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Abstract

Chemical shift tensors, ththree-dimensional representation of chemical shift, have
been recovered for a range of organometallic complexes through the collection of solid
state (S§ nuclear magnetic resonancé\NMR spectroscopy.Quantum chemical
calculations using density functiornthleory (DF ) have also been performed to predict
the chemical shift tensors. The chemical shift interaction is encoded with electronic
information and can be decomposed into two contributions: diamagrsdtielding ¢%?)

and paramagnetishielding ¢°29). d*@2dominates the observed change in shielding in
large nuclei and is associated with magnetically coupled transitions between frontier
molecular orbital{FMOS.

In this thesis, chemical shift tensors have been used to analyse the FMOs of
organometdlic compounds with a focus on metedrbon bondingThefluorine effect

has been explored omuthenium alkynyl and vinylidene moieties. The mdialnd
carbon(G) undergoes a large change in isotropic chemical shift between fluorinated
and nonfluorinated moietiesdcF o ydaF 3%DaThis has been shown to b236 ppm
deshielding shift in thed, tensor associated with théelOM® LUMO transition. The
increased deshielding arises frdire contraction of the HOM® LUMO energy and an
improved magnetic coupling. The opposite trend has been explored: inetween
fluorinated and norfluorinated alkynyl moietiesdc F 0 cdc FA40. A 100 ppm
shielding shift in thel anddy tensors is responsible. Inclusion of flueidecreases the

energy of thes-bonding orbital reducing the deshielding.

High resolutiort®*Pt SS NMR spectra have been record&®hsolid-stateNMR spectra

were too technically demanding to record. Platinum chemical shift tensors have been
used as a wdel for exploring the FMOs of metal complexes directly at the metal. This
has been expanded to study a range of rhodium complexes relevant to hydroformylation

looking at the effect of pnictogen and phosphine bite anglé®Rh tensors.
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Chapter 1Introduction

In this thesis, the bonding in organometallic complexes has been interpreted and
correlated to the chemical shift tensqrswhich are the three-dimensional
representatiors of the chemical shifinteraction. The tensors have been recovered
from solid-state NMR spect and predicted using quantum chemical calculations
using DFTThe complexegl] ¢ [13]* studied in chapter 3 are shown Figure 1 The
complexed14] ¢ [20Q], studied in chapter 4 are shown kgure 2

<} WH @ WF ® WE ®
[R——=—R [Ru=—=C=—=cC., [Ru=—C=—=C [Ru=—=C=—=C, [RuI—C=0
R g e,
[1a] R = CgH5 [2a]* R = CgH5 [3a]* R = CgHs [9]' E = CFy [101*
[1b] R = CgH4-4-OMe  [2b]" R = CgHs-4-OMe  [3b]* R = CgHy-4-OMe  [11]"E=Cl
[1c]R = CgH4-4-CF;  [2¢]" R = CgHs-4-CF5  [3¢]* R = CgHy-4-CF H% E - IBr
[1d] R = Bu [2d]* R = Bu [3d]* R = Bu
MIR=H [5I'R=H [8]'R=F
[7IR=F [6]'R=F
@ Ph,P, PPh
[Ru] = [ 1= [ [ I= C|2\R°‘°\\ R2 [ ]..zﬁ
Phsp“\\\'RU\R / U’,/// PhZP\“\uRU\R
PhyF Ph,R PPh, </Pph2

Figure 1. Complexe$1] ¢ [13]*, which have beestudied in chapter 3For
complexed1] ¢ [13]*, the absence of diacritical marks denotes théhenium
centre: [Rui®>-GsHs)(PPh)2]*. A single diacritical mark denotes the ruthenium
centre:trans[Ru(Cl)(dppe]*. Two diacritical marks denotbe ruthenium centre:

[Rup®>-G:Mes)(dppe)]*.

(o),

R3E ////, \\\\\Cl PhSP///,I \\\\PPh3 thP///,I \\\\Pphz
Rh ‘Rh’ ‘Rh’
oc” YER, oc” Y oc” Y
trans-[14]E=P, R=H cis-[14] [18] n=1
trans-[15] E =P, R = Ph cis-[15] [19]n=2
[16] E = As, R = Ph [20]n =3

[171 E =Sb, R=Ph
Figure 2. Complexe$14] ¢ [20] studied in chapter 4.

In this introduction, the fundamentals of NMR spectroscopy will be discussed

including the key interactions experienced by the nuclear spin. How the key concepts



are applied in SS NMR spectroscopy will then be discussed. As quamenmcal
calculations are a key part of this work, a brief introduction to computational
chemistry has been includedocusing on the Schidinger equation and the key
approximations that are required for solving a mtectron systemThe bonding

between metals and ligands will be described.

The literature has been reviewed on the analysis of mkgaind bonding and how
understanding of bonding may be utilised to improve function. A brief summary of
some direct spectroscopic and inelat techniques is included with examples of their
use in structure/function determination. SS NMR spectroscopy has been used
extensively in the study @flkene metathesis catalystwhichis describedlong with

other systems that have benefited from SS Ri8pectrosapic analysis
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1.1 Fundamentals of NMRpectroscopy

1.1.1 Nuclearspin

Elementary particles exhibit the quantum property known as s@)n
Elemental nuclei are comprised of protons and neutronkich are both spin %
particles. In the nucleus of anah, the magnetic diples align against each other,
cancelling each other out. This means that for an atomic nucleus that contains an
even number of protons and neutrons, the total spin must equal 2ex®, A nucleus
with I = 0 will not exhibit differenspin states. Several key isotopes posses8 such
as “He, 10, and®?S but the most important with respect to synthetic organic
chemistry is*?C. As | = 0 nucleicannot occupy different spin states, they are

unobservable by NMR spectroscopy.

If the total number of nucleons is odd, the total spin will be a {atéger value) =

P % Y ete If both the number of protons and neutrons are odd, the total spin
will be an integer valud,= 1, 2, 3etc. A nucleus that hak=r c acts like a magnetic
dipole and istherefore referred to asa dipole. Nuclei withl > P are called

quadrupolar..

1.1.2 TheNMR Hamiltonian

The overall spin dynamics of a given system can be represented as a sum of
the individual interactions of the spin with the local and global environments. The
Hamiltonian for the NMR signal can also be deadutedinto individual componets

as shown irEquation 1
©C 0O O O O © O Equation 1

Each Hamiltoniaroperator represents the interaction with a nuclear spifihe
Zeeman interaction, which is described@y, is the interaction of with an external
magnetc field, Bo. 'O is the chemical shieldingalso known as chemical shift,
Hamiltonian and represents changes in the local magnetic field due tiotd&@ction

of I with the local electron cloudO arises from the interaction dfwith the applied
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radiofrequency(rf) pulse.O is the indirectdipolarcoupling interaction between
spinsl; andlx, mediated by electronsThis is known as thioupling interactionO

is the directdipolar thraugh space coupling interaction between spirendlx. O is
the coupling interaction between and the localelectric field This is called the

quadrupolar interaction.

1.1.3 Theinteraction of nuclearspin with an externalmagneticfield (Zeeman)

In any given sample, the spins of the nuclei point in random directions.
However, in the presence of an external fidlie degeneracy between spin states is
disrupted andspinsreorient themselvesnto discrete energy levels. This interaction
is called the Zeenmeffect. Considering =P c nuclei such adH, rather than being
randomly orientedthe spins can nowccupy two discrete spin states with the spins
aligned with the externamagnetic field or opposing the field\s the size oBy
increases, so does thenergy gap between aligned and opposing spifihis
relationship is represented iBquation 2 where! is the gyromagnetic ratid, is the
NBERdAzOSR t f I y O the eteryafiniagngtic field in dRla. The energy

gap between the two states is very small, corresponding to light imfthegion.
YO 16 Equation2

As the energy gap between the high and low energy states increases, so does the
population difference. The ratio of the population difference can be calculated using
the Boltzmann equationEjuation 3) wherek is the Boltzmann austart andTis the
absolute temperature. Usindquation 3, it can be shown that the population
difference is only very small. Most spins lre tsystem cancel each other out ati

only spins that can be recorded are a tiny proportion of the system.|@duils to the

poor sensitivity observed in NMR spectroscopy

y

— Q Equation3

1.2 Basics of Solkbtate Nuclear Magnetic Resonan&pgectroscopy
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Resonances in solution exhibit a single chemical shift vabregsponding to
the magnetic field. However, the nucie responds differently depending on its
orientation with respect to the magnetic field. The single value observeahiprised
of nine individual chemical shift values. These values have a speafiti@h to them
and are thereforaank 2tensor quantities and can be better represented as a 3 by 3

matrix.2

Only one value of chemical shift is observed due to rapidpling of all orientations
as the nuclei is tumbling rapidly in solution. This rotaewerageghe anisotropy in
the systen giving the isotropic chemical sh{fi’s°), which has a noizero averageA

3 by 3 matrix of chemical shift tensors containsenindividual tensor components
The eigenvalues of the matrix can be calculated amultiplied by a 3 by 3 identity
matrix to givethe diagonal tensor components corresponding to the 3 cardinal

axes:di1, d2z, dz3. These tensors are called the principalngmnents and are

orthogonal
1 1 1 T T
1 1 1 o m T Equation4

| m T

In a solid, as molecules are no longer tumbling and are in defined positions, the
anisotropy in the system is no longer averaged out. This is observed as a broadening
of the resonance. NMRspectroscopicexperiments on a solid sample can be

performed to obtin the chemical shift tensorsls, b2, dss.®

In a solidrotating at the magic anglevhich is equal to an angle ajn =54.74° for

an | = Yparticle, a resonance is observed as a series of sharp bands rather than a
broad resonanceSpinning atgm averageghe chemical shifinteraction to its non

zero averageMore detail on the magic angle is describedsection 1.2.2If the
spinning speed is greater than the chemical suifisotropy,then most of the signal
intensity is accounted for in the isotropic band. Small portioihsignal then tail from

ds° as spinning side echogwhich are periodic The separation between the side
bands andi*°is related to the spinning speed'{) in Hertawith side bands ocauing

at nn™. Information on the anisotropy in the system is not encoded into the side

echoes. As the spinning speed is reduced, the side bands move closer to the centre
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band. When the side band occurs in the span of $iSBIMRspectrum, they begin to

have significantitensity. This is because the side band now has a contribution from

the chemical shift tensorslhe inning side band intensitiegive a distinctive line

shape which correlates to the shape observed ina-Na (G G Ay 3 aqadl G§AOE
NMR spectrum* Chemical shift tensors can be extracted directly from the static SS

NMR spectrum based on the breadth of tressonance and the location of the most

intense peak in the broad resonance. Chemical shift tensors can also be extracted
from spinning samples based on the intensities of the spinning side bands. This can

be done graphically or by iterative simulatiéh.

1.2.1 Dipolar andguadrupolarinteractions

Each nucleus with =° . acts as a magnetic dipole. Magnetic dipoles may
interact with each other. The magnetic resonance Hamiltonian is a sum of several
interactions as described wection 1.1.20f which'O and”O are due to dipolar

coupling.

Unlike theJcoupling inteactionO© , the through space coupling between spins is
not mediated by electrons. The magnitude of the dirdgtole coupling can be

expressed by theEquation Soelow:

i

&) — Equation 5

& is the dipoledipole couplingconstant in rad 3 (division by P gives® in Hz)m

is the magnetic vacuum permeability constagis the gyromagnetic ratio of nuclei
andk, andi is the vector distance between the spins. The magnitudedofis
dependent on the gyromagnetic ratios of the coupling spins and is inversely

proportiond to the cube of the distance between them.

Strong coupling occurs when the distance between sgitew and leads to splitting
of the SS NMR trace into a Pake douBbl&irectdipole couplingis particularly
important in the analysis of SS systems both directly and indirddtly directdipole

coupling constanh has been used to measure the interatomic distancl®ctly
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between the H atoms in hydrated Gypsuthis would be challenging using other
analytical techniques$ In more complicated systemdirect-dipole couplingeads to
significant broadening and complication of the specff&is interaction is more
commonly exploited for transferring polarisation from highuclei to lowgnuclei in

the process known as cross polarisation (CP), further described in sectibn 2.2

Directdipole coupling is orientation deperdt and has an average of Due tothis,

the effect of directdipole coupling cannot be observed directly in solution due to
rapid sampling of all orientation from molecular tumblindgowever, he effects of
direct-dipole coupling can be observed indirectly through the Nuclear Overhauser
Hfect (NOB.

1.2.2 Magic Angle Spining (MAS)

As previously mentioned isection 1.2.1 directdipole interactions and
chemical shift anisotropy lead to significant broadening of each magnetic
environment in the solid state. Spectra of even small moleculesrheamnvoluted

due tothe overlap ofchemical shift anisotropsind Pake doublets.

In a rotating solid, the magnetic resonance signal is profoundly affected by the local
magnetic environment as the sample is rotati his can be represented by the time
dependent Hamiltonian (Buation §, wherel andj are the spins in the system, ard
represents the interactions experienced in the system (such as dipolar interactions

and chemical shiftj.
'O B B'ONN Equation 6

This Hamiltonian can be expressed in a coordinate system fixed gathgle holder,

called therotor. C contains physical constants such as the gyromagnetic ratio. The
symbolsrand | NB Sy a2NJ |j dzI spatidland spit depielderice dR Sy 2 i &
the Hamiltonian with respect to the rotating coordinate system.s the angle
0SG6SSYy GKS NRGO2NJ FYyR GKS YIF3IySiao FASER
reference This is shown iRquation 7. fie indices have beeomitted for clarity {, |

;9.
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0 6t 0coit -oméi p -onél p
- i Qe gicolt —0o Equation 7
The timedependent Hamiltonian can be substituted for a thmelependent

Hamiltonian by integration due to thperiodic nature of the rotation as showm

Equation &
© — B B'OA
0 8 "t gcoit -obéi p -owéEl p
- Qe Equation 8

The second term of the integral can be reduced to O if:

1
Ql©

OMENE v W
VW

This value gm, is known as the magic anglat gn the chemical shift interaction
become averaged afi¢ Hamiltonian collapses to the isotropically averaged form
observed in solutionDirectdipole coupling and chemical shielding are both rank 2
tensors. Directipole ®upling has a zero average and is therefore completely
removed from the spectrum. The chemical shielding interaction has azaomm
average, meaning that partial averaging occurs and each magnetic environment will

correspond to a sharp isotropic resonangith a unique chemical shift.

Another way to visualise the effect of the magic angle is by visualising a rank 2 tensor
as a spherical harmonic, as shownFigure 3.A line can be drawn bisecting the
positive and negative phases of the tensor where theeas 0. The angle of this line

with respect to the principal axis &g, = $4.74°.
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Figure 3. Spherical harmonic representation of a rank 2 tensor (left) and SS

NMR spinning at the magic angle with respecBiqright).

The intensities of the side bands can bemssed mathematicallyThis has been

shown by Herzfeld and Bergéut will not be further described in this thesis.

1.3 Introduction to computational chemistry

Chemical systems are smalhd are poorly described using classl, or
Newtonian, mechanics because of their small scales. Chemical systems, being on the
atomic scale, are better described using quantum mechanics. The main difference
between classical and quantum mechanics is that in quantum mechanics, the
guantities of the system are restricted to discrete quantized values. In classical

mechanics, the quantities of the system are described by a contirfuum.
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1.3.1 The Schidingerequation

As mentionedpreviously the qualities of an atomic system are described by
discrete values. The energy of a given system is described by the Schrddinger

equation below(Equation 9§10
[ 0O Equation 9

Equation 9s the timeindependent form of theSchrddinger equation and describes
the energy of a stationary state. is the wavefunction of the system and a
mathematical descriptor of the stationary state. E is the energy of the stade) is

a Hamiltonian operatorthat describes the allowed states of thgystem. The
eigenvalues of give the possible outcomes in the calculation of the energy of the
system.As J gives the values of E for the system when applied to the given
wavefunction,J can be degraded into a series of Hamiltonians to represent each
interaction that contributes tathe total energy of the system. The eigenvalues of

each Hamiltonian give rise to observable values.

A timeiindependent 8hrodinger equation may only describe a stationary point and
does not describe a system with any temporal resolution. To calculatertbigyg of
a system that changes with time, the tirdependentShrodinger equation must be

applied instead.

The Shrddinger equation allows for the calculation of the energy states that are
allowed in a system. Howevehe limiting factor is that theschrédinger equation is
only solvable in a system that contains aectron, such as the hydrogen atom. This
is because becomes too complex to be solved explicitly in larger systdugsto
Coulomb repulsion interactions between electromsstead the wavetinction must

be approximated for the @rodinger equation to be solved in large systems.

1.3.2 Application of the BorrOppenheimer approximation to theschrodinger

equation

The many factors that make up the wavefunction mean that3tierédinger

equation cannt be solved for large systems. However, if the wavefunction is
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approximatedthe Shrodinger equation can be solved taking the approximation into
account. Nuclei are much larger and heavier than electrons. This means that the
motion ofthe nucleiis much sower than the motions of the electrons and therefore
electronic motion should be independent of nuclear motion. If the two properties are

independent, the wavefunctions may be considered separdtely.

As the nuclei appear to be stationary from the electronic point of view, the kinetic
energy must be zero and any repulsiomse fixed. Coordinates are no longer a
variable parameter simplifying the calculation of the energy states. The Born
Oppenheimer aproximation allows the degradation of the Hamiltonian to an
electronic Hamiltonian and a nuclear Hamiltonian. Application of the electronic
Hamiltonian to the wavefunction gives the electronic energy only. Application of the
nuclear Hamiltonian gives thanketic energy. The solution to the electronic energy
can be used to generate a potential energy surface (R#E®¢h can be in turn be

used to calculate nuclear motion.

The BorrOppenheimer approximation allows for the simplification of the
Shrodinger egation into electronic and nuclear componengdlowing for separate
energy calculation. To gain meaningful solutions to Sshrédinger equation, the
electron coordinates are determined by only considering how a single electron
responds to the average fik of the other electronsThe electron is moved to give
the lowest energy. This is repeated for all the electrons until movement of the
electrons no longer reduces the energy of the system. The electron field is then
consistent and the process is iteraivt is referred to as the setionsistent fieldSCI

procedure

The BorrROppenheimer approximation holds when electronic motion and nuclear
motion do not influence each other greatly. However, when this is no longer the case,

the approximation breaksavn.

Electrons are indistinguishable from one anotheswever, the probability of finding
an electron is dependent on the location of the other electrons due to electron

repulsion interactions. The wavefunction of a multi electron system may be described
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using Slater determinants. Electrons may not have the same quantum numbers, as
stated by the Pauli exclusion print@pA Slater determinant satisfies this prineipy
assigning all electrons to a spin orbital with a location and a spin. If two ele@rens
assigned the same spin and location, the wavefunction would be zero in all locations.
Slater determinants allow muiglectron systems to be handled in a way that satisfies

the Pauli exclusion prindg

1.3.3 Hartree-Fockmethod

The HartreeFock method uss asingle Slater determinant and the SCF may
be wsed to approximate the wavefunction and the energy of a system with many
bodies, such as a chemical system. For a body Mpharticles,N, 1 electronspin
orbitals may be generatetiThe SCF method allows for the iterative solving of the
variational energy of the systeby solving a Hartre€&ock equation for each electron
iteratively. This method gives an apptimate solution to theschrodinger equation.
Themolecular orbitalsNOg9 that are used in the SCF method may be comprised of
linear combinations of Slatdype orbitals or Gaussiatype orbitals. Gaussiatype
orbitals are more commonly used quantum chemical calculations as they can be
represented using polar coordinates, reducing the number of components that
require calculating. This means thatfor the same time, a larger number of basis

functions may be used to describe the orbitals.

1.3.4 Basissets

In computational quantum chemical calculations, parameters for the
electronic wavefunctions must be supplidd order to solvethe Schrodinger
equation® The form these wavefunctions take in the calculations is as the basis set.
A basis set is a collection of basis functions that correspond to the atomic lsrbita
The individual Bomic orbitals maybe combinedto yield linear combinations of
atomic orbitals. As the number of basis functions increases, the accuracy of the

description of the system increases towards infinity where $blerédinger equation
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would besolved explicitly. Increasing the number of basis functions also increases
the computational demangdvhich is why very large basis sets are not always the best

choice for quantum chemical calculat®n

1.3.5 EffectiveCore Potential (ECP)

There is a large coputational cost associated with increasing the size of a
system by increasing the numberealéctrons. Tk exra computational demandnay
beincurredby including a larger number of atoms or by including increasingly heavier
elements. As well as the associated computational cost of including more electrons,
relativistic effects must also beonsidered Relativistic effectarise from electron
speedincreasingin heavy elementdecoming appreciable compared to the speed of
light (c). Given that many of the parameters that dictate structure are best described
by the valence electrons, core electrons often do not participate in bonding

interactions.

To impove the speed of the calculation, agffective core potential ECI, or
pseudopotential,may be employed to replace the core electrén$he valence
electronsmay then be treated independently. Using an appropriate ECP function will
not only improve calculation times, but also may take some relativistic effects into

accountwhile still describing the system well

1.3.6 Relativisticmethods

Although apseudopotential may be used to account for some relativistic
effects other methods are available that provide better modelling of the system.
These methods arall-electron methods. Examples of this are calculations using the
ZeroOrder Regular Approximain (ZORA or by using explicitwo-component
Hamiltonianst! TheSchrodinger equation can be converted into a form that accounts
for relativistic effects, but the Hamiltonian becomes more complicatduking
described byfour components? In calculatios where ZORA is applied, the energies

of the valence orbitals are well represented, including relativistic effects.

38



1.3.7 Densityfunctionaltheory (DFT)

Any quantum chemical calculation method that relies on the initio
determination of the wavefunction is computationally demanding due to the
dimensionality of the wavefunction. Meaning that large systems may only be studie
at low levels of theory and sall systems at high levels of theofjheground state
energy of the system can lalculated from the electron density using a functiohal.
Quantum chemical deulation of the energy, or related properties, using electron
density and a functional is known as DBFTscales much better thamab initio
methods. The wavefunction is described thyee spatial coordinates and electron
spin for each electrondN desciptorsin an N electron systemElectron density can
be described bythree spatial coordinates onjyregardless ofthe size ofN. The
integration of the electron density defines the number of electrons in the system and

can be used to determine nuclear psns and chargebased on electron peaks

True DFT methods scale well with system size, but do not give good approximations
of kinetic energyKohnSham DFT methods are also known as hybifd methods as

they are a hybridisation of density functionap@oximations with Hartred-ock
exchangé The exact calculation of the exchangarelation term improves the
predction of molecular properties that are usefalinterpreting a chemical system
such as bond lengths, kinetic energy, and vibrational frequed¢i€eshnSham DFT
improves on DFT by including an exchangeelation term and is more widely used

than nonKohnSham methods.

1.4 Metal-ligandbonding

Organometallic complexeare of particular interest in chemistry due to their
prevalence in industrial transfmations and catalysis arrdly on the bonding of the
metal nuclei with carbon. Understanding of the structure and bonding of
organometallicsnay betranslated towards understanding and predicting reactivity.

Metals have access to many orbitals that ma&yused for bonding interactions. The
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frontier metalorbitalsof transition metal complexewill be dominated by the highest

energy orbitals which are from the d subset.

The d orbitals of the metal are degenerate when the metalmcoordinated.
However, hrough the introduction of ligands to the metal, the degeneracy of the
orbitals is perturbed. This effect was originally described as crystal field theory by
Bethe and van Vleck and used to describe the differences in electronic spectra of
metal complexed1° Crystal field theory &s been develped further with molecular
orbital theory and is described as ligand field the¥nOrbitals that are angled
directly towards the ligands become higher in energy as they are repulsed by the

ligand. This breaks the degeneracy of the d orbitals used in bond formation.

