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Abstract 

Chemical shift tensors, the three-dimensional representation of chemical shift, have 

been recovered for a range of organometallic complexes through the collection of solid-

state (SS) nuclear magnetic resonance (NMR) spectroscopy. Quantum chemical 

calculations using density functional theory (DFT) 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: diamagnetic shielding (ddia) 

and paramagnetic shielding (dpara). dpara dominates the observed change in shielding in 

large nuclei and is associated with magnetically coupled transitions between frontier 

molecular orbitals (FMOs).  

In this thesis, chemical shift tensors have been used to analyse the FMOs of 

organometallic compounds with a focus on metal-carbon bonding. The fluorine effect 

has been explored on ruthenium alkynyl and vinylidene moieties. The metal-bound 

carbon (Ca) undergoes a large change in isotropic chemical shift between fluorinated 

and non-fluorinated moieties: dC Ғ оул Ǿǎ dC Ғ 350. This has been shown to be a 236 ppm 

deshielding shift in the dz tensor associated with the HOMOO LUMO transition. The 

increased deshielding arises from the contraction of the HOMOOLUMO energy and an 

improved magnetic coupling. The opposite trend has been explored in Ca between 

fluorinated and non-fluorinated alkynyl moieties: dC Ғ ос Ǿǎ dC Ғ 120. A 100 ppm 

shielding shift in the dx and dy tensors is responsible. Inclusion of fluorine decreases the 

energy of the s-bonding orbital reducing the deshielding. 

High resolution 195Pt SS NMR spectra have been recorded. 103Rh solid-state NMR spectra 

were too technically demanding to record. Platinum chemical shift tensors have been 

used as a model 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 angle on 103Rh tensors. 
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Chapter 1. Introduction 

In this thesis, the bonding in organometallic complexes has been interpreted and 

correlated to the chemical shift tensors, which are the three-dimensional 

representations of the chemical shift interaction. The tensors have been recovered 

from solid-state NMR spectra and predicted using quantum chemical calculations 

using DFT. The complexes [1] ς [13]+ studied in chapter 3 are shown in Figure 1. The 

complexes [14] ς [20],  studied in chapter 4 are shown in Figure 2. 

 

Figure 1. Complexes [1] ς [13]+, which have been studied in chapter 3. For 

complexes [1] ς [13]+, the absence of diacritical marks denotes the ruthenium 

centre: [Ru(h5-C5H5)(PPh3)2]+. A single diacritical mark denotes the ruthenium 

centre: trans-[Ru(Cl)(dppe)2]+. Two diacritical marks denote the ruthenium centre: 

[Ru(h5-C5Me5)(dppe)]+. 

 

Figure 2. Complexes [14] ς [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 
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are applied in SS NMR spectroscopy will then be discussed. As quantum chemical 

calculations are a key part of this work, a brief introduction to computational 

chemistry has been included, focusing on the Schrödinger equation and the key 

approximations that are required for solving a multi-electron system. The bonding 

between metals and ligands will be described. 

The literature has been reviewed on the analysis of metal-ligand bonding and how 

understanding of bonding may be utilised to improve function. A brief summary of 

some direct spectroscopic and indirect techniques is included with examples of their 

use in structure/function determination. SS NMR spectroscopy has been used 

extensively in the study of alkene metathesis catalysts, which is described along with 

other systems that have benefited from SS NMR spectroscopic analysis.  
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1.1 Fundamentals of NMR spectroscopy 

1.1.1 Nuclear spin 

Elementary particles exhibit the quantum property known as spin (I). 

Elemental nuclei are comprised of protons and neutrons, which are both spin ½ 

particles. In the nucleus of an atom, the magnetic dipoles 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 zero, I = 0. A nucleus 

with I = 0 will not exhibit different spin states. Several key isotopes possess I = 0 such 

as 4He, 16O, and 32S, but the most important with respect to synthetic organic 

chemistry is 12C. As I = 0 nuclei cannot occupy different spin states, they are 

unobservable by NMR spectroscopy. 

If the total number of nucleons is odd, the total spin will be a half-integer value, I = 

ρ
ς, 
σ
ς, 
υ
ς etc. If both the number of protons and neutrons are odd, the total spin 

will be an integer value, I = 1, 2, 3 etc. A nucleus that has I = ρς acts like a magnetic 

dipole and is therefore referred to as a dipole. Nuclei with I > ρς are called 

quadrupolar.. 

 

1.1.2 The NMR 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 deconvoluted into individual components 

as shown in Equation 1: 

 Ὄ Ὄ Ὄ Ὄ Ὄ Ὄ Ὄ    Equation 1 

Each Hamiltonian operator represents the interaction with a nuclear spin. The 

Zeeman interaction, which is described by Ὄ , is the interaction of I with an external 

magnetic field, B0. Ὄ  is the chemical shielding, also known as chemical shift, 

Hamiltonian and represents changes in the local magnetic field due to the interaction 

of I with the local electron cloud. Ὄ  arises from the interaction of I with the applied 
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radiofrequency (rf) pulse. Ὄ  is the indirect dipolar-coupling interaction between 

spins Ij and Ik, mediated by electrons. This is known as the J coupling interaction. Ὄ  

is the direct dipolar through space coupling interaction between spins Ij and Ik. Ὄ  is 

the coupling interaction between I and the local electric field. This is called the 

quadrupolar interaction. 

 

1.1.3 The interaction of nuclear spin with an external magnetic field (Zeeman) 

In any given sample, the spins of the nuclei point in random directions. 

However, in the presence of an external field, the degeneracy between spin states is 

disrupted and spins reorient themselves into discrete energy levels. This interaction 

is called the Zeeman effect. Considering a I = ρς nuclei such as 1H, rather than being 

randomly oriented, the spins can now occupy two discrete spin states with the spins 

aligned with the external magnetic field or opposing the field. As the size of B0 

increases, so does the energy gap between aligned and opposing spins.1 This 

relationship is represented in Equation 2 where ɹ  is the gyromagnetic ratio, ƚ is the 

ǊŜŘǳŎŜŘ tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘΣ ŀƴŘ B0 is the external magnetic field in Tesla. The energy 

gap between the two states is very small, corresponding to light in the rf region. 

ЎὉ ‎üὄ       Equation 2 

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 equation (Equation 3) where k is the Boltzmann constant and T is the 

absolute temperature. Using Equation 3, it can be shown that the population 

difference is only very small. Most spins in the system cancel each other out and the 

only spins that can be recorded are a tiny proportion of the system. This leads to the 

poor sensitivity observed in NMR spectroscopy. 

Ὡ
Ў

       Equation 3 

 

1.2 Basics of Solid-State Nuclear Magnetic Resonance Spectroscopy 
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Resonances in solution exhibit a single chemical shift value, corresponding to 

the magnetic field. However, the nucleus responds differently depending on its 

orientation with respect to the magnetic field. The single value observed is comprised 

of nine individual chemical shift values. These values have a specific direction to them 

and are therefore rank 2 tensor quantities and can be better represented as a 3 by 3 

matrix.2 

Only one value of chemical shift is observed due to rapid sampling of all orientations 

as the nuclei is tumbling rapidly in solution. This rotation averages the anisotropy in 

the system giving the isotropic chemical shift (diso), which has a non-zero average. A 

3 by 3 matrix of chemical shift tensors contains nine individual tensor components. 

The eigenvalues of the matrix can be calculated and multiplied by a 3 by 3 identity 

matrix to give the diagonal tensor components corresponding to the 3 cardinal 

axes: d11, d22, d33. These tensors are called the principal components and are 

orthogonal.  

‏ ‏ ‏
‏ ‏ ‏
‏ ‏ ‏

ᴼ

‏ π π
π ‏ π
π π ‏

    Equation 4 

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. NMR spectroscopic experiments on a solid sample can be 

performed to obtain the chemical shift tensors: d11, d22, d33.3 

In a solid rotating at the magic angle, which is equal to an angle of  qm = 54.74 o for 

an I = ½ particle, a resonance is observed as a series of sharp bands rather than a 

broad resonance. Spinning at qm averages the chemical shift interaction to its non-

zero average. More detail on the magic angle is described in section 1.2.2. If the 

spinning speed is greater than the chemical shift anisotropy, then most of the signal 

intensity is accounted for in the isotropic band. Small portions of signal then tail from 

diso as spinning side echoes, which are periodic. The separation between the side 

bands and diso is related to the spinning speed (nrot) in Hertz with side bands occurring 

at nnrot. 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 the SS NMR spectrum, they begin to 

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

the chemical shift tensors. The spinning side band intensities  give a distinctive line 

shape which correlates to the shape observed in a non-ǊƻǘŀǘƛƴƎ άǎǘŀǘƛŎέ ǇƻǿŘŜǊ {{ 

NMR spectrum .4 Chemical shift tensors can be extracted directly from the static SS 

NMR spectrum based on the breadth of the resonance 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 simulation.4-6 

 

1.2.1 Dipolar and quadrupolar interactions 

Each nucleus with I = ρς  acts as a magnetic dipole. Magnetic dipoles may 

interact with each other. The magnetic resonance Hamiltonian is a sum of several 

interactions as described in section 1.1.2 of which Ὄ  and Ὄ  are due to dipolar 

coupling. 

Unlike the J coupling interaction Ὄ , the through space coupling between spins is 

not mediated by electrons. The magnitude of the direct-dipole coupling can be 

expressed by the Equation 5 below: 

 ὦ
ü

      Equation 5 

ὦ  is the dipole-dipole coupling constant in rad s-1 (division by 2p gives ὦ  in Hz), m0 

is the magnetic vacuum permeability constant, g is the gyromagnetic ratio of nuclei j 

and k, and ὶ  is the vector distance between the spins. The magnitude of ὦ  is 

dependent on the gyromagnetic ratios of the coupling spins and is inversely 

proportional to the cube of the distance between them. 

Strong coupling occurs when the distance between spins is low and leads to splitting 

of the SS NMR trace into a Pake doublet.7 Direct-dipole coupling is particularly 

important in the analysis of SS systems both directly and indirectly. The direct-dipole 

coupling constant has been used to measure the interatomic distances directly 
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between the H atoms in hydrated Gypsum, this would be challenging using other 

analytical techniques.7 In more complicated systems, direct-dipole coupling leads to 

significant broadening and complication of the spectra. This interaction is more 

commonly exploited for transferring polarisation from high g nuclei to low g nuclei in 

the process known as cross polarisation (CP), further described in section 2.2.1. 

Direct-dipole coupling is orientation dependent and has an average of 0. Due to this, 

the effect of direct-dipole coupling cannot be observed directly in solution due to 

rapid sampling of all orientation from molecular tumbling. However, the effects of 

direct-dipole coupling can be observed indirectly through the Nuclear Overhauser 

Effect (NOE). 

 

1.2.2 Magic Angle Spinning (MAS) 

As previously mentioned in section 1.2.1, direct-dipole interactions and 

chemical shift anisotropy lead to significant broadening of each magnetic 

environment in the solid state. Spectra of even small molecules become convoluted 

due to the overlap of chemical shift anisotropy and Pake doublets.7  

In a rotating solid, the magnetic resonance signal is profoundly affected by the local 

magnetic environment as the sample is rotating. This can be represented by the time-

dependent Hamiltonian (Equation 6), where I and j are the spins in the system, and  ˂

represents the interactions experienced in the system (such as dipolar interactions 

and chemical shift).4 

Ὄ В ВὌ ȟ Ƞ      Equation 6 

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

called the rotor. C contains physical constants such as the gyromagnetic ratio. The 

symbols r and ̱  ŀǊŜ ǘŜƴǎƻǊ ǉǳŀƴǘƛǘƛŜǎ ǘƘŀǘ ŘŜƴƻǘŜ ǘƘŜ spatial and spin dependence of 

the Hamiltonian with respect to the rotating coordinate system.  is the angle 

ōŜǘǿŜŜƴ ǘƘŜ ǊƻǘƻǊ ŀƴŘ ǘƘŜ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΣ ʲ ŀƴŘ ʴ ŀǊŜ ŀōƻǳǘ ǘƘŜ ǊƻǘŀǘƛƴƎ ŦǊŀƳŜ ƻŦ 

reference. This is shown in Equation 7. The indices have been omitted for clarity (i, j 

; ˂ ). 
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Ὄ ὅ”† σςϳὅ‏† σὧέί  ρ σὧέί‍ ρ

ίὭὲ‍ὧέί‎ σςϳὅ‏† ‒ὸ     Equation 7  

The time-dependent Hamiltonian can be substituted for a time-independent 

Hamiltonian by integration due to the periodic nature of the rotation as shown in 

Equation 8.4 

Ὄ ᷿ В ВὌ ȟ Ƞ       

 Ὄ  ὅ”† σςϳὅ‏† σὧέί  ρ σὧέί‍ ρ

ίὭὲ‍ὧέί‎       Equation 8 

The second term of the integral can be reduced to 0 if: 

σὧέί  ρ π 

Ḉὧέί 
ρ

σ
 

  ὸὥὲЍς υτȢχτ Ј 

  υτȢχτ Ј 

This value, qm, is known as the magic angle. At qm  the chemical shift interaction 

become averaged as the Hamiltonian collapses to the isotropically averaged form 

observed in solution. Direct-dipole coupling and chemical shielding are both rank 2 

tensors. Direct-dipole coupling has a zero average and is therefore completely 

removed from the spectrum. The chemical shielding interaction has a non-zero 

average, meaning that partial averaging occurs and each magnetic environment will 

correspond to a sharp isotropic resonance with 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 shown in Figure 3. A line can be drawn bisecting the 

positive and negative phases of the tensor where the value is 0. The angle of this line 

with respect to the principal axis is qm = 54.74 o. 
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Figure 3. Spherical harmonic representation of a rank 2 tensor (left) and SS 

NMR spinning at the magic angle with respect to B0 (right). 

The intensities of the side bands can be expressed mathematically. This has been 

shown by Herzfeld and Berger, but will not be further described in this thesis.4 

 

1.3 Introduction to computational chemistry 

Chemical systems are small and are poorly described using classical, 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 

quantities of the system are restricted to discrete quantized values. In classical 

mechanics, the quantities of the system are described by a continuum.8 
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1.3.1 The Schrödinger equation 

As mentioned previously, the qualities of an atomic system are described by 

discrete values. The energy of a given system is described by the Schrödinger 

equation below (Equation 9).8-10 

[  Ὁ        Equation 9 

Equation 9 is the time-independent form of the Schrödinger equation and describes 

the energy of a stationary state.   is the wavefunction of the system and is a 

mathematical descriptor of the stationary state. E is the energy of the state and J is 

a Hamiltonian operator that describes the allowed states of the system. The 

eigenvalues of J 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 to the total energy of the system. The eigenvalues of 

each Hamiltonian give rise to observable values. 

A time-independent Schrödinger equation may only describe a stationary point and 

does not describe a system with any temporal resolution. To calculate the energy of 

a system that changes with time, the time-dependent Schrödinger equation must be 

applied instead. 

The Schrödinger equation allows for the calculation of the energy states that are 

allowed in a system. However, the limiting factor is that the Schrödinger equation is 

only solvable in a system that contains one electron, such as the hydrogen atom. This 

is because   becomes too complex to be solved explicitly in larger systems due to 

Coulomb repulsion interactions between electrons. Instead, the wavefunction must 

be approximated for the Schrödinger equation to be solved in large systems.  

 

1.3.2 Application of the Born-Oppenheimer approximation to the Schrödinger 

equation 

The many factors that make up the wavefunction mean that the Schrödinger 

equation cannot be solved for large systems. However, if the wavefunction is 
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approximated, the Schrödinger equation can be solved taking the approximation into 

account. Nuclei are much larger and heavier than electrons. This means that the 

motion of the nuclei is much slower 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 separately.8  

As the nuclei appear to be stationary from the electronic point of view, the kinetic 

energy must be zero and any repulsions are fixed. Coordinates are no longer a 

variable parameter, simplifying the calculation of the energy states. The Born-

Oppenheimer approximation 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 the kinetic energy. The solution to the electronic energy 

can be used to generate a potential energy surface (PES), which can be in turn be 

used to calculate nuclear motion.  

The Born-Oppenheimer approximation allows for the simplification of the 

Schrödinger equation into electronic and nuclear components, allowing for separate 

energy calculation. To gain meaningful solutions to the Schrödinger equation, the 

electron coordinates are determined by only considering how a single electron 

responds to the average field of the other electrons. The 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 iterative. It is referred to as the self-consistent field (SCF) 

procedure.  

The Born-Oppenheimer approximation holds when electronic motion and nuclear 

motion do not influence each other greatly. However, when this is no longer the case, 

the approximation breaks down. 

 

Electrons are indistinguishable from one another, however, 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 principle. A Slater determinant satisfies this principle by 

assigning all electrons to a spin orbital with a location and a spin. If two electrons are 

assigned the same spin and location, the wavefunction would be zero in all locations. 

Slater determinants allow multi-electron systems to be handled in a way that satisfies 

the Pauli exclusion principle. 

 

1.3.3 Hartree-Fock method 

The Hartree-Fock method uses a single Slater determinant and the SCF may 

be used to approximate the wavefunction and the energy of a system with many 

bodies, such as a chemical system. For a body with N particles, N , 1 electron spin 

orbitals may be generated.8 The SCF method allows for the iterative solving of the 

variational energy of the system by solving a Hartree-Fock equation for each electron 

iteratively. This method gives an approximate solution to the Schrödinger equation. 

