2) — 2.920(5) A) than Cp®™M#¥? (U,-C,,
2.741(11) — 2.86(1) A). An analogous cerium complex, [Ce(Cp™“?)s], also exhibits a
similar structure with a ca. 120° Ct—Ce—Ct angle but less ring slippage than 6.3 (Ce;—C,
2.766(8) — 2.929(7) A).18
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6.3.3 Reactivity of [{U(CpF)2}2(u-1)2] with potassium graphite in the presence of a Lewis

acid

It was speculated that the formation of [U(Cp™"?)3] from [{U(Cp®™"?),}2(u-1)-] proceeds
via a uranium(l1) species, which then disproportionates to yield 6.3 and uranium metal.
If this were the case it was postulated that the uranium(ll) complex could be trapped by
the addition of a Lewis acid. This could result in the formation of an adduct, whereby
the uranium centre donates electron density to the acid in order to stabilise the +2
oxidation state. Alternatively the transient uranium(l1) species could reductively activate
the Lewis acid to yield a uranium(lI1) or uranium(IV) complex. Attempts to trap an
intermediate using excess CO were unsuccessful and either resulted in the formation of

tBu2)3

contaminated [U(Cp ] or led to decomposition. Therefore alternative Lewis acids

were considered.

The propensity for group 13 molecules to accept electron density from Lewis bases is
well documented and a small borane was therefore considered a good choice of
electron-acceptor to trap a uranium(Il) species. Reactivity of [{U(Cp'®"?),}»(u-1),] with
potassium graphite and BH3-THF gave rise to the formation of multiple species which

tBU2)3

included a significant yield of [U(Cp ]. Separation of these species by filtration and

crystallisation resulted in the formation of a borane/borohydride containing complex,

[{U(Cp™®*?),}2(u-BH,)2] (6.4, Figure 6.12) which was dimeric in the solid state.

; '\é ' KCg, BH3- THF E %é X

— B
¥ u ~
E % i\l/i? j toluene ;\éB

6.1 6

Figure 6.12 Reactivity of [{U(CptBuz)g}z(u-l)z] with BH3-THF and potassium graphite.
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Applying the same reaction conditions to [{U(Cp®™?

)2}2(u-1)2] gave rise to the
formation of one or more new species, evidenced by two boron resonances at 211 and
181 ppm, and two silicon resonances at 109 and 124 ppm. Mass spectrometry however
showed a peak at m/z = 1007, indicating the formation of an analogous
borane/borohydride species [{U(Cp®""™2),},(1-BHy),] (6.5). Further characterisation of

this species was precluded by the complex mixture of products in solution.

Boranes have seen limited use in organoactinide chemistry. However, reactions of
BHs3- THF with [UCp3X] complexes, where X is an amide, alkoxide or alkyl ligand,
illustrate the formation the borohydride complex, [CpsU(BH,)] by migratory insertion
of borane into the U-E bond (E = N, O, or C), followed by o-bond methathesis.'*?!
Few uranium(I11) borohydride complexes have been reported, and the closest analogues
to 6.4 are the dimeric tetramethylphospholyl complexes, [(Cp™**),U(BH.)] and
[(Cp™M*)(Cp*)U(BH4)].2*** However, the samarium complex, [{(Cp*)2Sm}a(p-
AlMey,),], bears the most structural resemblance to 6.4, and was synthesised by reaction
of the samarium(I1) metallocene with AlMes.” The synthesis of 6.4 therefore represents
a method for the synthesis of novel organouranium complexes derived from group 13

Lewis acids.

6.3.3.1 Characterisation of [{U(Cp™"%),}2(1-BHy)2] (6.4)

NMR characterisation of 6.4 revealed four proton environments corresponding to the
cyclopentadienyl resonances and the BHy unit. However the linewidths and overlap of
these resonances precludes assignment of all but the tert-butyl environment and inhibits
definitive assignment of x in the BHy unit. Mass spectrometry confirmed the
formulation of 6.4 with a parent ion at m/z = 607. However, whilst this value indicates a

borohydride unit, the exact value of x cannot be inferred using this method.
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XRD analysis of 6.4 was complicated by twinning, which was present in samples
obtained from several solutions. The data must therefore be treated with a degree of
caution; however the molecular structure is shown to be dimeric, with BHy units
perpendicular to the [U(Cp™“%),] fragment (Figure 6.13). The BH, moieties appear to
be in-plane with the uranium atoms, and the cyclopentadienyl ligands are eclipsed
giving rise to a structure that is very similar to the iodide precursor. Approximate U-B
distances in this complex lie in the range of 2.9 — 3.2 A, which are comparable to both
terminal uranium borohydride complexes (2.489(17) — 2.921(11) A) and bridging
uranium borohydride complexes (2.85(3) — 2.88(3) A).?*" However, the nature of the

BH, unit cannot be inferred from these data.

Figure 6.13 Olex2 view of 6.4 with thermal ellipsoids at 50% probability for carbon
and uranium atoms and isotropic boron atoms; hydrogen atoms have been omitted for

clarity.
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6.4 Synthesis of a uranium tetraphenylborate complex

An alternative strategy for synthesising a uranium(ll) species involved synthesis of a
uranium(l11) cation, which may or may not coordinate the tetraphenylborate counterion.
The steric properties of such cationic species could also be evaluated and compared to
the uranium(l11) iodide precursors, thereby providing further evidence of the suitability

(or otherwise) of these ligands for the synthesis of a uranium(ll) metallocene.