The threedimensional arrangementf ligands around a transition metal core
influences the energy of the frontier d orbitals with respect to each other. The
number of and spatial arrangement of the ligands lead to splitting of the degeneracy
of the d orbitals In anexampleoctahedral complex the six equivalent ligandging

on each of the three coordinate axesuld coordinate to the metakequally spaced
around the metal centre with bond angles of @0'he d, d,;, and dy orbitals do not

have orbital character that points along the-IMbond the orbital lobes straddle the

M-L bond axis. The lobes of the quadratic d functiong,y@and dz, point directly
along the molecular axes. This leads to the breaking of the difunscinto two
distinct orbital subsets. The subsets can be described by thedducible

representationin the O, point group shown ifFigure4: Tog and E;.

Figure 4. Breaking the degeneracy of the d orbitdls the octahedral

geometry, the orbitals split intol>g and B subsets.

This means that th&g d orbitalsfill first and are occupiedprovided that the metal
possesses d electron$he presence of orbitals that are filled and vacdominates
the bonding modes that are available for the metal with ligards.example of the

bonding can be @scribed using the DewahattDuncanson model’ An examplds
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shown inFigure Sor a general MX bond andhe bonding of a metal tethene, given
the importance of ethene complexes in processes such as hydrogenation and

hydroformylation®

s oo 339

o-Donor n-Acceptor

Figure 5. DewarChattDuncanson model for the sgngic bonding of general
M-X bond (left) and of aalkene to a metafright) through donation and back

donation interactions.

A generalized X ligand may possess an orthogonal set of filled and vacant orbitals,
shown in Figure 5 as p orbitals. The fildrbital may overlap with th& metal d
orbitals which are higher in energy than tfg, subset and therefore filled last and
likely to be unfilled provided the metal is not®dThis leads to a bonding interaction
between M and X and is callsddonation. At the same time, the orthogonal unfilled

p orbital is the correct symmetry to overlap with thig,d orbitals which fill first in an
octahedral metal complex. The overlap lsab a bonding interaction between M

and X and is callggtaccepting.

Another example that will be described is the interaction between a metal and an
alkene, Figure 5The filledp orbital of the alkene is the correct symmetry to overlap
with the By metal d orbitals which arehigher in energy than thd,y subset and
therefore filled last This leads to electron donation from tipesystem of the alkene

to the metal in a bonding interaction. At the same time, the fillegld orbitals of the
metal are the caect symmetry to overlap with the* orbital of the alkene. This
leads to a backonding interaction as electron density from the metati®ated in
another bonding interactionin the case of alkenes, donation of metal electron

density into theantibondingGC orbitals weakens the C bonding interaction and
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reduces the spcharacter of the alkeneThe extent of thisbond weakening is

dependent on the strength of the badlonding interaction.

1.5 Probingmetal ligandbonding

1.5.1 Directmethodsfor probing M-L bonding

The energy of molecular vibration is on the order of the energy of light with
infrared (IR wavelengthst® Vibrational modes can be excited on absorption of IR
frequency light the resonant frequency. The energy of the absorption is dependent
on the potential energy surface and the maseéthe atoms in motion, as well as the
coupling of vibrational and electronic motion. Practically, IR spectroscopy can be used
as a probe for structure and bond strength and is a sensitive technique requiring only
small amounts of sample with very fast galing times.Because of the effect of
synergic bonding described section 1.4earlier, the IR stretching frequemscan be
correlated to changes in M bond strengths. Stretching modes may be associated
with the movement of many atoms, meaning that teeergy does nohecessarily
correlate to changes in a single bond strengtht in many. In theorythe stretching
frequency of MXbonds can be directly analysdult practically the frequenciesof

more synthetically relevan¥l-C modesre too lowand irsensitivefor analysis

A moleculecanundergoan electronic transitioron absoption of light in the ultra
violet and visible rangéU\tvis) U\vis spectroscopy can be used to calculate the
energy of strong low energy absorptignghich are typically transitions between the
highest occupied molecularHOMQ and lowest unoccupied molecular orbital
(LUMQ. Although UWis spectroscopy can give the energyFdiOtransitions, it is
typically limited to molecules with smalMO energy @ps and is limited on the

number of orbitals that can be studied in a given system.

Another method for directly probing metal ligand bondin$lR spectroscopfNMR
spectroscopy is element specifioeaning that particular nuclei can be probed
separate fran other elements, for example in probingst the carbon nuclei in a

molecule.One major advantage is that all carbon environments can be observed to
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give diagnostic chemical shifts addoupling values that are indicative of position
and electronics, abbng as the complex is diamagnetic. NMR spectroscopy is a less
sensitive technique than othespectroscopic methods, such as ¥ and IR
spectroscopydue to the relative energy gap betweaground and excitedtates
being low. Another disadvantaggd NMRspectroscopyis that some of thehree-
dimensionalinformation in the NMR signal isst when analysis is performeith

solution due to rapid averaging through molecular motion.

Information on molecular structure and bonding can be obtained through the
collection of Xray diffraction (XRD patterns of single crystals or powders. The
diffraction pattern of a single crystal can be used to generate an electron density map
to recover the atomic coordinates of the unit celowever, only geometric
information in recovered which does not directly correlate to specific frontier
molecular orbital energies and a single crystal is requireduibthree-dimensional

information.

1.5.2 Indirect methodsof probing M-L bonding

Many methods have been used to probe and urgand M-C bondingThe
electronic and steric properties of ligands bound to the metal have a profound effect
on the bonding in organometallic complexes. Tolneaml created two parameters
to describe the indirect effects that ligands impart e other metal bond atoms
includingM-C bondsthe Tolman cone angle and the Tolman electronic parameter
(TEP¥?

Tolman Cone Angle | Tolman Electronic Parameter (TEP)

i n-acceptor
Qi |
Niviy,
L oc” \CO OS=< T
M i CO o-donor
M—P =228A i A1vco M—C—O0
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Figure 6. Schematic representation of the Tolman cone angle (left)thed
TEP (right}°

The Tolman cone angle was developesing physical models of phosphir@dt is
defined as the angle formed by drawing a cone between the outermost point of the
Van der Waals radii of the phosphisebstituentswith the metal as the vertex point.
The MP bond length is fixed at B2A Figure 6 The cone angleepresents the
appraximate size of the ligand at the metal centre. It wodkctly for symmetrical
phosphine ligands, but approximations candtgomade for asymmetric phosphines.
The Tolman cone angle can be used to explain the differeircagactivity in
organometallicsystems based on changes ML bond strengthsshown by ring
closing metathesisf diene[22] to form 3-pyrroline[23] by ruthenium indenylidene

[21] shown inFigure 722 Preatalyst[21] canbe prepared with different phosphine
ligands, PR= PPB, PCy. However precatalyst[21] only forms anactive ring closing
metathesis catalyst ith PCy ligands This difference in reactivity &ssociated with

the activation of the precatalyst during phosphine dissociation and requires. The
Tolman cone angle can explain the change in reactivity as the presence of two, high
g, PCy ligands lead to weaker R bonding and accelerated phosphine slos

providing a route into the catalytic cycle.

PR, Ph
Cl////,, |
Cat. Ru

Cl( | -i-S
Ts PR3 N
| [21] i ]
N

/\/ \/\ . L
[22] [23]

Figure 7. Catalytic ring closing metathes§[22] to form [23] using[21] as
demonstrated by &rstneret al. R = Ph, C3%.

The TEP, also shownFigure 6 is a measure of the electron donating/withdrawing
effects of a phosphine on th& stretching frequencyncq of [Ni(CQiL] as described

by Tolmar?® The TEP relies on the synergic bonding experienced by ligands
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coordinated to metals. Strong donation from the ligand L into the metal d orbitals
leads togreaterdonation ofelectron densityinto the M-GO p orbitalsand stronger
M-GO p bonding As the MGO p bond hasp* character between the carbon and
oxygen atoms, strongdvl-GO p bondingleads toweakening of the €© bond. The
reduced GO bond strength is observed as a reduction mfo meaning that

phosphines can be ranked based on their electron donating power.

Other methods have been subsequently developed, both experimentally and
theoretically, to allow the comparison of other ligareswell as phosphines. Notable
examples are methods for comparing the electronic propertiesNdfeterocyclic
carbene NHQ ligands shown by Nonnenmacher and Gusev based on rhodium and

nickelcomplexesrespectively?* 2°

Both the cone angle and TE&and parametergrovide indirectunderstanding of
the system in quesn and have their disadvantages. However, they are useful
concepts that can be used teelp explairthe reactivity and activity ahitiators and
catalysts?® A more direct parameter may be able to pide more detailed

information about the nature of MC bonding in a given system.

1.5.3 Analysis ofalkene metathesis by SS NM&pectroscopy

SS NMR spectroscopyes been usedextensively in the study of alkene
metathesis catalyst$>?® Alkene metathesis is mediated by metal carbene
complexes® The chemical shift ahe carbene carbon ofischer and Schrock type
carbenesFigure 8are distinctly deshielded® ds°>250 ppm) and the differences
observed in the chemical shift of the carbene carlitave been investigate by
Yamamotoet al. Fischer and Schrock carbeneshich can be identified by the
presence of the stabilizing E group, Figureaalsobe identified by changes tal1,
induced by a lower lying M=& orbital in Fischer carbeneand is associated with
the presence of strong acceptor ligandg® 3! 32 Ruthenium systems display

deshielding that reflects both Fischer and Schrock carbenes.
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Ruthenium
Metathesis Catalyst
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i NHC = HylMes
Figure 8. Fischer, Schrock, amdthenium carbenecomplexesstudied by

Yamammotcet al.?5 29 31

A key intermediate in the alkene metathesis reactiming Grubbdype catalystds
the metallocyclobutane ring® The metallocyclobutane ring may adopt a trigonal
bipyramidal structure or a squangyramidalgeometryat the metal Figure 9 The

interconversiorbetween the geometriegmpacts catalysis.

A A
B l\l/li> Bin |\|/| I
—_— I ol

i = \7

C

Figure 9. Trigonal bipyramidaléft) and sjuare pyramidalr{ght) geometry of
metallocyclobutane rings relevant tatalyst deactivation of alkenaetathesis
catalysts The metallocyclobutane ring loses planarity when the metal adopts a

square pyramidal geometry.

Square gramidalgeometry leads to catalyst deactivation and trigonal bipyramidal
geometry leads to metathes®.The chemical shift of thea@nd G in the trigonal
bipyramidal complex have been used to determine the preference for
interconverson to square gramidalgeometry, which is a catalytic resting state, by
SolansMonfort et al?® Complexesthat prefer adopting the trigonal bipyramidal

geometry show less deactivation and higher activity. This effect can be probed
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computationallyand experimentally. Increased planarity in the metallocyclobutane
is linked to a low lyingp* orbital with alkylidene character, leading to increased
differences in shielding betweenhe G and G carbonsas shown byGordonet al.?®
Metathesis activeings showds® of ~ 100 ppm (£ and ~ 0 ppm . Inactive rings
showds° of ~ 50 ppm (&) and ~ 20 ppm 1:2°

Another example ofNMR spectroscopy being usedthe analysi®f the metathesis
reaction is the study ofthe dynamics of metathesis catalystsf the type
[(~SIO)M(ER)(=€Hdz0 ¢ Riguré &0supported on solid surfaces by Blaetal.34
Calculatecchemical shift anisotropies were larger than the experimentally recovered
tensors but varied based on the alkylidene. The variance between the experimental
static limit obtained from low temperature measurements of thenmobilised
initiators, and the recorded spectra was shown to be dependent on the range of
motion of the immobilised catalysts. It is thought that the dynamics may be used to
relate the activity and stability ofsilica supported catalysts.Here, SS NMR
spectroscopy has given insighto the flexibility of immobilised/supported catalysts
and suggests that mobility is associated with the presence of bulky ligands and the
use of heavier metals (5d over 4d). Time averaged anisotropies suggest that the range
of motion exhibited by the supportedlkylidene catalysts is nesotropic. However,

the exact nature of the motion is unclear and may be associated witthejing or

a restricted range of motion.
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Figure 10. Immobilised alkylidene complexes studied by BRnc.

ReO; supported ongalumina is another alkenenetathesis catalyst that shows
functional group tolerance and activity at room temperatufReOy; is inactive in
metathesis when supported on siliéaA proposed structure of the catalytic site was
elucidated using SS NMR spectroscopy and quantum chemical calculations using
DFT36 Several types of activetsiwere observed by SS NMR spectroscopy, as well as
metallog/cles by titration of the sample witlC labelled ethene. It was shows that
high activation temperatures of the alumingere requiredto reduce the number of
surface hydroxyl groups, freeing up space for the interaction'bivith the rhenium

oxide36

As well as linking the dynamics to the chemical shift anisotropy, the chemical shift
tensors have also been linked to the electronic structure ofalkglidenecomplexes

by Halbertet al., Figure 1%’ The chemical shift of carber@ is highly deshields,

100 to 200ppm more deshielded tharan alkene carbonvhich resonateat ~ 120

ppm. This large deshielding shift can be linked directly to the frontier orbitals.
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Narrowing of the energy gap between the metalrbons orbital and metalcarbon
p* orbital compared Figure 1 (bottom), to the alkene €Cs and GCp*, Figure 1
(Top), lead to this large contribution to the paramagnetic shift and therefore

deshielding othe G. This is summarised kigure 10.

Gce A T*ce
////, \\\\\ R ///// /’18 8 \\\\\\\
Q:I:Q —_— N — ™
omMmc A V(e

\\\\\ R \\\\\\\

Figure 11.  Transitions responsible fahi deshieldingn ethene(Top) and a

metathesis carbenéBottom)shown by Halberét al.?’

The energy gap between the-M orbitals is reducedompared to the € equivalent
leading to the large shift in deshieldihgtween carbene chemical shift and alkene
chemical shift"Y denotes the rotational operatorBoth 13C and3!P chemical shift
tensors were analysedn ruthenium Grubbanetathesis cdvene complexes of the
type [RUCGKL)(PCy(=CHR)}! Larger?’P chemical shift tensore linked to stronger
RuP orbital interactios and reduced lability of the phosphine in methylidene

complexes of ruthenium compared to benzylidene complexes.

The process of alkene metathesis has been studied taildelkyne metathesis
catalysts are less well developed. The SS NMR spectra and chemical shift tensors have
been studied for a range of molybdenum mesityl (Mes, 2tdrBethylphenyl)
carbyne complexeg(MesC )Mo(OC(Cho ,(ER)x)3] by Esteset al.38 Increasing the
number of Ckgroups increases the deshielding at thefom 280 ppnmwhenx = 0,

to 330ppm whenx = 3. This increased deshielding is associated avitwering of

energy of the MCp* orbital and increasednetathesisactivity. However, the totally
fluorinated equivalent shows krge drop in activity, this is then associated with
increased stability of the metallocyclobutadiene intermedidtemobilisdion of the

carbyne complexes onto silica leads to reduced deshielding and reduced metathesis

49



activity. Sudy of the grafting of molybdenum carbynés silicaby Esteset al. has

shown that the'C SS NMR signal of the carby®eof the molecular complexsi
conserved on grafting to silicd. 4° This suggests conservation of the catalyst
structure even when supported by the silica. The use of SS NMR as a probe for alkyne
metathesis complexes has helped the development of Mo catalysts with high
functional group tolerancethe wealth of SS NMR datm Mo alkyne metathesis
catalysts means that new tripodal catalyst designs can be benchmarked against

existing catalystsmaintaining the electronics of known active catalydts

1.5.4 Use ofSS NMR ithe analysis ofexample catalytic systems

SS NMR spectroscopy has been utilized in analysing and interpreting several
other catalytic systems as well as in tlnederstandingof electronics. There has ba
success for SS NMR as a technique with a large numbert@fogenous catalysts
being used for industrial transformations with the catalyst being in the solid phase
for example in characterising ruthenium containing nanoparticles for
hydrogenatior’’? or characterising metal speciation of zeolites in the methaoel
aromatics reactiort® Some other examples of SS NMR spectroscopy being used in

probing heterogeneous reaction mechanisms have been covered by Bfasco.

Work by Gordoret al. suggests a link betweestbond metathesis, alkene insertion,
and alkene metathesis reactions based on the exterp-bbnd character in metal
alkyl complexesFigure 12547 Higherp character is required for alkene insertion and
metathesis but is still necessary sabond metathesis. The chemical shift tensors

indicate thats-bond metathesisan beclassified formally as a [2+2] cycloaddition.
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Figure 12.  The effect of decreasing 1@ p-bond character directs the reactivity

from alkene metathesis to alkene insertiongebond metathesig>4/

Other than metathesiseactions SS NMRBpectroscopyhas been used to give insight
into the surface structure of ruthenium nanoparticl@ghich are active in the Fischer
Tropsch and HabeBosch Processég.The chemical shift tensors of a ruthenium
carbonyl has been shown to be sensitive to coordination mode by Fet@a Figure
13. Carbonylligandscoordinatingh?m; along the step edges of the nanoparticle
exhibit the largest deshielding, associated with a partially filled low lyh@yp®
orbital. The population in this orbital correlates well t&dDbond length anéxplains

the ease of €D cleavage at step edgées
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Figure 13.  CO coordination modes on ruthenium nanopatrticles calculated by
Foppaet al.*8 the h?-m; coordination mode is suggested to be key i®®ond

cleavage?®

Variation in'3C chemical shift tensors have been studied in deerhydrogenation
of alkynes using ruthenium piano stool complexes by Bibexgak, shown in Figure
14.49. 50 Alkynes undergaggemhydrogenation when in the presence of knd a
ruthenium haltsandwich complex. The resulting carbene com@2&} has shown to
have a tuneable MC bond based on the nature of thé-cyclopentadienyl€p ring.
The tuneable electronics of the M=C bond may be useful in cyclopatioanor

metathesis reaction4?® 0

R R R
== == v
| Ho | _H |
Ru Re—= RuZ M Ru
o N\ c” \\ ““\\\R a” N\ .
///
R
R R
[24] [25] [26]

Figure 14. Gemhydrogenation of alkynes resulting in carbg@é]. The

electronics of the M=C boraretuneable based on the electronic nature of the Cp
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A combination of!B and?°Si SS NMR spectroscopysbaen used by Wanet al. in
the analysis ofmesoporows silicasupported organolanthanum catalysf27] for
reductive cleavage of epoxidds/ pinacolboranegorming compound[31], Figure
1551

MeHSL — sitme, MeMISL - siHime,
Ve, —sive, e MeS==—{" H—giMe,
\H—La/ mSiHMe, Nanoparticles . H—1\4 (nSiHMe,
Me,HSilliy, H SiHMe, 0 SiHMe,
Me,HSi S| S|i \\\\\O\Si (O
Me; e

[28] L NOLV j;l/v [27]

0 / N\
f 5 + R O0——B
[29] A [31]

Figure 15.  Catalytic ring opening of epoxides by pinacolborane and

organolanthanurrdecorated silica nanoparticles.

Treatment of the mesoporous silica at 58D before @écoration by [La(C(SiHI)g)3]

[28] resulted in several coordination sites being observed irf#BeSS NMR spectra.
However, treatmentof the mesoporous silicat 700 °C before decoration by
compound[28] resulted in only a single site beimipserved which showed higher
activity, suggesting a link between the surface decoration of the silica to catalytic

function>!

SS NMR spectroscopy has been used as a probe for a range of dilesystems
with far reaching consequences, for exampty SS NMR spectroscopy has been
used to provide insight into the -N cleavage of hydrazine by tantalum hydride
speciessupported on silicA? and analyis of3°Cl chemical shift tensors and electric
field tensorsin metal chloride specie%: 5435Cl| chemical shift tensorsan be applied

to the study of systemthat contain chlorides such as Mgl ZieglerNatta catalysts,
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exploring the difference in SS line shape on bulk and ball milled suplodting

structure to activity®®

As wellas in the study of Ziegldatta catalysts3*Cl SS NMR spectroscopy has been
used in tandem wittP’Zr SS NMR spectroscopy in the study of homogeneous and
heterogeneous zirconocene catalystlich show activity in polymerisation reactions

of alkenes shown by Rossirgt al°® SS NMR spectroscopy provides a link in the
comparison of structure between the heterogeneous zirconocene catalysts that are
tethered to a support by comparison to free catalysts through the magnitudes and
orientations of electric field gradient and chemical shift tensors. Conservation of the
electric field gradient and chemical shift tensors on the supported catalysts indicate

that the support does not perturb the electronics of the free catalyst.

The hydroaminoalkylation, first described by Maspero and Nugeftof alkenes
and amines catalysed by titanidoontainhg compleon silica has been investigated
by Yaacoulet al®® SS NMR spectroscopy of the supported catdl$&t provides
evidence for the formation of a-Bhembered metallocycl¢33] on addition of the

alkene. This is summarizedkigure B.
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Figure 16. Hydroaminoalkylation of oet-ene by dimethylamine, catalysed by

titanium complexsupported by silica’ 58

The chemical shifhteraction can be used as a probe of other effectshsag in the
study of disubstituted?5Te compoundsvhich may be used for fluorine transfer
reactions, Fure 17% The ?°Te chemical shifis highly dependenbn substituent
effects. This has been explored Bigtrasiaket al.?° The magnitude of the chemical
shift is dependent on the coupling of the tellurium nbonding p orbital with thes*
orbital. The largethe polarisation of the orbitals and the lower the enegpp the
larger the deshielding interaction. Variation of chemical shift ‘fiTe NMR

spectroscopy is explained by this interaction.

55



X—Te E
X =F, CI, CHF,, CF3,

CeFs

R E = O, N-Mes

R = Me, OMe, OBu

Figure 17.  General formula of disubstited tellurium compounds studied by SS

NMR spectroscopy for fluorine transfé.

Given the prevalence 6fH nuclei in chemical systems, tHe is not frequently used

as a probe in SS NMR spectroscopy due to the difficulty of obsékingclei in the
solid-state. More recently, the chemical shift anisotropy %t nuclei has been made
more accessible even for weaker interactions through the use of heteronuclear
recoupling from!3C. This breakthrougimay be possible to utilise the chemical shift
anisotropy of'H nuclei as a probe for the dynamics in chemical aolbbical systems
where the anisotropy is smaljjiving SS NMR spectroscopy another probe into-solid

phase or macroscopic reactivity
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1.5.5 Projectaims

This projectlooksat developing new ways of characterising and interpreting
the FMO interactionsf metals and their coordinating atomeith a particular focus
of the interactions between metals and carbon in@/lbonds. By sing SS NMR
spectroscopy andhe chemical shift interaction, new ways of describing and
understandingchanges tdV-C bonding can be explorédr organometallic systems
Thereis currently a lack of direct methods fanterpreting FMOs. Some methods,
such as UWis spectroscopy, may be used to probe FMO interactions of specific
compounds. SS NMR spectroscopy may provide information in cases where
traditional spectroscopy annot and comm@mentary information in cases when

FMOs can be interpreted by another form of spectroscopy.

In chapter 2the experimental and computational methodologies tHave been
used in data acquisitiomnd interpretation are described. Chemical &hiensor
analysis of known literature compoundsas been includedas examples of the

analysis performed later in this work.

In chapter 3 the differences in FMO structure and bonding obnjugated
organometallic ruthenium specidgmve been investigatedith a focus on the effect
of fluorine incorporation into the conjugated organic fragmeithe effect that
fluorine has on the FM®&tructureof organometallics, as well as the nature of metal
carbon ndingin vinylidene and alkynyl specibave been describedThe changes
in energy or localisation of the FMOs that dictate the chemical shift tefswesbeen
used to explain the observed changesi@ chemical shiftensorsof metal bound

carbons.