The molecular orbitals (MOs) that are used in the SCF method may be comprised of 

linear combinations of Slater-type orbitals or Gaussian-type orbitals. Gaussian-type 

orbitals are more commonly used in quantum chemical calculations as they can be 

represented using polar coordinates, reducing the number of components that 

require calculating.8 This means that, for the same time, a larger number of basis 

functions may be used to describe the orbitals. 

 

1.3.4 Basis sets 

In computational quantum chemical calculations, parameters for the 

electronic wavefunctions must be supplied in order to solve the Schrödinger 

equation.8 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 orbitals. 

The individual atomic orbitals may be combined to 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 the Schrödinger equation 
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would be solved explicitly. Increasing the number of basis functions also increases 

the computational demand, which is why very large basis sets are not always the best 

choice for quantum chemical calculations.  

 

1.3.5 Effective Core Potential (ECP) 

There is a large computational cost associated with increasing the size of a 

system by increasing the number of electrons. The extra computational demand may 

be incurred by 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 be considered. Relativistic effects arise from electron 

speed increasing in heavy elements becoming 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 improve the speed of the calculation, an effective core potential (ECP), or 

pseudopotential, may be employed to replace the core electrons.8 The valence 

electrons may then be treated independently. Using an appropriate ECP function will 

not only improve calculation times, but also may take some relativistic effects into 

account while still describing the system well.  

 

1.3.6 Relativistic methods 

Although a pseudopotential may be used to account for some relativistic 

effects, other methods are available that provide better modelling of the system. 

These methods are all-electron methods. Examples of this are calculations using the 

Zero-Order Regular Approximation (ZORA) or by using explicit two-component 

Hamiltonians.11 The Schrödinger equation can be converted into a form that accounts 

for relativistic effects, but the Hamiltonian becomes more complicated being 

described by four components.8 In calculations where ZORA is applied, the energies 

of the valence orbitals are well represented, including relativistic effects.  
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1.3.7 Density functional theory (DFT) 

Any quantum chemical calculation method that relies on the ab initio 

determination of the wavefunction is computationally demanding due to the 

dimensionality of the wavefunction. Meaning that large systems may only be studied 

at low levels of theory and small systems at high levels of theory. The ground state 

energy of the system can be calculated from the electron density using a functional.8 

Quantum chemical calculation of the energy, or related properties, using electron 

density and a functional is known as DFT. DFT scales much better than ab initio 

methods. The wavefunction is described by three spatial coordinates and electron 

spin for each electron, 4N descriptors in an N electron system. Electron density can 

be described by three spatial coordinates only, regardless of the size of N. The 

integration of the electron density defines the number of electrons in the system and 

can be used to determine nuclear positions and charges based on electron peaks.  

True DFT methods scale well with system size, but do not give good approximations 

of kinetic energy. Kohn-Sham DFT methods are also known as hybrid-DFT methods as 

they are a hybridisation of density functional approximations with Hartree-Fock 

exchange.8 The exact calculation of the exchange-correlation term improves the 

predction of molecular properties that are useful in interpreting a chemical system 

such as bond lengths, kinetic energy, and vibrational frequencies.12 Kohn-Sham DFT 

improves on DFT by including an exchange-correlation term and is more widely used 

than non-Kohn-Sham methods. 

 

1.4 Metal-ligand bonding 

 Organometallic complexes are of particular interest in chemistry due to their 

prevalence in industrial transformations and catalysis and rely on the bonding of the 

metal nuclei with carbon. Understanding of the structure and bonding of 

organometallics may be translated towards understanding and predicting reactivity. 

Metals have access to many orbitals that may be used for bonding interactions. The 
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frontier metal orbitals of transition metal complexes will be dominated by the highest 

energy orbitals which are from the d subset.  

The d orbitals of the metal are degenerate when the metal is uncoordinated. 

However, through 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 complexes.13-15 Crystal field theory has been developed further with molecular 

orbital theory and is described as ligand field theory.16 Orbitals 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 three-dimensional arrangement of 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 an example octahedral complex, the six equivalent ligands lying 

on each of the three coordinate axes would coordinate to the metal, equally spaced 

around the metal centre with bond angles of 90 o. The dxz, dyz, and dxy orbitals do not 

have orbital character that points along the M-L bond, the orbital lobes straddle the 

M-L bond axis. The lobes of the quadratic d functions, d x2-y2 and dz2, point directly 

along the molecular axes. This leads to the breaking of the d functions into two 

distinct orbital subsets. The subsets can be described by their irreducible 

representation in the Oh point group shown in Figure 4: T2g and Eg. 

 

Figure 4. Breaking the degeneracy of the d orbitals. In the octahedral 

geometry, the orbitals split into T2g and Eg subsets. 

This means that the T2g d orbitals fill first and are occupied, provided that the metal 

possesses d electrons. The presence of orbitals that are filled and vacant dominates 

the bonding modes that are available for the metal with ligands. An example of the 

bonding can be described using the Dewar-Chatt-Duncanson model.17 An example is 
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shown in Figure 5 for a general M-X bond and the bonding of a metal to ethene, given 

the importance of ethene complexes in processes such as hydrogenation and 

hydroformylation.18 

 

Figure 5. Dewar-Chatt-Duncanson model for the synergic bonding of a general 

M-X bond (left) and of an alkene to a metal (right) 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 filled p orbital may overlap with the Eg metal d 

orbitals which are higher in energy than the T2g subset and therefore filled last and 

likely to be unfilled provided the metal is not d10. This leads to a bonding interaction 

between M and X and is called s-donation. At the same time, the orthogonal unfilled 

p orbital is the correct symmetry to overlap with the T2g d orbitals which fill first in an 

octahedral metal complex. The overlap leads to a bonding interaction between M 

and X and is called p-accepting. 

Another example that will be described is the interaction between a metal and an 

alkene, Figure 5. The filled p orbital of the alkene is the correct symmetry to overlap 

with the Eg metal d orbitals which are higher in energy than the T2g subset and 

therefore filled last. This leads to electron donation from the p system of the alkene 

to the metal in a bonding interaction. At the same time, the filled T2g d orbitals of the 

metal are the correct symmetry to overlap with the p* orbital of the alkene. This 

leads to a back-bonding interaction as electron density from the metal is donated in 

another bonding interaction. In the case of alkenes, donation of metal electron 

density into the antibonding C-C orbitals weakens the C-C bonding interaction and 
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reduces the sp2 character of the alkene. The extent of this bond weakening is 

dependent on the strength of the back-bonding interaction. 

 

1.5 Probing metal ligand bonding 

1.5.1 Direct methods for probing M-L bonding 

The energy of molecular vibration is on the order of the energy of light with 

infrared (IR) wavelengths.19 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 masses of the 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 sampling times. Because of the effect of 

synergic bonding described in section 1.4 earlier, the IR stretching frequencies can be 

correlated to changes in M-X bond strengths. Stretching modes may be associated 

with the movement of many atoms, meaning that the energy does not necessarily 

correlate to changes in a single bond strength, but in many. In theory, the stretching 

frequency of M-X bonds can be directly analysed, but practically, the frequencies of 

more synthetically relevant M-C modes are too low and insensitive for analysis. 

A molecule can undergo an electronic transition on absorption of light in the ultra-

violet and visible range (UV-vis). UV-vis spectroscopy can be used to calculate the 

energy of strong low energy absorptions, which are typically transitions between the 

highest occupied molecular (HOMO) and lowest unoccupied molecular orbital 

(LUMO). Although UV-vis spectroscopy can give the energy of FMO transitions, it is 

typically limited to molecules with small FMO energy gaps and is limited on the 

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

Another method for directly probing metal ligand bonding is NMR spectroscopy. NMR 

spectroscopy is element specific meaning that particular nuclei can be probed 

separate from other elements, for example in probing just 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 and J coupling values that are indicative of position 

and electronics, as long as the complex is diamagnetic. NMR spectroscopy is a less 

sensitive technique than other spectroscopic methods, such as UV-vis and IR 

spectroscopy, due to the relative energy gap between ground and excited states 

being low. Another disadvantage of NMR spectroscopy is that some of the three-

dimensional information in the NMR signal is lost when analysis is performed in 

solution due to rapid averaging through molecular motion.   

Information on molecular structure and bonding can be obtained through the 

collection of X-ray 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 cell. However, only geometric 

information in recovered which does not directly correlate to specific frontier 

molecular orbital energies and a single crystal is required for full three-dimensional 

information. 

 

1.5.2 Indirect methods of probing M-L bonding 

Many methods have been used to probe and understand M-C bonding. The 

electronic and steric properties of ligands bound to the metal have a profound effect 

on the bonding in organometallic complexes. Tolman et al. created two parameters 

to describe the indirect effects that ligands impart on the other metal bond atoms 

including M-C bonds: the Tolman cone angle and the Tolman electronic parameter 

(TEP).20 
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Figure 6. Schematic representation of the Tolman cone angle (left) and the 

TEP (right).20 

The Tolman cone angle was developed using physical models of phosphines.21 It is 

defined as the angle formed by drawing a cone between the outermost point of the 

Van der Waals radii of the phosphine substituents with the metal as the vertex point. 

The M-P bond length is fixed at 2.28 Å, Figure 6. The cone angle represents the 

approximate size of the ligand at the metal centre. It works directly for symmetrical 

phosphine ligands, but approximations can be also made for asymmetric phosphines. 

The Tolman cone angle can be used to explain the differences in reactivity in 

organometallic systems based on changes to M-L bond strengths. shown by ring 

closing metathesis of diene [22] to form 3-pyrroline [23] by ruthenium indenylidene 

[21] shown in Figure 7.22 Precatalyst [21] can be prepared with different phosphine 

ligands, PR3 = PPh3, PCy3. However, precatalyst [21] only forms an active ring closing 

metathesis catalyst with PCy3 ligands. This difference in reactivity is associated 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 

q, PCy3 ligands lead to weaker Ru-P bonding and accelerated phosphine loss, 

providing a route into the catalytic cycle. 

 

Figure 7. Catalytic ring closing metathesis of [22] to form [23] using [21] as 

demonstrated by Fürstner et al. R = Ph, Cy.22 

The TEP, also shown in Figure 6, is a measure of the electron donating/withdrawing 

effects of a phosphine on the A1 stretching frequency (nCO) of [Ni(CO)3L] as described 

by Tolman.23 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 to greater donation of electron density into the M-C-O p orbitals and stronger 

M-C-O p bonding. As the M-C-O p bond has p* character between the carbon and 

oxygen atoms, stronger M-C-O p bonding leads to weakening of the C-O bond. The 

reduced C-O bond strength is observed as a reduction of nCO 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 ligands as well as phosphines. Notable 

examples are methods for comparing the electronic properties of N-heterocyclic 

carbene (NHC) ligands shown by Nonnenmacher and Gusev based on rhodium and 

nickel complexes, respectively.24, 25 

Both the cone angle and TEP ligand parameters provide indirect understanding of 

the system in question and have their disadvantages. However, they are useful 

concepts that can be used to help explain the reactivity and activity of initiators and 

catalysts.20 A more direct parameter may be able to provide more detailed 

information about the nature of M-C bonding in a given system. 

 

1.5.3 Analysis of alkene metathesis by SS NMR spectroscopy 

SS NMR spectroscopy has been used extensively in the study of alkene 

metathesis catalysts.26-29 Alkene metathesis is mediated by metal carbene 

complexes.30 The chemical shift of the carbene carbon of Fischer and Schrock type 

carbenes, Figure 8, are distinctly deshielded (Ca diso > 250 ppm) and the differences 

observed in the chemical shift of the carbene carbon have been investigated by 

Yamamoto et al. Fischer and Schrock carbenes, which can be identified by the 

presence of the stabilizing E group, Figure 8, can also be identified by changes to d11, 

induced by a lower lying M=C p* orbital in Fischer carbenes and  is associated with 

the presence of strong p acceptor ligands.26, 31, 32 Ruthenium systems display 

deshielding that reflects both Fischer and Schrock carbenes. 
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Figure 8. Fischer, Schrock, and ruthenium carbene complexes studied by 

Yamammoto et al.26, 29, 31 

A key intermediate in the alkene metathesis reaction using Grubbs-type catalysts is 

the metallocyclobutane ring.33 The metallocyclobutane ring may adopt a trigonal 

bipyramidal structure or a square pyramidal geometry at the metal, Figure 9. The 

interconversion between the geometries impacts catalysis.  

 

Figure 9. Trigonal bipyramidal (left) and square pyramidal (right) geometry of 

metallocyclobutane rings relevant to catalyst deactivation of alkene metathesis 

catalysts. The metallocyclobutane ring loses planarity when the metal adopts a 

square pyramidal geometry. 

Square pyramidal geometry leads to catalyst deactivation and trigonal bipyramidal 

geometry leads to metathesis.33 The chemical shift of the Ca and Cb in the trigonal 

bipyramidal complex have been used to determine the preference for 

interconversion to square pyramidal geometry, which is a catalytic resting state, by 

Solans-Monfort et al.28 Complexes that prefer adopting the trigonal bipyramidal 

geometry show less deactivation and higher activity. This effect can be probed 
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computationally and experimentally. Increased planarity in the metallocyclobutane 

is linked to a low lying p* orbital with alkylidene character, leading to increased 

differences in shielding between the Ca and Cb carbons as shown by Gordon et al.29 

Metathesis active rings show diso of ~ 100 ppm (Ca) and ~ 0 ppm (Cb). Inactive rings 

show diso of ~ 50 ppm (Ca) and ~ 20 ppm (Cb).29 

Another example of NMR spectroscopy being used in the analysis of the metathesis 

reaction is the study of the dynamics of metathesis catalysts of the type 

[(~SiO)M(ER)(=CHt.ǳύόw ύϐ, Figure 10, supported on solid surfaces by Blanc et al.34 

Calculated chemical 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 the immobilised 

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 of silica supported catalysts. Here, SS NMR 

spectroscopy has given insight into 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 supported alkylidene catalysts is non-isotropic. However, 

the exact nature of the motion is unclear and may be associated with site-hopping or 

a restricted range of motion. 
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Figure 10. Immobilised alkylidene complexes studied by Blanc.34 

Re2O7 supported on g-alumina is another alkene metathesis catalyst that shows 

functional group tolerance and activity at room temperature. Re2O7 is inactive in 

metathesis when supported on silica.35 A proposed structure of the catalytic site was 

elucidated using SS NMR spectroscopy and quantum chemical calculations using 

DFT.36 Several types of active site were observed by SS NMR spectroscopy, as well as 

metallocycles by titration of the sample with 13C labelled ethene. It was shows that 

high activation temperatures of the alumina were required to reduce the number of 

surface hydroxyl groups, freeing up space for the interaction of AlIII with the rhenium 

oxide.36 

As well as linking the dynamics to the chemical shift anisotropy, the chemical shift 

tensors have also been linked to the electronic structure of the alkylidene complexes 

by Halbert et al., Figure 10.27 The chemical shift of carbene Ca is highly deshielded, 

100 to 200 ppm more deshielded than an alkene carbon which resonate at ~ 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 metal-carbon s orbital and metal-carbon 

p* orbital compared, Figure 11 (bottom), to the alkene C-C s and C-C p* , Figure 11 

(Top), lead to this large contribution to the paramagnetic shift and therefore 

deshielding of the Ca. This is summarised in Figure 10. 

  

Figure 11. Transitions responsible for d11 deshielding in ethene (Top) and a 

metathesis carbene (Bottom) shown by Halbert et al.27  

The energy gap between the M-C orbitals is reduced compared to the C-C equivalent 

leading to the large shift in deshielding between carbene chemical shift and alkene 

chemical shift. Ὑ denotes the rotational operator. Both 13C and 31P chemical shift 

tensors were analysed on ruthenium Grubbs metathesis carbene complexes of the 

type [RuCl2(L)(PCy3)(=CHR)].37 Larger 31P chemical shift tensors are linked to stronger 

Ru-P orbital interactions and reduced lability of the phosphine in methylidene 

complexes of ruthenium compared to benzylidene complexes. 