Uranium(l11) tetraphenylborate complexes are known in the literature, and studies by
Evans et al. on the synthesis of the [(Cp*),U]" moiety illustrate that in the presence of a
coordinating solvent, discreet ions are formed (Figure 6.14).” However in the absence
of the solvent, uranium interacts in an n'-fashion to two of the phenyl rings in order to

Me4d

saturate its coordination sphere. The Cp™" " analogue was also synthesised but only

coordinates through one phenyl ring via an n*-interaction.”

o Fop &K
Koy Kok

28,29

Figure 6.14 Three bis(cyclopentadienyl)uranium tetraphenylborate complexes.

6.4.1 Reactivity of [{U(CpF)2}2(u-1)2] with potassium benzyl and [NEtsH][BPh,]

The three complexes discussed above were synthesised by protonolysis of the
uranium(111) alkyl complexes, [(CpF),UMe,K].%>?° An adaptation of this methodology
was therefore employed in the attempted synthesis of a bis(cyclopentadienyl)uranium

cation. The strategy outlined in Figure 6.15, was to replace the iodide ligand with a
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benzyl moiety, which could then be protonated to yield toluene and the desired cationic

complex.

Py

R R
RQ/ Rﬁ/ Rﬁ/
KBz [EtzNH][BPh,]
Uy—I —> U _— U
toluene toluene
R R R
R R

Figure 6.15 Synthetic route to [U(Cp®)2][BPh,] complexes, where R = 'Bu or Si'Prs.

¢

-1 [BPhy]

Characterisation of the benzyl complexes was not achieved due to difficulties in
obtaining analytically pure samples. Nevertheless, the second step of the reaction was
undertaken using the crude material from the reaction. Addition of [NEt;H][BPh,] to the
solutions in dg-toluene gave rise to changes in the NMR spectra over several days.
Identification and characterisation of the Cp™“*-based complex was not achieved,
however, XRD analysis of crystals of the Cp>""-based product revealed the loss of one
of the cyclopentadienyl rings to vyield a mono(cyclopentadienyl)uranium

tetraphenylborate complex, [(Cp®""™?)U(u-Ph),BPh,] (6.6) in 60% vield (Figure 6.16).

. iPr3Si
'Pr3S| SilPrg _
Si'Pr3

IPI‘3S """ L IR ) IPI‘3 (I) KBZ' toluene > Q
\I/ (i) [EtNH][BPh,] @

'Pr3Si

toluene B

Figure 6.16 Synthesis of [(Cp®""™2)U(u-Ph),BPh,)].
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6.4.1.1 Characterisation of [(Cp®"™®2)U(u-Ph),BPh,]

The *H NMR spectrum of a solution of 6.6 was complicated due to the number of
overlapping resonances. However a single silicon resonance at -104.5 ppm illustrated
that the complex is dynamic in solution. Microanalysis of the complex supported the
formulation, and the mass spectrum showed two peaks at m/z = 770 and 1100 for M" -
BPh, and M* + BPh; respectively. Attempts to determine the presence of a hydride
bound to the uranium centre were inconclusive by these methods and infrared

spectroscopy, due to the number of absorption bands between 1350 and 1500 cm™.

The molecular structure of 6.6 could only be partially refined due to twinning, but
illustrates n°-interactions of the two coordinated phenyl moieties which are positioned
between the silyl substituents in order to fill the coordination sphere (Figure 6.17). The
complex also has a trigonal planar geometry of aromatic ligands around the metal

centre, and the uranium atom lies on this plane.

Comparison of this structure with the two base-free complexes synthesised by Evans
illustrates that the m’-interaction in [(Cp™**),U(u-Ph)BPhs] has longer U-Cp, bond
lengths than 6.6 (2.868(4) — 2.957(5) A) and the non-coordinating atoms in the bridging
phenyl ring have U-Cpy, distances in excess of 2.99 A.?° Similar distances are observed
in [(Cp*),U(u-Ph),BPh], whereby the two n'-bound phenyl rings have U-Cp, bond
lengths of 2.857(8) and 2.879(9) A, whereas the adjacent carbon atoms have U—Cpy
distances of 3.137(8) — 3.166(8) A.?® These interactions give rise to variation in the

arene C—C bond lengths which range from 1.377(12) to 1.411(11) A
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Figure 6.17 ORTEP view of 6.6 with thermal ellipsoids at 50% probability; hydrogen
atoms have been omitted for clarity. Selected bond distances (A) and angles (°): U-Ct;
2.4623(9); U-Ct, 2.4184(10); U-Ct32.4272(9); U1—B1 3.567(16); U1—Cp 2.749(16) —
2.8323(10); Cpn—Cpn 1.3900(2) — 1.390(15);Ct;—U-Ct, 119.30(3); Ct;—U—Ct; 125.43(4);
Ct,-U-Ct3115.21(3).