In chapter 4 we haveusedmetalbasedtensors to explore bonding in platinum and
rhodium complexesWe have also includeattempts to record high resolution SS
NMR spectra of®®Rh and'®*Pt nuclei Thel®Rh tensordiave beerexplored in
complexes relevanb hydroformylationof alkenes|ooking at the effect of

pnictogen andghosphinebite angle on the chemical shift tensors
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Chapter 2 Methodology

2.1 Aims

As outlined in chapter 1he principal aim of the work in this thesis is to use
NMR spectroscopy to rationaliseglbonding in organometallic complexes. The main
tool to do this will be analysis of therincipalchemical shift tensorfor a range of
metal-containing moleculeghat, as described ihapter 1 provide insight into the
nature and symmetry of thEMOs Orbital energy gaps and localisations are encoded
into chemical shift. Thus, SS NMR can be combined with quantum chemical
calculations to give insight into structure and bonding. The chemicaltshgors give
spatially encoded informatigrwhichis complimentary to information derived from

other analytical techniques

Before any detailed analysis of the chemical shift tensors of chemically relevant
speciesvasperformed, a general methodology sxquire and interpret the datevas
developed. The aims of this chapter are to outline the general parameters and pulse
programs selected for the recording ¥C,3P, and®F SS NMRBpectra that will be
analysed further in this thesis. As well as the gaheecording of SS NMR spectra,
the recovery of the principal componentts, d22, and dsz from SS NMR spectra

recorded spinning at the magic angle will be outlined.

Alongside SS NMR studiegjantum chemicalkalculationsusing DFT have been
explored in he calculation of chemical shift tensors for organometallic compounds.
A general computational methodolodyas beendeveloped for further use in the
thesis, comparing the simulated chemical shift tensors to experimentally derived
results. The chemical shiensors recovered frongalculationsusing DFT haveeen
correlated to the molecular frame of reference using visualisation techniques. The
magnitudes of deshielding in the chemical shift tensors for ethene and ethyne will be
correlated with MO energies ad localisations as test cases for the analysis

performed in this work.
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2.2 Selection of SS NMR pulse sequeneesl SS NMRspectroscopic

methodologytesting on representative compounds

The work in this thesiselieson the acquisition of3C SS NMR spectis well as the
characterisation of relevant materials by SS Nd@&ctroscopyThe methods needed

for the recording of SS NMR spectra describedbelow.

2.2.1 SS NMPBulseprograms
High-power decoupling:

Directdipole coupling is the direct througbpace coupling interaction between
two spins. The magnitude of the interaction between the two spins A and B can be

calculated as shown iBquation 10.

i

&) — Equation 10

bik is thedirect-dipolar couplingconstant my is the vacuum permeability constarxt,

is the reduced Plar& constantg and g« are the gyromagnetic ratios of spipandk
respectively andjr is the distance between them. The magnitude of the coupling
constantis therefore proportional to the product of the gyromagnetic ratios of the
spins but is inversely proportional to the cube of tlrectordistance between them.
This means that direadipolar coupling constants are very large when the sample
contains highg nuclei with high abundance. A is a spin dilute nucleus with only
1.109 %abundance, the average distanoger whichhomonuclear couplingsay
occuris typically large. Large vakiefr lead to low values ofG*3C couplings and
very little broadening of resonances. However,Bsnuclei possess both a large
gyromagnetic ratio and a high abundance, the magnitudé@tH couplingsslarge.
The coupling interaction leads to broaaing of the resonances in tAéC spectraTo
counter this, when acquiring S& NMR spectra, a higiower decoupling field (60
kHz) must be applied over the proton channel to decouple'#E'H directdipolar

coupling interaction, leading to sharp resmnces.
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CrossPolarisation

CrossPolarisation (CP) is a double resonance experiment and refers to the
translation of spin polarisation from higipnuclei to lowgnuclei. This technique is
commonly employed in SS NMR spectroscopy to enhance the sensititA6/miclei.
As!3C has a low natural abundance (1.109 %) and a relativelgylommagnetic ratio
(c=67.828x 10° rad s' T), 13C spectra are insensitié Polarisation ofH nuclei
is more intense due to higher natural abundante,(99.98 % abundant) and a high
gyromagnetic ratio ¢gu = 267.5222x 10° rad s! T1).62 The combined effect of
gyromagnetic ratio and natural abundance can be observed by using relative

receptivitycompared to'H, R4(X) as described by thEquation 1lbelow:

Y ® — Equation 11

Where[ is the gyromagnetic ratio of isotope M the spin of isotope X, and

0 @ the natural abundance of isotope X. Frdtquation 11 the receptivity

of 13C relative to'H is R(C)= 1.7 x 10“. A general CP pulse sequence is shown in

Figure B.
1H
90° CP Decouple
13 MWWMQ,W_._
CP

Acquire

Figure 18.  Schematic of &*H} CPexperiment

A CPexperiment facilitates polarisation transfer by initially applying a 90° pulse to

the indirect nuclei channel, for examptel in Figure B. During the CP phase, the
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nuclei are then spitocked and a strong pulse applied to thé&C channel. The
magnitude of this pulse can be calculated as showrftguation 12so that the
precession rate of botfH and'*C nucleisthe same, as described by Hartmann and

Hahn®3
) 0 Equation 12

When the nuclei precess at the same rate, polarisation transfer can occur from the
highgnuclei to the lowgnuclei. As well as an increase in polarisation, the-fitice
relaxation, Ty, is associated with théH nuclei rather than thé*C nuclei. The spin
lattice relaxation of a proton is much faster than carbon due to the gyromagnetic
ratio for 'H being approximately four times larger than f6€, further increasing
sensitivity. Thél: values for slowly relaxintfC nuclei may be up t800 s, whereas
even long relaxingH nuclei typically relax faster by an order of magnit&tia.lower

T1 value increases the apparent sensitivity as it reduces the tinezle@ between

pulses, allowing for more scans to be performed in the same fiarae.

After polarisation transfer has occurred for a given contact time, a decoupling
sequence is applied to tHél channel. At the same time, tR&C channel acquires the
NMR gynal, thefree induction decayRID. The only difference between a higlower
decoupling andCP sequence is the addition of the spin locking and frequency
matching phase, CP. Both sequences rely on a powerful decoupling field being
applied to thetH chamel over acquisition to remove the large diratipolar coupling

betweenH and!3C nuclei in the solidtate as described isection 1.2.1.

2.2.2 Spectrd optimisation: 3 G*H} CP MAS.

Initial test spectra were collected on a 4 nzirQ rotor packed with [RGIh®-
GHs)(PPR)2] [35] and fitted with a KeF cap The structure otomplex[35] is shown
in Figures 19 and20. The 4 mm rotors have both high sample capacity and a moderate
maximum spinning speech™ = 12,500 Hz. External referencing of the field was
achieved as described in the literature using a crystalline sample of adamantane and

setting thehigh frequencyesonance t38.4 ppm®®
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The synthesis afomplex[35] is describedsection 5.2 CompleX35] was selected
for studybecause it is a simple organometallic complex with a-defined metal
centreand being representative of theomplexeghat will be studied in Chapter 3
previously shown in Figure An initia**G*H} CPMAS spectrunwasrecordedandis

shown inFigure ®. The CP contact time, P15, was set to 20660

B : ] |

| 1

oo
Ph,P

Cl

2,34 1

-

WWW%WWWWW ey KMMMWWWW e s

T T T T T T T T T T
240 220 200 180 160 140 120 100 a0 60 40 20 0 -20 ppm

Figure 19. CPMASY™J'H}spectrum ofcomplex[35] recorded at 101 MHz at a
spinning speed of 10 kHsotropic resonances are denoted by an arrow. Number of

scans (Ns) £6. Carbon environmentbave been labelled-4.

In the 13C NMR spectum on complex[35] (figure 1), two clear environments are
observed,dc = 80and dc = 120¢ 145 These resonances are from tlpand the
triphenylphosphingPPh) 13Cnuclei respectivelyThe singlecrystal XRD structure of
CompleX35] has been described by Brueeal. and is shown ifrigure20.5°
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Figure 20.  Singlecrystal XRAsymmetric unisstructure ofcomplex[35].
Coordinates obtained from the Cambrid@e/stallographiddata Centre entry
CPDRUAS Hydrogen atoms have beamitted for clarity.

Each carbon of thePhligands is in a different crystagraphicenvironmentas thee

is one molecd in the asymmetric unit. Aerefore each *C environmentis
magnetically inequivalent. The overlap of the 36 environments givedirtheshape
seenin the 13C NMR spectrum presented filgurel9. Theresonancefor the Cp!3C
nucleiappear as a sharp singlet as they are rotationally averagdtie timescale of
the NMRspectroscopiexperiment(figure 19). Small spin echoes are also observed
for the aromatic resonanceat a distance of 10 kHz precessing from the isotropic

resonanceshat have been labelled with arrows.

An initial sweep of the recycle delay (D1) was perfornidds the time between the
NMR pulse sequences allowing for transverse relaxatiocreasing Dfrom 10 to
30sled to an increase of the signal. Although longeatues of D1 give more intense

signals, a D1 of 20 s was selectsla compromise between full relaxation and
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permitting the acquisition of more scans in a given time peridde effect of

increasing the time between pulseshighlighted infable landHgure21.

MWWWWMMMMMWWWWMMWWWMW
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Figure 21. D1 optimisatiorperformedon complex[35] recorded at 101 MHz at
a spinning speed of 10 kHz from top to bottom: D1 = 3, BP0 s.Ns = 16.

Increasingvalues oD1 lead to a higher signal:noise ratio.

Table 1. Relative peak heightof D1 optimisation spectra ofomplex [35]
recorded at 101 MHz at a spinning speed of 10 kHz. Spectra collected with 16 scans.
Time denotes total experiment time. The maximum peak height ofat@mnatic
resonance of experiment 4 was set to 10 and the intensity represents the relative

peak height in 3 compared to this value.

Experiment D1/s Relative peak height | Time /s
1 10 3.33 160
2 15 5.04 240
3 20 6.44 320
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4 ’ 30 ‘ 10.00 480

SettingD1to 20 sgives anopportunity for any slowlyrelaxing*H nuclei to relax
allowing the whole quanta of signal to be recorded. This is important due to the
nature of the NMRspectroscopi@xperiments, when the spinning speed is reduced
the signalwill be diluted. Even though multiple scans will improve the sigmaloise
ratio, the more signal in each scan, the lower the sigoabise ratio on each

individual side band.

The other factor irselection of Dlvas the time taken for each experimertithough
the change in D1 is small from 10 to 30  itidividual contributiors begin to vastly
increase the total spectra time when large numbers of scans are &seckxample,
if Ns = 4096Sharp resonances were observiedlicating that good relaxatiowas
occurring. This methodologywas carried forward for the recording of all carbon

spectra.

2.2.3 Optimisation of 3P{*H} Solid-State NMRspectra

CPtechnigues can be used to enhance the sensitivity of gpnuclei by
utilising spin transfer from neighbouring higmuclei. As described section 2.2.1
the effectiveness of polarisation enhancement is proportional to the dipigele
interaction. Ths interaction is dependent on the gyromagnetic ratios of the two spins
and is inversely proportional to the cube of the distance between them.¥or
spectrg the prevalence of € bondsand short GH interatomic distances leads to
enhancement of the spi dilute system.As P-H bonds are less common in
organometallic chemistry, phosphorus nuclei are more commonly boddedtlyto
carbon, such as ithe archetypal phosphorus ligafRPh. g+ is approximately 4 times
greater thangcmeaning that the dipolalipole interaction is weaker betwe€ehP-13C
than 13G'Hand?3'P-'H. Extended bond lengths and the low natural abundancé®f

1.109 %also contribute to the reduced dipolgipole interactionbetween3'P-13C

To testthe application oCP MA%0 acquire3'P{H}SS NMR spectrBPh was freshly

crystallised, groundand packed into a ZeQotor fitted with a KelF cap. An initial
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sweep on the crospolarisation contact time, P15, was performed between 1000 and

8000ns. The spectra are displayedrigure22.

P15 = 2000 ps —4) P15 =5000 us
|\ P15 = 8000 ps .

P15 =1000 ps

-4 -6 -8 -10 -12 [ppm]

Figure 22.  3P{'H}CP MAS SS NMR spectr&Bh recorded at 162 MHz at a
spinning speed of 10 kH&s = 16CP contact time from bottom to top: P15 = 1000,

2000, 3000, 5006nd 8000ns.

Figure22 shows that signal enhancement of tR&h 3P resonanceccursas contact

time is increased from 1000 to 300%, but very little enhancement occursith
contact times longer thaB8000ns. For this reason, P15 = 30@®was selectednd
sharp3'P resonanes were observed. Longer contact times increase the amount of
power supplied to the sample and should be minimised. This methodology was

carried forward for the recording of &fP{*H}NMRspectra in this thesis.

2.2.4 Optimisation '°F Solid-State NMRspectra

Like3'P,1%F is a spirabundant nucleus witth= %%. Unliké3C and®'P,'°F has a
large gyromagnetic ratia = 251.815rad s! T1.62 Therefore, it hasa high Larmor
frequency. The Bruker AVANCEIIl HD solids spectrometer that was used for the SS
NMR spectroscopy in this thesis has a single préftoorine probe. This means that
CPor proton deoupling pulse sequences cannot be used for the recordintFof

spectra as the probe must be tuned to fluorine and cannot be simultaneously tuned
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to proton. Instead, a 90pulse sequence was selected for the analysis'%f

containing samples.

PFe

[3a]PFg

Figure 23.  Structure of(3aPk.

Initial spectra were collected on a samplecoimplex[3a]PFs due to its relevance to
the study in Chapter 3. The synthesisomplex[3a]PF is described irsection 5.11
and thestructure of[3a]PFs is shown in lgure23. Changes isignalintensity against
longer recycle delay values are summarizedable 2 A representative spectrum of

complex[3a]PF is shown irFigure 2.
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Table 2. Relative intensity vs D1 abmplex|3a]PF recorded at 376 MHz at a
spinning speed of 10 kHz. Spectra collected with =16. Time denotes total
experiment time. The maximum peak height of thesRRion of experiment 4 was

set to 10 and the intensity represents the relative peak height3ctbmpred to this

value.
Experiment D1/s Intensity Time /s
1 1 7.8 16
2 2 8.9 32
3 3 9.4 48
4 5 10.0 80

T T T T T T T
-50 -100 -150 -200 -250 -300 -350 -400 -450 ppm

Figure 24. 1°F MAS SS NMR spectraomplex[3a]Pk recorded at 376 MHz at a
spinning speed of 10 kHz. Isotropic resonances are denoted with an arrow. A

contaminant was also observed@&t=-147and is denoted by an asterisk
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The date in &ble 2 shows that much smaller enhancements are observed on
lengthening D1 values. Because of this, the recycle delay was set to 5 $%fNMR
spectra recorded in this thesiBigure 2 shows the presence of a contaminantdat
=-147, whichis likely to @ from fluoroborosilicates in the glass of the probe of the
spectrometer. This signal will therefore be present in afl®’688IMR spectra. The two
other °F environments itomplex[3a]PFs are clearly observablie Figure 2 in the
spectrum the PRk anion resonanceobserved as a doublet at -80 ppm and the
fluorovinylidene resonance at 210 ppm Asthe °F nuclei has a much larger
gyromagnetic ratio thah®C or®'P, as well as a large chemical shift range, large values
of chemical shift anisotropy arebserved for'°F nuclei. Because of the large ranges
nt< chemical shift anisotropgven whenn™t is large (10 kHz). Spectra do not need
recording atmuch slower spinning speeds as the chemical shift anisotropy is well
represented by the spinningjde bands at 10 kHH8lower speeds can be used for the

identification ofd'se.

2.2.5 Fitting optimisationof TopSpin Solicbtate line shape analysis tool

Recording SS NMR spectra with high spinning speeds allows spectra to be
recovered that closely resembledhsotropic spectra obtained in solution phase NMR
spectroscopy. When the spinning speed is 10, kHemical shift anisotropy is largely
averaged out in®q*H} and 3'P{1H} spectra, as the magnitude of the anisotropy is
typically on a lower scale than trspeed of rotation Consequetly, resonances are
observed as sharp, intense peaks. Because chemical shift anisotropy is averaged out
at 10 kHz, the chemical shift tensors cannot be recovered from spebteaned at
fast spinning speedsAs the spinning sgel is reduced, chemical shift anisotropy
becomes the dominant feature on the spectra and the intensity of the spinning side
bands represergthe anisotropy of each environment. This has the side effect that
the signal to noise ratio decreasdse to signalilution. This relationship is shown
for 3Cin Figure B and 3'P inFigure 3. The intensity of the sidebands correlates

directly to the static spectrum and the relation is explainedeation 1.2.2.
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Figure 25. 3J'H}CP MAS SS NMR specatfaomplex[35] recorded at 101 MHz
at aspinningspeed ofl0 kHz (bottom), 4 kHz (middle), 2 kHz (tdyy.= 256The
effect of decreasing MAS rotation speef! on the intensity of the sidebands is

shown.
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Figure 26.  3P{'H}CP MAS S9MR spectra oPPh recorded at 162 MHz at a
spinning speed of 10 kHz (bottom), 4 kHz (mijjdied 2 kHz (topNs = 32The
effect of decreasing MAS rotation speefP! on the intensity of the sidebands is

shown.

Toobtainthe most accurate value of checal shift anisotropy, the lowest spinning
speed must be used. For a system with a single environment this would be from the
static spectrum. For more complex systems there must be a compromise between
slow spinning speed$o give accurate values of thehemical shift tensors and fast
spinning speeds$o give increasedsignaland reduction of sideband overlagl$o
represented inFigure 3. Complex[35] is a simple molecule with two distinétC
signals in the solidtate, the aromatic resonances associateith the PPh ligands

and the cyclopentadienyl resonancdn. systems withmore unique environments
each environment vligive different chemical shifts amqbssesses a uniqudemical

shift anisotropy. If the spinning speed is not carefully selected, the resonance of
interest may become obscured by spinning side bands from other npciienting

effective tensor recovery.

The effect of spinning speed is shownFigure % and Figure & The shape of the

side bands for the aromatic resonances changes as the spinning speed is reduced
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from 10 kHz to 4 kHZhe overall shape of the spinning side barmomes more
detailed as the spinning speed is further reduced to 2, kttzther representing the
chemical shiftanisotropy For all the aromatic resonances, the 4 kHz spectnas
enough information to recover the tensors esemical shift anisotropy &, but the
resonance for th&Cpcarbons still has most intensity in the isotropic band at 4 kHz. A
spinning sped of 2 kHz is required to calculatee chemical shift anisotropfpr this
environment as thespanof the chemical shift anisotropy is mudarrower for this

environment.

To recover the chemical shift tensors from the SS NMR spéittirey software must

be used. The NMR processing software TopSfeins{on 3.61 pl7) has been used in
this work. TopSpin has an inbuilt SS NM& shapdfitting function that can be called

up with the SOLA command. This software iteratively uses the integration of the

simulaed resonance to match to the recorded sideband intensity.

When using the SOLA fitting softwarié was found that thesimulated spectra
matched the experimental spectraetter when the isotropic shift and the line
broadening were fixedThis was determid visually, as well as by allowing one round
of iteration in the softwareFor all the complexes that were studiecthis thesisthe
resonances of interest are typicalyeak signals in the spectrurfrom the single
metalcoordinated carbonWithout fixing the values of isotropic chemical shift and
line broadeningthe fitting software will typically drift to the most intense resonance
or broaden to match the noiseBecause spectra were recorded at fast (10 kHz)
spinning speeds as well as slower spinrspgeds (4 kHz), the isotropic chemical
shifts were easily identifiable as tleentralresonance does not change chemical shift
on altering the spinning speedhe sidebands extend from the isotropic resonance
at regular intervals of the MASpinning speedand therefore change position

depending on spinning speed

In general, the fitting iterations give the most reliable results when provided with
good estimates of the chemical shift anisotropy and the asymmetry parameter. This
was done by visally estimating theanisotropy and asymmetry based on the

sideband intensies. Estimates of the chemical shift tensors could be obtained
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visually from the SS NMR spectra by from the chemical shift of the highest and lowest
frequency sidebands, settingebe tod:1 anddss. The value ofl> was then set as the
chemical shift of the most intense sideband. The approximate values of the chemical
shift tensors were used as starting points for iteration software, whichwas used

to finalise the values of thehemical shift tensors.

2.3 Optimisation ofcomputational methodologyfor the calculation of

chemical shift tensors

As well as the study of SS NMR spectra of organometatiplexesdetailed
analysis of the chemical shift tensors was performed. To rdlaechemical shift
tensors toFMOs the chemical shift tensors must be related to the molecular frame.
The orientations of the chemical shift tensors with respect to the molecular frame
can be calculated in two way&ne such way is byounting a single gstal on a
goniometerand relating the tensors to the unit celThe second way is hysing
quantum chemical calculationssingDFT. For this thesis, the lattapproachhas
beenexplored. To do this, a computational methodoldtps beerexplored in both

the optimisation of molecular geometry and the prediction of chemical shift tensors.

2.3.1 Geometryoptimisation of [2a]*, basis set and functional tolerance.

Initial testing ofgeometry optimisatiorusingquantum chemical calculations
usingDFTwas performed orj2al* shown inFigure27. Cation[2a]* wasselectedas a
test molecule for geometry optimisatiodue toits relevance tanolecules of interest
in Chapter 3as well as good quality XRD structure being available as a starting point
for the geometry optimisationCation[2a]* can also be used as a testbed for testing
the calculation of the chemical shift tensofsis critical that the methodology holds
for organometalic systems alongside more traditional organic environmeRtsor
estimationsof chemical shift for the metal bound carbons would correlate directly

with incorrect orbital energies and localisations.
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Geometry optimisatios were performed using the quantunchemical package
Turbomole Version 6.40 and are surmised able 3’ Twobasis sets were trialled

for the geometry optimisations: def2_SV(P) and def2_TZVPP. Both basis sets are
Karlsruhetype basis sets, with def2_TZVPR&/ing more basis functions to describe

the orbitals Both def2_SV(P) and def2_TZVPP use a pseudopotential to repiesent

28 core electrons of ruthenium. This simplifies the calculation, as fewer electrons are
dealt with explicitly and is often a reasonable approximation, as the core electrons
do not paricipate in bonding. As well as two basis sets, two GGA functionals were
tested: BP86 and PBEO. PBEO is a hybrid GGA functional that also includes part of the

exchange energy calculated using Hartfemck theory.

B : 1+
]
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H

[2a]”

Figure 27.  Structure off2a]* used for methodology optimisation.
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Table 3. Methodologies tested for geometry optimisation [#a]*, all starting
from the same input structureobtained from crystal coordinatesTime for job
completion includes geometry optimisation and calculation of vibrational

frequencies at the same level of theory.

Functional Basis Set Job Time / h
BP86 def2_SV(P) 25

BP86 def2_TZVPP 265

PBEO def2_SV(P) 7

PBEO def2_TZVPP 2100

After the geometry optimisation in Turbomole, the minima were identified by single
point frequency calculations of the vibrational modes. The absence of imaginary
frequencies, vibrational modes with negative energynfeoned the identity of the

minima.

As seen in dble 3 the doublez basis set def2_SV(P) leads to fastempletion of

the jobthan triple-z basis set def2_TZVPP. As def2_TZVPP is a larger basis set than
def2_SV(P) and has more functions to describe the electrons of the moldcele,
difference in job timas expected. The differences in optimised geometries were then

compared.

2.3.2 Comparison of calculated geometry of [2a]" to the crystal structure

geometry of [2a]Bk

The key bond lengths and angles fag]* are shown inTable 4 determined
from the singlecrystal Xray structure ofi2a]BR, Figure 3. In general, all methods
used br geometry optimisation converged to structures that were in close

agreement to the experimental values. As well as this, the vaitiesnd lengths and
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bond angles around the metal coveere within relatively close agreement to each

other.

Table 4. Comparison ofkey geometries around Ru ¢2a]* after geometry
optimisation in Turbomole to values obtained from theray diffraction crystal
structure, estimated standard deviations are shown in square brackets [ ]. Absolute

differences are shown in brackets ().