The process of alkene metathesis has been studied in detail, alkyne metathesis 

catalysts are less well developed. The SS NMR spectra and chemical shift tensors have 

been studied for a range of molybdenum mesityl (Mes, 2,4,6-trimethylphenyl) 

carbyne complexes, [(MesC )Mo(OC(CH3)оҍȄ(CF3)x)3] by Estes et al.38 Increasing the 

number of CF3 groups increases the deshielding at the Ca from 280 ppm when x = 0, 

to 330 ppm when x = 3. This increased deshielding is associated with a lowering of 

energy of the MC p* orbital and increased metathesis activity. However, the totally 

fluorinated equivalent shows a large drop in activity, this is then associated with 

increased stability of the metallocyclobutadiene intermediate. Immobilisation of the 

carbyne complexes onto silica leads to reduced deshielding and reduced metathesis 
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activity. Study of the grafting of molybdenum carbynes to silica by Estes et al. has 

shown that the 13C SS NMR signal of the carbyne Ca of the molecular complex is 

conserved on grafting to silica.39, 40 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 tolerance, the wealth of SS NMR data on Mo alkyne metathesis 

catalysts means that new tripodal catalyst designs can be benchmarked against 

existing catalysts, maintaining the electronics of known active catalysts.41 

 

1.5.4 Use of SS NMR in the analysis of example catalytic systems 

SS NMR spectroscopy has been utilized in analysing and interpreting several 

other catalytic systems as well as in the understanding of electronics. There has been 

success for SS NMR as a technique with a large number of heterogenous catalysts 

being used for industrial transformations with the catalyst being in the solid phase, 

for example in characterising ruthenium containing nanoparticles for 

hydrogenation,42 or characterising metal speciation of zeolites in the methanol-to-

aromatics reaction.43 Some other examples of SS NMR spectroscopy being used in 

probing heterogeneous reaction mechanisms have been covered by Blasco.44 

Work by Gordon et al. suggests a link between s-bond metathesis, alkene insertion, 

and alkene metathesis reactions based on the extent of p-bond character in metal 

alkyl complexes, Figure 12.45-47 Higher p character is required for alkene insertion and 

metathesis but is still necessary in s-bond metathesis. The chemical shift tensors 

indicate that s-bond metathesis can be classified formally as a [2+2] cycloaddition. 
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Figure 12. The effect of decreasing M-C p-bond character directs the reactivity 

from alkene metathesis to alkene insertion to s-bond metathesis.45-47 

Other than metathesis reactions, SS NMR spectroscopy has been used to give insight 

into the surface structure of ruthenium nanoparticles, which are active in the Fischer-

Tropsch and Haber-Bosch Processes.48 The chemical shift tensors of a ruthenium 

carbonyl has been shown to be sensitive to coordination mode by Foppa et al., Figure 

13. Carbonyl ligands coordinating h2-m4 along the step edges of the nanoparticle 

exhibit the largest deshielding, associated with a partially filled low lying C-O p* 

orbital. The population in this orbital correlates well to C-O bond length and explains 

the ease of C-O cleavage at step edge sites. 
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Figure 13. CO coordination modes on ruthenium nanoparticles calculated by 

Foppa et al.48, the h2-m4 coordination mode is suggested to be key in C-O bond 

cleavage. 48 

Variation in 13C chemical shift tensors have been studied in the gem-hydrogenation 

of alkynes using ruthenium piano stool complexes by Biberger et al., shown in Figure 

14.49, 50 Alkynes undergo gem-hydrogenation when in the presence of H2 and a 

ruthenium half-sandwich complex. The resulting carbene complex [26] has shown to 

have a tuneable M=C bond based on the nature of the h5-cyclopentadienyl (Cp) ring. 

The tuneable electronics of the M=C bond may be useful in cyclopropanation or 

metathesis reactions.49, 50 

 

Figure 14. Gem-hydrogenation of alkynes resulting in carbene [26]. The 

electronics of the M=C bond are tuneable based on the electronic nature of the Cp 

ring.49, 50 
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A combination of 11B and 29Si SS NMR spectroscopy has been used by Wang et al. in 

the analysis of mesoporous silica-supported organolanthanum catalysts [27] for 

reductive cleavage of epoxides by pinacolborane forming compound [31], Figure 

15.51  

 

Figure 15. Catalytic ring opening of epoxides by pinacolborane and 

organolanthanum-decorated silica nanoparticles. 

Treatment of the mesoporous silica at 500 oC before decoration by [La(C(SiHMe2)3)3] 

[28] resulted in several coordination sites being observed in the 29Si SS NMR spectra. 

However, treatment of the mesoporous silica at 700 oC before decoration by 

compound [28] resulted in only a single site being observed which showed higher 

activity, suggesting a link between the surface decoration of the silica to catalytic 

function.51 

SS NMR spectroscopy has been used as a probe for a range of other solid systems 

with far reaching consequences, for example; 15N SS NMR spectroscopy has been 

used to provide insight into the N-N cleavage of hydrazine by tantalum hydride 

species supported on silica,52 and analysis of 35Cl chemical shift tensors and electric 

field tensors in metal chloride species.53, 54 35Cl chemical shift tensors can be applied 

to the study of systems that contain chlorides such as MgCl2 in Ziegler-Natta catalysts, 
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exploring the difference in SS line shape on bulk and ball milled supports linking 

structure to activity.55  

As well as in the study of Ziegler-Natta catalysts, 35Cl SS NMR spectroscopy has been 

used in tandem with 91Zr SS NMR spectroscopy in the study of homogeneous and 

heterogeneous zirconocene catalysts which show activity in polymerisation reactions 

of alkenes, shown by Rossini et al.56 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 Nugent,57, 58 of alkenes 

and amines catalysed by titanium-containing complex on silica has been investigated 

by Yaacoub et al.59 SS NMR spectroscopy of the supported catalyst [32] provides 

evidence for the formation of a 5-membered metallocycle [33] on addition of the 

alkene. This is summarized in Figure 16. 
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Figure 16. Hydroaminoalkylation of oct-1-ene by dimethylamine, catalysed by 

titanium complex supported by silica.57, 58 

The chemical shift interaction can be used as a probe of other effects, such as in the 

study of disubstituted 125Te compounds which may be used for fluorine transfer 

reactions, Figure 17.60 The 125Te chemical shift is highly dependent on substituent 

effects. This has been explored by Pietrasiak et al.60 The magnitude of the chemical 

shift is dependent on the coupling of the tellurium non-bonding p orbital with the s* 

orbital. The larger the polarisation of the orbitals and the lower the energy gap, the 

larger the deshielding interaction. Variation of chemical shift in 125Te NMR 

spectroscopy is explained by this interaction.  
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Figure 17. General formula of disubstituted tellurium compounds studied by SS 

NMR spectroscopy for fluorine transfer.60 

Given the prevalence of 1H nuclei in chemical systems, the 1H is not frequently used 

as a probe in SS NMR spectroscopy due to the difficulty of observing 1H nuclei in the 

solid-state. More recently, the chemical shift anisotropy of 1H nuclei has been made 

more accessible even for weaker interactions through the use of heteronuclear 

recoupling from 13C. This breakthrough may be possible to utilise the chemical shift 

anisotropy of 1H nuclei as a probe for the dynamics in chemical and biological systems 

where the anisotropy is small, giving SS NMR spectroscopy another probe into solid-

phase or macroscopic reactivity.61  
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1.5.5 Project aims 

This project looks at developing new ways of characterising and interpreting 

the FMO interactions of metals and their coordinating atoms, with a particular focus 

of the interactions between metals and carbon in M-C bonds. By using SS NMR 

spectroscopy and the chemical shift interaction, new ways of describing and 

understanding changes to M-C bonding can be explored for organometallic systems. 

There is currently a lack of direct methods for interpreting FMOs. Some methods, 

such as UV-vis spectroscopy, may be used to probe FMO interactions of specific 

compounds. SS NMR spectroscopy may provide information in cases where 

traditional spectroscopy cannot and complementary information in cases when 

FMOs can be interpreted by another form of spectroscopy. 

In chapter 2, the experimental and computational methodologies that have been 

used in data acquisition and interpretation are described. Chemical shift tensor 

analysis of known literature compounds has been included as examples of the 

analysis performed later in this work. 

In chapter 3, the differences in FMO structure and bonding of conjugated 

organometallic ruthenium species have been investigated with a focus on the effect 

of fluorine incorporation into the conjugated organic fragment. The effect that 

fluorine has on the FMO structure of organometallics, as well as the nature of metal-

carbon bonding in vinylidene and alkynyl species have been described. The changes 

in energy or localisation of the FMOs that dictate the chemical shift tensors have been 

used to explain the observed changes in 13C chemical shift tensors of metal bound 

carbons. 

In chapter 4, we have used metal-based tensors to explore bonding in platinum and 

rhodium complexes. We have also included attempts to record high resolution SS 

NMR spectra of 103Rh and 195Pt nuclei. The 103Rh tensors have been explored in 

complexes relevant to hydroformylation of alkenes, looking at the effect of 

pnictogen and phosphine bite angle on the chemical shift tensors.  
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Chapter 2. Methodology 

2.1 Aims 

As outlined in chapter 1, the principal aim of the work in this thesis is to use 

NMR spectroscopy to rationalise the bonding in organometallic complexes. The main 

tool to do this will be analysis of the principal chemical shift tensors for a range of 

metal-containing molecules that, as described in Chapter 1, provide insight into the 

nature and symmetry of the FMOs. 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 chemical shift tensors give 

spatially encoded information, which is complimentary to information derived from 

other analytical techniques. 

Before any detailed analysis of the chemical shift tensors of chemically relevant 

species was performed, a general methodology to acquire and interpret the data was 

developed. The aims of this chapter are to outline the general parameters and pulse 

programs selected for the recording of 13C, 31P, and 19F SS NMR spectra that will be 

analysed further in this thesis. As well as the general recording of SS NMR spectra, 

the recovery of the principal components d11, d22, and d33 from SS NMR spectra 

recorded spinning at the magic angle will be outlined. 

Alongside SS NMR studies, quantum chemical calculations using DFT have been 

explored in the calculation of chemical shift tensors for organometallic compounds. 

A general computational methodology has been developed for further use in the 

thesis, comparing the simulated chemical shift tensors to experimentally derived 

results. The chemical shift tensors recovered from calculations using DFT have been 

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 and localisations as test cases for the analysis 

performed in this work. 
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2.2 Selection of SS NMR pulse sequences and SS NMR spectroscopic 

methodology testing on representative compounds. 

The work in this thesis relies on the acquisition of 13C SS NMR spectra, as well as the 

characterisation of relevant materials by SS NMR spectroscopy. The methods needed 

for the recording of SS NMR spectra are described below. 

 

2.2.1 SS NMR pulse programs 

High-power decoupling: 

Direct-dipole coupling is the direct through-space coupling interaction between 

two spins. The magnitude of the interaction between the two spins A and B can be 

calculated as shown in Equation 10. 

ὦ
ü

      Equation 10 

bjk is the direct-dipolar coupling constant, m0 is the vacuum permeability constant, ᴐ 

is the reduced PlankΩs constant, gj and gk are the gyromagnetic ratios of spins j and k 

respectively and rjk is the distance between them. The magnitude of the coupling 

constant is therefore proportional to the product of the gyromagnetic ratios of the 

spins, but is inversely proportional to the cube of the vector distance between them. 

This means that direct-dipolar coupling constants are very large when the sample 

contains high g nuclei with high abundance. As 13C is a spin dilute nucleus with only 

1.109 % abundance, the average distance over which homonuclear couplings may 

occur is typically large. Large values of r lead to low values of 13C-13C couplings and 

very little broadening of resonances. However, as 1H nuclei possess both a large 

gyromagnetic ratio and a high abundance, the magnitude of 13C-1H couplings is large. 

The coupling interaction leads to broadening of the resonances in the 13C spectra. To 

counter this, when acquiring SS 13C NMR spectra, a high-power decoupling field (60 

kHz) must be applied over the proton channel to decouple the 13C-1H direct-dipolar 

coupling interaction, leading to sharp resonances. 
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Cross-Polarisation 

Cross-Polarisation (CP) is a double resonance experiment and refers to the 

translation of spin polarisation from high g nuclei to low g nuclei. This technique is 

commonly employed in SS NMR spectroscopy to enhance the sensitivity of 13C nuclei. 

As 13C has a low natural abundance (1.109 %) and a relatively low gyromagnetic ratio 

(gC = 67.2828 × 106 rad s-1 T-1), 13C spectra are insensitive.62 Polarisation of 1H nuclei 

is more intense due to higher natural abundance, 1H (99.98 % abundant) and a high 

gyromagnetic ratio (gH = 267.5222 × 106 rad s-1 T-1).62 The combined effect of 

gyromagnetic ratio and natural abundance can be observed by using relative 

receptivity compared to 1H, RH(X), as described by the Equation 11 below: 

 Ὑ ὢ    Equation 11 

Where ‎ is the gyromagnetic ratio of isotope X, Ὅ the spin of isotope X, and 

ὔ ὢ the natural abundance of isotope X. From Equation 11, the receptivity 

of 13C relative to 1H is RH(C) = 1.70 × 10-4. A general CP pulse sequence is shown in 

Figure 18. 

 

Figure 18. Schematic of a 13C{1H} CP experiment. 

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

the indirect nuclei channel, for example 1H in Figure 18. During the CP phase, the 
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nuclei are then spin-locked and a strong pulse applied to the 13C channel. The 

magnitude of this pulse can be calculated as shown in Equation 12 so that the 

precession rate of both 1H and 13C nuclei is the same, as described by Hartmann and 

Hahn.63  

‎ ὄ ‎ ὄ       Equation 12 

When the nuclei precess at the same rate, polarisation transfer can occur from the 

high g nuclei to the low g nuclei. As well as an increase in polarisation, the spin-lattice 

relaxation, T1, is associated with the 1H nuclei rather than the 13C nuclei. The spin-

lattice relaxation of a proton is much faster than carbon due to the gyromagnetic 

ratio for 1H being approximately four times larger than for 13C, further increasing 

sensitivity. The T1 values for slowly relaxing 13C nuclei may be up to 300 s, whereas 

even long relaxing 1H nuclei typically relax faster by an order of magnitude.64 A lower 

T1 value increases the apparent sensitivity as it reduces the time needed between 

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

After polarisation transfer has occurred for a given contact time, a decoupling 

sequence is applied to the 1H channel. At the same time, the 13C channel acquires the 

NMR signal, the free induction decay (FID). The only difference between a high-power 

decoupling and CP sequence is the addition of the spin locking and frequency 

matching phase, CP. Both sequences rely on a powerful decoupling field being 

applied to the 1H channel over acquisition to remove the large direct-dipolar coupling 

between 1H and 13C nuclei in the solid state as described in section 1.2.1. 

 

2.2.2 Spectral optimisation: 13C{1H} CP MAS. 

Initial test spectra were collected on a 4 mm ZrO2 rotor packed with [RuCl(h5-

C5H5)(PPh3)2] [35] and fitted with a Kel-F cap. The structure of complex [35] is shown 

in Figures 19 and 20. The 4 mm rotors have both high sample capacity and a moderate 

maximum spinning speed nrot = 12,500 Hz. External referencing of the field was 

achieved as described in the literature using a crystalline sample of adamantane and 

setting the high frequency resonance to 38.4 ppm.65 



62 
 

The synthesis of complex [35] is described section 5.2.66 Complex [35] was selected 

for study because it is a simple organometallic complex with a well-defined metal 

centre and being representative of the complexes that will be studied in Chapter 3, 

previously shown in Figure 1. An initial 13C{1H} CP MAS spectrum was recorded and is 

shown in Figure 19. The CP contact time, P15, was set to 2000 ms.  

 

Figure 19. CP MAS 13C{1H} spectrum of complex [35] recorded at 101 MHz at a 

spinning speed of 10 kHz. Isotropic resonances are denoted by an arrow. Number of 

scans (Ns) = 16. Carbon environments have been labelled 1-4. 

In the 13C NMR spectrum on complex [35] (figure 19), two clear environments are 

observed, dC = 80 and dC = 120 ς 145. These resonances are from the Cp and the 

triphenylphosphine (PPh3) 13C nuclei, respectively. The single-crystal XRD structure of 

Complex [35] has been described by Bruce et al. and is shown in Figure 20.66  
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Figure 20. Single-crystal XRD asymmetric unit structure of complex [35]. 

Coordinates obtained from the Cambridge Crystallographic Data Centre entry 

CPDRUA.66 Hydrogen atoms have been omitted for clarity. 

Each carbon of the PPh3 ligands is in a different crystallographic environment as there 

is one molecule in the asymmetric unit. Therefore, each 13C environment is 

magnetically inequivalent. The overlap of the 36 environments gives the line shape 

seen in the 13C NMR spectrum presented in Figure 19. The resonances for the Cp 13C 

nuclei appear as a sharp singlet as they are rotationally averaged on the timescale of 

the NMR spectroscopic experiment (figure 19). Small spin echoes are also observed 

for the aromatic resonances at a distance of 10 kHz precessing from the isotropic 

resonances that have been labelled with arrows. 

An initial sweep of the recycle delay (D1) was performed. D1 is the time between the 

NMR pulse sequences allowing for transverse relaxation. Increasing D1 from 10 to 

30s led to an increase of the signal. Although longer values of D1 give more intense 

signals, a D1 of 20 s was selected as a compromise between full relaxation and 
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permitting the acquisition of more scans in a given time period. The effect of 

increasing the time between pulses is highlighted in Table 1 and Figure 21. 

 

 

Figure 21. D1 optimisation performed on complex [35] recorded at 101 MHz at 

a spinning speed of 10 kHz from top to bottom: D1 = 3, 5, 10 and 20 s. Ns = 16. 

Increasing values of D1 lead to a higher signal:noise ratio. 

Table 1. Relative peak height of D1 optimisation spectra of complex [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 of the aromatic 

resonance of experiment 4 was set to 10 and the intensity represents the relative 

peak height in 1-3 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 

Setting D1 to 20 s gives an opportunity for any slowly relaxing 1H nuclei to relax, 

allowing the whole quanta of signal to be recorded. This is important due to the 

nature of the NMR spectroscopic experiments, when the spinning speed is reduced 

the signal will be diluted. Even though multiple scans will improve the signal-to-noise 

ratio, the more signal in each scan, the lower the signal-tonoise ratio on each 

individual side band.  

The other factor in selection of D1 was the time taken for each experiment. Although 

the change in D1 is small from 10 to 30 s, the individual contributions begin to vastly 

increase the total spectra time when large numbers of scans are used. For example, 

if Ns = 4096. Sharp resonances were observed indicating that good relaxation was 

occurring. This methodology was carried forward for the recording of all carbon 

spectra.  