Non-activated uranium monoarene complexes in the literature have similar U-Cp,, bond
distances to 6.6 (2.729(3) — 2.964(3) A).2*** Inverse-sandwich complexes however,
illustrate the activated arene rings exhibit shorter U-Cpy, bond lengths (ca. 2.532(2) —
2.749(10) A) due to a strong &-interaction.**** However the arene C—C distances show
little variation from the free arenes, and the maximum elongation was reported to be ca.
0.07 A, illustrating that the assignment of the oxidation state of uranium in these

complexes cannot be based on the uranium-phenyl interactions or the arene C—C bond

distances alone.*?

DFT analysis was performed by Professor Maron using the hybrid functional B2PW9L1.

These calculations indicate that the ground state of 6.6 has 65% U®" character,
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comprised of three f orbitals and one f+d orbital. There is also a significant contribution
(35%) of U®" character, from three f orbitals and one m*(tetraphenylborate) orbital

(Figure 6.18).

HOMO-9 HOMO-11

Figure 6.18 The calculated MOs for 6.6
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These studies illustrate that assignment of an oxidation state is not trivial, and that in
order to complete characterisation of 6.6, further studies are required. Investigation of
the magnetic properties of this complex as a function of temperature would give further

information on the ground state of this complex.

6.5 Summary

The results discussed herein demonstrate that although a uranium(Il) metallocene was
not synthesised, uranium(l11) complexes exhibit interesting reactivity in the presence of
reducing agents. Attempts to trap intermediates in these reactions gave rise to the
formation of bridging borane/borohydride complexes and illustrate the potential for
novel uranium-based fragments to be synthesised under optimum conditions. Attempts
to synthesis a bis(cyclopentadienyl)uranium(l1l) cation also failed to yield the expected
complex and the formation of [(Cp®""™®?)U(u-Ph),BPh,] was instead observed. This
complex warrants further characterisation, but could be used to yield organouranium

complexes based on the [(Cp®""™2)U] unit.

6.6 Experimental details for Chapter 6

6.6.1 Synthesis of [{U(Cp™*?),}o(u-1)2] (6.1)

To a mixture of Ul; (0.600 g, 0.970 mmol) and K[Cp'™“?] (0.4216 g, 1.95 mmol) was
added THF (100 mL) at ambient temperature. A bright green suspension was formed
instantaneously and the mixture was stirred for six hours. The residue was dried in

vacuo then extracted in toluene, filtered and crystallised from toluene at -50 °C.

Yield: 0.458 g (0.318 mmol), 65.7% based on Uls.
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Anal. calc (found) for Cs,HggloU,: C 43.40 (43.777), H 5.88 (6.078)%.
MS (E1): m/z = 719 (100%, [UI(Cp™"%),)).

'H NMR (dg-benzene, 303 K): & 86.2 (s, br, 2H, Cp-CH), -4.2 (s, br, 36H, 'Bu-CHj),
-68.8 (s, br, 4H, Cp-CH).

6.6.2 Synthesis of [{U(CP®™™2),},(u-1),] (6.2)

To a mixture of Ul (1.221 g, 1.973 mmol) and K[Cp®"™?] (1.670 g, 4.007 mmol) was
added diethyl ether (150 mL). The mixture was stirred for 72 hours over which time a
slow change from a suspension of dark and pale solids to a bright green solution was
observed. The residue was stripped to dryness then extracted in pentane, twice filtered

and crystallised from pentane at -35 °C.
Yield: 1.344 g (0.600 mmol), 60.7% based on Uls.
MS (EI): m/z = 335 (100%), 1118 (< 1%, M").

'"H NMR (dg-toluene, 303 K): & 67.3 (s, br, 1H, Cp-CH), -2.0 (s, br, 6H, 'Pr-CH), -4.7 (s,
br, 18H, 'Pr-CHg), -5.9 (s, br, 18H, 'Pr-CHjs), -38.7 (s, br, 2H, Cp-CH).

2°Sif*H} NMR (ds-toluene, 303 K): & -100.5 (Si'Prs).

6.6.3 Synthesis of [UI(CpEP™®2),(THF)] (6.2THF)

To a solution of Ul; (0.643 g, 1.04 mmol) in THF (30 mL), was added K[Cp©F®?]
(0.871 g, 2.09 mmol) to yield [UI(Cp®"P™®?),(THF)] and KI precipitate after 24 hours.
The residue was dried in vacuo then extracted in pentane, filtered via cannula and

crystallised at -35 °C.

Yield: 0.828 g (0.694 mmol), 66.8% based on Uls.
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Anal. calc (found) for CsoHggOISisU: C 50.36 (50.178), H 8.28 (8.195)%.
MS (E1): m/z = 335 (100%), 1119 (< 1%, M* -THF).

'H NMR (dg-toluene, 303 K): & 57.9 (s, br, 1H, Cp-CH), -0.8 (s, br, 6H, 'Pr-CH), -1.7 (s,
br, 18H, 'Pr-CHg), -3.2 (br, 22H, 'Pr-CHs, THF), -9.1 (s, br, 4H, THF), -39.7 (s, br, 2H,

Cp-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -106.2 (Si'Prs).