BP86 PBEO
Property Crystal | def2_SV(P) def2_TZVPF def2_SV(P) def2_TZVP}
Ru-G /A | 1.847918] 1.844 1.839 1.844 1.830
(0.004) (0.090) (0.004) (0.018)
G-G/ A | 1.313§25] 1.338 1.328 1.338 1.315
(0.024) (0.014) (0.024) (0.001)
Ru-Pi/ A | 2.33095] 2.379 2.367 2.379 2.348
(0.048) (0.037) (0.048) (0.017)
Ru-P./ A | 2.35857] 2.397 2.387 2.396 2.369
(0.069) (0.059) (0.068) (0.041)
Ru-Cep 2.2675[41] 2.316 2.300 2.316 5 262
Avelr&age / (0.049) (0.033) (0.049) (0.005)
Ru-G-G 165.685 168.09 167.91 168.11 168.62
/o (2.41) (2.23) (2.43) (2.94)
Pi-Ru-P. 97.689 97.93 98.48 (0.79 97.93
/o (0.24) (0.24) 98.09 (0.40)
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Figure 28.  Single crystal XRiructure of [CpRu(PRh(=-=CHPh)]|BH2a]BF,
tetrafluoroborate counterion and solvent of crystallisation omitted for clarity.

Selected bond lengths and angles are shownhahle 4

The method that provided the best approximation of bond lengtlih the smallest
deviation from those determined in the crystal structure valueswas
PBEO/def2_TZVPP, particularly with the prediction 8L Ru-Py2 and Ru-Cep
showing small differences from the crystal structurgowever,the accurate
prediction d G-G, Ru-Py2 and Ru-Ccpbondswas accompanied with extension of
the Ru-CG bond and a slightly poorer prediction of bond angles. Some differences in
bond angle and lengths between the optimised and sstate structures would be
expected as the gashase calculations are being directly compared to the
condenseebhase experimental values and the environment around the ions is
different. Although PBEO/def2_TZVPP does provide good approximation of bond
length, the time taken for geometry convergence atfte calculation of the
vibrational spectra vastly outweighs any advantages for B&86/def2_TZVPP was
also ruled out as a general method for geometry optimisation for the same reason.
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The doublez methodologies BP86/def2_SV(P) and PBEO/def2_SV(Prboterge

to give nearly identical values for the key bond angles and lengthexample the
Ru-C bond length of 1.844, which is only 0.004 shorter from the value obtained
from the crystal structureAs BP86/def2_SV(P) has been used in the literéturbe
calculation of similar organometallics, this was selected as the methodology for
geometry optimisation due to good predictions of bond lengths/angles and quick run

times.

2.3.3 Optimisation ofNMRcalculations ofcomplex[2a]*

After obtaining optimised coordinates using the accepted optimisation
methodology, BP8&fef2_SV(P), anethodology needed to be developed for the
calculation of NMR parametersnitial trialling of chemical shift calculations was
performed using two different programs, Gsaian and Orc&®/° Two functionals
were selected for the NMBhemical shiftalculations, BP86 and the hybrid functional
PBEO As with the geometry optimisatiorhoth functionals have been used for
calculations on similar ecopounds in the literatureThree basis sets were selected
for the calculations. Def2_SV(P) and def2_TZVPP can be implemented in both Orca
and GaussiarDef2_TZVPP has a larger number of basis functions than def2_SV(P)
and therefore should represent the eldronic structuremore flexibly The IGLOIII
basis set was also tested as it has been designed specifically for use in the calculation
of NMR parameterdhoweverit may only be implemented in Gaussidrhe tensors
from the @lculations were internally refenced in the conversion of chemical
shielding to chemical shifiollowing Equation 13 using the experimentatis® and

calculateds’s® of G to calculate the conversion factgrss®'.

1 . " Equation 13

Table 5. Chemical shift calculation results for the alpha carbo[Ref". The

chemical shielding tensors recovered from the quantum chenaigigulations were
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converted to chemical shift using the experimental isotropic shitf8f= 353.7

ppm.

Program Functional BasisSet |1 /ppm |1 [/ppm |T [/ppm
Experimental | N/A N/A 558 289 214
Orca BP86 def2 SV(P) | 549 275 237
Orca BP86 def2 TZVPP| 771 293 -3
Orca PBEO def2 SV(P) | 572 254 236
Orca PBEO def2_ TZVPP| 744 325 -7
Gaussian BP86 def2 SV(P) | 380 380 302
Gaussian BP86 def2_ TZVPP| 414 323 323
Gaussian PBEO def2 SV(P) | 379 379 303
Gaussian PBEO def2 TZVPP| 421 320 320
Gaussian PBEO IGLOII 426 318 318
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Table 6. Chemical shift calculation results for an aromatic carbof2af*. The

calculations were converted using the same conversion factor &abte 5

Program Functional | Basis Set |1 [ 1 /| /11 /
ppm ppm ppm ppm
Experimentall N/A N/A 134.0 |241 148 13
Orca BP86 def2 SV(P) | 154 244 178 41
Orca BP86 def2 TZVPH -150 -48 -132 -269
Orca PBEO def2 SV(P) | 124 216 152 3
Orca PBEO def2_TZVPH -165 -58 -146 -290
Gaussian BP86 def2 SV(P) | 339 434 364 219
Gaussian BP86 def2_TZVPH 258 363 276 134
Gaussian PBEO def2_SV(P) | 334 435 360 208
Gaussian PBEO def2_TZVPH 257 368 276 128
Gaussian PBEO IGLOIII 255 368 274 123

As seerfrom the datain Tables5 and 6 the results obtained from the chemical shift
calculations are varied. The Gaussian calculations consistently produced results that
showed a small chemical shift anisotropy. As well as tinsdata inTable 6 shows

that Gaussian was unable to distinguish the large chemical shift difference between
a typical aromatic carbon and the highly deshielded vinylidene caf®ecause the
calculations in Gaussian yield similar chemical shift values for the vinylidesredC

an aramatic resonance, it suggests that the interactions responsible for chemical shift
are being poorly represented. No further calculations were performed using
Gaussian. The large changesdid for the aromatic carbon are an artefact of the

internal referercing to G of [2a]".
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Unusually, the Orca calculations with the smaller basis set provide results that are
closer to the experimental values. Typically, it would be expected that the larger
number of basis functions should improve thescription of the atmic orbital
wavefunctionsand should tend towards a limiting valfédowever, the value that

the larger description tends towards is further from the experinagntalues. This
suggests that a larger description of the orbital set represetdstronic structure of

the experimental system worse.

The diemical shift is a parameter that is affected by many factors, but one key factor
when consideringgrganometalliccomplexes of the transitiometalsis typically the
relativistic effects onchemical shiftwhich arise from the speed of electrons
approaching the speed of lightThe methodology selectedses a pseudopotential

to represent the core electrons of ruthenium. This gives some approximation for
relativistic effectsGiven the proximity of the metddound carbons to a large nucleus,
relativistic effectsieed to be consideredhore explicitly To rectify this, th&Z ORA was
applied to the calculations. This not implementedin Gaussian, so methodology
development was moved to Orcaly. The chemical shift calculations were repeated
in Orca witha ZORA and the results are shown ablE7. As well as implementing
the ZORA in the calculation, a ZOgvnpatible basis set must be used so the basis

sets chosen before were switched for their ZORA equivalents.
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Table 7. Chemical shift tensors calculated in Owath ZORAorrectionsfor the
vinylidene @ (G) and a representative aromatic environments{Cof [2a]*. Each
method is internally referenced so that the vinylidene carbeh&s a chemical shift
of d's° = 353.7.Experimental results recovered from tRéC{H} Cp MAS SS NMR
spectrum of[2a]BR-OEt.

Carbon|| / |1 /| Iy
Functional | Basis Set ppm ppm ppm ppm
Experimental N/A G 353.7 | 558 289 214
Experimental N/A Car 134.0 | 241 148 13
BP86 def2_SV(PIORA | G 34 516 292 253
BP86 def2_SV(PIORA | G 148 238 170 35
BP86 def2_ TZVPP ZOR| G 353 528 295 238
BP86 def2 TZVPP ZOR| G 136 237 154 16
PBEO def2_SV(PIORA | G 34 538 286 237
PBEO def2_SV(PJORA | G 124 219 148 |4
PBEO def2_ TZVPP ZOR| G 34 548 292 221
PBEO def2 TZVPP ZOR| G 112 219 131 -13

The chemical shift tensors obtained from the ZORA calculations are, in general, in
better agreement with experimental value®articularly with the chemical shift
difference between the vinylidene and aromatic carbons as the aromatic carbons
now appear consistently in the aromatic region of the spectrarall calculationsjc

= 110c 150. The most obvious result of the calctitans is that inclusion of relativistic
effects appears to bring consistency to the weighting of the chemical shift tensors.
The calculated chemical shift anisotropy of the vinylidene is cldseskperiment
usingthe PBEOdef2_TZVPHRevel of theorywith ZORAAs the chemical shift tensor

values calculated using thBEOdef2_TZVPPlevel of theory with ZORAbest
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represent the experimental results, it suggests that any analysis performed on the
calculations would give good insight iritee structure and bonding of organometallic

complexes.

2.3.4 Dependence of chemical shielding on geometry

Computationallyoptimised geometries will differ fromthe geometry
obtained from acrystal structurebecause the calculation is of a single molecule in
the gas phase. Solgtate structures possess a close contact network, the energy of
the system in the condensed phase is stabilized by maximizing the stabilising
interactions between neighbouring contacts. The stabilising interactions are not
available inhe gas phase. Differences in geometry may occur because of the change
in phase and inclusion of close contacts, as well as the level of theory. Chemical shift
is dependent on geometryThe geometry of neighbouring atonadetermines the
overlap of moleculaorbitalsand therefore the energy and localisations of molecular
orbitals responsible for chemical shiffo test the tolerance of theomputational
methodology to deviations from crystal geometry, NMR single point calculations
were performed on crystal @ydinates to compare to theomputationally optimised
coordinates to the crystal coordinate3he results are shown inable 8 note the

value are in chemical shielding not shift

Table 8. 13C Chemical shielding tensors recovered from single point DFT

calculationsgn Orca at the PBEO/def2_TZVPP level of theory with ZORA corrections

Geometry Siso S11 S22 S33
Crystal -187 -394 -116 -52
BP86/def2_SV(F -191 -386 -129 -59

The values of isotropic chemical shielding of the vinylidénef [2a]* only vary by a
small amount, 4 ppnbetween entry 1 and 2 in Table 8 representing different

geometries of[2a]* obtained from single crystal XRD and quantum chemical
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geometry optimisations using DFThe magnitude of variance is small compared to

the magnitude of the span of chemical shielding. The largest difference is observed
in d22 and is a 13 ppm shift. Thi®iange in shielding is associated with the small
changes to geometry observed between the XRD crystal structure and the structure
obtained using DFT calculations. The calculation is of a single ion in the gas phase and
is therefore lacking the counter iomd any crystal contacts providing stabilisation to

the condensed phase geometry.

The methodology shows a level of tolerance in the calculation of chemical shift with
respect to small changes to geometry when calculati@chemical shift tensors. It
also suggests that any chemical shift tensors derived from purely computational

methods should still give good representations of chemical shift.

2.4 Referencing othemicalshift calculations

2.4.1 Selection ofanappropriate reference compound

In section 2.3 the reslts of the chemical shielding calculations were
converted to chemical shift usirfgguation 13out were internally referenced to the
vinylidene G chemical shift This is a useful tool for optimising the chemical shift
calculations and testing accuracy bist not appropriatefor comparing between
multiple complexes To get results that are comparable between molecules, the
interconversion betweerchemicakhift and shielding is reliant on the selection of an

appropriate referencevalue

In principle any'3C nucleus, regardless of chemical environment, cbeldsed as
the reference. For this workhe referenceselected for the conversion d#C NMR
shielding tensorswas the experimental 13C carbonyl resonance otow §zo '
GHs)(PPR)2(CO)PFs, [10]PF. This complexs similar to the systems that are being
studied in chapteB and has a single well definé#C environment that is bonded to
the metal Thel*qH}CP MAS SS NMR spectraahplex{10]PFk is shown irFigure
29. The carbonyl carbon dfl0]PF has a chemical shift afs® = 202.7in the solid

state. This resonance appears in a region of the spectrum that is clear of any other
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resonarces, as well as being midway between the highly deshielded resonances of
vinylideneG (~ 350 ppmpand manytypical organic environment@lkane ~10¢ 40

ppm, alkyne ~ 6@ 80 ppm, alkene and aromatic ~ 1@0160 ppm) The sharp
carbonyl resonance dfLO]PF is an ideal reference for these reasodse to the
chemical similarity to the&inylidene and alkynyl complexes being studiad well as
being easy to synthesise purely and selectively by stigorgplex[35] and NHPFs

togetherunder an atmosphere of Cl0rther described irsection 5.16

PFq
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Figure 29. CP MAS SSJ'H}spectra ofcomplex[10]PF recorded at 101 MHz
at a spinning speed of 10 kHys = 256lsotropic resonances are denoted by an

arrow.

From the SS NMR spectrum iglte D, the experimental isotropic chemical shift for
the carbonyl carbon acdomplex[10]PF wasfound to be 202.ppm, a value thatvas
then substituted into fuation 13 The absolute isotropic shielding fmomplex[10]*

was calculated to be36.8ppm at the PBEO/def2_TZVPP level of theory with ZORA

corrections and can also be substituted ifkguaton 13, shown here agairThe

conversion factor, can be calculated fdrC:
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1 " ” Equation 13

Thisvalue of,  was then used to convert the calculatedemicakhieldingtensors

into chemical shift bysing the modified equation:

1 LS p T T . LS 1
T ] T " T p T T, Tt
m T m TP L | S

2.5 Benchmark alculation of chemical shift tensors for simple

moleculeexamples.

Using theoptimised methodologydescribed in the previous sectipit was
decided that a series of simple molecules wouldimeestigatedto benchmark the
calculations and analysis. In the literatutee 13C chemical shift tensorsf ethene
[37] been studied in detail! Given that ethene has amallnumber of orbitals(9
Occupied MOs2 Core MOsy7 FMOg, the analysis is relatively simpBhane [36]
and ethyne [38] were analysel in the same way. These compounds are displayed in

Hgure 30.

H H
H, \H
’ \\\“‘\‘>—<\\\‘\\ H H H———————H
H H
H H
[36] [37] [38]

Figure 30.  Simplemolecules that wereselected for benchmarking chemical shift

tensor calculéions calculated using the previously developed methodology.

The structures ofompoundd36], [37], and[38] were optimisedn Turbomok at the
BP86/de2_SV(P)evel of theory. Theesulting coordinates were then used for a

single point calculation in Oacat the PBEO/defZI ZVPHRevel of theorywith ZORA
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corrections The chemical shift tensor magnitudes are display€ethiple 9with, the
calculated values af®in line with experimental valued\ll values are more shielded
than theexperimental values by up to 20 ppm, which is likely an error that arises from
the choice of referenceThe magnitudes of the chemical shift tensors are clearly
weighted differently to each other as unsaturation increas@smpound36] shows
deshielding glues along all three axes that only vary by 15 pymichis nearlyan
isotropic situation. Compound37] shows the largest anisotropy with a span of 239
ppm betweend:1 and dsz with different deshielding along all axeSompound[38]
shows rotational symmetry in its tensors with the values dfi and d»2 both exhibiting
deshieldingof 138 ppm,dss is shieldingin nature To understand this fullythe
direction of the tensors must also be known. To find out the orientation of the

chemical shift tensors, visualisation software was trialled.

Table 9. 13C Chemical shift tensors forompounds [35], [36] and [37]
calculated in Orca at the PBEO/def2_TZVPP ldubkeory with ZORAExperimental

values reported by Zuschnedd al. in d>-dichloromettane.”?

| 1T aQo | |
Ethane -8 7 -4 -4 -19
Ethene 113 124 237 102 -2
Ethyne 55 72 138 138 -113

2.6 Visualisation ofchemicalshift tensors

2.6.1 Exampleof tensor visualisation

The chemical shift tensor matrix is related to the molecular frafrreference
as directional chemical shift is directly associated with transitions between molecular
orbitals and rotational operator§: However, only the principal componentahich
are the eigenvalues of the chemical shift tensor matabe observable by MAS SS

NMR sgctroscopy. As the chemical shielding tensors have been calculatedalsing
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initio DFT methods irsection 2.3 the chemical shielding tensor matrix can be

correlated back to the molecular axes.

Work by Autschbacht al. shows that the chemical shift tensoratrix of a3C nucleus

of a singlewalled nanotube can be represented by an isosurface after converting the
chemical shift matrix into polar coordinaté.” The chemical shielding ra@kensor

can be represented bfquation 14 Where s is a scaling factand, h are the

~ ,~
v

cartesian chemical shielding tensor components of atam Ai A h ahuhd .
M  iBgi, h Equation 14

Equation 14can be written in polar coordinates rather than cartesian coordinates,
with the origin of the polar coordinates being located at the centre of atom A where

g is the angular dependence. The isosurface can be representeduation 5:

~

1 | "Qh Equation 15

Building on the work by Autschbaeh al. in this area,Wolfram Mathematica was
used for all visualisation of tensors in this thesis using a prewritten gérigfll that
wasneeded to create a plodf the angular dependence of chemical shieldimgre

the coordinates of the molecule of interest, as well as the chemical shielding tensor
matrix, both obtained from quantumhemical calculationsTwo separate surfaces
are used to represent positive and negative shielding contributicdbsange
represents deshielding and bluepresentsshielding with the magnitude being
represented by the distance of the isosurface from thegiori Following this, the
chemical shift tensors for ethane, ethene, and ethyne were visualised. The

isosurfaces are shown ingtre 31.
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Figure 31. Top: Visualised chemical shift tensors left to righthane, ethene,
ethyne. Bottom: Visualised tensors in a pictorial representatahremical shift

reported in ppm

The tensors all have very different shapes. The chemical shielding around the carbon
atoms of ethane is roughly spherical and highly shieldégkrefore must be
dominated by the diamagnetic contribution to chemical shieldisg? which
provides a constant isotropic deshielding to'&t nuclei. Small contributions P22

lead to the small deviations from isotropy observattaning thatdii=dzar dsa.
Ethyne exhibits symmetrical shielding around theGCbhond axis. This would be
expected due to the symmetry of the systemand di1= door' dss. Ethene exhibits
different shielding in all three axes andudly ansotropicwherediir' dzar' dss. Ethane

exhibit isotropy wheredi1= d2o= dza.

2.7 Analysis of ethane, ethene, and ethyne FMOs

2.7.1 Stepby-step orbital analysis and correlation to chemical shiénsorsof

ethene [37]

As mentioned insection 25.1, ethene [37] shows large differences in the
chemical shift tensors along each axis. Deshielding along each of these directions is
associated with molecular orbitals being coupled by a rotational operator. The
chemical shift tensors of ethene have been described in literature.”* The
identification of the molecular orbitals and rotations can be simplified using group
theory. Ethene belongs to thBxn point group. By assigning the axes as shown in
Figure3l, the irreducible representations of the frontier molecular orlstzan be

assigned. To calculate the symme#tjowed transitions, the rotationadperatorsy ,
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Y ,andY must be used. The rotation functions in tBe, point group are described
asBig (Y), Bog (Y ), andBgg (Y ). Any symmetnallowed trangtion with non-zero
overlap can be identified if the product of the irreducible representations of the
acceptor orbital, donor orbital, and rotation function is equal to the totally
symmetrical representation of that group. In tii®h point group, this isAg. Thesy
bonding orbital of ethene possess@g symmetry Mixing of this orbital withp;*,

which isBpg, via'Y is symmetry allowed.

® o) 6
. © & 6 w 5 § 6 o5 0O
@ & 6

This overlap can be visualised asotation of the p orbitals about the y axis. The
rotation is positive and therefore anticlockwise. After rotation, the interaction
between the two p orbitals can be either constructive or destructive. A constructive
interaction would be where the overlap is in phase and leads to a shielding

interaction. This allowed interaction is destructive, where the overlap is out of phase

and therefore is deshielding in naturex pz;*, Y1,has very good overlap and a
relatively small energy gap, leading to the majority of the deshielding alonghe
same treatment of the other orbitals can be used to identify the other key transitions,

this is showrFigure32.
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Figure 32.  Selected frontier moladar orbitals of ethene and key transitions
identified using group theory, calculated in Orca at the PBEO/TZVPP level of theory
with ZORA corrections and visualised in gOpenMol (left). Chemical shift tensor for
ethene calculated in Orca at the PBEO/TZ\&W& bf theory with ZORA corrections

and visualised in Wolfram Mathematica with pictorial representations (right).

The greatest shielding in ethene is along the z axis. Any deshielding along this axis

must be associated with orbitals that are coupled bg thtational operatorY . Using

the same approach, one transition is observed® py, Z1.

® o) )
G o o 6 ® 5 6 6 b5 0
@ 6 6

The energy gap is low atige interactionconstructive, leading to shielding along the

z axis. The significant@ bonding interaction reduces the effective overlap of the
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orbitalsdue to large amounts of hydrogen orbital character in the.M@e transitions
that are symmetryallowed and that affet deshielding along the z axis are small, so

much so thatdsz is dominated by the diamagnetic shielding contributift3.

Twotransitions are symmetrgallowed to contribute to deshielding alongps:  pZ*,

X1, andp; py*, X2. X2 has a very poor olap and is constructive in nature so is not
a significant contributor to deshielding\l the deshielding is dominated by X1,

leading to the moderate deshielding observediia

2.7.2 Step by step orbital analysis and correlation to chemical shéfhsorsof

ethyne [38]

The chemical shift anisotropy of ethyn@8] has been studié both
experimentally and computationally, making it a good test system for our calculations
and interpretation’>’” The experimental®C chemical shift tensor farthyne was
recorded by trapping acetylene in an argon matrix and is shown to have a large span
of ~240 ppm. The tensors also show axial symmetrih) thie di1 and d2> tensors
being equal and deshielded, with reshielding along thelss tensor. Ethyne is a

highly symmetric molecule, possessbgksymmetry.

As mentioned insection 25.1, compound [38], ethyne, shows symmetrical
deshieldingorthogonal tothe Gk C bond axis (x and y axes), with maximum shielding
along the bond axis (z axis). To understand the differences in shielding along the axes,
the orbitals that can contribute tg must be identified Any molecular orbitals

that possess large character and love character may contribute to deshielding. The
FMGs of ethyne were generatefbllowing the previously described methodology
simpleFMOdiagram of the orbitals with high p character is shawrHgure 33, the

energies of the orbitals are shown ialdle 10.
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Figure 33.  SelectedrMOsof ethyne and key transitions identified using group
theory, calculated in Orca at the PBE&2_TZVPP level of theory with ZORA
corrections and visualised in gOpenMol (left). Chemical shift tensors for ethyne
calculated in Orca at the PBE@f2_TZVPP leal of theory with ZORA corrections

and visualised in Wolfram Mathematica with pictorial representations (right).

Key transitions responsible for deshielding3B] are shown in Figurd3. Given that

the dx and thedy tensors are equal, the orbitals inveld must be degenerate. Fdg

the transition must be between orbitals that are coupled by the rotatiornzrator

Y . The symmetryallowed combinations must b&ltpy*, X1,0r py/ts:*, X2.Figures

33 and 34shows these two possiblmteractions. Due to thedoubly degenerate
nature ofboth the HOMO and LUMO, these are also the transitions responsible for
dy. Both transitionggive rise to destructive interference between the two p orbitals
andmay contribute todP2"giving a deshieldig tensor ofdyy = 138.In this case, the
lowest energy transition is HOMB.UMO+1 but there is a large proportion of orbital

density on the protons on the LUMO+1. This reduces the effective overlap and
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therefore its contribution. This, combined with therger 14.8 eV HOMGLIH_-UMO

transition, leads to only moderate deshielding.

Table 10. Energies oMOs of[38] and transitionsrelevant to chemical shift

calculated in Orca at the PBEO/def2_TZVPP level of theory with &iRAtions

Orbital E/eVv Transition KE /eV
HOMQO1 -13.82 HOMQ1rg-uMo 14.53
0 7
HOMO (*2) -8.33 HOMQH.UMOD 9.04
LUMO (*2) 0.71 HOMQH.UMO+1 10.13
0 7
LUMO+1 1.80

A
cton* L,
C===<0 - H H

m to o* 2x/y
H H >~ (P=Bs-esH)

Figure 34.  Orbital transitions responsible for deshielding along the x and y axes.