 

2.2.3 Optimisation of 31P{1H} Solid-State NMR spectra 

CP techniques can be used to enhance the sensitivity of low g nuclei by 

utilising spin transfer from neighbouring high g nuclei. As described in section 2.2.1, 

the effectiveness of polarisation enhancement is proportional to the dipole-dipole 

interaction. This interaction is dependent on the gyromagnetic ratios of the two spins 

and is inversely proportional to the cube of the distance between them. For 13C 

spectra, the prevalence of C-H bonds and short C-H interatomic distances leads to 

enhancement of the spin dilute system. As P-H bonds are less common in 

organometallic chemistry, phosphorus nuclei are more commonly bonded directly to 

carbon, such as in the archetypal phosphorus ligand PPh3. gH is approximately 4 times 

greater than gC meaning that the dipole-dipole interaction is weaker between 31P-13C 

than 13C-1H and 31P-1H. Extended bond lengths and the low natural abundance of 13C, 

1.109 % also contribute to the reduced dipole-dipole interaction between 31P-13C. 

To test the application of CP MAS to acquire 31P{1H} SS NMR spectra, PPh3 was freshly 

crystallised, ground, and packed into a ZrO2 rotor fitted with a Kel-F cap. An initial 
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sweep on the cross-polarisation contact time, P15, was performed between 1000 and 

8000 ms. The spectra are displayed in Figure 22. 

 

 

Figure 22. 31P{1H} CP MAS SS NMR spectra of PPh3 recorded at 162 MHz at a 

spinning speed of 10 kHz, Ns = 16. CP contact time from bottom to top: P15 = 1000, 

2000, 3000, 5000 and 8000 ms. 

Figure 22 shows that signal enhancement of the PPh3 31P resonance occurs as contact 

time is increased from 1000 to 3000 ms, but very little enhancement occurs with 

contact times longer than 3000 ms. For this reason, P15 = 3000 ms was selected and 

sharp 31P resonances 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 all 31P{1H} NMR spectra in this thesis. 

 

2.2.4 Optimisation 19F Solid-State NMR spectra 

Like 31P, 19F is a spin-abundant nucleus with I = ½. Unlike 13C and 31P, 19F has a 

large gyromagnetic ratio, gF = 251.815 rad s-1 T-1.62 Therefore, it has a high Larmor 

frequency. The Bruker AVANCEIII HD solids spectrometer that was used for the SS 

NMR spectroscopy in this thesis has a single proton-fluorine probe. This means that 

CP or proton decoupling pulse sequences cannot be used for the recording of 19F 

spectra as the probe must be tuned to fluorine and cannot be simultaneously tuned 



67 
 

to proton. Instead, a 90o pulse sequence was selected for the analysis of 19F-

containing samples.  

 

Figure 23. Structure of [3a]PF6. 

Initial spectra were collected on a sample of complex [3a]PF6 due to its relevance to 

the study in Chapter 3. The synthesis of complex [3a]PF6 is described in section 5.11 

and the structure of [3a]PF6 is shown in Figure 23. Changes in signal intensity against 

longer recycle delay values are summarized in Table 2. A representative spectrum of 

complex [3a]PF6 is shown in Figure 24. 
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Table 2. Relative intensity vs D1 of complex [3a]PF6 recorded at 376 MHz at a 

spinning speed of 10 kHz. Spectra collected with Ns = 16. Time denotes total 

experiment time. The maximum peak height of the PF6
- anion of experiment 4 was 

set to 10 and the intensity represents the relative peak height in 1-3 compared 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 

 

 

Figure 24. 19F MAS SS NMR spectra of complex [3a]PF6 recorded at 376 MHz at a 

spinning speed of 10 kHz. Isotropic resonances are denoted with an arrow. A 

contaminant was also observed at dF = -147 and is denoted by an asterisk. 
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The date in table 2 shows that much smaller enhancements are observed on 

lengthening D1 values. Because of this, the recycle delay was set to 5 s for all 19F NMR 

spectra recorded in this thesis. Figure 24 shows the presence of a contaminant at dF 

= -147, which is likely to be from fluoroborosilicates in the glass of the probe of the 

spectrometer. This signal will therefore be present in all SS 19F NMR spectra. The two 

other 19F environments in complex [3a]PF6 are clearly observable in Figure 24 in the 

spectrum, the PF6- anion resonance observed as a doublet at ~ -80 ppm and the 

fluorovinylidene resonance at ~ -210 ppm. As the 19F nuclei has a much larger 

gyromagnetic ratio than 13C or 31P, as well as a large chemical shift range, large values 

of chemical shift anisotropy are observed for 19F nuclei. Because of the large ranges 

nrot < chemical shift anisotropy even when nrot is large (10 kHz). Spectra do not need 

recording at much slower spinning speeds as the chemical shift anisotropy is well 

represented by the spinning side bands at 10 kHz. Slower speeds can be used for the 

identification of diso. 

 

2.2.5 Fitting optimisation of TopSpin Solid-State line shape analysis tool 

Recording SS NMR spectra with high spinning speeds allows spectra to be 

recovered that closely resemble the isotropic spectra obtained in solution phase NMR 

spectroscopy. When the spinning speed is 10 kHz, chemical shift anisotropy is largely 

averaged out in 13C{1H} and 31P{1H} spectra, as the magnitude of the anisotropy is 

typically on a lower scale than the speed of rotation. Consequently, 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 spectra obtained at 

fast spinning speeds. As the spinning speed is reduced, chemical shift anisotropy 

becomes the dominant feature on the spectra and the intensity of the spinning side 

bands represents the anisotropy of each environment. This has the side effect that 

the signal to noise ratio decreases due to signal dilution. This relationship is shown 

for 13C in Figure 25 and 31P in Figure 26. The intensity of the sidebands correlates 

directly to the static spectrum and the relation is explained in section 1.2.2. 
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Figure 25. 13C{1H} CP MAS SS NMR spectra of complex [35] recorded at 101 MHz 

at a spinning speed of 10 kHz (bottom), 4 kHz (middle), 2 kHz (top). Ns = 256. The 

effect of decreasing MAS rotation speed, nrot on the intensity of the sidebands is 

shown. 
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Figure 26. 31P{1H} CP MAS SS NMR spectra of PPh3 recorded at 162 MHz at a 

spinning speed of 10 kHz (bottom), 4 kHz (middle), and 2 kHz (top). Ns = 32. The 

effect of decreasing MAS rotation speed, nrot on the intensity of the sidebands is 

shown. 

To obtain the most accurate value of chemical 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 speeds to give accurate values of the chemical shift tensors and fast 

spinning speeds to give increased signal and reduction of sideband overlap (also 

represented in Figure 25. Complex [35] is a simple molecule with two distinct 13C 

signals in the solid-state, the aromatic resonances associated with the PPh3 ligands 

and the cyclopentadienyl resonances. In systems with more unique environments, 

each environment will give different chemical shifts and possesses a unique chemical 

shift anisotropy. If the spinning speed is not carefully selected, the resonance of 

interest may become obscured by spinning side bands from other nuclei, preventing 

effective tensor recovery. 

The effect of spinning speed is shown in Figure 25 and Figure 26. 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 kHz. The overall shape of the spinning side bands becomes more 

detailed as the spinning speed is further reduced to 2 kHz, further representing the 

chemical shift anisotropy. For all the aromatic resonances, the 4 kHz spectrum has 

enough information to recover the tensors as chemical shift anisotropy > nrot, but the 

resonance for the Cp carbons still has most intensity in the isotropic band at 4 kHz. A 

spinning speed of 2 kHz is required to calculate the chemical shift anisotropy for this 

environment as the span of the chemical shift anisotropy is much narrower for this 

environment. 

To recover the chemical shift tensors from the SS NMR spectra, fitting software must 

be used. The NMR processing software TopSpin (Version 3.6.1 pl7) has been used in 

this work. TopSpin has an inbuilt SS NMR line shape fitting function that can be called 

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

simulated resonance to match to the recorded sideband intensity.  

When using the SOLA fitting software, it was found that the simulated spectra 

matched the experimental spectra better when the isotropic shift and the line 

broadening were fixed. This was determined visually, as well as by allowing one round 

of iteration in the software. For all the complexes that were studied in this thesis, the 

resonances of interest are typically weak signals in the spectrum from the single 

metal-coordinated carbon. Without fixing the values of isotropic chemical shift and 

line broadening, the fitting software will typically drift to the most intense resonance 

or broaden to match the noise. Because spectra were recorded at fast (10 kHz) 

spinning speeds as well as slower spinning speeds (4 kHz), the isotropic chemical 

shifts were easily identifiable as the central resonance does not change chemical shift 

on altering the spinning speed. The sidebands extend from the isotropic resonance 

at regular intervals of the MAS spinning speed and 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 visually estimating the anisotropy and asymmetry based on the 

sideband intensities. 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, setting these to d11 and d33. The value of d22 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 the iteration software, which was used 

to finalise the values of the chemical shift tensors.  

 

2.3 Optimisation of computational methodology for the calculation of 

chemical shift tensors 

As well as the study of SS NMR spectra of organometallic complexes, detailed 

analysis of the chemical shift tensors was performed. To relate the chemical shift 

tensors to FMOs, 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 ways. One such way is by mounting a single crystal on a 

goniometer and relating the tensors to the unit cell. The second way is by using 

quantum chemical calculations using DFT. For this thesis, the latter approach has 

been explored. To do this, a computational methodology has been explored in both 

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

 

2.3.1 Geometry optimisation of [2a]+, basis set and functional tolerance. 

Initial testing of geometry optimisation using quantum chemical calculations 

using DFT was performed on [2a]+ shown in Figure 27. Cation [2a]+ was selected as a 

test molecule for geometry optimisation, due to its relevance to molecules of interest 

in Chapter 3, as well as a good quality XRD structure being available as a starting point 

for the geometry optimisation. Cation [2a]+ can also be used as a testbed for testing 

the calculation of the chemical shift tensors. It is critical that the methodology holds 

for organometallic systems alongside more traditional organic environments. Poor 

estimations of chemical shift for the metal bound carbons would correlate directly 

with incorrect orbital energies and localisations.  
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Geometry optimisations were performed using the quantum chemical package 

Turbomole Version 6.40 and are surmised in Table 3.67 Two basis sets were trialled 

for the geometry optimisations: def2_SV(P) and def2_TZVPP. Both basis sets are 

Karlsruhe-type basis sets, with def2_TZVPP having more basis functions to describe 

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

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 participate in bonding.8 As well as two basis sets, two GGA functionals were 

tested: BP86 and PBE0. PBE0 is a hybrid GGA functional that also includes part of the 

exchange energy calculated using Hartree-Fock theory.  

 

Figure 27. Structure of [2a]+ used for methodology optimisation. 
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Table 3. Methodologies tested for geometry optimisation of [2a]+, all starting 

from the same input structure obtained from crystal coordinates. Time 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 

PBE0 def2_SV(P) 77 

PBE0 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 energy, confirmed the identity of the 

minima. 

As seen in Table 3, the double-z basis set def2_SV(P) leads to faster completion of 

the job than 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 molecule, the 

difference in job time is 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]BF4 

The key bond lengths and angles for [2a]+ are shown in Table 4, determined 

from the single-crystal X-ray structure of [2a]BF4, Figure 28. In general, all methods 

used for geometry optimisation converged to structures that were in close 

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

other.  

Table 4. Comparison of key geometries around Ru of [2a]+ after geometry 

optimisation in Turbomole to values obtained from the X-ray diffraction crystal 

structure, estimated standard deviations are shown in square brackets [ ]. Absolute 

differences are shown in brackets ( ). 

  BP86 PBE0 

Property Crystal def2_SV(P) def2_TZVPP def2_SV(P) def2_TZVPP 

Ru1-C1 / Å 1.8479[18] 1.844 

(0.004) 

1.839 

(0.090) 

1.844 

(0.004) 

1.830 

(0.018) 

C1-C2 / Å 1.3138[25] 1.338 

(0.024) 

1.328 

(0.014) 

1.338 

(0.024) 

1.315 

(0.001) 

Ru1-P1 / Å 2.3309[5] 2.379 

(0.048) 

2.367 

(0.037) 

2.379 

(0.048) 

2.348 

(0.017) 

Ru1-P2 / Å 2.3585[7] 2.397 

(0.069) 

2.387 

(0.059) 

2.396 

(0.068) 

2.369 

(0.041) 

Ru1-CCp 

Average / 

Å 

2.2675[41] 2.316 

(0.049) 

2.300 

(0.033) 

2.316 

(0.049) 
2.262 

(0.005) 

Ru1-C1-C2 

/ o 

165.685 168.09 

(2.41) 

167.91 

(2.23) 

168.11 

(2.43) 

168.62 

(2.94) 

P1-Ru1-P2 

/ o 

97.689 97.93 

(0.24) 

98.48 (0.79) 97.93 

(0.24) 
98.09 (0.40) 
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Figure 28. Single crystal XRD structure of [CpRu(PPh3)2(=·=CHPh)]BF4, [2a]BF4, 

tetrafluoroborate counterion and solvent of crystallisation omitted for clarity. 

Selected bond lengths and angles are shown in Table 4. 

The method that provided the best approximation of bond lengths with the smallest 

deviation from those determined in the crystal structure values was 

PBE0/def2_TZVPP, particularly with the prediction of C1-C2, Ru1-P1/2 and Ru1-CCp 

showing small differences from the crystal structure. However, the accurate 

prediction of C1-C2, Ru1-P1/2 and Ru1-CCp bonds was accompanied with extension of 

the Ru1-C1 bond and a slightly poorer prediction of bond angles. Some differences in 

bond angle and lengths between the optimised and solid-state structures would be 

expected as the gas-phase calculations are being directly compared to the 

condensed-phase experimental values and the environment around the ions is 

different. Although PBE0/def2_TZVPP does provide good approximation of bond 

length, the time taken for geometry convergence and the calculation of the 

vibrational spectra vastly outweighs any advantages for use. BP86/def2_TZVPP was 

also ruled out as a general method for geometry optimisation for the same reason.  
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The double-z methodologies BP86/def2_SV(P) and PBE0/def2_SV(P) both converge 

to give nearly identical values for the key bond angles and lengths, for example the 

Ru-C1 bond length of 1.844 Å, which is only 0.004 Å shorter from the value obtained 

from the crystal structure. As BP86/def2_SV(P) has been used in the literature for the 

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 of NMR calculations of complex [2a]+ 

After obtaining optimised coordinates using the accepted optimisation 

methodology, BP86/def2_SV(P), a methodology needed to be developed for the 

calculation of NMR parameters. Initial trialling of chemical shift calculations was 

performed using two different programs, Gaussian  and Orca.68-70 Two functionals 

were selected for the NMR chemical shift calculations, BP86 and the hybrid functional 

PBE0. As with the geometry optimisation, both functionals have been used for 

calculations on similar compounds in the literature. Three basis sets were selected 

for the calculations. Def2_SV(P) and def2_TZVPP can be implemented in both Orca 

and Gaussian. Def2_TZVPP has a larger number of basis functions than def2_SV(P) 

and therefore should represent the electronic structure more flexibly. The IGLOIII 

basis set was also tested as it has been designed specifically for use in the calculation 

of NMR parameters, however it may only be implemented in Gaussian. The tensors 

from the calculations were internally referenced in the conversion of chemical 

shielding to chemical shift following Equation 13 using the experimental diso and 

calculated siso of Ca to calculate the conversion factor siso
ref.  

‏ „ „       Equation 13 

„ ‏ „  

Table 5. Chemical shift calculation results for the alpha carbon of [2a]+. The 

chemical shielding tensors recovered from the quantum chemical calculations were 
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converted to chemical shift using the experimental isotropic shift of diso = 353.7 

ppm. 

Program Functional Basis Set ‏  / ppm ‏  / ppm ‏  / 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 PBE0 def2_SV(P) 572 254 236 

Orca PBE0 def2_TZVPP 744 325 -7 

Gaussian BP86 def2_SV(P) 380 380 302 

Gaussian BP86 def2_TZVPP 414 323 323 

Gaussian PBE0 def2_SV(P) 379 379 303 

Gaussian PBE0 def2_TZVPP 421 320 320 

Gaussian PBE0 IGLOIII 426 318 318 
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Table 6. Chemical shift calculation results for an aromatic carbon of [2a]+. The 

calculations were converted using the same conversion factor as in Table 5. 

Program Functional Basis Set ‏ / 

ppm 

‏  / 

ppm 

‏  / 

ppm 

‏  / 

ppm 

Experimental N/A N/A 134.0 241 148 13 

Orca BP86 def2_SV(P) 154 244 178 41 

Orca BP86 def2_TZVPP -150 -48 -132 -269 

Orca PBE0 def2_SV(P) 124 216 152 3 

Orca PBE0 def2_TZVPP -165 -58 -146 -290 

Gaussian BP86 def2_SV(P) 339 434 364 219 

Gaussian BP86 def2_TZVPP 258 363 276 134 

Gaussian PBE0 def2_SV(P) 334 435 360 208 

Gaussian PBE0 def2_TZVPP 257 368 276 128 

Gaussian PBE0 IGLOIII 255 368 274 123 

 

As seen from the data in Tables 5 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 this, the data in Table 6 shows 

that Gaussian was unable to distinguish the large chemical shift difference between 

a typical aromatic carbon and the highly deshielded vinylidene carbon. Because the 

calculations in Gaussian yield similar chemical shift values for the vinylidene Ca and 

an aromatic resonance, it suggests that the interactions responsible for chemical shift 

are being poorly represented. No further calculations were performed using 

Gaussian. The large changes in diso for the aromatic carbon are an artefact of the 

internal referencing to Ca 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 the description of the atomic orbital 

wavefunctions and should tend towards a limiting value.8 However, the value that 

the larger description tends towards is further from the experimental values. This 

suggests that a larger description of the orbital set represents electronic structure of 

the experimental system worse.  