6.6.4 Synthesis of [U(Cp©P™2),1,K(DME),] (6.2DME)

To a mixture of Ul (302 mg, 0.488 mmol) and K[Cp®"™)?] (416 mg, 0.998 mmol) was
added DME (20 mL) at room temperature. An instantaneous colour change to bright
green was observed. The mixture was stirred for 24 hours then dried in vacuo. The
residue was extracted in pentane, filtered via cannula and recrystallised from

pentane/DME at -35 °C.
Yield: 342.9 mg (0.234 mmol) 47.9% based on Uls.
MS (EI): m/z = 1119 (100%, M* - KI(DME),).

'H NMR (dg-toluene, 303 K): 5 57.8 (s, br, 1H, Cp-CH), 4.0 —-1.0 (br, overlapping, 'Pr-
CH, 'Pr-CHz, DME), -43.5 (s, br, 2H, Cp-CH).

2Sif*H} NMR (ds-toluene, 303 K): & -115.9 (Si'Prs).

6.6.5 Synthesis of [U(Cp'™®“?)3] (6.3)

A solution of [{U(Cp™*?),}x(u-1)2] (60 mg, 4.2 x 10° mol) in toluene (15 mL) was
added to sodium/potassium alloy (14 mg, 0.10 mmol) in toluene (2 mL) at -78 °C. The

solution was warmed to ambient temperature and stirred for five days during which time
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dark solids precipitated. Filtration of the olive solution and analysis by NMR illustrated
quantitative conversion to 6.3. Rigorous drying of the residue and cooling of a saturated

pentane solution yielded crystals at -35 °C.

Yield: 14.1 mg (1.83 x 10™ mol), 44% based on [{U(Cp™"))2}o(u-1)]2.
Anal. calc (found) for C39Hg3U: 60.84 (60.059), H 8.25 (8.106)%.
MS (EI): m/z = 147 (100%), 769 (15%, M").

'"H NMR (dg-toluene, 303 K): & 26.3 (s, br, 3H, Cp-CH), -11.2 (s, br, 54H, 'Bu-CHj),
-16.0 (s, br, 6H, Cp-CH).

6.6.6 Synthesis of [{U(Cp™“9)2}2(BH,)]2 (6.4)

A solution of BH3-THF (0.7 mL, 1.0 M in THF) was diluted in toluene (20 mL), then
added to a mixture of [{U(Cp'™®"?),}»(u-1)2] (234.6 mg, 1.63 x 10™* mol) and KCg (51.2
mg, 3.79 x 10 mol) at -50 °C. Additional toluene was added (20 mL) and the mixture
was allowed to warm to ambient temperature. The mixture was stirred for seven days
then all volatiles were removed in vacuo. The residue was extracted in pentane and
filtered to yield a crude solution of 6.3 and 6.4. Crystals of 6.4 were obtained from

saturated pentane solutions at -35 °C.
Yield: 57.5 mg (4.74 x 10”° mol), 29.0% based on [{U(Cp'™®"?),}»(u-1)2].
MS (El): m/z = 57 (100%, 'Bu), 607 (12%, [U(Cp'®"2),BH,]).

'H NMR (dg-benzene, 303 K): & 73.7 (br), 61.7 (br), -4.1 (s, br, 36H, 'Bu-CHs), -11.7
(br).

UB{'H} NMR (dg-benzene, 303 K): & 462.5 (br, Wy, = 834 Hz, BH,).
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6.6.7 Synthesis of [{U(Cp®™™2),},(BH,)] (6.5)

To a mixture of [{U(CpE"™™2),},(p-1),] (52.0 mg, 2.32 x 10”° mol) and KCs (8.2 mg,
6.06 x 10™ mol) in toluene (5 mL) was added two drops BHz-THF (0.7 ml, 1.0 M in
THF) at -78 °C. The mixture was warmed to ambient temperature and stirred for 24
hours. Removal of all volatiles and dissolution in dg-benzene allowed partial

characterisation of 6.5.
MS (EI): m/z = 761 (100%), 1007 (49%, [U(Cp®"F"¥?),BH,]).
'H NMR (dg-benzene, 303 K): Resonances could not be definitively identified.

UB{'H} NMR (dg-benzene, 303 K): § 211.7 (br, wy, = 374.1 Hz, BH,), 181.1 (br, wy, =
251.5 Hz, BH,).

2°Sif*H} NMR (ds-benzene, 303 K): & -109.1 (Si'Prs), -123.8 (Si'Prs).

6.6.8 Synthesis of [(Cp®""™?)U(BPh,)] (6.6)

To a mixture of [{U(Cp®™2),},(u-1),] (150.3 mg, 6.71 x 10° mol) and KBz (18.3 mg,
1.40 x 10™ mol) was added pentane (15 mL) to give a teal/black solution with orange
solids. The mixture was stirred for three days to give an olive/green solution, which was
filtered via cannula then stripped to dryness to give an olive residue with a crude yield
of 133 mg. To this was added [EtsNH][BPh4] (56.9 mg, 1.35 x 10" mol) and toluene (7
mL) to form a suspension. The mixture was stirred for three days then stripped to
dryness. The brown residue was taken up in pentane, filtered then cooled to -35 °C. Dull

brown microcrystalline solids of 6.6 were obtained from a red/brown supernatant.
Yield: 76.0 mg (8.13 x 10°° mol), 60.7% based on [{U(Cp®"™2),},(u-1),] .
Anal. calc (found) for C47HgsBSi,U: C 60.37 (60.611), H 7.01 (7.412)%.