Thed; tensor can only arise from a transition between x and y orhitedgipled by
the rotational function'Y . However, on transformation of the frontier molecular
orbitals by'Y , a 90 operator, gives rise to orbitals that possess the same symmetry
as theinitial orbital, Figure 35due to the degenerate nature of the HOMO. The
resultant symmetry ofGy, 3 , and Gy does not give rise to the totally symmetric
representation forDg x Even though the HOMO and LUMO have a very narrow
energy gap and are &0° to each other these orbitals cannot mix for the same
reason as HOM®IOMO mixing, any deshielding overlap generated by’adtion

is cancelled out by shielding of the same magnitutie lack of symmetry allowed
transitionsdominates the chemicalhgft in this direction and leads to a very small
deshielding contributiorio dP2? Instead,dss is dominated byd?2,

94



B8 < PP

Figure 35.  Orbital transitions responsible for deshielding along the z axis.

The presence of theymmetricalp system leads to a greater extent of deshielding in
ethyne than ethane. However, the high symmetry means that the lowest energy
transition has the poorest overlap and is highly shielding, although not as shielded as
ethane. High symmetry forbids the lowest energy transitions leading to lower

deshielding in ethyne thaathene.

2.7.3 Step by step orbital analysis and correlation to chemical shift tensofs

ethane

As mentioned i2.5.1, ethane shows a nearly totally symmetrical shielding
around the carbon nuclei and a very low chemical shift anisotropy. Chemical shift is
dominated by the large shielding values along each axis. The lack of deshielding can
be attributed to the large Bergy gaps between orbitals and poor overlap. The lower
energy orbitals have a high degree of carbon 2s character meaning that no mixing
can occur due to the symmetrical nature of the orbitals. These two effects mean that

there is a small constant contribian to deshielding in all directions.
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2.8 Conclusions

In this chapter*G'H}SS NMR spectroscopy has been performed on the test
complex[35] and ageneral methodology selectddr the spectroscopyerformedin
this thesis. MAS has been employex$ulting in the recording of sharp spectoa
complexeg2a]BFR, [10]PFk, and[35], as well as PBhThe organometallic systems
studied have spectra that are too complex and overlapped for static powder spectra
to give meaningful values ofi1, dz2, anddss. As well as simplifying the spectra from
resonance overlap, MAS has the added advantage that sigreshveraged, leading
to high intensity carbon spectra. The double resonance experiment CP MAS has been
selected for the recording o0f*H} spectra.CP decouples the**C nuclei from'H
nuclei that are couplediadirect-dipole couplingnteractions As well as decoupling,
when the HartmarHahn matching conditions are medolarization transfer occurs
between the'H and!3C nuclei. This increases siga@d means that relaxation
processes are dictated by the sgattice relaxation of'H nuclei rather than3C,

which are typically shorter in the solgtate.

As well asfor detecting *3C nuclei pulse programs have been selected for the
recording of*!P and'°Fspectra Withthe CP experimerfor 31P{H}and a 90 pulse
for 1°F. The methodology selected provides sharp and intense spectra with clear

sidebands that can be analysed.

The magnitude bthe spinning side bands B&een modelled using th&GH} CP
MAS SS NMR spectracoimplex35]. The iterative line fitting function SOLA has been
using in TopSpin 3.6.1 pl7. MAS speeatf§,have been selected wheré® <chemical
shift anisoropy gving values of the principal components that represent chemical

shift anisotropy well.

Ab initiocomputationalcalculationsusing DFhave been performed in Turbomole

exploring the geometry optimisation ¢2a]*. Geometries recovered using the GGA

functionals BP86 and PBEO are shown to have small variances in key bond lengths

and angles around the ruthenium centre[@&]*. Increasindhe size ofthe basis set

from doublez, def2_SV(P), to triple, def2_TZVPP as been shown to have a small

effect on optimised geometry when compared to the experimentally recovered XRD
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crystal structure. The differences in geometry between def2_SV(P) and def2_TZVPP
were not so large as to outweigh the large increase in computatioan time.
BP86/def2_SV(P) were selected as the functional and basis set used to optimise
geometry in this thesis. Electronic minima were identified by the absence of

imaginary vibrational modes.

As well as geometry optimisation, the use of single p&#T calculations was
explored in the calculation of chemical shift tensors using the programs Orca and
Gaussian. It was found that neither program gave values of the principal components
di1, d22, anddss that were comparable with the experimentally derdv@alues. The
inclusion of relativistic effects was achieved through the implementation of ZORA in
Orca. Calculations using ZORA resulted in valudg,ak,, anddss that agreed with
experimental values?BEO/def2_TZVPP ZORA was selected as a gendratioiegy

for the calculation of chemical shift tensors in this thesis.

With a general methodology for the recording and calculation of chemical shift
tensors, the link between tensor reference frame and molecular reference frame
could be explored. Conveom of the chemical shift tensor matrix to polar
coordinates as described byutschbachet al.”® allows the chemical shift tensors
reference frame to be correlated with the molecular frandes, d>2, anddss can be

assigned to the molecular axes x, y, and z.

Chemical shift is comprised of two major componedt§,anddfaa d¥i2is associated

with the reduction of the effective magnetic fielk« applied to the nucleus due to

the interaction ofBy and theelectrons in spherical orbitals around a nucleus. For
larger nuclei such ad®C, this interaction is constant between differeAtC
environments and is shielding in nature. Shielding and deshieldind?d is
associated with transitions between molecularbitals that are coupled by the
magnetic rotational operatoly . Constructive, i¥sphase, overlap of the donor orbital
(after the application ofY ) with the acceptor orbital leads to a shielding interaction
along the molecular axis n. Destructive t @i phase, overlap between the orbitals
leads to a deshielding interaction along the molecular axis n. The magnitude of the

interaction is proportional to the overlap integraétween the coupled orbitaland
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inversely proportional to the energy gap betere the orbitals. Analysis of the
interactions responsible for the shielding and deshielding of ethene and ethyne are
in line with literature understanding and have been shown to demonstrate how this

analysis will be used for further work in this thesis.

Owerall, this chapter has outlined the general methodologies that have been used for

the collection and analysis of data in this work.
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Chapter 3lnvestigation offluorine effect on chemical shift in

ruthenium vinylidene andalkynyl complexes

3.1 Introduction

In this chapter, the fluorine effedn M-C bondinghas beennvestigatedfor a
range of vinylidene and alkynyl complex&be current understanding of the bonding
in stable fluorinated vinylidene and alkynyl complexes is p8@us chapteihas used
SS NMR spectroscopy and quantum chemical calculations using DFT to further the
understanding of these compoundsxploring changes in bondimgll help to add to
the current understanding of the effet¢hat fluorine has orfluorinated unsaturated

organometallic and organic species.

Organe and organometallefluorine containing speciesre common in many areas

of chemistry. In this introduction, the unusual properties of thd-®ond will be
discussed, including thgauche effect. Knoimg that fluorine may cause changes to
the physical properties of organic compounds, the coordination of organofluorine
molecules to metals will also be discussed with a focus on fluorobenz&hesuse

of fluorobenzene complexes as precatalysts will bieflyr discussedThe directing
effects of GF bonds on the activatioof fluorobenzenes will be discussed as examples
of where the @ bond influences the electronics of organic fragment. The
electrophilic fluorination ofruthenium viny} and alkyny compexes to produce
stable fluorinecontaining vinylidene alkynyl, vinyl and carbene complexesis
discussedThe stability of the coordinated fluorovinyldene and fluoroalkynyl moiety
will be compared to the uncoordinated examples. The understanding of
fluorovinyldene and fluoroalkyngpeciehas been developed in this chapter with an

aim to better predict reactivity.
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3.1.1 Carbonfluorine bonds

The fluorine atom is of great interest in synthetic chemistry, particuliarly
carbonfluorine bond, GF. Fluorineis the most electronegative element, thegh
electronegativity of fluorie, cr= 3.98(where cn = 2.20, is responsible fosome of
the unusual chemical properties of compounds containirg lidndsGF bonds are
very strong, with the bond enthaigs of the GXbond in in CEX, where X = F, H, CI,
Br, I,beingDhbes = 481, 439, 350, 302, 241 kJ rhoespectively’® Although fluorine
is largely absent from naturally occurring biomolecutés,introduction of fluorine
into an organic molecule may improve lipophilicity, increase binding affinity to
proteins, and increase metabolic stabilf/Due to the aforementioned reasona
large number of pharmaceuticals and agrochests arefluorine-containing. More
recently, the metastable synthetic isotope of fluoritfé has also been of interest for

use in positron emission tomograplEY for use in bioimaging®

3.1.2 Effect offluorine onstructure andbonding ¢ Thegaucheeffect

The unusual properties of fluorine mayfluencethe conformational isomerisation

of an organomolecule, particularly when two fluorine atoms are bonded to adjacent
carbons. A disubstituted ethane, FBHCRH, may have free rotation about the-C
bond. The energy of rotation of the-C bond is shown for butarie Fgure 3.8 Two
conformational energyminima are observed, antiperiplanar (A) agduche (G).
Typically, the antiperiplanar conformation is the lowest energy conformation with
the bulky substituents facing away from each other. However, if R = F, as-in 1,2
difluoroethane, the gauche conformabn becomes more stable than the

antiperiplanar conformatior¥? This is known as thgauche effect.
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Figure 36.  Energy profildor butane (R = Me) on rotation of the@bond. Two

local minima are observed, antiperiplanar (A) aadche (G¥*

Figure 37.  Hyperconjugation interaction between theks and the GFs*

orbitals in 1,2difluoroethane.

In 1,2difluoroethang the GH s-bonding orbitalmay interact with the & s*-
antibonding orbital of the adjacent daon, donating electron density and providing
stabilisation. The interaction is summarized igufe . The presence of fluorine
atoms simultaneouslynakesthe GH s-bonding orbital a greater donor and theFC
s*-antibonding orbital a better acceptor leading to a strong stabilisatidnseffect

is known as hyperconjugation and in @luoro compoundsthis interaction may
outweigh the repulsive interaction between the two fluorine atoms leading to a

stablegauche isomer3
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3.1.3 Fluorobenzeneomplexes

Aswell as in the synthesis of fluorinated molecyl#gorine has a wide variety
of uses in organometallic complexeshich are in turn usedfor selective
transformations. Metal complexes of fluorobenzenes are widely used as precatalysts
with arene dissociatin providing a fast route to coordinatively unsaturated metal

centres®4

Fluorobenzene complexes have been used in thdrdyenationof alkynes by Rh
complexes, as shown Figure38.8° The cationic complef39]* acts as a source of
coordinatively unsaturated Rtvhich, in the presence of an alkyne, may hydrogenate.
Controlling the stoichiometry of4tan lead to selective formation of the alkene over

the alkane.

Catalytic @F

| O F
[39]1 ®f, BArF,

PiPry PiPr
R — » / or /\
H, R R
Hydrogenation

Figure 38.  Hydrogenation of alkynes using a rhodium fluorobenzene complex.

Complex [39]BAFs is a rhodium complex of the general class HRh
(GHsF)PR:)2]BArF4. As welbs in hydrogenation reactions, these complexes have also
been shown togenerate active catalystsused inamineborane and phosphine
borane dehydraoupling®®? hydroacylation’® °! and crosscoupling reactions®?

(Figure39).
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Figure 39. Examples of Rfluoroarene complex reactivity.

Naked group 13 cations such as'@aIn' can be stabilised by coordination of
fluorobenzene into a sandwich compl§0]*, [41]*, shown in FKure 40.9%% Gd
fluoroarene sandwich complexes have been used in the polymerisatiso-biitene

with very low catalytic loadings of 0.007 &so shown inigure40.

eX
CgHsF
Sonication
Ga+AgX ———> N

[Ga(CgHsF),IX
Toluene, -10 °C
—_—

@
)

[40] .
N
@ .
i. CHzclz, H
icat F oo
o InCl + Lix —2nieation @ | X = AIC(CFs)a)l
iLoDFE S0 _f
[41] ol

Figure 40.  Fluoroarene sagwich complexes of Ga and(left) and the

polymerisation ofso-butene catalysed by Gaight).
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3.1.4 GCGHand CGFactivation of fluoroarenes

Introduction of fluorine to an aromatic moiety can lead to large changes in
the electronics of the ringArenes such as fluorobenzenare widely known to
coordinate to metal centres &% face capping ligand¥.However, €H activation

chemistry may occur as the arene slips tandacoordination mode®

The synthesis dhe strongly chelated and coordinatively saturated'Rbhmplex
[42]BAFs has allowed soligstate characterisation of a range & -coordinated
fluoroarene complegs, shown inigure41.°” Thetridentate bi N-heterocyclic

carbene pyridine (CN@)hd biphenyl ligands prevent the benzene coordinating in

N
o

[Rh] [Rh]

the hé-mode.
F '
// eBAI"F4E e
AN a
(\N— Z F F
N—L N=_ i
/ : [Rh] Rh
Me ®Rh/ E [Rh]
i F
\} t [Rh]

N\

[42]

Figure 41.  Forcedh? -coordinated fluoroarene complex coordination modes

show clear preference for coordinatiartho- to GFbonds

The arene shows a clear binding preference to the CHnQiElty that is ortho- to
fluorine in the solid state. DFT calculations suggest that the binding affinity of this
position would be the highest. This may be relevant to the observed preferences in

GH activation of fluoroarenes by metal complexes.

Some early examples of preferentiaHCactivation of fluorobenzenese bythermal
and photochemical activatiomediated by[Rhh°>-GMes)H(PhjPMes)] [43] and
[Rh5-GsHs)(CHCH)(PMe)] [44].°8 The thermal activation using3] is summarized
in Hgure42.
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Figure 42.  Thermal @H activation of fluorobenzenes by a 16 electron Rh

complex?®

In all cases the thermodynamic end product-d Gctivationortho- to the GF bond®®

In the case of 1;8lifluorobenzene, the initial mduct is a mixture of kinetic products.
Activation of the €H that ismeta- to both GF bonds is least favourable with a larger
ratio of activation of € that isortho- to one GF bond in the dynamic mixture.
However, extended heating at a higher tempena causes isomerisation of both
kinetic isomers to the end product oflE activation at the bonartho- to both GF

bonds.

Photochemicdy-initiated oxidative additiorfrom [44] gives rise to similar results as
the thermal activation of{43], also givingaccess to coordination of some higher

fluorinated benzenes, shown ingeire43.%8
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Figure 43.  Photochemical €1 activation of fluorobenzenes by a 16 electron Rh

complex and further & oxidative addition of hexafluorobenzehg RH.%®

Interestingly, the presence of the €Broup of a,a,a-trifluorotoluene does not
induce the samertho- directing effect?® Instead, ativation is only observetheta-

and para to the CEk group, with the major isomer beingeta-. The fluorine atoms
being removed from th@-system leads to a reverse in the selectivity that has been

observed, with traditional steric and electronic effed@minatingthe activation

Also shown inigure43, hexafluorobenzene initially coordinatb$- to the Rh centre.
Further irradiation of the complex causes oxidative addition of a highly stable C
bond?® The GH activation of fluorobenzenes by metal centres haen widely

studied, with examples of-8 activation on several metals such as Rh, Ir, and Pt

TheGH activation can be utilised for further reactivity such as with boronic acids
borylation reactions and crosmupling!® 1%1In both borylation and crossoupling

reactions, a strongrtho- directing effect is observed with fluorine compared to other
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substituted benzenes. Thertho- effect is in competition with steric effects and

kinetics d binding.

Theortho- effect can be clearly observed in theHCactivation obrtho-disubstituted
benzenes by [I>-GMes)(Me)(OTf)(PMg] [45].192Wheno-dichlorobenzene and-
xylene undergo & activatiorthe Ir-C bond is formed at the-$ositionforming[46].
However, with o-difluorobenzene @4 activation occurs at both the-3and 4
positionsformingcomplexeg46] and[47]. This may be associated with the small size
of the F atom providing leseepulsion being in proximity of the metal, or the

formation of a stronger MC bond.This is summarized in Figuré. 4

R=Me, CI, F
R
C[ R =Me, Cl, F R = F only
> |z R > | < R gl
M P‘\‘\\‘)Ir\M CHaCl o P\“\\‘llr M P\‘\\\‘llr
€3 € [(PPh;),N][B(3,5-C¢Hs(CF €3 €3
- [(PPha),NIIB(3.5-CHa(CFa)a] MO 4 .
[45] [46] [47]
R R
R R

Figure 44.  GH activation of45], forming[46] and[47].[47] is only observed

when o-difluorobenzene is use#?

A combination of DFT calculations and experimental work on the activatiorHof C
bonds of fluorobenzenes has shown that there is a correlation between the strength
of the GH bonds being broken anthe GM bonds leing formed'®> GH bonds
become stronger whenrtho- to one or two GF bonds. However, the strength of the
M-C bond thais formed outweighs the increasing strength ei®onding. With the
barrier to reductive eliminatiorortho- to 1 GF bond being 8 kdhol? stronger than

not next to fluorine and activationrtho- to two GF bondseing a further 5 kJ md|
stronger® It was found that this effect is independent of the number of fluorine

substituents!o®
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3.1.5 Stablefluoro-vinylidene and-alkynylcomplexes

Metal complexes containinG-F bondscan be synthesised by theHCor GF
activation of a fluorine containing organic molecule such as fluorobenZemather
route to fluorine containing organometallic complexes is by reacting an
organometallic with a fluorine sourc€ f SOU NR LKAt A O &2 d&zNID ND
typically solid at room temperature, as well as beirar and water stablé® The
commercial availability of a range of electrophilic sources of fluorine has allowed for
the synthesis of fluorinated molecules to move awaynirthe use of fluorine gas
(Fg), hydrogen fluoride (HF), and fluorine sgf3 such as caesium fluoride (C9f).

F& € sources can be synthesised fromaRd the corresponding N compounds on a
commercial scale without need for Fh the synthesis of fine chemical¥. Some
examples of commonly availalde€ sources are shown iRigure %, N-fluoro-2,4,6-
trimethylpyridinium  tetrafluoroborate (FTMP) [48]BR,'1°®  N-fluoro-
benzenesulfonimide  (NFSI) [49],'®® and  1-Chloromethy4-fluoro-1,4-

diazoriabicyclo[2.2.2]octane bis(tetrafluoroboraté$electfluof™) [50][BFa]2.11°

Electrophilic fluorinating reagents have been used mfibrmation offluorocarbene
[52]X, fluorovinylideng 3] X, and fluoroalkynyto T céréblexes of rutheniurfrom vinyl
[51], alkynyl[1] [4]Qcomplexesby Slattery and LynaAt*14 This isalso shown in
Figure &.

o
0 0 0 0 BF,
VY e
v 4
ph” N7 ph /N(f>
| 7
[49] FNFSI [50] Selectfluor™

= = °

[ - [

@
wRu _ wRu
Ph;PW " PhsPV/ X
Ph3Pl \ Ph3Pl \\....HR
R
[1] [3] F

aH iv PhoPW
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Figure 45.  Outer-sphere electrophilic fluorination of ruthenium organometallics
in the synthesis of fluorinated organometallic complexe€HCh, 20°C, 16 h. ii.

CHCb, 20°C, 1 h. iii. Toluene78°CIHRT. iv. THF, LiN(Siffle-78 °CTHRT11114

The @ of unsaturated ruthenium organometallic species is electron rich and reacts
gAlK St SO0 NPdLRubringien atEadbeenlisiowntddproceed without
initial fluorination at ruthenium‘'? The fluorination takes place in the outer
coordination sphere of the metal and is referred to as otgphere electrophilic
fluorination (OSE}: The G of fluorovinylidene and fluoroalkynyl complexes present
unusualvalues of chemicalhift compared to notfluorinated equivalentd#4The

chemical shifts are displayed kigure 4.

— o —
R R
PhsP\" "N Ph3P\“‘I !
PhsP \\\\\\\\Ph
L 5 =356 H _ | =107
[2a] [4]
[ : |BF, [ z
R -~ R ~
PhoP\" "X Ph, P\‘" !
PhsP XuPh PPN
L 5 =389 F 5=37
[3a] [T
Figure 46.  Fluorovinylidene (Bottom left) and fluoroalkynyl (Bottom right)

complexes show significant changes to deshielding atc@npared to protee

equivalents (Top}®

The chemical shift dfa for [3a] PR is shifted significantly becoming more deshielded
by >30 ppm(dc = 389 compared tathat of [2a]BR (dc = 356)'1? Vinylidene & are

already highly deshielded environmentd® but this ncreases when fluorine is
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incorporated into the vinylidene moietyThe level of deshielding is very large
considering the proximity of the fluorine fromy@\s it is &3C nuclei, the value @
will not dictate the total deshieldingChanges taP22will influence deshielding to a

greater extent.

The chemical shiftfoG of [7]Qs dc = 37, highly deshielded compared [i4] (dc =
107)11% Changes tothe chemical shift oft3C environments are not dictated by
changes in electron density at the nucled$y, but are dictated by changes 522

The unusual*®*C chemical shift values of these metal complexes suggest that
distinctive changes are occurgnto the FMO structures of the complexes The
chemical shift is a representation of changes to bonding structure and engnggh

must be attributed to the inclusion of fluorine

Fluoroalkynyl and fluorovinylidene complexesuld be synthetically relevaras
building blocks in the synthesis of novel fluorinated organic molecules. A better
understanding of theFMO structure could be used to predict and understand

reactivity.

Complex[7]Qis a bench stable molecule containing an spFCond. Stable -1
fluoroalkynes are poorly represented in the literaturEluoroethyne [53] and
difluoroethyne[54] compoundsare both formed by pyrolysis reactionSompound
[53] is formedfrom the pyrolysis omaleic anhydridg55], [54] is formed from the
pyrolysis ofriazine[56]. 117: 118This isshown inFigure #. Compoundg53] and [54]
are being susceptible to degradation at reduced temperatures.ddgsadation is by
cyclotrimerization to forn{57] in the case 0f53], or polymerisation in the case of

[54].
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[56]

Figure 47.  (Top) Synthesis of fluoroethyngg3], and (Bottom) difluoroethyne,
[54], by pyrolysis. Degradation of thdluoroalkyne occurs even at low

temperaturest!’. 118

Some other fluoroalkynethat have been synthesised are perfluoropropytig1-
fluoro-3,3-dimethylbut1-yne!?® 121 and ZXchloro-2-fluoroethynel??> Higher
substitution of the atyne leads to stabilisation of theolecule but degradation and
trimerization reactions still occur below room temperature. The fluoroalkynes show

enhanced stability in the gas phase.

3.1.6 Aims

In this chapter differences in chemical shift that arise aftBuorination of
organometallic species, specifically the effect on the vinylidene and alkynyl moieties
have been exploredSS NMR spectitzave beerrecorded for a series of ruthenium
alkynyl and vinylidene complexékhe chemical shift anisotropgrecowered from SS
NMR spectrahat have been recorded at loMAS speeds. The experimental chemical
shift tensors have beencompared to andused alongsidequantum chemical
calculation usin@FT to explain differences in the frontier molecular orbital structure
between fluorinated and noffluorinated organometallic species, with particular
focus on the effect on the metal bound.@s well as focusing on the effect of fluorine

on organometalli complexes,leemical shifanisotropyhas beerused to explore and
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explain the role of the metal in these complexasnpared to uncoordinated, metal

free species
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3.2 Synthesis andharacterisation ofcomplexes

Metal vinylidene complexes are well known tihe literature. Ruthenium
vinylidene complexes are typically synthesized following the preparation laid out by
Bruce,whichis shown in lgure 48.122Heatingthe ruthenium halfsandwich complex
[35] in an alcohol solvent in the presence of a chloradestraction agent and a
terminal alkyne leads to the formation of thaesired vinylidene. Reactions were
typically performed for 30 minutes as prolonged heating leads to the formation of
alkoxycarbene complex§s8]PF, which result from nucleophilic attack at the metal
bound carbon atom by the solveft?