The chemical shift is a parameter that is affected by many factors, but one key factor 

when considering organometallic complexes of the transition metals is typically the 

relativistic effects on chemical shift which arise from the speed of electrons 

approaching the speed of light.8 The methodology selected uses a pseudopotential 

to represent the core electrons of ruthenium. This gives some approximation for 

relativistic effects. Given the proximity of the metal-bound carbons to a large nucleus, 

relativistic effects need to be considered more explicitly. To rectify this, the ZORA was 

applied to the calculations. This is not implemented in Gaussian, so methodology 

development was moved to Orca only. The chemical shift calculations were repeated 

in Orca with a ZORA and the results are shown in Table 7. As well as implementing 

the ZORA in the calculation, a ZORA-compatible 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 Orca with ZORA corrections for the 

vinylidene Ca (C1) and a representative aromatic environment (C84) of [2a]+. Each 

method is internally referenced so that the vinylidene carbon C1 has a chemical shift 

of diso = 353.7. Experimental results recovered from the 13C{1H} Cp MAS SS NMR 

spectrum of [2a]BF4·OEt2. 

Functional Basis Set 

Carbon ‏ / 

ppm 

‏  / 

ppm 

‏  / 

ppm 

‏  / 

ppm 

Experimental N/A C1 353.7 558 289 214 

Experimental N/A CAr 134.0 241 148 13 

BP86 def2_SV(P) ZORA C1 354 516 292 253 

BP86 def2_SV(P) ZORA C84 148 238 170 35 

BP86 def2_TZVPP ZORA C1 353 528 295 238 

BP86 def2_TZVPP ZORA C84 136 237 154 16 

PBE0 def2_SV(P) ZORA C1 354 538 286 237 

PBE0 def2_SV(P) ZORA C84 124 219 148 4 

PBE0 def2_TZVPP ZORA C1 354 548 292 221 

PBE0 def2_TZVPP ZORA C84 112 219 131 -13 

 

The chemical shift tensors obtained from the ZORA calculations are, in general, in 

better agreement with experimental values. Particularly with the chemical shift 

difference between the vinylidene and aromatic carbons as the aromatic carbons 

now appear consistently in the aromatic region of the spectrum in all calculations, dC 

= 110 ς 150.  The most obvious result of the calculations 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 closest to experiment 

using the PBE0/def2_TZVPP level of theory with ZORA. As the chemical shift tensor 

values calculated using the PBE0/def2_TZVPP level of theory with ZORA best 
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represent the experimental results, it suggests that any analysis performed on the 

calculations would give good insight into the structure and bonding of organometallic 

complexes. 

 

2.3.4 Dependence of chemical shielding on geometry 

Computationally-optimised geometries will differ from the geometry 

obtained from a crystal structure because the calculation is of a single molecule in 

the gas phase. Solid-state 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 in the 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 geometry. The geometry of neighbouring atoms determines the 

overlap of molecular orbitals and therefore the energy and localisations of molecular 

orbitals responsible for chemical shift. To test the tolerance of the computational 

methodology to deviations from crystal geometry, NMR single point calculations 

were performed on crystal coordinates to compare to the computationally optimised 

coordinates to the crystal coordinates. The results are shown in Table 8, note the 

value are in chemical shielding not shift.  

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

calculations in Orca at the PBE0/def2_TZVPP level of theory with ZORA corrections. 

Geometry siso s11 s22 s33 

Crystal -187 -394 -116 -52 

BP86/def2_SV(P) -191 -386 -129 -59 

 

The values of isotropic chemical shielding of the vinylidene Ca of [2a]+ only vary by a 

small amount, 4 ppm between 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 DFT. The 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. This change 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 ion and 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 calculating 13C 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 of chemical shift calculations 

2.4.1 Selection of an appropriate reference compound 

In section 2.3, the results of the chemical shielding calculations were 

converted to chemical shift using Equation 13 but were internally referenced to the 

vinylidene Ca chemical shift. This is a useful tool for optimising the chemical shift 

calculations and testing accuracy but is not appropriate for comparing between 

multiple complexes. To get results that are comparable between molecules, the 

interconversion between chemical shift and shielding is reliant on the selection of an 

appropriate reference value.  

In principle, any 13C nucleus, regardless of chemical environment, could be used as 

the reference. For this work, the reference selected for the conversion of 13C NMR 

shielding tensors was the experimental 13C carbonyl resonance of ώwǳόʹ5-

C5H5)(PPh3)2(CO)]PF6, [10]PF6. This complex is similar to the systems that are being 

studied in chapter 3 and has a single well defined 13C environment that is bonded to 

the metal. The 13C{1H} CP MAS SS NMR spectra of complex [10]PF6 is shown in Figure 

29. The carbonyl carbon of [10]PF6 has a chemical shift of diso = 202.7 in the solid 

state. This resonance appears in a region of the spectrum that is clear of any other 
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resonances, as well as being midway between the highly deshielded resonances of 

vinylidene Ca (~ 350 ppm) and many typical organic environments (alkane ~ -10 ς 40 

ppm, alkyne ~ 60 ς 80 ppm, alkene and aromatic ~ 100 ς 160 ppm). The sharp 

carbonyl resonance of [10]PF6 is an ideal reference for these reasons due to the 

chemical similarity to the vinylidene and alkynyl complexes being studied, as well as 

being easy to synthesise purely and selectively by stirring complex [35] and NH4PF6 

together under an atmosphere of CO further described in section 5.16. 

 

Figure 29. CP MAS SS 13C{1H} spectra of complex [10]PF6 recorded at 101 MHz 

at a spinning speed of 10 kHz. Ns = 256. Isotropic resonances are denoted by an 

arrow. 

From the SS NMR spectrum in Figure 29, the experimental isotropic chemical shift for 

the carbonyl carbon of complex [10]PF6 was found to be 202.7 ppm, a value that was 

then substituted into Equation 13. The absolute isotropic shielding for complex [10]+ 

was calculated to be -36.8 ppm at the PBE0/def2_TZVPP level of theory with ZORA 

corrections and can also be substituted into Equation 13, shown here again. The 

conversion factor „  can be calculated for 13C: 
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‏ „ „       Equation 13 

‏ ςπςȢχ, „ σφȢψ 

 „ ςπςȢχ σφȢψ 

  „  ρφυȢω 

This value of „  was then used to convert the calculated chemical shielding tensors 

into chemical shift by using the modified equation: 

 

‏ π π
π ‏ π
π π ‏

„
ρ π π
π ρ π
π π ρ

„ π π
π „ π
π π „

 

 

2.5 Benchmark calculation of chemical shift tensors for simple 

molecule examples. 

Using the optimised methodology described in the previous section, it was 

decided that a series of simple molecules would be investigated to benchmark the 

calculations and analysis. In the literature, the 13C chemical shift tensors of ethene 

[37] been studied in detail.71 Given that ethene has a small number of orbitals (9 

Occupied MOs: 2 Core MOs, 7 FMOs), the analysis is relatively simple. Ethane [36] 

and ethyne [38] were analysed in the same way. These compounds are displayed in 

Figure 30. 

 

Figure 30. Simple molecules that were selected for benchmarking chemical shift 

tensor calculations calculated using the previously developed methodology. 

The structures of compounds [36], [37], and [38] were optimised in Turbomole at the 

BP86/def2_SV(P) level of theory. The resulting coordinates were then used for a 

single point calculation in Orca at the PBE0/def2_TZVPP level of theory with ZORA 
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corrections. The chemical shift tensor magnitudes are displayed in Table 9, with, the 

calculated values of diso in line with experimental values. All values are more shielded 

than the experimental values by up to 20 ppm, which is likely an error that arises from 

the choice of reference. The magnitudes of the chemical shift tensors are clearly 

weighted differently to each other as unsaturation increases. Compound [36] shows 

deshielding values along all three axes that only vary by 15 ppm, which is nearly an 

isotropic situation. Compound [37] shows the largest anisotropy with a span of 239 

ppm between d11 and d33 with different deshielding along all axes. Compound [38] 

shows rotational symmetry in its tensors with the values of d11 and d22 both exhibiting 

deshielding of 138 ppm, d33 is shielding in nature. To understand this fully, the 

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 for compounds [35], [36] and [37] 

calculated in Orca at the PBE0/def2_TZVPP level of theory with ZORA. Experimental 

values reported by Zuschneid et al. in d2-dichloromethane.72 

‏  ‏   ὰὭὸ ‏ ‏  ‏   

Ethane -8 7 -4 -4 -19 

Ethene 113 124 237 102 -2 

Ethyne 55 72 138 138 -113 

 

2.6 Visualisation of chemical shift tensors 

2.6.1 Example of tensor visualisation 

The chemical shift tensor matrix is related to the molecular frame of reference 

as directional chemical shift is directly associated with transitions between molecular 

orbitals and rotational operators.71 However, only the principal components, which 

are the eigenvalues of the chemical shift tensor matrix, are observable by MAS SS 

NMR spectroscopy. As the chemical shielding tensors have been calculated using ab 
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initio DFT methods in section 2.3, the chemical shielding tensor matrix can be 

correlated back to the molecular axes. 

Work by Autschbach et al. shows that the chemical shift tensor matrix of a 13C nucleus 

of a single-walled nanotube can be represented by an isosurface after converting the 

chemical shift matrix into polar coordinates.73, 74 The chemical shielding rank 2 tensor 

can be represented by Equation 14. Where s is a scaling factor and „ȟὶ are the 

cartesian chemical shielding tensor components of atom A ὶ ὶȟὶȟὶ ὼȟώȟᾀ. 

 Ὢὶ ίВ ὶ„ȟ ȟὶ      Equation 14 

Equation 14 can 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 represented by Equation 15: 

 ὶ ίὫ—ȟ         Equation 15 

Building on the work by Autschbach et al. in this area, Wolfram Mathematica was 

used for all visualisation of tensors in this thesis using a prewritten script.73, 74 All that 

was needed to create a plot of the angular dependence of chemical shielding were 

the coordinates of the molecule of interest, as well as the chemical shielding tensor 

matrix, both obtained from quantum chemical calculations. Two separate surfaces 

are used to represent positive and negative shielding contributions. Orange 

represents deshielding and blue represents shielding with the magnitude being 

represented by the distance of the isosurface from the origin. Following this, the 

chemical shift tensors for ethane, ethene, and ethyne were visualised. The 

isosurfaces are shown in Figure 31. 
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Figure 31. Top: Visualised chemical shift tensors left to right: ethane, ethene, 

ethyne. Bottom: Visualised tensors in a pictorial representation, chemical 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 shielded, therefore must be 

dominated by the diamagnetic contribution to chemical shielding, sdia, which 

provides a constant isotropic deshielding to all 13C nuclei. Small contributions of  spara 

lead to the small deviations from isotropy observed meaning that d11= d22ґ d33. 

Ethyne exhibits symmetrical shielding around the CḳC bond axis. This would be 

expected due to the symmetry of the “ system and d11= d22ґ d33. Ethene exhibits 

different shielding in all three axes and is fully anisotropic where d11ґ d22ґ d33. Ethane 

exhibit isotropy where d11= d22= d33. 

 

2.7 Analysis of ethane, ethene, and ethyne FMOs 

2.7.1 Step-by-step orbital analysis and correlation to chemical shift tensors of 

ethene [37] 

As mentioned in section 2.5.1, 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 the literature.71 The 

identification of the molecular orbitals and rotations can be simplified using group 

theory. Ethene belongs to the D2h point group. By assigning the axes as shown in 

Figure 31, the irreducible representations of the frontier molecular orbitals can be 

assigned. To calculate the symmetry-allowed transitions, the rotational operators Ὑ , 
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Ὑ , and Ὑ must be used. The rotation functions in the D2h point group are described 

as B1g (Ὑ), B2g (Ὑ ), and B3g (Ὑ ). Any symmetry-allowed transition 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 the D2h point group, this is Ag. The sx 

bonding orbital of ethene possesses Ag symmetry. Mixing of this orbital with pz* , 

which is B2g, via Ὑ  is symmetry allowed.  

ῲ ᶻ ῲ ῲ ὄ

ῲ

ῲ

ῲ

ὃ ὄ

ὄ

ὄ

ὄ
ὃ

ὄ

ὃ

ὄ
 

This overlap can be visualised as a rotation 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 nature. sx pz* , Y1, has very good overlap and a 

relatively small energy gap, leading to the majority of the deshielding along d11. The 

same treatment of the other orbitals can be used to identify the other key transitions, 

this is shown Figure 32.  
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Figure 32. Selected frontier molecular orbitals of ethene and key transitions 

identified using group theory, calculated in Orca at the PBE0/TZVPP level of theory 

with ZORA corrections and visualised in gOpenMol (left). Chemical shift tensor for 

ethene calculated in Orca at the PBE0/TZVPP level of 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 by the rotational operator Ὑ. Using 

the same approach, one transition is observed: sxO py, Z1.  
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The energy gap is low and the interaction constructive, leading to shielding along the 

z axis. The significant CςH bonding interaction reduces the effective overlap of the 
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orbitals due to large amounts of hydrogen orbital character in the MO. The transitions 

that are symmetry-allowed and that affect deshielding along the z axis are small, so 

much so that d33 is dominated by the diamagnetic shielding contribution ddia.  

Two transitions are symmetry-allowed to contribute to deshielding along x: py pz* , 

X1, and pz py* , X2. X2 has a very poor overlap and is constructive in nature so is not 

a significant contributor to deshielding. All the deshielding is dominated by X1, 

leading to the moderate deshielding observed in d22. 

 

2.7.2 Step by step orbital analysis and correlation to chemical shift tensors of 

ethyne [38] 

The chemical shift anisotropy of ethyne [38] has been studied both 

experimentally and computationally, making it a good test system for our calculations 

and interpretation.75-77 The experimental 13C chemical shift tensor for ethyne 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 symmetry, with the d11 and d22 tensors 

being equal and deshielded, with no deshielding along the d33 tensor. Ethyne is a 

highly symmetric molecule, possessing DқƘ symmetry.  

As mentioned in section 2.5.1, compound [38], ethyne, shows symmetrical 

deshielding orthogonal to the CḳC 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 to „  must be identified. Any molecular orbitals 

that possess large p character and low s character may contribute to deshielding. The 

FMOs of ethyne were generated following the previously described methodology. A 

simple FMO diagram of the orbitals with high p character is shown in Figure 33, the 

energies of the orbitals are shown in Table 10. 
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Figure 33. Selected FMOs of ethyne and key transitions identified using group 

theory, calculated in Orca at the PBE0/def2_TZVPP level of theory with ZORA 

corrections and visualised in gOpenMol (left). Chemical shift tensors for ethyne 

calculated in Orca at the PBE0/def2_TZVPP level of theory with ZORA corrections 

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

Key transitions responsible for deshielding in [38] are shown in Figure 33. Given that 

the dx and the dy tensors are equal, the orbitals involved must be degenerate. For dx 

the transition must be between orbitals that are coupled by the rotational operator 

Ὑ . The symmetry-allowed combinations must be szҦpy*, X1, or pyҦsz*, X2. Figures 

33 and 34 shows these two possible interactions. Due to the doubly degenerate 

nature of both the HOMO and LUMO, these are also the transitions responsible for 

dy. Both transitions give rise to destructive interference between the two p orbitals 

and may contribute to dpara giving a deshielding tensor of dx/y = 138. In this case, the 

lowest energy transition is HOMOҦLUMO+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 the larger 14.53 eV HOMO-1ҦLUMO 

transition, leads to only moderate deshielding.  

Table 10. Energies of MOs of [38] and transitions relevant to chemical shift, 

calculated in Orca at the PBE0/def2_TZVPP level of theory with ZORA corrections. 

Orbital E / eV Transition ҟE / eV 

HOMO-1 -13.82 HOMO-1ҦLUMO 

ὒȾ  

14.53 

HOMO (*2) -8.33 HOMOҦLUMO ὒ 9.04 

LUMO (*2) 0.71 HOMOҦLUMO+1 

ὒȾ  

10.13 

LUMO+1 1.80   

 

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

The dz tensor can only arise from a transition between x and y orbitals, coupled by 

the rotational function Ὑ. However, on transformation of the frontier molecular 

orbitals by Ὑ, a 90o operator, gives rise to orbitals that possess the same symmetry 

as the initial orbital, Figure 35, due to the degenerate nature of the HOMO. The 

resultant symmetry of Gpx, ɜ , and Gpy does not give rise to the totally symmetric 

representation for DқƘ. Even though the HOMO and LUMO have a very narrow 

energy gap and are at 90o to each other, these orbitals cannot mix for the same 

reason as HOMO-HOMO mixing, any deshielding overlap generated by a 90o rotation 

is cancelled out by shielding of the same magnitude. The lack of symmetry allowed 

transitions dominates the chemical shift in this direction and leads to a very small 

deshielding contribution to dpara. Instead, d33 is dominated by ddia. 
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Figure 35. Orbital transitions responsible for deshielding along the z axis. 

The presence of the symmetrical p 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 than ethene. 