MS (EI): m/z = 59 (100%), 770 (11%, M" - BPhy), 1100 (2%, M* + BPh,).
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IR (NaCl): 2943, 2890, 2865, 1700 — 1500 (br), 461, 1433, 1383, 1363, 1316, 1241,
1185, 1071, 1040, 1015 cm™.

'H NMR (dg-benzene, 303 K): & 11.9 (br, 1H), 5.8 (br, 2H), 4.0 (br, overlapping), 3.4
(br, overlapping), 3.0 (br, overlapping), 0.7 (br, 1H), -0.2 (br, 2H), -1.2 (br, 2H), -1.8
(br, 2H), -2.1 (br, 2H), -2.4 (br, 2H), -2.9 (br, 1H), -4.2 (br, overlapping), -4.6 (br,
overlapping), -5.4 (br, 2H), -6.0 (br), -6.6 (br, 6H), -8.1 (br, 1H), -8.4 (br, 1H).

UB{'H} NMR (ds-benzene, 303 K): & 1.3 (br, overlapping, BPh,), 0.8 (br, overlapping,
BPhy).

2Sif*H} NMR (ds-benzene, 303 K): 5 -104.5 (Si'Prs).
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APPENDIX I: GENERAL EXPERIMENTAL DETAILS

Al.1 General Procedures

The manipulation of air- and moisture-sensitive compounds and their spectroscopic
measurements were conducted using standard Schlenk techniques® under an atmosphere
of nitrogen or argon, or in a MBraun glovebox under nitrogen or argon atmospheres (O,
and H,O levels <1 ppm). Nitrogen and argon gases were supplied by BOC Gases UK,
and argon was catalytically dried and deoxygenated by passing through a column
containing BASF R3-11(G) catalyst and activated 4 A molecular sieves prior to use. All
glassware was dried at 160 °C and cooled under dynamic vacuum prior to use.
Filtrations were conducted using filter cannulae or pipettes equipped with Whatman 25
mm glass microfiber filters, which were pre-dried at 160 °C prior to use. Celite 545

filter aid was pre-dried at 200 °C then flame dried under dynamic vacuum prior to use

Al .2 Purification of Solvents

Solvents were pre-dried over sodium wire for a minimum of 72 hours before refluxing
over drying agents under an atmosphere of nitrogen: sodium/potassium alloy (pentane,
hexane, diethyl ether, petroleum ether 40:60 and tetramethylsilane) potassium (THF,
methylcyclohexane, DME, pyridine and tert-butyl methyl ether), sodium (toluene and
hexamethyldisiloxane) or calcium hydride (DCM and acetonitrile). Dried solvents were
collected, degassed and stored under argon in potassium mirrored ampoules (pentane,
hexane, toluene, methylcyclohexane and hexamethyldisiloxane) or activated 4 A
molecular sieves (DCM, DME, THF, pyridine, diethyl ether and tert-butyl methyl

ether). Tetramethylsilane was stored over activated 4 A molecular sieves at -35 °C.
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Deuterated solvents (ds-benzene, dg-toluene, di,-cyclohexane, ds-THF and ds-pyridine)
were obtained from Aldrich and were freeze-thaw degassed thrice prior to drying by
reflux over potassium for 72 hours. Solvents were vacuum distilled and degassed prior

to storage under nitrogen in a MBraun glovebox.

Al.3 Instrumentation

NMR analysis was undertaken by the author using Varian VNMR5 400 MHz and 500
MHz spectrometers or by Dr 1. J. Day using a Varian VNMR 600 MHz spectrometer.
Chemical shifts are reported in parts per million or 6, and half-height linewidths (ws)
and coupling constrants (J) are reported in Hz. *H and *3C spectra were referenced
internally to the residual protic solvent signals. *'B, *°F, *Si and *'P spectra were
referenced externally to BF;-OEt,, CFCl3; (10%), SiMe4 and H3PO, (85%) respectively.

Heteronuclei NMR spectra were *H-decoupled unless otherwise stated.

Infrared spectra were recorded on a Perkin-Elmer 1600 Fourier Transform spectrometer.
Samples were prepared by evaporation of a solution sandwiched between two NaCl
discs under inert atmosphere. Solution phase IR spectra were recorded on a Mettler-
Toledo ReactlR™ 45 m FTIR system with iC IR 4.1 software. The spectra were
recorded for samples in a gas-tight IR cell under a dinitrogen or reactive gas atmosphere
using methylcyclohexane as the solvent. Background spectra were recorded of the

starting complex at ambient temperature prior to the reaction.

MS-EI spectra were obtained with a VG autospec Fisons instrument at 70 eV, and GC-
MS spectra were performed on a Quattro micro™ GC by Dr A. Abdul-Sada. MS-El
samples were prepared in capillary tubes under inert atmosphere and sealed. Solution
based-samples were prepared in crimp top vials with aluminium caps with PTFE/red

rubber septa under inert atmosphere.
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Elemental analyses were carried out at Mikroanalytisches Labor Pascher in Remagen,

Germany or by Mr Davis at the Microanalytical Laboratoy, University of Bristol.