Y = | =¥ i =

R|u MeOH, A, NH,PFq | MeOH, NaOMe |

“ wRu wRu
PPV N T | PPN ——————— ph,p"
cl 4 4
W PhaP \\....uph PhyP \
[35] H [1a]

2
[2a] : PFg : PFo
§ oM R oM
PhoP Y © PhoP Y ©
PhyP PhyP

Ph Ph PPh;
[58] [59]

Figure 48. Formation of ruthenium alkynyl complex, overreaction of the

intermediate vinylidene leads to carbeife8]* and phosphinoviny[59]* species-?®

Prolonged heatingpf complex[2a]PF can cause additional sigdeactions which
result from phosphine ligand dissociation. The dissociated phosphine can react with
carbeng]58]*to form phosphonium alkoxyvinyl complex&9]PF.%°Because of the
need in this project for high quality, solid, crystalline matkranother method must

be considered that avoids unnecessary contamination and any prolonged heating.

The preparation by Noppers and Low provides a modified route to the vinylidene with
reduced contaminatioi?® As shown inFigure 4, this method replaces elevated
temperature by long reaction times at room temperature. At room temperature, the
addition of the methanol solvent tthe vinylidene toform [58]Clis restricted The
formation of[2a]Cl was slow, but purity outweighs the need for speed in this case.
Deprotonation by an organic base ensures that crystalline alkynyl coegdagh as

[1a] can be recovered with no contamination.
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HBF,,-Et,O/HOTf o
[35] 3
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Figure 49.  Formation of ruthenium alkynyl complex without heat or chloride
abstraction agent using an organic baks&-diazobicycl{b.4.0undec7-ene (DBU).
[2a]BR can be formed by reactind ] with an acid in DCNE®

This preparation is typically performed on small scal€® (ng of[35]),'2¢ so ithas

been scaled up to half gram scale for the synthesis in this th€kes limiting factor

in production of the alkynyl complex was the formation of the vinylidene chloride salt
[2a]Clin methanol. When smaller volumes of solvent were used, large masses of
unreacted [35] was recovered after filtration of the reaction mixture before
deprotonation. Increased solvent volumes pushed the reaction closer to completion

and less starting materiaémainedatfter filtration.

Large solvent volumes and an excess of terminal alkyne heipedrive the
consumption of starting material and pure crystalline alkynyl congdexere
observed in very high yields of over 90 %. The corresponding vinylidene complex was
formed quickly and cleanly by dissolving the alkynyl complex in dichloromethmahe a
adding tetrafluoroboric or trifluoromethanesulfonic acid dropwise with rapid stirring.
An immediate change in colour from yellow to cherry red was observed consistent
with the vinylidene complejRal* being formed in solution. The choice of acid used
determined the nature of the countelon of the vinylidene complex. Typically,
trifluoromethanesulfonic acid or tetrafluoroboric acid etherate were employed as
the reaction has a high atom economy and the products were readily purified. As
well as the chage in colour, the isolated product showed the diagnostic appearance
of the vinylidene proton in théH NMR spectra, as well as a shift in ©e'H and

PPh 3P resonances consistent with a change in charge of the complex shown in
Figure50. The assignmernmtdf the resonances is described furthersiection 3.2.1The
product [2a]BF was isolated as crystals by slow diffusion of either diethylether or

pentane into a dichloromethane solution of the complex.
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Figure 50. 'H NMR spectraecorded at 400 MHaf the vinylidere andCpregion
of [2a]BR, (a), recorded after addition of tetrafluoroboric acid etherate[1a], (b).
The diagnostic vinylidene proton resonance is observed after protonatiady at
5.44.3'P{'H} NMR spectraecorded at 162 MH»f [2a]BR, (c), and[1a], (d). All

spectra recorded inl-dichloromethane.

This modified preparation allowed the formatioof both ruthenium alkynyl and
vinylidene complexes in high vyield, purity, and crystallinity, which are important

factors in the subsequent study by SS NMR spectroscopy.
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Table 11. Yields of alkynyl, vinylidene, and fluorovinyldene synthesis recovered

as crystallhe material.

Alkyne Used % Yield % Yield % Yield
Alkynyl | Vinylidene | Fluorovinylidene

Complex | Complex | Complex

80 71 70
HC=—

92 79 74
HC=— CF,

90 79 72
HC—— OMe

/ 63 84 81
HC——

\

3.2.1 Characterisation of [1d], [2d]OTf, and [3d]PF

Examplesf the characterisation of an alkyny1{]), vinylidene [d]OTf), and
fluorovinylidene [3d]PF) complexusing slution state NMR spectroscopy are

described below
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Figure 51. 'H NMR Spectrum otomplex [1d] recorded at 400 MHz. The
spectrum was recorded itb-dichloromethane, the residuak-dichloromethane was

referenced tody = 5.32and is denoted by *.

The!lH NMR spectrum dfLd] recorded ind>-dichloromethane is shown iRigure51.
TheCpprotons, H, are clearly observed as a sharp singlet resonahde= 4.14 with
an integration of Bl. Rapid rotation of theCpring in solution leads to an isotropic
resonance with no observed couplings to other environmermitgtert-butyl protons,
H°, are also observed as a sharp singlet resonance with an integration of @ at

1.19.

The aromatic resonances of tHePh ligands are observed as three resonances
between dy = 7.00¢ 7.60. Rotation of the ligands leads to the three distifidt
environments, B H3, andH?*, corresponding to thertho-, meta-, andpara- positions
of the phenyl ringsThe ortho-proton, H, would exfibit coupling to H and to the
nearby3'P nucleus. Hwas identified as the multiplet resonancedi= 7.56 with an

integration of 12H. Thélip interaction broadens the doublet into the multiplet
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shape observed. Hwas identified as the resonance dt = 7.09, also having an
integration of 12H and exhibitingk+ coupling interactions to Hand H, appearing
as an apparent triplet. Hvas identified as the final aromatic resonancedat 7.2Q

having an integratio of 6H and showing a tri&+ triplet coupling to H.

oTf
@m
|
th\\\\f”k_

Ph2P \.mIIIH6

i
i “{\E__J’ ! \\u_wJ N \\k

T T T
4.26 4.24 ppm

\ 7.4 7.3 7.2 71 ppm
r W I r w m |
—|lu w O I~ o
[ (& o @ =
0w S\J § ~t [+ [}
T T T T T T T T T T T 1
7.5 7.0 6.5 6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 ppm

Figure 52. 'H NMR Spectrum ofomplex[2d]OTf recorded at 400 MHz. The

spectrum was recorded idp-dichloromethane, the residuah-dichloromethane was

referenced todw = 5.32and is denoted by *.

The'H NMR spectrum of a typical vinylidene complgd]OTf, recoréd in -
dichloromethane solution is shown iRigure52. As with[1d], the Cpprotons, H, are
clearly observed as a sharp singlet resonance with an integrationHofOm
protonation of[1d], the H environment becomes more deshielded, shifting frdm
=4.14irf1d] to dv=5.12 iM2d]OTf. This would be in line with the complex becoming

cationic and more electron withdrawing from the ring environment.
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The vinylidene proton #s observed aa triplet resonance with an integration ofil
at d4 = 4.24 A small coupling to two other nuclei leads to the splitting fritb a
binomial triplet. This small coupling constafitip=2.8 Hz) is consistent withlang-
rangeinteraction between Elandthe | =1/2 3P nuclei in the twd?Ph ligands bound

to the metal.

Thetert-butyl protonsH® of this complex are observed as a sharp, shielded singlet
resonance at = 1.17.The resonance could be easily identified as the only aliphatic
resonance irthe spectrum, possessing an integration éf $ree rotation of theert-

butyl group leads to a single isotropic resonance in solution.

The aromatic resonances of the phosphine ligands are observed betiveeid.00¢
7.50 Three distinct environments a@bserved, associated with thertho-, meta,
and para-substituted positions of the ring. Thmra-proton H was clearly identified
as the only aromatic resonance with an integration bf &dx = 7.45, exhibitingJ+

H triplet coupling to H. The expected coupling to two®ldrotons is observed in the
triplet. Theortho- (H?) andmeta- (H) positions would be expected as a doublet of
doublet and doublet of triplet resonances respectively with integrations . 155
the resonance atly = 7.29is observed as a triplet with a small doublet coupling to

31p, it was identified asHeavingdy = 7.05as H.
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Figure 53. 'H NMR Spectrum ¢8d]PF recorded at 400 MHz. The spectrum was
recorded indz-dichloromethane Residuald;-dichloromethane resonance obscured

with the Cpresonanceand is denoted by *.

The assignment of the aromatic resonancesomplexeq2d]OTf and[3d]Pk was
performed basedon multiplicity and integration. However, this assignment can be
improved with *H{®'P} experiments performed on a sample {8d]PF, shown in
Figure 8. On decoupling from phosphorus, the most shielded aromatic multiplet
resonance becomes a clear doublet resonance Withi = 8 Hz This coupling
constant matches both the other aromatic resonances. On decoupling from
phosphorus, two resonances change tiplicity, d4 = 6.99and d4 = 7.27 andthe
magnitude of the change is different. As the resonancdnat 6.99appears to be a
triplet when coupled to phosphorus, the coupling constant must be around the same
magnitude as the coupling tdy = 7.27 3pF 8 Hz. The much larger coupling to

phosphorus would be observed for, s the coupling constant decreases with
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increasing number of bonds between the spins. This confirms the assignmeft of H

(dv=6.99 and H (dn = 7.27 in the vinylidene anfluorovinylidene proton spectra.

T T T T T T T T T 1
745 7.40 7.35 7.30 7.25 7.20 7.15 7.10 7.05 7.00 6.95 ppm

Figure 54.  H{'PINMR spectrum of the aromatic resonancesomplex[3d]Pk
in do-dichloromethane (Top) anéH NMR spectrunof the aromatic resonances of
[3d]PF in dx>-dichloromethane (Bottom) recorded at 500 MHz. Coupling to

phogphorus is observed in thertho- and meta-positions.

The related fluorovinylidene compl¢2d]PF shows NMR spectroscopic data that is
comparable with[2d]OTf and is displayed iRigure53. The'H spectra of both
compounds show the presence of analogous resonances that could be identified the
same way as above. One major difference intHespectrum if3d]PFk is the lack of

the vinylidene triplet resonance fH4 Small changes in chemical shiftr& observed

for thetert-butyl andPPh proton environments. The magnitude of this change is low
as these environments are relatively electronically separated from the changing
vinylidene. The resonance that has changed most notably i€pm@otons H. The

H! resonance has been deshielded to the point that it now overlaps with the residual

di-dichloromethane resonance.

A key piece of spectroscopic data was the identificatiowarhplex[3d]PF by 1°F

NMR (Figure 5). The hexaflurophosphate anion was observed as the expected
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doublet resonance at-=-74 with'}kr= 711 HZ* This coupling matches the septet
observed in the3'P{H} spectra. The other key resonance that appears after
fluorination was the fluorovinylidene singlet dt=-216. This is in line with literature

values for a fluorovinylidene resonant@.

.

I T T T T T T T T T T T T T T 1
-202 -204 -208 -208 -210 -212 -214 -216 -218 -220 -222 -224 -226 -228  ppm

Figure 55.  °F spectra of3d]PFk recorded in d-dichloromethane at 376 MHz

showing the fluorovinylidene resonancedi=-216.
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Figure 56.  3'P{IH} NMR spectra of1d] (Bottom),[2d]OTf(Middle), and[3d]Pk
(Top) recorded at 162 MHz da-dichloromethane.

The3P{*H}experiments of1d], [2d]OTf, and3d]Pk showed the presence of a single
resonance for the coordinateBPh ligands atde = 51.2([1d]), dr = 42.0 ([2d]OTf),

and dr = 39.9 ([3d]Pk) shown in Figure ®. In the case of[3d]PF, the
hexafluorophosphate anion was observed as a binomial septt=at143.9with 1}
F=711Hz Complexeg2d]OTf and 3d]PFk exhibit asymmetry along the vinylidene
bond, meaning each phosphorus should have a unique environment. This is not
observed due to the rotation of the vinylidene bond at room temperature being
faster than the NMR experiment timescale. e NMR spectrurof [3d]PF showed

a diagnostic fluorovinyidene resonancedat=-215.6.

A different set of ruthenium(ll) vinylidene and alkynyl complexes were idenfibied
synthesis based on the [RuCl(dppej2lragment. Thetrans-alkynyl andtrans
vinylidene complexe[1a]Q[2I ©TI [3a]®F, w n, & PO QX0 cP&,and w T \Befe
identified by!H, 1°F, and®*P NMR spectroscop¥he complexes spectroscopic data

matched the literature and their synthesis is described in Chaptét 5
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To aid in the characterisation of alkynyl and vinylidene complexes, electrospray
ionisation (ESI) maspectrometry (MS) waalsoperformed. Diagnostiom/z peaks

for [2d]* and [3d]* were observed directly. In samples [dfd], the m/z peak for
[1d+H} was observedrThis is the same d2d]* but the intensity of the signal is much
lower for the alkynyl samplhan the vinylidene due to the need for the ionigat of

[1d]. This trend is matched in other vinylidene and alkynyl complexes.

3.3 Recording of 8lid-state NMR spectraof complexes [1a}; [10]PFe

Solid-state NMR spectra were recorded for a range of ruthenium complexes shown
in Agure 5. An example of the characterisation of the SS NMR spectra obtained is
described irsections 3.3.% 3.3.3

L ® H ® WF ® WCFs © L
[Ru———R [Ru]—C—C\R [Ru]—C—C\R [Ru]—C—C\Ph [Ru—C=0
[1a] R = CgHs [2a]BF, R = CgH5 [3a]PFg R = CgH5 [9]BF, [10]PFg
[1b] R = CgH4-4-OMe  [2b]OTf R = CgH,-4-OMe [3d]PFg R = Bu
[1c] R = CgH4-4-CF4 [2¢]OTf R = CgH,-4-CF53 [3a]'PFg R = CgHs
[1d]R =Bu [2d]OTfR = Bu
[1a]' R = CgH5 [2a]'OTf R = CgH5
[4'R=H [5'OTfR=H
[fTR=F [6]'BF;R=F

[Ru] = [ 1= | [ I'=
Ph3P\“"'RU\ Cl—(Ru’,—R
R Ph,R?  7PPh,

PhsP \ H
Figure 57.  Ruthenium organometallic complexstidied bySS NMR

spectroscopy

3.3.1 Example ofSScharacterisation of'3G'H} CP MASpectra showing**C{H}
CP MASpectraof [2a]BR-EO

Although solution phase spectra [f] ¢ [10] are available in the literature,
the values of the chemical shift tensors are not known. Before chemical shift tensors
can be compared and interpreted, fir$tigh resolutionSS NMR spectra of each class
of compoundneeded to be recorded As there were naletails in the literature for

the SS NMR of any of the complexes thave been synthesizedew spectra had to
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be recorded. This was achieved using the basic methodology that was developed in
chapter 2. After grinding crystalline material of each sam@& NMR could be

recorded The effect of crystallinity is discussedettion 3.3.4

-

BF,

Aromatic

8

5 \L L |
T T T T T T T T T 1
450 400 350 300 250 200 150 100 50 ppm

Figure 58. 13J'H}CP MAS SS NMpectra of[2a]BR-EtOrecordedat 101 MHz
at a spinning speed of 10 kHz. Isotropic resonances are denoted by an arrow.

Resonanceassociated with the ther of crystallisatiorare denoted by asterisks (*).
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Table 12. Comparison of solid and solution phd$€ resonances ¢2a]X. Solid
phase resonances recorded at 101 MHz at 10 kHz on a sam2le]Bf.. Literature

solution-phase resonances {2a]PF recorded at123 MHz ird:-chloroform*23

& dc (Solid) / ppm dc (Solution) / ppm
G 95 95

G 354 356

G 120 120

Caromatic 125¢ 143 127¢ 135

A 3J'H} CP MAS spectrum d¢Ra]BR is shown in igure 8. The solid'3d*H}
spectrum matches the literature solutigshase spectrum welhighlighted by the
similarity of solution and solid values df°in Table 12 The vinylidene £(G) is
observed atc= 3% in the solid state. This correlates well with the solution value of
dc= 3% only shifting by2 ppm. This could be associated with small changes in bond
lengths of the vinylidene between the solution and seitdte structures. Both the
Cp(G) and G (G) resonances remain unchanged between solid and solution. The
span of the aromatic resonances increases in the solid phase. In the solution, rapid
tumbling and rotation of bonds leads to the averaging of some of the carbon
environments. In the solid stateach phenyl carbon will be in a different crystalline
environment and therefore will give rise to unique resonances. The effect of this is
that the aromatic resonances are observed over a slightly wider chemical shift range.
As well as the resonances asmted with the[2a]BF, ether of crystallisation is also

observed as twé°C signals allc= 65and 13.

SS NMR spectroscopy has been shown to correlate very closely with solution phase
NMR spectroscopy for the recording &iC spectra, with chemical stsif being

observed within a small number of ppof each other
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3.3.2 Example ofSScharacterisation off!P{*H} CP MASSS NMRpectra showing
31C{H} CP MASpectraof [2a]BR-EtO

With 13G*H} spectra being recorded in the soladate being comparable to
solution spectra3'P{*H} spectra were also recorded ¢2a]BF, which is shown in

Hgure 3 along with the solution phase spectra.

Figure ® shows a clear difference between the solution and solid phase spectra of
[2a]BFR. In solution, Figure%B, rotation and isomerisation of the vinylidene occurs
leading to the single resonance being observeg= 43. The apparent magnetic
equivalence of he phosphine ligands is no longer present in the solid spectrum
shown in Figure BA. As with the'*C spectra, the number of chemical environments

is dependent on the number of crystallographic phosphorus sites of which there are
two, dr = 52, 35. This lels to two isotropic resonances being observed which are
separated by 17 ppm. Although this is a large change from the solution, it does not

impact values of thé3C chemical shift tensors.

127



waJLJ@

T T T T T T T T T T T T T
350 300 250 200 180 100 50 0 -50 -100 -150 -200 ppm

T T T T T T T T T T T T
300 250 200 150 100 50 0 -50 -100 -150 -200 -250 ppm

Figure 59. A (Top)3'P{'H} CP MAS SS NMR spectrd2#]|BR recorded at162
MHz recorded at a spinning speed of 10 kHz. Isotropic resonances denoted by an
arrow. B (Bottom)3'P{*H}NMR spectraf [2a]BR recorded at 162 MHz
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3.3.3 ExampleSScharacterisation of'®F MASSS NMRspectra showing'®F MAS
spectraof [3a]Pk

The 1°F spectra of3a]PFk has been shown i8.2.4as it was used for the initial
optimisation of'°F SS NMR spectra in this thesis. The spectrum is shown again below,
along with a solutiorphase spectrum of the tetrafluoroborate salin do-

dichloromethane

The data in l§ure60shows that the chemical shift of tH&F resonance df3a]X does

not change significantly between solid and solution sampleslF as208,and-207,
respectively. The fluorine resonance shows a large chemical shift anisotropy, with
many side bands being observed even when spinning at 10 kHz. Because the
magnitude of theanisotropy(in H2 is much larger tham™!, slower spinning speeds

are not required for the recovery of the chemical shift tensors.
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Figure 60.  A(Top)®F MAS SS NMiRectium of complex 3a]PFk recorded at 376

MHz recorded at a spinning speed of 10 kHz. Isotropic resonances denoted by an
arrow. B (Bottom) °F NMR spectrm of complex [3a]BR recorded in @-
dichloromethane at 376 MHz.
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3.3.4 Effect of crystallinity on SS NMBpectra

As SS NMR spectroscopy is a sstide characterisation technique, the
microscopic ordering of the sample can have a large effect on the quality of the

recorded spectrumThis is shown iniure 61.

Hgure 61 A shows the'*J*H} spectra of3a]BR which was recovered as a green
powder directly after fluorination. The aromatic and Cp resonances are very broad
and the aromatic resonances of the phosphines show no fine detail. The expected
resonances of the vinylidenea@nd G (G, G) are hard to distinguish from the
baseline. The resolution of the spectra is very poor, even though the same sample
gives data thatcleanly matches literature solutiegphase data 'H, 1°F, 3'P). The
extreme broadening suggests tH&a]BFR recovereddirectly after synthesis is poorly
defined in the solid state. This may be a combination of effects: polymorphism, and
amorphism. There may be some polymorphism in the sample in F&juke With
several unit cells present in the sample, there will be saveistinct environments

for each carbon. Each environment will have a unique chemical shift and chemical
shift anisotropy meaning that the resonance is broadened. An amorphous powder
would extend this effect even further with there being more environngeneéducing
sample intensityand increasing line broadeninghe recovery of chemical shift
tensors from broad spectra is highly challenging due to the large noise contributions

to each side band. This causes the side bands to be lost into the baseline.
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Figure 61. 13G'H} CP MAS SS NMR Spectracamplex[3a]BR (A, Top) and
[3a]PFs (orange polymorph)g, Bottom)recorded at 101 MHz at a spinning speed of
10 kHz. Isotropic resonances are denoted by an arrBwBottom) Isotropic

resonances are denoted by anrow.
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Although[3a]BFR is not a weltdefined solid, [3a]PF is known to crystallisastwo
polymorphs!!'? As the recovery of the chemical shift tensoeties on well resolved
resonances[3a]PFk was prepared and crystallized as described in the literature. The
orange form was obtained as the major polymoypthich could be separated from
the green form by Pasteur separation. The spectrum is showmngumeF61 B and
shows clear differences fromdtre 61 A. All resonances are much sharper when
groundsingle crystals werased as the analytewith the vinylidene resonancess(C

Gs) being clearly observed above the baseline.

Single gystallinity ensures thathe local microcrystalline environments are uniform
within the sample. The presence of other microcrystalline environments leads to
slight changes in chemical shift, reducing sample intensity and reducing sharpness.
Small levels of contamination can coicplte solidstate spectra. Although this is
typically not as much of an issue in fast spinning samplgsbecomes more
pronounced as spinning speed is reducdthe SS NMR §8a]Pk has shown the
necessity for analysingingle crystalline material As a esult, spectra were only

recorded on material that ere singlecrystalline.

3.3.5 Summaryof chemical shiftensorsof ruthenium organometallics

SS NMR spectra were recorded filve series of ruthenium complexes
described earlier inFigure 5. Chemical shift tensors were recovered following
methodology fromChapter 2 The tensors were recovered fog for the complexes
by recording spectra witla reduced spinning speed of 4 kHz and by using a high
number of scangNs = 4096)o improvethe signal to noise ratioThe tensors for the

complexes are summarized Trable 13
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Table 13.  Chemical shift tensors recovered frddg{*H}CP MAS SS NMR spectra
recorded at 101 MHz

Compound Isotropic Shift / ppm | 411/ ppm 122/ ppm 133/ ppm
[1a] 119.2 235 145 -22
[1b] 1167 232 162 -44
[1c] 125.9 N/A N/A N/A
[1d] 118.7 237 179 -61
[2a]BR 353.7 558 289 214
[2b]OTH N/A N/A N/A N/A
[2c]OTf 349.6 546 299 204
[2d]OTf 3477 551 282 211
[2a]'OTf 356.4 584 290 195
[3a]PR 388.5 493 444 228
[3d]PR 385.0 504 438 212
[3a]'Pk 4149 537 474 233
[4] 1201 267 158 -65
[5]'OTf 355.1 516 395 155
[6]'*PF 382.4 N/A N/A N/A
WwT*B6 Q 44.7 N/A N/A N/A
[9]1BR 340.7 561 293 168
[10]PFs 2027 383 300 -76

As seerfrom the datain Table 13 chemical shift tensors could not be recovered for
some of the complexes. This was du@t@rlappingof sidebangwith the resonance
of interest, [1c], or because the spectr§2b]OTf,were very broad. This broadening
led to the quality of the spectra being too low for recoveAlthough tensors could
not be recovered fof6]BFR and[7], the isotropic chemical shifts were identifiable.
can be seerfrom the datain Table 13that the magnitudes of the tensors largely
correlate between different classes of compl&kis is expected as the valuesds?

are similar between each class.
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3.3.6 SS NMR spectroscopy of fluoroalkynyl complex, [7]

The synthesis alomplex[7] is nontrivial and it posed a significant challenge
to acquire enough pure material for SS NMR analysis. This issue with low yield of
crystalline material was circumvented by the use of a jpatked rotor. An inert
packing material was selected to-pad the rotor. The packing material needed to
be chemically inert and stable under MAS conditions. It was also preferable that the
packing material did not contain any nuclei that wouldibtract with the $ NMR
spectrum such ast®C,'°F, and®'P, to redwe competing signals and overlap in the
subsequent spectra. The final requirement was that the material was aprotic,
preferably with no protons at all. A common packing agent used is alumina, when
complex[7] is passed down an alumina coluppmotonation is observed, resulting in
[6]*. This drive to form the protonated product is so strong that even when loaded
onto a basic alumina column and run with 10 % triethylamine, protonation is still
observed. Boron tiide was selected as the packing agent of chaisétisinert and

contains no nuclei afpectroscopidnterest

A protoncarbon CPexperiment was run on a goacked rotor of[7] and boron

nitride. The spectrum is shown Figure62.
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Figure 62. CP MAS SS NMpedrum of complex[7] recorded at 101 MHz at a
spinning speed of 10 kHZhe resonance fdt. is observed at 44.7 ppm.