 

2.7.3 Step by step orbital analysis and correlation to chemical shift tensors of 

ethane 

As mentioned in 2.5.1, 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 energy 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 contribution to deshielding in all directions.  
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2.8 Conclusions 

In this chapter, 13C{1H} SS NMR spectroscopy has been performed on the test 

complex [35] and a general methodology selected for the spectroscopy performed in 

this thesis. MAS has been employed resulting in the recording of sharp spectra of 

complexes [2a]BF4, [10]PF6, and [35], as well as PPh3. The organometallic systems 

studied have spectra that are too complex and overlapped for static powder spectra 

to give meaningful values of d11, d22, and d33. As well as simplifying the spectra from 

resonance overlap, MAS has the added advantage that signals are averaged, leading 

to high intensity carbon spectra. The double resonance experiment CP MAS has been 

selected for the recording of 13C{1H} spectra. CP decouples the 13C nuclei from 1H 

nuclei that are coupled via direct-dipole coupling interactions. As well as decoupling, 

when the Hartman-Hahn matching conditions are met, polarization transfer occurs 

between the 1H and 13C nuclei. This increases signal and means that relaxation 

processes are dictated by the spin-lattice relaxation of 1H nuclei rather than 13C, 

which are typically shorter in the solid-state.  

As well as for detecting 13C nuclei, pulse programs have been selected for the 

recording of 31P and 19F spectra. With the CP experiment for 31P{1H} and a 90o pulse 

for 19F. The methodology selected provides sharp and intense spectra with clear 

sidebands that can be analysed. 

The magnitude of the spinning side bands has been modelled using the 13C{1H} CP 

MAS SS NMR spectra of complex [35]. The iterative line fitting function SOLA has been 

using in TopSpin 3.6.1 pl7. MAS speeds, nrot, have been selected where nrot < chemical 

shift anisoropy, giving values of the principal components that represent chemical 

shift anisotropy well.  

Ab initio computational calculations using DFT have been performed in Turbomole 

exploring the geometry optimisation of [2a]+. Geometries recovered using the GGA 

functionals BP86 and PBE0 are shown to have small variances in key bond lengths 

and angles around the ruthenium centre of [2a]+. Increasing the size of the basis set 

from double z, def2_SV(P), to triple z, def2_TZVPP, has 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 computational run 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 point DFT 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 

d11, d22, and d33 that were comparable with the experimentally derived values. The 

inclusion of relativistic effects was achieved through the implementation of ZORA in 

Orca. Calculations using ZORA resulted in values of d11, d22, and d33 that agreed with 

experimental values. PBE0/def2_TZVPP ZORA was selected as a general methodology 

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. Conversion of the chemical shift tensor matrix to polar 

coordinates as described by Autschbach et al.73 allows the chemical shift tensors 

reference frame to be correlated with the molecular frame. d11, d22, and d33 can be 

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

Chemical shift is comprised of two major components, ddia and dpara. ddia is associated 

with the reduction of the effective magnetic field Beff applied to the nucleus due to 

the interaction of B0 and the electrons in spherical orbitals around a nucleus. For 

larger nuclei such as 13C, this interaction is constant between different 13C 

environments and is shielding in nature. Shielding and deshielding in dpara is 

associated with transitions between molecular orbitals that are coupled by the 

magnetic rotational operator Ὑ . Constructive, in-phase, overlap of the donor orbital 

(after the application of Ὑ ) with the acceptor orbital leads to a shielding interaction 

along the molecular axis n. Destructive, out of 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 integral between the coupled orbitals and 
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inversely proportional to the energy gap between 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. 

Overall, 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 3. Investigation of fluorine effect on chemical shift in 

ruthenium vinylidene and alkynyl complexes 

3.1 Introduction 

In this chapter, the fluorine effect on M-C bonding has been investigated for a 

range of vinylidene and alkynyl complexes. The current understanding of the bonding 

in stable fluorinated vinylidene and alkynyl complexes is poor. This chapter has used 

SS NMR spectroscopy and quantum chemical calculations using DFT to further the 

understanding of these compounds. Exploring changes in bonding will help to add to 

the current understanding of the effect that fluorine has on fluorinated unsaturated 

organometallic and organic species.  

Organo- and organometallo- fluorine containing species are common in many areas 

of chemistry. In this introduction, the unusual properties of the C-F bond will be 

discussed, including the gauche effect. Knowing 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 fluorobenzenes. The use 

of fluorobenzene complexes as precatalysts will be briefly discussed. The directing 

effects of C-F bonds on the activation of fluorobenzenes will be discussed as examples 

of where the C-F bond influences the electronics of organic fragment. The 

electrophilic fluorination of ruthenium vinyl- and alkynyl- complexes to produce 

stable fluorine-containing vinylidene-, alkynyl, vinyl-, and carbene- complexes is 

discussed. The stability of the coordinated fluorovinyldene and fluoroalkynyl moiety 

will be compared to the uncoordinated examples. The understanding of 

fluorovinyldene and fluoroalkynyl species has been developed in this chapter with an 

aim to better predict reactivity. 
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3.1.1 Carbon-fluorine bonds 

The fluorine atom is of great interest in synthetic chemistry, particularly in 

carbon-fluorine bonds, C-F. Fluorine is the most electronegative element, the high 

electronegativity of fluorine, cF = 3.98 (where cH = 2.20), is responsible for some of 

the unusual chemical properties of compounds containing C-F bonds. C-F bonds are 

very strong, with the bond enthalpies of the C-X bond in in CH3X, where X = F, H, Cl, 

Br, I, being DH298 = 481, 439, 350, 302, 241 kJ mol-1
, respectively.78 Although fluorine 

is largely absent from naturally occurring biomolecules, the introduction of fluorine 

into an organic molecule may improve lipophilicity, increase binding affinity to 

proteins, and increase metabolic stability.79 Due to the aforementioned reasons, a 

large number of pharmaceuticals and agrochemicals are fluorine-containing. More 

recently, the metastable synthetic isotope of fluorine 18F has also been of interest for 

use in positron emission tomography (PET) for use in bioimaging.80 

 

3.1.2 Effect of fluorine on structure and bonding ς The gauche effect 

The unusual properties of fluorine may influence the conformational isomerisation 

of an organomolecule, particularly when two fluorine atoms are bonded to adjacent 

carbons. A disubstituted ethane, RH2C-CRH2, may have free rotation about the C-C 

bond. The energy of rotation of the C-C bond is shown for butane in Figure 36.81 Two 

conformational energy minima are observed, antiperiplanar (A) and gauche (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 conformation becomes more stable than the 

antiperiplanar conformation.82 This is known as the gauche effect.  
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Figure 36. Energy profile for butane (R = Me) on rotation of the C-C bond. Two 

local minima are observed, antiperiplanar (A) and gauche (G).81  

 

Figure 37. Hyperconjugation interaction between the C-H s and the C-F s* 

orbitals in 1,2-difluoroethane.  

In 1,2-difluoroethane, the C-H s-bonding orbital may interact with the C-F s* -

antibonding orbital of the adjacent carbon, donating electron density and providing 

stabilisation. The interaction is summarized in Figure 37. The presence of fluorine 

atoms simultaneously makes the C-H s-bonding orbital a greater donor and the C-F 

s* -antibonding orbital a better acceptor leading to a strong stabilisation. This effect 

is known as hyperconjugation and in 1,2-difluoro compounds, this interaction may 

outweigh the repulsive interaction between the two fluorine atoms leading to a 

stable gauche isomer.83 
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3.1.3 Fluorobenzene complexes 

As well as in the synthesis of fluorinated molecules, fluorine has a wide variety 

of uses in organometallic complexes which are in turn used for selective 

transformations. Metal complexes of fluorobenzenes are widely used as precatalysts 

with arene dissociation providing a fast route to coordinatively unsaturated metal 

centres.84  

Fluorobenzene complexes have been used in the hydrogenation of alkynes by RhI 

complexes, as shown in Figure 38.85 The cationic complex [39]+ acts as a source of 

coordinatively unsaturated RhI which, in the presence of an alkyne, may hydrogenate. 

Controlling the stoichiometry of H2 can lead to selective formation of the alkene over 

the alkane. 

 

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

Complex [39]BArF4 is a rhodium complex of the general class [Rhh6-

(C6H5F)(PR3)2]BArF
4. As well as in hydrogenation reactions, these complexes have also 

been shown to generate active catalysts used in amine-borane and phosphine-

borane dehydrocoupling,86-89 hydroacylation,90, 91 and cross-coupling reactions.92 

(Figure 39). 
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Figure 39. Examples of RhI fluoroarene complex reactivity. 

Naked group 13 cations such as GaI or InI can be stabilised by coordination of 

fluorobenzene into a sandwich complex [40]+, [41]+, shown in Figure 40.93-95 GaI 

fluoroarene sandwich complexes have been used in the polymerisation of iso-butene 

with very low catalytic loadings of 0.007 %, also shown in Figure 40. 

 

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

polymerisation of iso-butene catalysed by GaI (right). 
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3.1.4 C-H and C-F activation of fluoroarenes 

Introduction of fluorine to an aromatic moiety can lead to large changes in 

the electronics of the ring. Arenes, such as fluorobenzene, are widely known to 

coordinate to metal centres as h6 face capping ligands.84 However, C-H activation 

chemistry may occur as the arene slips to an h2 -coordination mode.96  

The synthesis of the strongly chelated and coordinatively saturated RhIII complex 

[42]BArF4 has allowed solid-state characterisation of a range of  h2 -coordinated 

fluoroarene complexes, shown in Figure 41.97 The tridentate bi- N-heterocyclic 

carbene pyridine (CNC) and biphenyl ligands prevent the benzene coordinating in 

the h6-mode. 

 

Figure 41. Forced h2 -coordinated fluoroarene complex coordination modes 

show clear preference for coordination ortho- to C-F bonds. 

The arene shows a clear binding preference to the CH=CH moiety 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 

C-H activation of fluoroarenes by metal complexes. 

Some early examples of preferential C-H activation of fluorobenzenes are by thermal 

and photochemical activation mediated by [Rh(h5-C5Me5)H(Ph)(PMe3)] [43] and 

[Rh(h5-C5H5)(CH2CH2)(PMe3)] [44].98 The thermal activation using [43] is summarized 

in Figure 42.  
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Figure 42. Thermal C-H activation of fluorobenzenes by a 16 electron RhI 

complex.98 

In all cases the thermodynamic end product is C-H activation ortho- to the C-F bond.98 

In the case of 1,3-difluorobenzene, the initial product is a mixture of kinetic products. 

Activation of the C-H that is meta- to both C-F bonds is least favourable with a larger 

ratio of activation of C-H that is ortho- to one C-F bond in the dynamic mixture. 

However, extended heating at a higher temperature causes isomerisation of both 

kinetic isomers to the end product of C-H activation at the bond ortho- to both C-F 

bonds. 

Photochemically-initiated oxidative addition from [44] gives rise to similar results as 

the thermal activation of [43], also giving access to coordination of some higher 

fluorinated benzenes, shown in Figure 43.98 
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Figure 43. Photochemical C-H activation of fluorobenzenes by a 16 electron Rh 

complex and further C-F oxidative addition of hexafluorobenzene by RhI.98 

Interestingly, the presence of the CF3 group of a,a,a-trifluorotoluene does not 

induce the same ortho- directing effect.98 Instead, activation is only observed meta- 

and para- to the CF3 group, with the major isomer being meta-. The fluorine atoms 

being removed from the p-system leads to a reverse in the selectivity that has been 

observed, with traditional steric and electronic effects dominating the activation.  

Also shown in Figure 43, hexafluorobenzene initially coordinates h2- to the Rh centre. 

Further irradiation of the complex causes oxidative addition of a highly stable C-F 

bond.99 The C-H activation of fluorobenzenes by metal centres has been widely 

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

The C-H activation can be utilised for further reactivity such as with boronic acids in 

borylation reactions and cross-coupling.100, 101 In both borylation and cross-coupling 

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

kinetics of binding. 

The ortho- effect can be clearly observed in the C-H activation of ortho-disubstituted 

benzenes by [Ir(h5-C5Me5)(Me)(OTf)(PMe3)] [45].102 When o-dichlorobenzene and o-

xylene undergo C-H activation the Ir-C bond is formed at the 4- position forming [46]. 

However, with o-difluorobenzene C-H activation occurs at both the 3- and 4- 

positions forming complexes [46] and [47]. This may be associated with the small size 

of the F atom providing less repulsion being in proximity of the metal, or the 

formation of a stronger M-C bond. This is summarized in Figure 44. 

 

Figure 44. C-H activation of [45], forming [46] and [47]. [47] is only observed 

when o-difluorobenzene is used.102 

A combination of DFT calculations and experimental work on the activation of C-H 

bonds of fluorobenzenes has shown that there is a correlation between the strength 

of the C-H bonds being broken and the C-M bonds being formed.103 C-H bonds 

become stronger when ortho- to one or two C-F bonds. However, the strength of the 

M-C bond that is formed outweighs the increasing strength of C-H bonding. With the 

barrier to reductive elimination ortho- to 1 C-F bond being 8 kJ mol-1 stronger than 

not next to fluorine and activation ortho- to two C-F bonds being a further 5 kJ mol-1 

stronger.104 It was found that this effect is independent of the number of fluorine 

substituents.105 
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3.1.5 Stable fluoro-vinylidene and -alkynyl complexes 

Metal complexes containing C-F bonds can be synthesised by the C-H or C-F 

activation of a fluorine containing organic molecule such as fluorobenzene. Another 

route to fluorine containing organometallic complexes is by reacting an 

organometallic with a fluorine source. 9ƭŜŎǘǊƻǇƘƛƭƛŎ ǎƻǳǊŎŜǎ ƻŦ ŦƭǳƻǊƛƴŜΣ άC+έΣ ŀǊŜ 

typically solid at room temperature, as well as being air and water stable.106 The 

commercial availability of a range of electrophilic sources of fluorine has allowed for 

the synthesis of fluorinated molecules to move away from the use of fluorine gas 

(F2(g)), hydrogen fluoride (HF), and fluorine salts (F-) such as caesium fluoride (CsF). N-

F άC+έ sources can be synthesised from F2 and the corresponding N compounds on a 

commercial scale without need for F2 in the synthesis of fine chemicals.107 Some 

examples of commonly available άC+έ sources are shown in Figure 45, N-fluoro-2,4,6-

trimethylpyridinium tetrafluoroborate (FTMP) [48]BF4,108 N-fluoro-

benzenesulfonimide (NFSI) [49],109 and 1-Chloromethyl-4-fluoro-1,4-

diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) (SelectfluorTM) [50][BF4]2.110 

Electrophilic fluorinating reagents have been used in the formation of fluorocarbene 

[52]X, fluorovinylidene [3]X, and fluoroalkynyl ώтϐΩ complexes of ruthenium from vinyl 

[51], alkynyl [1] [4]Ω complexes by Slattery and Lynam.111-114 This is also shown in 

Figure 45. 
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Figure 45. Outer-sphere electrophilic fluorination of ruthenium organometallics 

in the synthesis of fluorinated organometallic complexes. i. CH2Cl2, 20 oC, 16 h. ii. 

CH2Cl2, 20 oC, 1 h. iii. Toluene, -78 oC Ҧ RT. iv. THF, LiN(SiMe3)2, -78 oC Ҧ RT.111-114 

The Cb of unsaturated ruthenium organometallic species is electron rich and reacts 

ǿƛǘƘ ŜƭŜŎǘǊƻǇƘƛƭŜǎ ǎǳŎƘ ŀǎ άC+έΦ Fluorination at Cb has been shown to proceed without 

initial fluorination at ruthenium.112 The fluorination takes place in the outer 

coordination sphere of the metal and is referred to as outer-sphere electrophilic 

fluorination (OSEF). The Ca of fluorovinylidene and fluoroalkynyl complexes present 

unusual values of chemical shift compared to non-fluorinated equivalents.112-114 The 

chemical shifts are displayed in Figure 46. 

 

Figure 46. Fluorovinylidene (Bottom left) and fluoroalkynyl (Bottom right) 

complexes show significant changes to deshielding at Ca compared to proteo- 

equivalents (Top).115 

The chemical shift of Ca for [3a]PF6 is shifted significantly becoming more deshielded 

by > 30 ppm (dC = 389) compared to that of [2a]BF4 (dC = 356).112 Vinylidene Ca are 

already highly deshielded environments,116 but this increases when fluorine is 
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incorporated into the vinylidene moiety. The level of deshielding is very large 

considering the proximity of the fluorine from Ca. As it is a 13C nuclei, the value of ddia 

will not dictate the total deshielding. Changes to dpara will influence deshielding to a 

greater extent. 

The chemical shift of Ca of [7]Ω is dC = 37, highly deshielded compared to [4] (dC = 

107).115 Changes to the chemical shift of 13C environments are not dictated by 

changes in electron density at the nucleus (ddia), but are dictated by changes to dpara. 

The unusual 13C chemical shift values of these metal complexes suggest that 

distinctive changes are occurring to the FMO structures of the complexes. The 

chemical shift is a representation of changes to bonding structure and energy, which 

must be attributed to the inclusion of fluorine.  

Fluoroalkynyl and fluorovinylidene complexes could be synthetically relevant as 

building blocks in the synthesis of novel fluorinated organic molecules. A better 

understanding of the FMO structure could be used to predict and understand 

reactivity.  