Cyclic voltammetry studies were conducted under argon by the author using a BASI
Epsilon-EC potentiostat under computer control. iR drop was compensated for by using
the feedback method. All experiments were conducted using a gold disc (2.0 mm?) or
glassy carbon disc (7.0 mm?) working electrode, platinum wire counter electrode and
silver wire pseudo-reference electrode. Ferrocene or decamethylferrocene (ca. 1 mg)
was added to all solutions after initial voltammograms had been obtained to obtain the
[FeCp,]™ reference couple. Samples were prepared by dissolving the analyte (5 — 10
mM) in a solution of supporting electrolyte (5 mM ["BusN][PFs] or ["BusN][B(CeFs)] in

1 ml THF).

Single crystal XRD data were collected by Dr S. M. Roe or the author using a Enraf-
Nonius CAD4 diffractometer with graphite-monochromated Mo K a radiation (A =
0.71073) source or an Agilent Technologies Xcalibur Gemini ultra diffractormer with a
Mo K a radiation (A = 0.71073) source or a Cu K o radiation (A = 1.54184) source and a
Eos CCD area detector. The data were collected at 173 K using an Oxford Cryosystems
Cobra low temperature device and were processed using KappaCCD software or
CrysAlisPro.2 An empirical absorption correction was carried out using the MULTI-
SCAN program.>* Single crystal XRD data for 2.8, 4.3, 4.8, 4.9, 4.12THF, 6.2 and 6.6
were collected by the UK National Crystallography Service at the University of
Southampton,® and an empirical absorption correction was carried out using the

MULTI-SCAN program. Full details of structures are provided in Appendix IV.

Single crystal XRD data were solved by the author and Dr S. M. Roe using SHELXL-
2013,° SHELXL-97,° SHELXT® and SUPERFLIP.” Data were refined using SHELX-
2013 with Olex2 or WinGX software.®® All non-hydrogen atoms were refined with

anisotropic displacement parameters except 2.8, 4.12THF and 4.19. All hydrogen atoms
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were refined using a riding model. Disordered solvent molecules were modelled using

the SQUEEZE™ function in PLATON (4.8) or ‘solvent mask’ in Olex2.?

Al.4 Commercially Supplied Reagents

The following reagents were purchased from Aldrich and used as received:
["BusN][PFs] (electrochemical grade), 'PrsSiOTf, 1,5-cyclooctadiene, KH, AICI;
(reagent grade, 98%), 2-butyne, 2-bromo-2-methyl propane, dibenzo-18-crown-6,
tributylphosphine, P,P-dichlorophenylphosphine, lithium granules (99% under Ar) and

1,4-dichlorobutane.

The following reagents were purchased from Aldrich and purified/dried prior to use,*
and stored under inert atmosphere: CS,, PhsPS, EtsPS, dicyclopentadiene, NaH, MesSil,
MesSiCl and Me3SiOTf. Potassium metal was purchased from Fischer Scientific. The
oxide layer was removed and the remaining metal washed in hexane prior to use. COT
was purchased from Alfa Aesar and stored over 4 A molecular sieves prior to use.
HCp"M** was purchased from Alfa Aesar and degassed before use. Solutions of "BuLi
(ca. 2.5 M in hexanes) were supplied by Acros Organics and titrated to determine the

exact molarity prior to use.

CO (99.999%), H, (>99.999%) and CO, (99.99%) were supplied by Union Carbide and
used with a high-purity regulator. N,O (>99.998%) was supplied by Fluka. Isotopically
enriched gases *CO (99.7%) and '*CO, (99%) were supplied by Euriso-top and

Cambridge Isotopes respectively.

Isonitriles (CNMe and CN'Bu), were kindly donated by colleagues and were stored over
molecular sieves and degassed before use. NaCp, FeCp,, [Fe(Cp*)2], [EtsNH][BPhg],
KBz, and K[N(SiMes),] were also donated by colleagues. KCg and ["BusN][B(CsFs)]
were kindly donated by Professor Cloke. COS (97% Aldrich) was kindly donated by

AsMe4

Professor Meyer and KCp was kindly donated by Professor Nief.
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ALS5 Literature Preparations

The following compounds were prepared according to published procedures: HCp™",**

HCptBU2’13 HCptBU3’13 K[Cp(SiiPr3)2]1l4 K[CpPMe4]115,16 K[NHZ], KZ[COT(SiiPr3)Z],l7 and
Uls.*® KCp™®, KCp™*?, KCp™* and KCp"™e* were prepared by deprotonation of the

neutral ligands with KH in THF/toluene.

Al.6 DFT calculations

DFT calculations were carried out by Professor Laurent Maron at Université de
Toulouse for compound 6.6. The uranium atom was treated with either small core
Stuttgart-Dresden ECPs'®? or the 5f-in-core ECP with their associated basis set
augmented by either sets of g or f polarization functions respectively.?* Carbon, boron
and hydrogen atoms have been described with a 6-31G(d,p) double-{ basis set.?
Calculations were carried out at the DFT level of theory using the hybrid functional
B3PW91.%2 Geometry optimizations were performed without any symmetry restrictions
and the nature of the minima was verified with analytical frequency calculations. Gibbs
free energies were obtained at T = 298.15 K within the harmonic approximation. DFT
calculations were carried out with the Gaussian09 suite of programs.”* CASSCF

calculations were also carried out using the Gaussian03 one.?
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DATA AND ERROR ANALYSIS OF THE G-

APPENDIX

PARAMETERS GENERATED BY SOLID-G

All.1 XRD data and calculated G-parameters
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All.2 Normalised G-parameters from normalised data

Normalised data fixes all U-COT, U-Cp, U-O(THF) and U-N(n*-pyrrolyl) distances to

2.28 A. The G-parameters calculated from this data are compared with the original

XRD data in the table below.
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All.3 Scatter graphs generated from the XRD data and calculated G-parameters
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165
160 °e®

150

Cp-U-COT Angle /°

145 [

“ l...