In general, a high intensity spectrum has been recorded even with the low mass of
active material. By creating a plug using the boronahitrithe active sample has been
centred in the region of the rotothat is probed during the NMR spectroscopic
experiment This hased to very little loss of sample intensity. Despite this, it can be
seen in the spectra that the resonance for the alphaboaris of very low intensity
compared to all the others in the spectrum. The resonance is also close in chemical
shift to those associated with thel,2-bis-(diphenylphosphine)ethane dppe)
backbone carbons. This could potentially lead to obscuring of #s&red sidebands

by the higher intensity resonances.

CPtechniques rely on large scalar coupling constants between a'higiclei and a

less receptive nuclei. Protecarbon is the most commonly employed cross
polarisation technique as carbon hydrogen bonds are common and have a high scalar
coupling constant. The&& of the fluoroalkynyl complex has no through bond

couplings tgorotons. It only has a smalkrcoupling of 37 Hz. Because of this, it was
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predicted thatCPwould only cause other nearby signals to become enriched, while

not affecting the intensity of th€ resonance.

In an attempt to recover the chemical shift ors for compleX7], a different NMR
experiment was collected. Rather than using a CP pulse program, gdwgr

decoupling (HPDEC) program was selectedr@hdtingspectrum is shown ikigure
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Figure 63. HPDEC MAS SS N#pRctrum ofcomplex[7] recordedat recorded at
101 MHz at a spinning speed of 10 kHhke intensity of theZ is still low, but the

resonance is observed.

In Figure63, the isotropic resonance for th@ is observed. As predicted, the signals
for the other resonances are suppressed complai@the CP experiment. However,
although the isotropic resonance is observable, the signal to noise ratio is still too

poor to model. The chemical shift tensors could not be recovered this way.

As mentioned earlier, CP increases the signal to noise vetien high nuclei
transfer their polarisation to a less receptive nucléf. has a high gyromagnetic ratio

and can be used to transfer polarisation to carbétowever,CPfrom fluorine to
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carbon has several disadvantages when compared to transfer fratoms. The
major disadvantage being that fluorine resonances have large chemical shift ranges
compared to protons. Polarisation transfer can only occur at the Hartman Haan
matching conditions: when thprecession ratdor both nuclei is matcheé As all
proton transitions are in a narrow energy range, the matching frequency can induce
transfer from all protons in the sample. For fluorine, the broad chemical shift
dispersionmeans that tranter cannot be achieved from all nuclei. The only way that
any meaningful transfer can be obtained is by spinning the sample at highirsgpin
speeds, reducing the chemical shift anisotropy and therefore the range of transition
energies. The other disadvamga of fluorinecarbon CP is that the sample is no longer
being protondecoupled, leading to large broadening of other resonances in the

sample.
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Figure 64. Protoncarbon (Top) and fluorirearbon (Bottom) CP MAS SS NMR
spectra of[3a]PF recordedat recorded at 10IMHz at a spinning speed of 10 kHz.

The intensity of the beta carbon shows a large increase in relative intensity.

Fluorineto-carbon CP experiments were optimised and conducted on samples of
complex [3a]PF Figure @& and complex[7] Figure 61 As shown inFigure @,
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enrichment of theG, resonance at 200 ppm is observed, this is due to the large one
bond scalar coupling to the beta carbon. In general, the signal to noise is still poor,
and there is little enrichment of the alpha carbon resonance at 389 gotlowing

from Figure @, fluorine-carbon CP was conducted pf}, alsoshown inFigure &. As
anticipated, the large one bond coupling to tl& leads to enrichment of the
resonance at 113 ppm. No enrichment is observed for@amnost likely due to the

relatively smalfkr=36 Hz coupling between the fluorine and the carbon.
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Figure 65.  Protoncarbon (Top) and fluorirearbon (Bottom) CP MAS SS NMR
spedrum of [7] recordedat recorded at 101 MHz at a spinning speed of 10 KHze

intensity ofG (112.8 ppm) shows a large increase in relative intensity.

The NMRspectroscopiexperiments performed on complgX] demonstrated that

the chemical shift tensors could not be obtained due to the low intensity ofGhe
resonance. Another issue was potential overlap with the dppe backbone carbons and
spinning side bandsrdm the aromatic resonances. Although the chemisaift
tensors could not be modelled, the isotropic resonance was still observed. It varies

from the solution phase isotropic chemical shift, but this is likely due to changes in
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geometry as the complex is dissolved and is no longer supported by thel engdtex.

All reasonable attempts to collect the chemical shift tensor§7puwere exhausted.

3.4 Calculation of chemical shift tensors for ruthenium vinyliderend

alkynyl complexes

3.4.1 Calculation ofchemical shift tensorsdoordinated)

With good experimerdl data in hand and good confidence in the method
developed in chapter 2he chemical shift tensors for a wider range of alkyayid
vinylidene complexes could be obtained by performing quantum chemical NMR
calculations using DFThis allows the scopa the analysis to expand, as well as to
account for any compounds that were not observable due to technical limitations.

The results are summarised Trable 14 The compounds are shown figure ®.

® _ _ ® wH ® F @ E
[Ru—C=0  [Ru———R [Ru]—C—C\R [Ru]—C—C\R [Ru]—C—C\Ph
[$3] [$$] R = CgHs [$$] R = CgH5 [$$] R = CgH5 [$$] E = CF4

[$$] R = CgH,4-4-OMe [$$] R = CgH,-4-OMe [$$] R = CgH,-4-OMe [$$] E = CI
= 4- = 4 - . [$$] E=Br

[$$] R = CgH4-4-CF3 [$$] R = CgH4-4-CF3 [$$] R = CgH4-4-CF3 (5] E = |

[$$]1 R = Bu [$$]1R = Bu [$$]R =Bu

[$$IR=H $$IR=H $$IR=F

[B$IR=F $$IR=F

[Ru] = [ 1= [ [ 1= 2_\ \\i 2 [ I'=
PhBP\\“"Ru\R Cl RU',/// R thp“\\uRU\R

PhaF Ph,P PPh, </Pph2

Figure 66. Rutheniumorganometallic complexes studied Quantum chemical

calculations usin®FT.
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Table 14.
Optimized in Turbomel at the BP86/def2_SV(P) level of theoNMR calculations
performed in Orca at the PBE@f2_TZVPP level of theory with ZORA corrections.

Chemical shift tensors of ruthenium alkynyl and vinylidene species.

Complex ds°/ ppm di1/ ppm o2/ ppm | dss/ ppm
[10]* 203 360 340 -92
[14] 134 221 205 -23
[10] 127 211 202 -32
[1d 145 239 210 13
[1d] 105 198 186 -69
[4] 116 232 224 -107
[7] 30 104 96 -108
[13]Q 147 238 219 -14
[4]Q 128 245 236 -97
[7]Q 46 118 110 -90
[1a6X 139 231 208 -23
[4]1Q Q 121 238 232 -108
[71Q Q 34 110 100 -108
[2a]* 357 552 295 225
[2b]* 371 554 282 276
[2d* 359 550 308 218
[2d]* 352 559 283 216
[2a]Q 348 560 303 182
[29 X Q 352 541 294 223
[3a]* 418 531 471 251
[3b]* 415 526 459 259
[3d* 423 554 483 231
[3d]* 409 533 464 230
[38]Q 412 530 433 273
[3a X Q 406 520 448 249
[5]* 342 552 332 143
[6]* 386 513 384 262




(8]0 421 626 465 172
[5]Q 341 569 342 111
[6]Q 381 529 346 269
[8]Q 424 602 483 187
512 Q 338 543 336 136
6] Q 368 500 340 265
8] Q 395 557 455 172
[9]* 336 527 322 159
[11]* 366 528 292 277
[12]* 349 522 295 230
[13* 330 510 299 180

Calculated tensors and experimental tensors can be correlagdhown inFigure

67. In general, the fit between the values is good. This shows that there is only a small
variance between that calculated vals and their measured counterparts. Typically,
the biggest deviations were for the complexes that possesgeskadoeHs rotational
symmetry about theM-C bondaxis. The calculations predict that tlke: and do2
tensors are nearly identicahe experimental values deviate from this ideéabme of

the larger deviations are expressed iable 15.
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Figure 67.  Fit between computationallyand experimentally derived chemical

shift tensors. The calculated values and trends match those observed experimentally.

Table 15. Chemical shift tensors @bmplexegpossessing pseudetb
rotational axis Calculated values are shown in bracketdculated at the
PBEO/def2_TZVPP level of theory with the ZORA correction

Complex ds°/ ppm di1/ ppm diz/ ppm di1/ ppm
[1a] 119(134) 235 (221) 145 (205) -22 (23)
[1b] 117 (127) 232 (211) 162(202) -44 (-32)
[1d] 119 (105 237(1998 179(186) -61 (-69)
[10]PR 203 (203 383(360) 300(340) -76 (92)
[1a]Q 120(116) 267(232) 158 (224) -65(-107)

The discrepancies in the chemical shift tensors wgbudetbrotational axesan be
rationalised as a combination of effects. The DFT calculations are based on isolated
gas phase molecules and therefore the bond geometry is slightly different than the
crystal structure. The crystal structudeonding may deviate from the gas phase
minimum, changing the overlap and energy of #dGs and therefore the chemical

shift tensors. The other effect is the error introduced in the sideband simulation. As
the spinningside bands possess their own contributions to noise, the experimental
tensors will deviate from the real values. Spinning side echoes also contribute to small

changes in experimental tensors.

Despite these challengethe data inFigure & show that the tends observed in the
chemical shift tensors are maintained/ith good confidence in the methodology and
good fit to all the experimentally observed tensatise tensors could be correlated

to molecular orbital transitionsThe R value ofthe plot in Figue 67 is close tahe

ideal value ofl, R = 0.9727, suggestirarelatively smalbverage deviatiofrom the

line of best fit.The gradient is also very close to 1, being 0.9969x. The intercept of the
graph is close to 0, all these factors suggest thatdrare no scaling effects occurring

in the calculation of chemical shift.
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3.4.2 Visualisation ofchemicalshift tensors

The chemical shift tensors that have been calculateskittion 3.4.1are good
representations of the experimentallyerived chemical shiftensors. To correlate
the chemical shift tensors to the molecular frame of reference, the tensors were
visualised as described g®ction 2.6 Visualised chemical shift tensors of some key

complexesaredisplayed irFigure ®.

Figure 68. Visualised chemical shift tensors of key ruthenium organometallics.
From top left going clockwis@a]*, [3a]*, [1a], [4], [7], [10]".

The visualisedensor plots can be used to map the individual tensors onto the

molecularreferenceframe. Allowing the differences to be scrutinised.

3.5 Interpretation of vinylidenetensors

3.5.1 Identification of FMO transitions ging simple uncoordinated vinylidene

complexmodels

The NMR spectra ofvinylidene complexes such as [2a]OT{ show
characteristic deshieldingf G, as shown iTable 16 However, theFMOsof these
complexes are comptated due to the large number of electrons in the system

Identifying the molecular orbitals responsible for deshieldingagb@ses a challenge
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in large moleculesThis is particularly the case Bystemswith many aromatic

environments due to the low energyps of the FMOs of the aromatic systems.

Table 16. Characteristic dshieldingpatterns observedn ruthenium vinylidene

complexedor G.

Compound diso di1 (07) ds3
[2a]BFR 353.7 558 289 214
[2c]OTf 349.6 546 299 204
WH OB/ Q 356.4 584 290 195
[9]1BR 340.7 561 293 168

The FMOsof the vinylidene,[60], and difluorovinylidene [61], moieties (Figure ®)
can be used to simplify the analysis
‘\\\\H \\\\\F
c—¢_C: c—cC"
[60] [61]

Figure 69.  Structure ofl60] and[61], which are used as simple electronic

models ofvinylidene and fluorovinylidene corfgxes.

Given that thenature of theinteractions between transition metal complexes and
their ligands is often rationaliseabthe overlap of theFMOsof each fragmentinsight
into the electronic structure of uncoordited vinylidenes provides a framework to
discuss the subsequent metal complex&hough[60] and[61] are not synthetically
obtainablefor SS NMR analysiBFT calculations allow their NMR parameters to be
calculated as described in ChapterThe chemichshift tensors were visualised as

described in Chapter 2 and are also showRigure70.

The key transitionthat contribute to shieldingor [60] were identified as outlined in
section2.7and are shown ini§ure70. The orbitals lower in energy tham were not
considered to contribute to'*C paramagnetic deshieldings they arelargely

symmetric and antisymmetricombinations of carbon 1s and 2s orbitasj 1.4 are
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dominated by sorbital character, they cannot contribute tgP2? and instead

contribute tos9? which is consistent between carbon environments.
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Figure 70. FMOdiagram of[60] with selected orbitals visualised in gOpenMol
(left). Key transitions identified uggngroup theory[60] optimised in Turbmole at

the BP86/def2_SV(P) level of theory, chemical shift tensors calculated in Orca at the
PBEOMef2_TZVPP level of theory with ZORA corrections and visualised in Wolfram
Mathematica with pictorial representatior(sight). The Barycentre is represented by

the dotted line.

The deshielding ininylidene[60] is largest along the-axis, which is perpendicular
to the planecontaining the atom®f the vinylidene. Orbitals that are coupled by the
rotational operator’yY may give rise to deshieldiny/inylidene[60] possesseSy
symmetry and therefore 'Y belongs to theB; irreducible representation and
transitions between orbitals witlB, and A symmetry arecoupled Two transitions

were identified as symmetry allowepls | 6, X2, andj s | g, XL. Transition 2 has a
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small energy gap and is constructive in natusdewever, overlap is poor due to the
difference in carbon gdocalisation. Transition2also has a sail energy gap, but the
interference is destructive and therefore deshielding along tkeeis. Unlike X XL
possesses a strong overlap due to the large contribution fromChe orbital inj ¢
mixing with the totally localisedyprbital inj g. Transition X is responsible for the
strong deshielding along the-axis ofdi1 = 1048.d:. lies along the y axis and is
strongly deshielded, with deshieldimgore thanhalf the magnitude ofli1, d2> = 37.

Only one transition is symmetry allowed with coupling¥y @ isBi, therefore this

transition must be between orbitals belongintp the A1 and B irreducible

representations The transition was identified as j o, Y1. Transition Y1 possesses

a larger energy gap than X1 and is destructive in nature. The overlap is good, with p
character on both carbons, but the difference in localisation reduces the effective
overlap compared to transition X1. These effects comthilead to the reduced, but

still large in magnitude, deshielding as = 397.

dszis deshieldingn nature and pointslong the z axidt isassociated with transitions
facilitated by the rotational operatolY . 'Y is represented by the irreducibke

representation therefore any transition must be between orbitals wigh and B,

symmetry. Two transitions were identified ff80], j s° j 7, 22, andj © j g, ZL. 2 is
constructive in nature and therefore contributes shieldingdta. The energy gap is
moderate and overlap good, meaning that strong shieldmgbserved from Z
Conversely, Zis destructive in nature and therefore cibutes deshielding todss.
Theoverlap betweerj 7 andj g is only moderate, due to the lack of pharacter on

the beta carbon i s. Despite this, the narrow energy gap leads to a large deshielding
interaction along the z axis. Because Z1 and Z2 are both contributing to the total

deshelding along the z axis, a moderate deshieldingzef 285 is observed.

To better understand the differences in deshielding between vinylidene and
fluorovinylidene complexes, the chemical shift tensors were calculated for
difluorovinylidene[61]. Aswith vinylidene[60], the interactions between a metal

coordinated and an uncoordinated fluorovinylidene can be rationalised as overlap

between theFMGs ofthe metalcontaining and carbenoiftagments. The calculated
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and visualized tensors fd61] are shavn in Rkgure 71. The magnitude of the
chemical shift tensors are broadly similar along the x and y axes, but a large
deshielding interaction is observed along the z.akiss isesponsible for an increase

in isotropic deshielding in fluorovinylidenesheT key transitions thathave been

identified tocontribute to the deshielding aralsoshown inFigure 1.

Fluorovinylideng61] belongs tothe Gy point group.Tensord:: is deshieldingand
pointsalong the z axis anid associated with transitions facilitated by the rotational

operator’Y . o is Ao, therefore any transition must be betweenbitals withB; and

B: symmetry Two transitions were identified fg61],j &© j 10, 2, andj 1C j 16, ZL.

Z2is constructive in nature and therefoshould contribute shielding td:1 as in[60].
Unlike in[60], the p, character on the £of [61] has very little character i o,
meaning that this transition does not contributi® shielding. Conversely, Zis
dedructive in nature and therefore conbutes deshielding todi:. The overlap
between j 15 and j 16 is much greater in[61] than in [60] due to the increased
localisation of the £py orbital. Accompanying the increase in overlap, there is also a
narrowing ofthe HOM® LUMO energy gap further increasing the magnitude of
deshieldingdi1is dominated by Zin [61].
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Figure 71. FMOs diagram of fluorovinylidene [61] with selected orbitals
visualised in gOpenMol (left). Orbitals and transitions that do not contribute to
deshielding are shown in grey. Key transitions identified using group thf&ijy.
optimised in Turbmole at the BP86/def2_SV(P) level of theory, cheah shift
tensors calculated in Orca at the PBEO/def2_TZVPP level of theory with ZORA
corrections and visualised in Wolfram Mathematica with pictorial representations

(right). The Barycentre is represented by the dotted line.

Deshielding along.2 in [60] is similar in magnitude to the deshieldingdaf in [61],
with both laying along the x axis. The two transitions tlaa¢ responsible for
deshielding ir[60] were also identified ofi61] asj o j 14, X2, andj 14 | 16, XL. X2
possesses a poor overlap due to the lack efpCin | o, therefore X does not
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contribute muchto the deshieldingdzzis dominated by the strongIXransition. This
iIs destructive in nature and has a strong overlap @ leading to the large

deshieldingvalueof dz> = 1100.

It is clear from figureEigure70andFigure 1 that the changes on chemical shielding

between vinylidene andlifluorovinylidene are dominated by changes to the

tensor. The key orbitals are shownFgure72.

Figure 72.  Key transitions responsible for deshielding along the z axg®pand
[61] calculated in Orca at the PBEO/def2_TZVPP level of theory with ZORA
corrections. Constructive interactions are represented by green arrows and

deconstructive inteactions by red arrows.

One major differencen changing the R group in GGRmM H to F is the presence of
the p orbitals on F. The prbitals may interact with the {Cpxbonding orbital { 7) in
both bonding | 10) and antibondingj(is) arrangements. The separationjofinto j 1o

andj 15 leads to constructive and destructive combinations of orbitals. Deshielding
increases as the effective constructive overlag é? j 10 reduces. As well as this,

destructive overlap of 1s° j 16 increases, accompanied by the compression of the

energy gap from 5.73 eV to 3.89 eV.
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3.5.2 Identification of FMO transitions ging simple allene and vinyliminium

compounds as vinylidenenodels

The chemical shift tensors of uncoordinated vinylideoalsulated in sction
3.5.1have similar weightings to coordinated vinylidene complexes, but with lower
magnitudes. This may be due to the large differences that occur to the orbital
energies and localisations on mixing of vinylidene and metal orbitals. To explore the
effect of changing th&MOstructure on chemical shift, it was hypothesized that the
introduction of a terminal fragment to the vinylidene moiety could provide a better
model to the deshielding in vinylidene complexds a metal vinylidene complex
possessebonding over 3 centres, extension of thesystem from an uncoordinated
vinylidene may make the system better represent the electronics of a coordinated
complex.Two classes of terminating fragment were selected for study 2@t the
isoelectronic nitrogen equivalent NRAdding CRo vinylidenes gives rise to allenes,

NR:* gives vinyliminium cationsh@&y are both shown inigure73.

H Me Me Me
C/ N/ o] o
— — — —
Hlllll--Cﬁc/ \H F||III"C¢C/ \Me H||III"C¢C/ \Me FIIIIu-CﬁC/ \Me
R R R R
[62]R=H [64]R=H [66] R =H [68]R=H
[63] R = Ph [65] R = Ph [67] R = Ph [69] R = Ph

Figure 73.  Allene and vinyliminiumspecies[62] ¢ [67]" identified a& simple

models for[2a]* and[3a]".

Allenesand vinylimnium cationare, like vinylidenes, extended unsaturated systems.
To better understand the deshielding in vinylidenes, the geometry of a series of
allenes and vinyliminium cations were optimized and the chemical shift tensors
calculated as described i@hapter 2 The visualised chemical shift tensors are

displayed in Figre 74 The chemical shift tensors are summarized able 17.
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Table 17. Chemical shift tensors of allene and vinyliminium compounds
calculated inOrca at the PBEOdef2_TZVPP level of theory with ZORA corrections.

Literature experimental shifts shown in brackets

Compound diso di1 d22 da3

CHQCH [62] 208 (208.5}27 229 229 166
CHCCE [64] 129(179.9%%8 190 107 89

CHCQCHPH63] 206 227 204 187
CHCOCFPH65] 200 232 209 158
"NMexCCh [66] 207 243 207 170
‘NMeCCR [68] | 264 478 202 111
"NMexCCHPH67] | 232 290 242 165
*NMeGCFPH69] | 279 479 221 136

From the datan Table 17the magnitudes of the chemical shift tensors for allene and
vinyliminum cations are much smaller than for uncoordinated vinylidenes such as
[60] and[61] with the value ofdi1 reducingsignificantly further investigation of the
FMOsis required. The ke¥¥MOsof [2a]* will also include contributions from the
ruthenium d orbitals as they are the correct symmetry to mith the vinylidene
moiety. Extension of the molecular orbitals over three centres déamrge impact on

the magnitude of the shielding, even if the shape of the deshielding is similar.

One key feature of the chemical shift calculatiesmsnmarized inrable 17s the fact

that the trend in the isotropic chemical shift for the allene composirginot the same

as for coordinated complexes. On substitution of H for F, deshielding is not observed
and the resulting complex is more shielded. However, the vinyliminium compounds
do show a large deshielding shift in the fluorinated equivalents. Thgnihade of the

shift is comparable to the ruthenium equivalent, but the absolute values are more
shielded.
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Figure 74.  Effect of fluorination on the chemical shift tensors for allene,

vinyliminium, and coordinated vinylidenes optimised in Tumote at the

BP86/def2SV(P) level of theory, chemical shift tensors calculated in Orca at the

PBEO/def2_TZVPP level of theory with ZORA corrections and visualised in Wolfram

Mathematica with pictorial representations

To further understand the differences in shielding &2], the key transitions were

identified and are shown iRigure B.
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Figure 75. FMOdiagram of[62] with selected orbitals visualised in gOpenMol
(left). Key transitions identified using group theof§2] optimised in Turbmole at

the BP86/def2_SV(P) level of theory, chemical shift tensors calculated in Orca at the
PBEO/def2_TZVPP level of theory WwAfBRA corrections and visualised in Wolfram
Mathematica with pictorial representations (right). The barycentre is represented by

the dotted line.