Complex [7]Ω is a bench stable molecule containing an sp C-F bond. Stable 1-

fluoroalkynes are poorly represented in the literature. Fluoroethyne [53] and 

difluoroethyne [54] compounds are both formed by pyrolysis reactions. Compound 

[53] is formed from the pyrolysis of maleic anhydride [55],  [54] is formed from the 

pyrolysis of triazine [56]. 117, 118 This is shown in Figure 47. Compounds [53] and [54] 

are being susceptible to degradation at reduced temperatures. This degradation is by 

cyclotrimerization to form [57] in the case of [53], or polymerisation in the case of 

[54]. 
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Figure 47. (Top) Synthesis of fluoroethyne, [53], and (Bottom) difluoroethyne, 

[54], by pyrolysis. Degradation of the fluoroalkyne occurs even at low 

temperatures.117, 118 

Some other fluoroalkynes that have been synthesised are perfluoropropyne,119 1-

fluoro-3,3-dimethylbut-1-yne,120, 121 and 1-chloro-2-fluoroethyne.122 Higher 

substitution of the alkyne leads to stabilisation of the molecule, 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 after fluorination of 

organometallic species, specifically the effect on the vinylidene and alkynyl moieties, 

have been explored. SS NMR spectra have been recorded for a series of ruthenium 

alkynyl and vinylidene complexes. The chemical shift anisotropy is recovered from SS 

NMR spectra that have been recorded at low MAS speeds. The experimental chemical 

shift tensors have been compared to and used alongside quantum chemical 

calculation using DFT to explain differences in the frontier molecular orbital structure 

between fluorinated and non-fluorinated organometallic species, with particular 

focus on the effect on the metal bound Ca. As well as focusing on the effect of fluorine 

on organometallic complexes, chemical shift anisotropy has been used to explore and 
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explain the role of the metal in these complexes compared to uncoordinated, metal-

free species. 
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3.2 Synthesis and characterisation of complexes 

Metal vinylidene complexes are well known in the literature. Ruthenium 

vinylidene complexes are typically synthesized following the preparation laid out by 

Bruce, which is shown in Figure 48.123 Heating the ruthenium half-sandwich complex 

[35] in an alcohol solvent in the presence of a chloride-abstraction agent and a 

terminal alkyne leads to the formation of the desired vinylidene. Reactions were 

typically performed for 30 minutes as prolonged heating leads to the formation of 

alkoxycarbene complexes [58]PF6, which result from nucleophilic attack at the metal-

bound carbon atom by the solvent.124 

 

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

intermediate vinylidene leads to carbene [58]+ and phosphinovinyl [59]+ species.125 

Prolonged heating of complex [2a]PF6 can cause additional side-reactions, which 

result from phosphine ligand dissociation. The dissociated phosphine can react with 

carbene [58]+ to form phosphonium alkoxyvinyl complexes [59]PF6.125 Because of the 

need in this project for high quality, solid, crystalline material, another 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 contamination.126 As shown in Figure 49, this method replaces elevated 

temperature by long reaction times at room temperature. At room temperature, the 

addition of the methanol solvent to the vinylidene to form [58]Cl is 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 complexes such as 

[1a] can be recovered with no contamination. 
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Figure 49. Formation of ruthenium alkynyl complex without heat or chloride 

abstraction agent using an organic base 1,8-diazobicyclo[5.4.0]undec-7-ene (DBU). 

[2a]BF4 can be formed by reacting [1a] with an acid in DCM.126 

This preparation is typically performed on small scales (100 mg of [35]),126 so it has 

been scaled up to half gram scale for the synthesis in this thesis. The limiting factor 

in production of the alkynyl complex was the formation of the vinylidene chloride salt 

[2a]Cl in 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 material remained after filtration. 

Large solvent volumes and an excess of terminal alkyne helped to drive the 

consumption of starting material and pure crystalline alkynyl complexes were 

observed in very high yields of over 90 %. The corresponding vinylidene complex was 

formed quickly and cleanly by dissolving the alkynyl complex in dichloromethane and 

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 complex [2a]+ being formed in solution. The choice of acid used 

determined the nature of the counter-ion 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 change in colour, the isolated product showed the diagnostic appearance 

of the vinylidene proton in the 1H NMR spectra, as well as a shift in the Cp 1H and 

PPh3 31P resonances consistent with a change in charge of the complex shown in 

Figure 50. The assignment of the resonances is described further in section 3.2.1. The 

product [2a]BF4 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. 1H NMR spectra recorded at 400 MHz of the vinylidene and Cp region 

of [2a]BF4, (a), recorded after addition of tetrafluoroboric acid etherate to [1a], (b). 

The diagnostic vinylidene proton resonance is observed after protonation at dH = 

5.44. 31P{1H} NMR spectra recorded at 162 MHz of [2a]BF4, (c), and [1a], (d). All 

spectra recorded in d2-dichloromethane. 

This modified preparation allowed the formation of both ruthenium alkynyl and 

vinylidene complexes in high yield, 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 crystalline material. 

Alkyne Used % Yield 

Alkynyl 

Complex 

% Yield 

Vinylidene 

Complex 

% Yield 

Fluorovinylidene 

Complex 

 

80 71 70 

 

92 79 74 

 

90 79 72 

 

63 84 81 

 

3.2.1 Characterisation of [1d], [2d]OTf, and [3d]PF6 

Examples of the characterisation of an alkynyl ([1d]), vinylidene ([2d]OTf), and 

fluorovinylidene ([3d]PF6) complex using solution state NMR spectroscopy are  

described below 
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Figure 51. 1H NMR Spectrum of complex [1d] recorded at 400 MHz. The 

spectrum was recorded in d2-dichloromethane, the residual d1-dichloromethane was 

referenced to dH = 5.32 and is denoted by *. 

The 1H NMR spectrum of [1d] recorded in d2-dichloromethane is shown in Figure 51. 

The Cp protons, H1, are clearly observed as a sharp singlet resonance at dH = 4.14 with 

an integration of 5H. Rapid rotation of the Cp ring in solution leads to an isotropic 

resonance with no observed couplings to other environments. The tert-butyl protons, 

H5, are also observed as a sharp singlet resonance with an integration of 9H at dH = 

1.19.  

The aromatic resonances of the PPh3 ligands are observed as three resonances 

between dH = 7.00 ς 7.60. Rotation of the ligands leads to the three distinct 1H 

environments, H2, H3, and H4, corresponding to the ortho-, meta-, and para- positions 

of the phenyl rings. The ortho-proton, H2, would exhibit coupling to H3 and to the 

nearby 31P nucleus. H2 was identified as the multiplet resonance at dH = 7.56 with an 

integration of 12H. The 3JH-P interaction broadens the doublet into the multiplet 



118 
 

shape observed. H3 was identified as the resonance at dH = 7.09, also having an 

integration of 12H and exhibiting 3JH-H coupling interactions to H2 and H4, appearing 

as an apparent triplet. H4 was identified as the final aromatic resonance at dH = 7.20, 

having an integration of 6H and showing a true 3JH-H triplet coupling to H3. 

 

 

Figure 52. 1H NMR Spectrum of complex [2d]OTf recorded at 400 MHz. The 

spectrum was recorded in d2-dichloromethane, the residual d1-dichloromethane was 

referenced to dH = 5.32 and is denoted by *. 

The 1H NMR spectrum of a typical vinylidene complex, [2d]OTf, recorded in d2-

dichloromethane solution is shown in Figure 52. As with [1d], the Cp protons, H1, are 

clearly observed as a sharp singlet resonance with an integration of 5H. On 

protonation of [1d], the H1 environment becomes more deshielded, shifting from dH 

= 4.14 in [1d] to dH = 5.12 in [2d]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 H6 is observed as a triplet resonance with an integration of 1H 

at dH = 4.24. A small coupling to two other nuclei leads to the splitting of H6 into a 

binomial triplet. This small coupling constant (4JH-P = 2.8 Hz) is consistent with a long-

range interaction between H6 and the I = 1/2 31P nuclei in the two PPh3 ligands bound 

to the metal. 

The tert-butyl protons H5 of this complex are observed as a sharp, shielded singlet 

resonance at dH = 1.17. The resonance could be easily identified as the only aliphatic 

resonance in the spectrum, possessing an integration of 9H. Free rotation of the tert-

butyl group leads to a single isotropic resonance in solution. 

The aromatic resonances of the phosphine ligands are observed between dH = 7.00 ς 

7.50. Three distinct environments are observed, associated with the ortho-, meta-, 

and para-substituted positions of the ring. The para-proton H4 was clearly identified 

as the only aromatic resonance with an integration of 6H at dH = 7.45, exhibiting 3JH-

H triplet coupling to H3. The expected coupling to two H3 protons is observed in the 

triplet. The ortho- (H2) and meta- (H3) positions would be expected as a doublet of 

doublet and doublet of triplet resonances respectively with integrations of 12H. As 

the resonance at dH = 7.29 is observed as a triplet with a small doublet coupling to 

31P, it was identified as H3 leaving dH = 7.05 as H2. 
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Figure 53. 1H NMR Spectrum of [3d]PF6 recorded at 400 MHz. The spectrum was 

recorded in d2-dichloromethane. Residual d1-dichloromethane resonance obscured 

with the Cp resonance and is denoted by *. 

The assignment of the aromatic resonances in complexes [2d]OTf and [3d]PF6 was 

performed based on multiplicity and integration. However, this assignment can be 

improved with 1H{31P} experiments performed on a sample of [3d]PF6, shown in 

Figure 54. On decoupling from phosphorus, the most shielded aromatic multiplet 

resonance becomes a clear doublet resonance with 3JH-H = 8 Hz. This coupling 

constant matches both the other aromatic resonances. On decoupling from 

phosphorus, two resonances change multiplicity, dH = 6.99 and dH = 7.27 and the 

magnitude of the change is different. As the resonance at dH = 6.99 appears to be a 

triplet when coupled to phosphorus, the coupling constant must be around the same 

magnitude as the coupling to dH = 7.27, 3JH-P Ғ 8 Hz. The much larger coupling to 

phosphorus would be observed for H2 as the coupling constant decreases with 
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increasing number of bonds between the spins. This confirms the assignment of H2 

(dH = 6.99) and H3 (dH = 7.27) in the vinylidene and fluorovinylidene proton spectra. 

 

Figure 54. 1H{31P} NMR spectrum of the aromatic resonances of complex [3d]PF6 

in d2-dichloromethane (Top) and 1H NMR spectrum of the aromatic resonances of 

[3d]PF6 in d2-dichloromethane (Bottom) recorded at 500 MHz. Coupling to 

phosphorus is observed in the ortho- and meta-positions. 

The related fluorovinylidene complex [3d]PF6 shows NMR spectroscopic data that is 

comparable with [2d]OTf and is displayed in Figure 53. The 1H spectra of both 

compounds show the presence of analogous resonances that could be identified the 

same way as above. One major difference in the 1H spectrum in [3d]PF6 is the lack of 

the vinylidene triplet resonance (H6). Small changes in chemical shift were observed 

for the tert-butyl and PPh3 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 is the Cp protons H1. The 

H1 resonance has been deshielded to the point that it now overlaps with the residual 

d1-dichloromethane resonance. 

A key piece of spectroscopic data was the identification of complex [3d]PF6 by 19F 

NMR, (Figure 55). The hexaflurophosphate anion was observed as the expected 
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doublet resonance at dF = -74 with 1JP-F = 711 Hz.112 This coupling matches the septet 

observed in the 31P{1H} spectra. The other key resonance that appears after 

fluorination was the fluorovinylidene singlet at dF = -216. This is in line with literature 

values for a fluorovinylidene resonance.112 

 

Figure 55. 19F spectra of [3d]PF6 recorded in d2-dichloromethane at 376 MHz 

showing the fluorovinylidene resonance at dF = -216.  



123 
 

 

Figure 56. 31P{1H} NMR spectra of [1d] (Bottom), [2d]OTf (Middle), and [3d]PF6 

(Top) recorded at 162 MHz in d2-dichloromethane. 

The 31P{1H} experiments of [1d], [2d]OTf, and [3d]PF6 showed the presence of a single 

resonance for the coordinated PPh3 ligands at dP = 51.2 ([1d]), dP = 42.0  ([2d]OTf), 

and dP = 39.9 ([3d]PF6) shown in Figure 56. In the case of [3d]PF6, the 

hexafluorophosphate anion was observed as a binomial septet at dP = -143.9 with 1JP-

F = 711 Hz. Complexes [2d]OTf and [3d]PF6 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. The 19F NMR spectrum of [3d]PF6 showed 

a diagnostic fluorovinyidene resonance at dF = -215.6. 

A different set of ruthenium(II) vinylidene and alkynyl complexes were identified for 

synthesis, based on the [RuCl(dppe)2]+ fragment. The trans-alkynyl and trans-

vinylidene complexes [1a]Ω, [2ŀϐΩOTf, [3a]ΩPF6, ώпϐΩ, ώрϐΩOTf, ώсϐΩPF6, and ώтϐΩ were 

identified by 1H, 19F, and 31P NMR spectroscopy. The complexes spectroscopic data 

matched the literature and their synthesis is described in Chapter 5.115 
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To aid in the characterisation of alkynyl and vinylidene complexes, electrospray 

ionisation (ESI) mass-spectrometry (MS) was also performed. Diagnostic m/z peaks 

for [2d]+ and [3d]+ were observed directly. In samples of [1d], the m/z peak for 

[1d+H]+ was observed. This is the same as [2d]+ but the intensity of the signal is much 

lower for the alkynyl sample than the vinylidene due to the need for the ionisation of 

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

 

3.3 Recording of Solid-state NMR spectra of complexes [1a] ς [10]PF6 

Solid-state NMR spectra were recorded for a range of ruthenium complexes shown 

in Figure 57. An example of the characterisation of the SS NMR spectra obtained is 

described in sections 3.3.1 ς 3.3.3. 

 

Figure 57. Ruthenium organometallic complexes studied by SS NMR 

spectroscopy 

 

3.3.1 Example of SS characterisation of 13C{1H} CP MAS spectra, showing 13C{1H} 

CP MAS spectra of [2a]BF4·Et2O 

Although solution phase spectra of [1] ς [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, first, high resolution SS NMR spectra of each class 

of compound needed to be recorded. As there were no details in the literature for 

the SS NMR of any of the complexes that have been synthesized, new 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 sample, SS NMR could be 

recorded. The effect of crystallinity is discussed in section 3.3.4. 

 

Figure 58. 13C{1H} CP MAS SS NMR spectra of [2a]BF4·Et2O recorded at 101 MHz 

at a spinning speed of 10 kHz. Isotropic resonances are denoted by an arrow. 

Resonance associated with the ether of crystallisation are denoted by asterisks (*). 
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Table 12. Comparison of solid and solution phase 13C resonances of [2a]X. Solid-

phase resonances recorded at 101 MHz at 10 kHz on a sample of [2a]BF4. Literature 

solution-phase resonances of [2a]PF6 recorded at 123 MHz in d1-chloroform.123 

CX dC (Solid) / ppm dC (Solution) / ppm 

C1 95 95 

C5 354 356 

C6 120 120 

CAromatic 125 ς 143 127 ς 135 

 

A 13C{1H} CP MAS spectrum of [2a]BF4 is shown in Figure 58. The solid 13C{1H} 

spectrum matches the literature solution-phase spectrum well, highlighted by the 

similarity of solution and solid values of diso in Table 12. The vinylidene Ca (C5) is 

observed at dC = 354 in the solid state. This correlates well with the solution value of 

dC = 356 only shifting by 2 ppm. This could be associated with small changes in bond 

lengths of the vinylidene between the solution and solid-state structures. Both the 

Cp (C1) and Cb (C6) 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 state, each 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 associated with the [2a]BF4, ether of crystallisation is also 

observed as two 13C signals at dC = 65 and 13. 

SS NMR spectroscopy has been shown to correlate very closely with solution phase 

NMR spectroscopy for the recording of 13C spectra, with chemical shifts being 

observed within a small number of ppm of each other. 
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3.3.2 Example of SS characterisation of 31P{1H} CP MAS SS NMR spectra, showing 

31C{1H} CP MAS spectra of [2a]BF4·Et2O 

With 13C{1H} spectra being recorded in the solid state being comparable to 

solution spectra. 31P{1H} spectra were also recorded of [2a]BF4, which is shown in 

Figure 59 along with the solution phase spectra. 

Figure 59 shows a clear difference between the solution and solid phase spectra of 

[2a]BF4. In solution, Figure 59 B, rotation and isomerisation of the vinylidene occurs 

leading to the single resonance being observed, dP = 43. The apparent magnetic 

equivalence of the phosphine ligands is no longer present in the solid spectrum 

shown in Figure 59 A. As with the 13C spectra, the number of chemical environments 

is dependent on the number of crystallographic phosphorus sites of which there are 

two, dP = 52, 35. This leads 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 the 13C chemical shift tensors.  
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Figure 59. A (Top) 31P{1H} CP MAS SS NMR spectra of [2a]BF4 recorded at 162 

MHz recorded at a spinning speed of 10 kHz. Isotropic resonances denoted by an 

arrow. B (Bottom) 31P{1H} NMR spectra of [2a]BF4 recorded at 162 MHz. 
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3.3.3 Example SS characterisation of 19F MAS SS NMR spectra, showing 19F MAS 

spectra of [3a]PF6 

The 19F spectra of [3a]PF6 has been shown in 2.2.4 as it was used for the initial 

optimisation of 19F SS NMR spectra in this thesis. The spectrum is shown again below, 

along with a solution-phase spectrum of the tetrafluoroborate salt in d2-

dichloromethane. 