135 T T T T 1
20 25 30 35 40 45
G parameter of CpR /%

[U(COTE"™2)(Cp®)] - blue

y = 0.5463x + 136.9, R> = 0.073 (all data)

[U(COTE"™2)(CpR)(THF)] - red

y = 0.4923x + 127.4, R® = 0.347 (all data)

No trend is observed between the Cp" G-parameter and the Cp-U-COT angle for the

base-free complexes.

A slight trend is observed between the Cp® G-parameter and the Cp-U-COT angle for
the THF adducts, illustrating that the Cp—U-COT angle increases as the G-parameter for

CpR increases.
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Gcomplex 1%

[U(COT®EP™2)(cpRy] - blue
y =-1.101x + 250.7, R? = 0.111 (all data)

[U(COTE™P2)(Cp®)(THF)] - red
y = 0.9685x + 55.67, R? = 0.368 (all data)

No trend is observed between the values of Geomplex and the Cp—U-COT angle for the

base-free complexes.

A slight trend is observed between the values of Geompiex and the Cp—U-COT angle for

the THF adducts, illustrating that the Cp—U-COT angle increases as Geomplex INCreases.
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145

144

143

142

141

Cp-U-COT Angle /°
|

140

139

2.64 2.66 2.68 2.70 2.72 2.74 2.76

U-THF distance /A

[U(COTE™2)(Cp™)(THF)]
y = 20.70x + 85.48, R? = 0.165 (all data, not shown)
y = 21.22x + 83.61, R? = 0.651 (excluding the outlier {R = Mes})

A reasonable trend is observed between the U-O(THF) distance and the Cp-U-COT
angle for the THF adducts, with the exception of [U(COT®P®2)(Cp*)(THF)]. This
illustrates that the Cp—-U-COT angle decreases as the U-THF distance increases. Cp* is
presumed to cause the outlier due to the symmetrical nature of the ligand precluding a

shorter U-O(THF) bond.
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[U(COTEP™2)(CpRy] - blue
y = 2.762x + 17.35, R? = 0.481 (all data)

[U(COTEPR2)(CpR)(THF)] - red
y = -0.8777x + 184.6, R? = 0.428 (all data)

A reasonable trend is observed for the COT G-parameter and the Cp-U-COT angle for
both types of complex, illustrating that as the COT G-parameter increases the

Cp-U-COT angle also increases.

A slight trend is observed between the values of Geompiex and the Cp—U-COT angle for
the THF adducts, illustrating that as the COT G-parameter increases the Cp-U-COT

angle decreases.
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U-THF distance /A

[U(COTEF2)(Cp®)(THF)]
y = -6.179x + 27.7, R? = 0.0794 (all data. not shown)
y = -5.935x + 26.85, R? = 0.627 (excluding the outlier {R = Mes})

A reasonable trend is observed for the U- (THF) distance and the THF G-parameter
with the exception of [U(COT®"™2)(Cp*)(THF)], confirming that the shielding

decreases and the U-O bond length increases.



290

42 -
[ ]
40 - S
38
S 36 ,“‘.\.\
5 -
2 34 -
=
©
s 32 -
9- [ ]
O 39 - . ] |
LQ)- . ' ______________ = :‘_‘: _________________ .AA__
284 - o W o :
® Py
26 -
24 - .
22
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U-CpR distance /A

[U(COT(S“Prg)Z)(CpR)] - blue
y = -77.21x + 226, R* = 0.296 (all data)

[U(COT®™PR2)(CpR)(THF)] - red
y = 13.21x - 5.118, R* = 0.0969 (all data)

A slight trend is observed for the U-CpF distance and the U-Cp” G-parameter

indicating that the shielding is only partially dependent on the U-Cp distance.

No trend is observed for the THF adducts.
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U-COTSiiPr3)2 distance /A

[U(COTEP2)(cpRy] - blue
y = -84.58x + 212.77, R* = 0.658 (all data)

[U(COTE™P2)(Cp®)(THF)] - red
y = -140.3x + 326.0, R? = 0.531 (all data)

A reasonable trend is observed for the COT G-parameter and the U-COT distance,
illustrating that the decreasing sterics from the COT ring is only partially due to

increasing the U-COT distance.
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[U(COTEP™2)(cpRy] - blue
y = 0.5058x - 36.74, R? = 0.904 (all data)

[U(COTEP2)(CpRY(THF)] - red
y = 0.9545x - 35.61, R? = 0.954 (all data)

A good trend is observed for the COT G-parameter and the Ct-C-Si substituent angle
for both types of complex, illustrating that as the degree of sp® character of the COT

ring increases, the ligand imparts less shielding on the uranium centre.
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[U(COTEP™2)(cpRy] - blue
y = -0.0044x + 2.671, R? = 0.729 (all data)

[U(COTEP2)(CpRY(THF)] - red
y = -0.0016x + 2.247, R* = 0.372 (all data)

A good trend is observed for the Ct-C-Si substituent angle and the U-COT distance for
the desolvated complexes illustrating that as the sp* character of the COT ring carbons

increases the U-COT distance increases.