Compound[62] possesse®rqd symmetry The FMO structure shown inFigure B
differs slightlyfrom that of [60]. One of thekey MOsresponsible for deshieldinig
[6Q] is the vacant vinylidene p orbitdh [62], the high symmetry leads to the vacant

p orbital on the central carbon being present as a set of degenerate helical orbitals.

The main deshielding interactions[B2] arej 7 j i2andj 7 j 13. Thesetransitions
are degenerate antave good destructie overlap but a large energy gap of 12.84 eV
leading todi1/22 = 229 ppmThis is much larger than the equivalent transition[&f].

High symmetryleadsto smaller deshielding at the central carbon of allene

Substitution of one CHend of the allene b Me would reduce the symmetryrom
D2qto Gy, the same point group g60]. The chemical shift tensors were calculated
for 1,1-dimethylallene but the tensors are unaffected by the change in symmetry.
With minor changes taf*° being observeddc = 207.7 for alleneglc = 202.6 for 1,1
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dimethylallene). The changes were so small that the chemical shift tensors were not

further analysed athis indiates that theorbital structure must remain unperturbed.

Although free allenes may exhibit some of the same reactivity as vinylidene
complexes due to the LUMO possessing p orbital character at the central carbon, the
chemical shift tensors show that allemeare not necessarily good models for
deshielding in vinylidenes. The FMOs of allenes have been shown to be highly
conjugated across the molecule with high levels of degeneracy. Breaking of the
electronic symmetry, in uncoordinated or coordinated vinylidenleads to orbitals

that are much more localised at. (Highly localized orbitalre coupled much more
effectively by rotational operators in the magnetic field, leading to the unique
deshielding seen in vinylideneBhe result is thatallenes are goor modelfor the
deshielding ircoordinated vinylidene complexe$his also explainghy the chemical

shift tensors of[64] exhibit shielding compared t¢§62] unlike their vinylidene

equivalents.

As CHwas a poor model for [Rb¢-GHs)(PPh)2]*, *NMe; was also examined as an
electronic model for [RI®-GsHs)(PPh)2]*. Even though both GHand *NMe; are
isolobal with [RUf®>-GHs)(PPh)2]*, *NMe, carries the same charge and leads to
vinylidene type compounds that possess §/mmetry. The FMOs responghior
deshielding if66]* are shownin Figure 76
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Figure 76. FMOdiagram of[66]* with selected orbitals visualised in gOpenMol
(left). Key transitions identified using group theof§6]* optimised in Turbmole at

the BP86/def2_SV(P) level of theory, chemical shift tensors calculated in Orca at the
PBEO/def2_TZVPP level of theory WAitORA corrections and visualised in Wolfram
Mathematica with pictorial representations (right). The barycentre is represented by

the dotted line.

*NMe; appears to giveimilarchanges tahe chemical shift tensors as [CpRu(BEh
Although CMe and “NMe; are isoelectronic,'NMe> mirrors the charge of the

ruthenium fragment.
Two transitions were observed that were responsible for the large deshielding along

di1, which lies alondhe x axisj 11 j 20 (X1)andj 15 | 20 (X2). Although X2 has a

narrower energy gap than X1, X1 dominates the deshielding interaction due to the

very low G p orbital character i 1s5. This large deshielding interaction is very similar
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to that in the free vinylidengbut with a larger energy geof13.69 eV vs 5.77 eV. This
explains the large reduction in deshieldinglincompared td60] with di1= 244 ppm
vsdi1 =1048 ppm.

3.5.3 Explanation of the changes in deshielding obardinated vinylidene

complexes

Now with a good understanding of the transitions responsible for deshielding
in free vinylidene[60], and the extendedhllene andvinyliminium,[62] [66]*, the

deshielding of2a]* can be explored.

The chemical shift tensors dRa]* are similar tothose of the uncoordinated

equivalent[60]. The main difference between the two species is the magnitude of

the diz tensor. In[60Q] this is associated with the, pytransition.On coordination to
the metal centre the overlap and energy this transitions reducedeading to the
large chemical shift tensors observe@he relative orbital energy gap between

fluorinated and norfluorinated vinylidenes remains constant.

The chemial shift tensors of fluorovinylidene compl¢3a]PF differ from those of

[2a]BR by the magnitude of thed, tensor, dz2 in [3a]PF and dsz in [2a]BR. The

deshielding along z {160] and[61] is dominated by thg,° p/py transition, the same
transition is responsible for the deshielding along 42a]BR and [3a]Pk and is
destructive in both complexes. This is the HOMQMO transitionThe HOMO and
LUMO of[2a]" and [3a]* are shown inFigure 7. Increasingp bonding character
between the @and G in the fluorovinylidene leads to a larger overlap between the
two orbitals. This is accompanied by contraction of the HOMOMO energy gap,
3.89 eV if2a]*vs 3.32 eV if3a]*. Both effects combined result in thare change

in deshielding along the z axis and the laB§eppmchange irds° observed between

the two speciesds°= 353.7 ppm veis°= 388.6 ppm
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Figure 77. HOMO (top) and LUMO(bottom) of [2a]" (left) and [3a]* (right)
showing the change in bonding character on fluorination. This transition dominates

the changes taP@2along the z axis.

3.5.4 Discussion of vinylidene tensors

The FMOsf [66]*, shown in Fjure ®, are very similar to those §60], Figure
70, with the key transitions being conserved. The magnitude of the chemical shift
tensors in[66]* have similar weightings to both free and ruthenium coordinated
vinylidenes. But the absolute magnitude decreas@@0]>> [2a]*> [66]". The
symmetry of all theNMR relevant FMOs is the same in all compounds. The

deshielding irf66]* differs from[2a]* mostly along the x axis, which is dominated by

asz pytransition. The energy gap between these orbitals must be largédajt

suggesting depression of tlsg-orbital in energy

The bonding orbital being contributed by tHgMe> fragment will have a large degree
of N 2p character, with a small N 2s contributiomhichmay mix with the vinylidene

Sz orbital. The orbital contributed by a ruthenium fragment will be nearly entirely
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4dz2 in character. The mixing between thelddsed orbital and the vinylidene will be
much more similar electronically to themixing with Rucompared to the free
vinylidene due to the molecular orbital energies being similafhis allows
stabilisation of the vinylidene orbitaléncreased mixing will depress the energy of
the inphase combinations and increase the energy of the antiphase combinations.
This is the origin of theeduced deshielding if66]* and [2a]* compared to[60].
Deshielding increases vastly in the uncoordinated vinylidg¢6esand [61]. Small
energy gaps between the FMOs, combined with extremely-lwedilised orbitals,
leads to large increases in deshielglialong all axeS'he similar deshielding values
observed if66]* and[2a]* suggest similar electronic localisations and energies. The
tensors being more deshielded [iBa]* suggest that the bonding orbitals are slightly
higher in energy than the equivalent orbitals [®86]*.The chemical shift tensors
suggest thatvinyliminium compounds may exhilsbme ofthe same reactivityas
fluorovinylidene complexesllowing the synthsis of novel fluorinated compounds

without the need for the metal

Substitution of a proton for a fluorine in vinylidene complexes leads to a substantial
change to isotropic deshieldings®, shown inFigure 4 in section 3.1.5 and Figure
78. SS NMRpectoscopyreveals that the changes to deshielding are accompanied

by a change in chemical shift anisotropy showFigure B.
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Figure 78.  13!H}CP MAS SS NMR Spectri2afBR (Top) and3a]PFs (Bottom)
recorded at101 MHz ata spinning speed of 10 kHz showing changedsto The

intensity of the vinylidene resonances has been increaseadd identification
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Figure 79. 13d'H}CP MAS SS NMR Spectri2afBR (Top) and3a]PFk (Bottom)
recorded at a spinning speed of 4 kHz showing chang&S®The intensity of the

vinylidene resonances has been increasedid identification

The changs inanisotropy were revealed to be associated with changes to a single
tensor,dz. Changesiid; are mirrored in uncoordinated vinylidene specigs)] and

[61], dthough the magnitudes of changes are much greater in uncoordinated vs
coordinated vinylidenes saadescribed earlier. The major orbitals responsible for
deshielding alongl; are the same in both vinylidenes, witthe HOM® LUMO

transitionbeing dominant. The key FMO energies are showkigare80.
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Q4= -9 55 eV Q15= -8.32 eV Q16= -4.43 eV

Figure 80. Key orbitals of60] and [61] responsible for deshlding with orbital
energies, calculated in Orca at the PBEO/def2_TZVPP level of theory with ZORA

corrections.

Changes to deshielding along the x axes are not observed between vinylidene and
difluorovinylidene. As shown indare80above, the LUMO d61] is lower in energy

than in[60] by 1.63 eV. However, as well as lowering of the energy of the LUMO, the
sz bonding orbital of61] also is lower in energy than the proteequivalent by 0.98

eV. This means that the energy gap changes from 5.7[66M (0 5.17 eV[G1]). This

small compression in energy is accompanied by small changes to overlap.
Introduction of fluorine to the vingdene moiety causes both bonding and
antibonding orbitals to lower in energy but keeps the relative energy similar leading

to constant deshielding alondy.

Unlike the deshielding alordy, the relative energies of the HOMO and LUMO change
on introduction of fluorine, changing the magnitude a@k. Although the LUMO
decreases in energy, the energy of the HOMO remains cons8h8 eV vs8.32 eV.

The result of the constant energy of the HOMO is that the energy gap narrows and

deshielding is observed.

Coodination of ruthenium to vinylidene and fluorovinylidene fragments mirrors this
trend with the energy of the HOMO only changing freBrD2 eV [2a]*) to -7.97 eV
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([3a"). All changes observed in the deshielding must arise from the compression of
the LUMO ifom -4.13 eV [2a]*) to -4.58 eV [3a]*) and the increased destructive
overlap of this transition. The change in energy of the LUMO in the ruthenium

coordinated fluorovinylidene complexes is much smaller than in the free

fluorovinylidene, therefore the déselding is significantly reduced on coordination.

Metal bound vinylidenes have beeaported in the literaturewith a range ohalogen

atoms andvalues ofG d*°recorded the structures arshown inFigure81. Chemical

shift tensors are shown iable 1812 Of the halogenovinylidenesynthesized, the

isotropicchemical shift of the vinylidenea@ only strongly desklded with respect

to R = H by R = F. The presence of other halogens does not lead to the large

deshielding interaction observed with fluorim@d experimentally the deshielding at

G decreases as the halogen increasessize The chemical shift tensorsf the

vinylidenes inFigure 81 were calculated, the same trends were observddhe

visualised tensors are shown in Figug 8

— P [
Phg P\“ \ Phy P\“ \
th \: = th \: gl
[3a] o [11]
— . [
Phg P\“ Ph P\“
th \: niiBr th \: an|
[12] o [13]
Figure 81.  Structure of halognovinylidene complexes synthesized by Lynam and
Slattery.
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The isotropic chemical shift{s, becomes more shielded as halogen size increases
F>>CI>Br>I. The changing deshielding is represenieabile 1&elow.The chemical

shift tensors were also calculated fos &d theresults are shown iffable D.

Table 18. Chemicéashift tensors of halogen vinylidene compdsxG calculated
in Orca at the PBEO/def2_TZVPP level of theory with ZORA corrections. Numbers in

parentheses are experimental results reported by Slattery and Ly#am.

Complex ds°/ ppm di1/ ppm d22/ ppm d3z/ ppm
[3a]* 418(389.0) |531 471 251
[11]* 366 (353.5) |528 292 278
[12]* 349 (340.3) | 522 295 230
[13]* 330(323.6) |510 299 180

Table 19. Chemical shift tensors of halogen vinylidene compleZesalculated

in Orca at the PBEO/def2_TZVPP level of theory with ZORA corrections.

Complex ds°/ ppm diz/ ppm d22/ ppm ds3/ ppm
[3a]" 185 240 205 109
[11]* 133 163 157 78

[12]* 124 172 118 83

[13]* 114 172 111 57

As well as the general shielding trend that is observed {qFE>CI>Br>l), the same
trend is observed for ©3wnith shielding increasing with halogen sidzée magnitude
of the change between F and Cl is much larger for loatfoon environments than

from Cl to Br or Br to I.
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Figure 82.  Pictoral (left) and visualised chemical shift tensoes (@ddle) (G,

right) of halogenovinylidene complexes

The magnitude ofthi remains largely constant between all complexes (between
530.7for R=F, and 510.1 faR=1). However, the magnitude df. remainsrelatively
unchanged betweeR= Cl, Br, and but the value fo R= F is some 200 ppm greater.

The shape of the tensofer these complexes are more similar[@e]*.

Fluorine is unigue in that the 2p orbital interacts strongly the vinylidene LUMO,
depressing it in energyl.he decreasing energy gap and increasing orbital overlap of
the HOM® LUMO transition on substitutioaf H for F lead to the observed changes
in deshielding. Other halogen atorde not interact as strongly with the HOMO, with
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the magnitude of change in chemical shift tensors aldnigeingreduced, showing

chemical shift tensor weightings that are much more similg2ag*.

3.6 Interpretation of alkynyl tensors

3.6.1 Identification of FMO transitionsusingsimple alkyne nodels

The chemical shielding of ethy{f8] has been described section 2.7.2The

high symmetry of ethyne leads to axially symmetric deshielding. The key transitions

for deshielding are; f Pxy* and pxy _JT sz*. The chemical shift tensors for the free
alkyne[38] and the coordinated alkynyl complg4] are similar, as shown iRigure

83, with deshielding observed symmetrically around the x and y axes and shielding
along the z axis. This suggests tladthough the formal symmetry q#] is G, alocal
symmetry exists at G resulting in the chemical shift tensors possessing similar

weightings.
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Figure 83.  Pictorial (Top) and visualised (bottom) chemical shift tensof8&jf
and[4].

The d33 tensors 0of[38] and [4] are similar with the main difference being in the
deshielding ofth1 and d2 ([38]; di1 =138, dr2 =138, d3z3 =-113 [4]; ch1 =232 dx2 =
224, dz3 =107). In[38], no orbitals possess the correct symmetry to overlap and
contribute to deshielding along the axis. Tis results in the similarity of thelss
tensors. The orbitals @t possess strong character along the x and y axes ateC
shown inFigure 33 in section 2.7.2 These orbitalsdo not possess the correct

symmetry for any overlapgrhen coupled byy .
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Figure 84. FMOdiagram offluoroethyne[53] with selected orbitals visualised in
gOpenMol (left). Key transitions identified using group thedba] optimised in
Turbamole at the BP86/def2SV(P) level of theory, chemical shift tensors calculated

in Orca at the PBEO/def2_TZVPP level of theory with ZORA corrections and visualised
in Wolfram Mathematica with pictorial representations (right). The barycentre is

represented by the dotted line.

No orbital transitions contribute strongly to deshielding along thelsz, axis. Large
changes talsoare observed betweef38] and[53], with G of [53] being shielded by
~70 ppm. This large shift is identified as reduction of deshielding along the x and y
axes. To understand the chemical shift tensorg5@f, chemical shift tensors were

calculated for fluoroethyng53]. The key transitions are shownkigure &.

Introduction of the fluorine 2py orbitals to the alkyne system has little effect on
the energy of the LUMO. However, the 2pbital of fluorine can interact with the
alkyne s bonding interaction, stabilising this orbital making it more dog and
lower in energy. Increasing the energy gap from 14.53[88])(to 16.17 eV[B3])

halves the magnitude of the deshielding along the x and y axes.
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The KohASham FMO diagram results in orbitals that show good similarity to
Brueckner orbitals calcaled in the literaturet'® 14 In the work by Lynam and
Slattery, Brueckner orbitals were generdtéor: HCCH, HCCF, FCCHCO®H, and
[RUCCF. The energies of the Brueckner orbitals agree more closely with the
pheotoelectron spectroscopy of HCCH, HCCF, and FCCF than tHghidahorbitals.

The order of thes bonding andp bonding orbital§ 7 andj g9 are reversed. The;
orbital becomes progressively more stabilised on introduction of fluorine to the
alkyne. As this orbital depresses in enetipg energy gap between the this and the

LUMO increases, decreasing the deshielding interaction.

3.6.2 Coordinated alkynyl complexes

Unlike[60] and[24]*, the differences in chemical shift tensors betwd&a]
and [4] are smallsuggesting that the changes to the electronics in vinylidenes on
coordination to a metal are much larger compared to the exchange of the alkyne
terminal proton for a metal The key transitions ip4] are the same transitions
responsible for deshielding [88]. As the chemical shift tensors are so similar, it can
be inferred that theFMOenergies and localisations are much closer in alkynes than
in vinylidenes. Interaction of the ruthenium d orbitals with both thandp systems
of the alkyne lead to FMQgith similar relative energies as the free alkynes. Not only
does the orbital localisation structure of the alkyne remain relatively unperturbed,
but the relative energies of the orbitals also remain constant. The same trends are
observed on substitutiof a proton for a fluorine with the deshielding along the x

and y axes reducing significantly.

3.6.3 Discussion of alkynyl tensors

The chemical shift tensors for alkynes and alkynyl complexes are similar. The
trends observed at £on changing the terminal groufrom H to Ph to F are
conserved. This suggests that, although the metal has orbitals that may mix with the

p system, the fundamental FMO structure is consenielverthelessthedi; anddz2
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tensors show greater deshielding in the metal bound equivalents. The origin of this
effect is the destabilisation of the bonding orbital. Increasing the energy of this
orbital reduces the energy gap between teebonding orbital and the degenerate
LUMOsBecause of energy change being associated witls thending orbital, there

is no correlation between the UWstransitions and the magnitude of deshielding,
unlike[2a]* and[3a]".

The reduction in deshielding along tltg: and d22 between [4] and [7] is also
observed in the free alkyng88] and[53]. All the changes id*°are associated with
these tensors and the trends are observed independent of coordination to a metal
centre Thissuggess that the metal has a relatively small effect on the FMOs of

alkynes when coordinated in drt fashion.

3.7 Correlation of chemical shiftensors andfirst excitation energy

As the deshielding in vinylidene complexes aldsig correlated to transitions
involving the HOMO and LUMO, it was theorised that the deshielding could be
correlated to the lowest energy excitation. To explore thiset dependent (TD) DFT
calculations were performed in Orca at the PBEO/def2_TZVPP level of theory with
ZORA approximations. The first 10 excitations were calculdeda range of
vinylidene and alkynyl complexas shown in kgure & and the energy of thdirst
excitation tabulatedn Table 20 The energy of the first excitation was plotted against
the chemical shift tensordrends were only observed when the excitation energies
were plotted against the tensor that lies along the®/bond axiasis shownn Fgure
86.
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® WH ® WF ® WCFs
[Ru] — R [Ru]—C—C\R [Ru]—C—C\R [RU]_C_C\Ph
[1a] R = CgHs [2a]* R = CgH5 [3a]* R = CgHs [o1*
[1b] R = CgH4-4-OMe  [2b]* R = CgHy-4-OMe  [3b]* R = CgHy-4-OMe
[1c] R = CgH,-4-CF5 [2c]* R = CgH,-4-CF3 [3¢c]' R = CeHs4-CF3  [Ry—C=0
[1d] R = Bu [2d]* R = Bu [3d]* R = Bu
[4R=H [51'R=H [8I'R=F (101
[7IR=F [6]'R=F
@ \\\\H @ \\\\F
[RU—==—"Ph [RuJ==C==C\ [Rul==C==C_
\Ph \Ph
[1a]' [2a]" [3a]™
[1al” [2a]" [3a]™
Rul=[ 1= | [ 1= 2N & 7 [ 1= |
Phsp\\\u-Ru\R CI—/Ru';R thp\\\\uR‘u\R
Ph,P PPh
PhsP 2\ ;2 </PPh2
Figure 85.  Ruthenium organometallic complexes studiedgumantum chemical

calculations usin@FTand TD TDF

600 -
500 H
400 A
300 -
200 -
100 -

y =-44.981x + 1085.5
Rz = 0.9096

0
-100 10
-200 -
-300 -
-400 -

Ly.c/ ppm

Figure 86.

15

Wavenumber /103 cnrl

Correlation of the first excitation energy calculated using TD DFT and

chemical shift tensorpointing along the MC bond axis. Both calculated in Orca at

the PBEO/def2_TZVPP level of theory with ZORA corrections.
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Table 20. Calculated chemical shift tensors along thedvbond axist -c) and
calculated wavelength and wavenumber of the first excitatbmuthenium
organometallicsBoth @lculated at the PBEO/def2_TZVPP level of theory with ZORA

corrections.

Calculated First Excitation
Complex i m.c/ ppm Wavenumber 10°
Wavelength/ nm
cnrl
[1a] -23 413 24
[1a] -14 410 24
[1a]" -23 418 24
[1b] -32 416 24
[1c] -13 405 25
[1d] -69 415 24
[2a]* 196 516 19
[2a]'* 182 537 19
[2a]"* 223 501 20
[2b]* 276 571 18
[2c]* 218 513 20
[2d] * 216 473 21
[3a]* 471 709 14
[3a]'* 433 765 13
[3a]"+ 448 677 15
[3b]* 459 730 14
[3c]* 483 695 14
[3d] * 464 641 16
[4] -107 402 25
[4] -97 401 25
[4]" -108 410 24
[5]* 143 429 23
[5]' 111 460 22
[5]"* 136 420 24
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[6]* 384 611 16
[6]'* 346 647 15
[6]"+ 340 568 18
[7] -108 405 25
[T -90 410 24
[7]" -108 412 24
[8]* 465 732 14
[8]'+ 483 795 13
[8]"+ 455 676 15
[9]* 159 449 22
[10]* -92 331 30

Unlike vinylidene complexes, the deshielding along the z axis in alkynyl complexes is
not represented by a transition involving the HOMO and LUMO as the overlap is poor.
In general, as deshielding increases alakgthe energy of the firstexcitation
decreases.This suggests that the chemical shift tensors are correlated to the
HOMC® LUMO transition. Given that the HOMQUMO transition is not always

responsible for deshieldinghye correlation is not necessarily absolute

It may be possibléo identify a target system where thHdOM® LUMOtransition is
also responsible for deshielding. In this system, the changes to deshielding would be
able to be correlated with visible absorption frequenci&his would require further

study beyond this thasand has not been explored further

3.8 Discussion of differences in tensors between metal fragments

To investigate theeffect of the metal fragmentin alkynyl and vinylidene
complexes, NMR calculatiomsere performed on[1d], [2a]*, and[3a]*. To contrast
these complexethe chemical shift tensors ¢gla]Q[2a]®, [3a], [1a]Q 2a]Q and
[3a]<Y @ere calculated, shown iRigure . The difference between these complexes
is the metal fragment. In general, the chemical shift tensors that were recovered are

relatively constant. This invariance is relatively independent from the type of
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complex, even though [Cp*Ru(dppe)]is often seen as a more electron rich than
[CPRU(PRx]™.

Figure 87.  Structure of different ruthenium fragments used to study the effect
of metal fragment on alkynyand vinylidene €chemical shiftThe chemical shift of

G was largely invariant on changing metal fragment.

As the chemical shift tensors are influenced by the molecular orbitals, it can be
inferred that the molecular orbitals of each class of complex share similar
localisations and orkal energy gapsThereactivity of the complexeis not the same.

One major difference that may not be accounted for in their reactivity is the steric
effect and this is likely what causes the difference in reactivity between metal
fragments. The magnitudeof the tensors of £suggest that the molecular orbitals

of the organic fragments involved in deshielding do not change localisation or relative
energy with changing metal fragmenthe other possible explanation is that the
relative energies of the MOdo not change between fragments, but the total

energies of the orbitals do change

3.9 Discussion of differences i, chemical shiftensorsin metal
vinylidene- and alkyny} complexes orchangingremote

conjugated substituents (R groups)

Unlike the steric #ects described earlier, chamg the remote conjugateR
group for a particular class of complex does influence the magnitudes of the chemical
shift tensors.The R group being the terminal group on the alkyne,/R@R, and
0KS @Ayeft AR SHiégensnal dite oflithe shenticdl shift tensors remains
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