A slight trend is observed for the Ct—C-Si substituent angle and the U-COT distance for
the THF adducts illustrating that as the sp* character of the COT ring carbons increases

the U-COT distance increases.
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[U(COTEP™2)(cpRy] - blue
y = 0.0600x + 48.02, R* = 0.0139 (all data, not shown)
y = -0.2927x + 61.10, R? = 0.531 (excluding the two outliers {R = NMe4})

[U(COTEP2)(CpRY(THF)] - red
y = -0.4742x + 62.79, R? = 0.581 (all data)

A reasonable trend is observed for the COT G-parameter and the Cp® G-parameter for
both types of complex, excluding the desolvated pyrrolyl complex,
[U(COT®P™2)(cp"Me4] This illustrates that as the Cp® ligand becomes larger the COT
ligand compensates for the increased sterics by increasing the U-COT distance and/or

increasing the amount of sp® character.
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G-parameter for CpR/%

[U(COTEP™2)(cpRy] - blue
y = 0.3471x + 74.40, R® = 0.315 (all data, not shown)
y =0.6911x + 61.62, R® = 0.857 (excluding the two outliers {R = NMe,})

[U(COTE™P2)(Cp®)(THF)] - red
y = 0.4471.5x + 74.96, R® = 0.832 (all data)

A good trend is observed for the Cp® G-parameter and Geomplex for both types of

complex, illustrating that the total shielding increases as the Cp~ ligand becomes larger.
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[U(COTEP™2)(cpRy] - blue
y = -0.5549x + 113.6, R? = 0.205 (all data)

[U(COTE™P2)(Cp®)(THF)] - red
y = -0.4221x + 109.25, R? = 0.252 (all data)

A meaningful trend cannot be determined from these data

56
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[U(COTEP2)(CpR)(THR)]
y =0.211x + 86.06, R? = 0.021 (all data, not shown)
y = -2.704x + 117.6, R? = 0.473 (excluding the outlier {R = Mes})

A slight trend is observed for the THF G-parameter and Geomplex With the exception of
[U(COT®P™2)(Cp*)(THF)], illustrating that as the total shielding increases the G-
parameter for THF becomes smaller, implying that the U-O(THF) distance increases to

compensate for the increased sterics around the uranium centre.
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APPENDIX I1Il: DATA AND ERROR ANALYSIS FOR THE
CALCULATION OF THE EQUILIBRIUM CONSTANT FOR

[U(COT(Sl |F’R3)2) (CPNME4)] .

Alll.l1 Experimental details and data for the calculation of the equilibrium

constant K, and AG

The equilibrium constant and AG were calculated according to:

_ (b2.s7HF)?

Kp = — 0
(bZ.S)(bTHF)
AG = —RTLnK,

with units of kg-mol™ and kJ-mol™ respectively.

The sample was made up using 14.5 mg 2.5 ([U(COT®P2)(cp"Me4)]) and 339 mg d-
benzene. Each data point was obtained by adding a known mass of dg-THF to the

sample and recording the *H NMR spectrum at 30 °C. Data are included below.
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Mass valus are given in kg, n is the number of moles (mol); K is the molality (mol-kg™),

in kJ-mol™.

IS given

kg-mol™ and AG

is given in

Kb
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AlllL.2 Error analysis for the values of relative intensity.

The errors in the data arise from the mass measurements (error in the x-axis) and the

integration of the 'H NMR resonances (y-axis).

The error of the balance used is £0.05 mg. Therefore the error when calculating the

solvent composition in percentage THF is:

(masstyr £0.05)
error in solvent composition = 8he o] %THF

masstyf £0.0 5] [massbenzene
84.15

80.16

The percentage error in each value for x can therefore be calculated as

errorinx
100 X ——
Value of x Errorinx  Percentage Error
0.000 0.0155
0.278 0.0154 0.0554
1.10 0.0151 0.0137
2.65 0.0147 0.00553
3.58 0.0144 0.00402
5.03 0.0140 0.00278
7.13 0.0134 0.00187
9.09 0.0128 0.00141
10.7 0.0123 0.00115
12.3 0.0119 0.000965
14.6 0.0113 0.000772
16.3 0.0108 0.000666
18.0 0.0104 0.000577
19.7 0.00999 0.000508
21.4 0.00956 0.000446
23.1 0.00916 0.000397
25.2 0.00866 0.000343
31.7 0.00722 0.000228
35.9 0.00636 0.000177
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The percentage error values obtained illustrate that the error in the values of x is low,

and therefore would not be seen with error bars.

The error associated with the relative intensity of each resonance is 0.005. However,
significant line broadening gave rise to overlap of several resonances and the errors
associated with the integral values could not be quantified further. Detailed error

analysis was therefore not conducted.
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