The data in Figure 60 shows that the chemical shift of the 19F resonance of [3a]X does 

not change significantly between solid and solution samples, as dF = -208, 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 the anisotropy (in Hz) is much larger than nrot, slower spinning speeds 

are not required for the recovery of the chemical shift tensors. 
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Figure 60. A (Top) 19F MAS SS NMR spectrum of complex [3a]PF6 recorded at 376 

MHz recorded at a spinning speed of 10 kHz. Isotropic resonances denoted by an 

arrow. B (Bottom) 19F NMR spectrum of complex [3a]BF4 recorded in d2-

dichloromethane at 376 MHz. 
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3.3.4 Effect of crystallinity on SS NMR Spectra 

As SS NMR spectroscopy is a solid-state characterisation technique, the 

microscopic ordering of the sample can have a large effect on the quality of the 

recorded spectrum. This is shown in Figure 61. 

Figure 61 A shows the 13C{1H} spectra of [3a]BF4 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 vinylidene Ca and Cb (C5, C6) are hard to distinguish from the 

baseline. The resolution of the spectra is very poor, even though the same sample 

gives data that cleanly matches literature solution-phase data (1H, 19F, 31P). The 

extreme broadening suggests that [3a]BF4 recovered directly 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 Figure 61 A. With 

several unit cells present in the sample, there will be several distinct 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 environments, reducing 

sample intensity and increasing line broadening. The 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. 13C{1H} CP MAS SS NMR Spectra of complex [3a]BF4 (A, Top) and 

[3a]PF6 (orange polymorph) (B, Bottom) recorded at 101 MHz at a spinning speed of 

10 kHz. Isotropic resonances are denoted by an arrow. B (Bottom) Isotropic 

resonances are denoted by an arrow. 
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Although [3a]BF4 is not a well-defined solid, [3a]PF6 is known to crystallise as two 

polymorphs.112 As the recovery of the chemical shift tensors relies on well resolved 

resonances, [3a]PF6 was prepared and crystallized as described in the literature. The 

orange form was obtained as the major polymorph, which could be separated from 

the green form by Pasteur separation. The spectrum is shown in Figure 61 B and 

shows clear differences from Figure 61 A. All resonances are much sharper when 

ground single crystals were used as the analyte, with the vinylidene resonances (C5, 

C6) being clearly observed above the baseline. 

Single crystallinity ensures that the 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 complicate solid-state spectra. Although this is 

typically not as much of an issue in fast spinning samples but becomes more 

pronounced as spinning speed is reduced. The SS NMR of [3a]PF6 has shown the 

necessity for analysing single crystalline material. As a result, spectra were only 

recorded on material that were single crystalline. 

 

3.3.5 Summary of chemical shift tensors of ruthenium organometallics 

SS NMR spectra were recorded for the series of ruthenium complexes 

described earlier in Figure 57. Chemical shift tensors were recovered following 

methodology from Chapter 2. The tensors were recovered for Ca for the complexes 

by recording spectra with a reduced spinning speed of 4 kHz and by using a high 

number of scans (Ns = 4096) to improve the signal to noise ratio. The tensors for the 

complexes are summarized in Table 13. 
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Table 13. Chemical shift tensors recovered from 13C{1H} CP MAS SS NMR spectra 

recorded at 101 MHz. 

Compound Isotropic Shift / ppm 1ɻ1 / ppm 2ɻ2 / ppm 3ɻ3 / ppm 

[1a] 119.2 235 145 -22 

[1b] 116.7 232 162 -44 

[1c] 125.9 N/A N/A N/A 

[1d] 118.7 237 179 -61 

[2a]BF4 353.7 558 289 214 

[2b]OTf*  N/A N/A N/A N/A 

[2c]OTf 349.6 546 299 204 

[2d]OTf 347.7 551 282 211 

[2a]'OTf  356.4 584 290 195 

[3a]PF6 388.5 493 444 228 

[3d]PF6 385.0 504 438 212 

[3a]'PF6 414.9 537 474 233 

[4]' 120.1 267 158 -65 

[5]'OTf 355.1 516 395 155 

[6]'*PF6 382.4 N/A N/A N/A 

ώтϐΩ*  44.7 N/A N/A N/A 

[9]BF4 340.7 561 293 168 

[10]PF6 202.7 383 300 -76 

 

As seen from the data in Table 13, chemical shift tensors could not be recovered for 

some of the complexes. This was due to overlapping of sidebands with the resonance 

of interest, [1c], or because the spectra, [2b]OTf, were very broad. This broadening 

led to the quality of the spectra being too low for recovery. Although tensors could 

not be recovered for [6]BF4 and [7], the isotropic chemical shifts were identifiable. It 

can be seen from the data in Table 13 that the magnitudes of the tensors largely 

correlate between different classes of complex. This is expected as the values of diso 

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

The synthesis of complex [7] is non-trivial 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 part-packed rotor. An inert 

packing material was selected to co-pack 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 would be interact with the SS NMR 

spectrum, such as 13C, 19F, and 31P, to reduce 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 column, protonation 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 nitride was selected as the packing agent of choice as it is inert and 

contains no nuclei of spectroscopic interest. 

A proton-carbon CP experiment was run on a co-packed rotor of [7] and boron 

nitride. The spectrum is shown in Figure 62. 
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Figure 62. CP MAS SS NMR spectrum of complex [7] recorded at 101 MHz at a 

spinning speed of 10 kHz. The resonance for Ca 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 boron nitride, the active sample has been 

centred in the region of the rotor that is probed during the NMR spectroscopic 

experiment. This has led to very little loss of sample intensity. Despite this, it can be 

seen in the spectra that the resonance for the alpha carbon is of very low intensity 

compared to all the others in the spectrum. The resonance is also close in chemical 

shift to those associated with the 1,2-bis-(diphenylphosphine)ethane (dppe) 

backbone carbons. This could potentially lead to obscuring of the desired sidebands 

by the higher intensity resonances. 

CP techniques rely on large scalar coupling constants between a high  ɹnuclei and a 

less receptive nuclei. Proton-carbon is the most commonly employed cross 

polarisation technique as carbon hydrogen bonds are common and have a high scalar 

coupling constant. The Ca of the fluoroalkynyl complex has no through bond 

couplings to protons. It only has a small 2JCF coupling of 37 Hz. Because of this, it was 
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predicted that CP would only cause other nearby signals to become enriched, while 

not affecting the intensity of the Ca resonance. 

In an attempt to recover the chemical shift tensors for complex [7], a different NMR 

experiment was collected. Rather than using a CP pulse program, a high-power 

decoupling (HPDEC) program was selected. The resulting spectrum is shown in Figure 

63. 

 

Figure 63. HPDEC MAS SS NMR spectrum of complex [7] recorded at recorded at 

101 MHz at a spinning speed of 10 kHz. The intensity of the Ca is still low, but the 

resonance is observed. 

In Figure 63, the isotropic resonance for the Ca is observed. As predicted, the signals 

for the other resonances are suppressed compared to 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 ratio when high ɹ  nuclei 

transfer their polarisation to a less receptive nuclei. 19F has a high gyromagnetic ratio 

and can be used to transfer polarisation to carbon. However, CP from fluorine to 
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carbon has several disadvantages when compared to transfer from protons. 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 the precession rate for both nuclei is matched.63 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 

dispersion means that transfer cannot be achieved from all nuclei. The only way that 

any meaningful transfer can be obtained is by spinning the sample at high spinning 

speeds, reducing the chemical shift anisotropy and therefore the range of transition 

energies. The other disadvantage of fluorine-carbon CP is that the sample is no longer 

being proton-decoupled, leading to large broadening of other resonances in the 

sample. 

 

Figure 64. Proton-carbon (Top) and fluorine-carbon (Bottom) CP MAS SS NMR 

spectra of [3a]PF6 recorded at recorded at 101 MHz at a spinning speed of 10 kHz.. 

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

Fluorine-to-carbon CP experiments were optimised and conducted on samples of 

complex [3a]PF6 Figure 64 and complex [7] Figure 61. As shown in Figure 64, 
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enrichment of the Cb 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 ppm. Following 

from Figure 64, fluorine-carbon CP was conducted on [7], also shown in Figure 65. As 

anticipated, the large one bond coupling to the Cb leads to enrichment of the 

resonance at 113 ppm. No enrichment is observed for the Ca, most likely due to the 

relatively small 2JC-F = 36 Hz coupling between the fluorine and the carbon. 

 

Figure 65. Proton-carbon (Top) and fluorine-carbon (Bottom) CP MAS SS NMR 

spectrum of [7] recorded at recorded at 101 MHz at a spinning speed of 10 kHz.. The 

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

The NMR spectroscopic experiments performed on complex [7] demonstrated that 

the chemical shift tensors could not be obtained due to the low intensity of the Ca 

resonance. Another issue was potential overlap with the dppe backbone carbons and 

spinning side bands from the aromatic resonances. Although the chemical shift 

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 the crystal matrix. 

All reasonable attempts to collect the chemical shift tensors for [7] were exhausted. 

 

3.4 Calculation of chemical shift tensors for ruthenium vinylidene- and 

alkynyl- complexes 

3.4.1 Calculation of chemical shift tensors (coordinated) 

With good experimental data in hand and good confidence in the method 

developed in chapter 2, the chemical shift tensors for a wider range of alkynyl- and 

vinylidene- complexes could be obtained by performing quantum chemical NMR 

calculations using DFT. This allows the scope of the analysis to expand, as well as to 

account for any compounds that were not observable due to technical limitations. 

The results are summarised in Table 14. The compounds are shown in Figure 66. 

 

Figure 66. Ruthenium organometallic complexes studied by quantum chemical 

calculations using DFT. 
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Table 14. Chemical shift tensors of ruthenium alkynyl and vinylidene species. 

Optimized in Turbomole at the BP86/def2_SV(P) level of theory, NMR calculations 

performed in Orca at the PBE0/def2_TZVPP level of theory with ZORA corrections.  

Complex diso / ppm d11 / ppm d22 / ppm d33 / ppm 

[10]+ 203 360 340 -92 

[1a] 134 221 205 -23 

[1b] 127 211 202 -32 

[1c] 145 239 210 -13 

[1d] 105 198 186 -69 

[4] 116 232 224 -107 

[7] 30 104 96 -108 

[1a]Ω 147 238 219 -14 

[4]Ω 128 245 236 -97 

[7]Ω 46 118 110 -90 

[1aϐΩΩ 139 231 208 -23 

[4]ΩΩ 121 238 232 -108 

[7]ΩΩ 34 110 100 -108 

[2a]+ 357 552 295 225 

[2b]+ 371 554 282 276 

[2c]+ 359 550 308 218 

[2d]+ 352 559 283 216 

[2a]Ω+ 348 560 303 182 

[2a]ΩΩ+ 352 541 294 223 

[3a]+ 418 531 471 251 

[3b]+ 415 526 459 259 

[3c]+ 423 554 483 231 

[3d]+ 409 533 464 230 

[3a]Ω+ 412 530 433 273 

[3a]ΩΩ+ 406 520 448 249 

[5]+ 342 552 332 143 

[6]+ 386 513 384 262 
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[8]Ω+ 421 626 465 172 

[5]Ω+ 341 569 342 111 

[6]Ω+ 381 529 346 269 

[8]Ω+ 424 602 483 187 

[5]ΩΩ+ 338 543 336 136 

[6]ΩΩ+ 368 500 340 265 

[8]ΩΩ+ 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 correlated, as shown in Figure 

67. In general, the fit between the values is good. This shows that there is only a small 

variance between that calculated values and their measured counterparts. Typically, 

the biggest deviations were for the complexes that possessed a pseudo-Њ rotational 

symmetry about the M-C bond axis. The calculations predict that the d11 and d22 

tensors are nearly identical, the experimental values deviate from this ideal. Some of 

the larger deviations are expressed in Table 15. 
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Figure 67. Fit between computationally- and experimentally- derived chemical 

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

Table 15. Chemical shift tensors of complexes possessing a pseudo-Њ 

rotational axis. Calculated values are shown in brackets, calculated at the 

PBE0/def2_TZVPP level of theory with the ZORA correction. 

Complex diso / ppm d11 / ppm d11 / ppm d11 / ppm 

[1a] 119 (134) 235 (221) 145 (205) -22 (-23) 

[1b] 117 (127) 232 (211) 162 (202) -44 (-32) 

[1d] 119 (105) 237 (198) 179 (186) -61 (-69) 

[10]PF6 203 (203) 383 (360) 300 (340) -76 (-92) 

[1a]Ω 120 (116) 267 (232) 158 (224) -65 (-107) 

 

The discrepancies in the chemical shift tensors with pseudo-Њ rotational axes can 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 structure bonding may deviate from the gas phase 

minimum, changing the overlap and energy of the FMOs and therefore the chemical 

shift tensors. The other effect is the error introduced in the sideband simulation. As 

the spinning side 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 challenges, the data in Figure 67 show that the trends observed in the 

chemical shift tensors are maintained. With good confidence in the methodology and 

good fit to all the experimentally observed tensors, the tensors could be correlated 

to molecular orbital transitions. The R2 value of the plot in Figure 67 is close to the 

ideal value of 1, R2 = 0.9727, suggesting a relatively small average deviation from 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 that there are no scaling effects occurring 

in the calculation of chemical shift. 
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3.4.2 Visualisation of chemical shift tensors 

The chemical shift tensors that have been calculated in section 3.4.1 are good 

representations of the experimentally-derived chemical shift tensors. To correlate 

the chemical shift tensors to the molecular frame of reference, the tensors were 

visualised as described in section 2.6. Visualised chemical shift tensors of some key 

complexes are displayed in Figure 68. 

 

Figure 68. Visualised chemical shift tensors of key ruthenium organometallics. 

From top left going clockwise: [2a]+, [3a]+, [1a], [4], [7], [10]+. 

The visualised tensor plots can be used to map the individual tensors onto the 

molecular reference frame. Allowing the differences to be scrutinised. 

 

3.5 Interpretation of vinylidene tensors 

3.5.1 Identification of FMO transitions using simple uncoordinated vinylidene 

complex models 

The NMR spectra of vinylidene complexes, such as [2a]OTf, show 

characteristic deshielding of Ca, as shown in Table 16. However, the FMOs of these 

complexes are complicated due to the large number of electrons in the system. 

Identifying the molecular orbitals responsible for deshielding at Ca poses a challenge 
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in large molecules. This is particularly the case in systems with many aromatic 

environments due to the low energy gaps of the FMOs of the aromatic systems. 

Table 16. Characteristic deshielding patterns observed in ruthenium vinylidene 

complexes for Ca. 

Compound diso d11 d22 d33 

[2a]BF4 353.7 558 289 214 

[2c]OTf 349.6 546 299 204 

ώнŀϐΩOTf 356.4 584 290 195 

[9]BF4 340.7 561 293 168 

 

The FMOs of the vinylidene, [60], and difluorovinylidene, [61], moieties (Figure 69) 

can be used to simplify the analysis.  

 

Figure 69. Structure of [60] and [61], which are used as simple electronic 

models of vinylidene and fluorovinylidene complexes. 

Given that the nature of the interactions between transition metal complexes and 

their ligands is often rationalised as the overlap of the FMOs of each fragment, insight 

into the electronic structure of uncoordinated vinylidenes provides a framework to 

discuss the subsequent metal complexes. Although [60] and [61] are not synthetically 

obtainable for SS NMR analysis, DFT calculations allow their NMR parameters to be 

calculated as described in Chapter 2. The chemical shift tensors were visualised as 

described in Chapter 2 and are also shown in Figure 70. 

The key transitions that contribute to shielding for [60] were identified as outlined in 

section 2.7 and are shown in Figure 70. The orbitals lower in energy than j5 were not 

considered to contribute to 13C paramagnetic deshielding as they are largely 

symmetric and antisymmetric combinations of carbon 1s and 2s orbitals. As j1-4 are 
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dominated by s-orbital character, they cannot contribute to spara and instead 

contribute to sdia, which is consistent between carbon environments. 
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Figure 70. FMO diagram of [60] with selected orbitals visualised in gOpenMol 

(left). Key transitions identified using group theory. [60] optimised in Turbomole at 

the BP86/def2_SV(P) level of theory, chemical shift tensors calculated in Orca at the 

PBE0/ 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. 

The deshielding in vinylidene [60] is largest along the x-axis, which is perpendicular 

to the plane containing the atoms of the vinylidene. Orbitals that are coupled by the 

rotational operator Ὑ  may give rise to deshielding. Vinylidene [60] possessesC2v 

symmetry and therefore Ὑ  belongs to the B2 irreducible representation and 

transitions between orbitals with B2 and A1 symmetry are coupled. Two transitions 

were identified as symmetry allowed, j5 j6, X2, and j6 j8, X1. Transition X2 has a 



148 
 

small energy gap and is constructive in nature. However, overlap is poor due to the 

difference in carbon pz localisation. Transition X1 also has a small energy gap, but the 

interference is destructive and therefore deshielding along the x-axis. Unlike X2, X1 

possesses a strong overlap due to the large contribution from the Ca pz orbital in j6 

mixing with the totally localised py orbital in j8. Transition X1 is responsible for the 

strong deshielding along the x-axis of d11 = 1048. d22 lies along the y axis and is 

strongly deshielded, with deshielding more than half the magnitude of d11, d22 = 397. 

Only one transition is symmetry allowed with coupling by Ὑ . ῲ is B1, therefore this 

transition must be between orbitals belonging to the A1 and B1 irreducible 

representations. The transition was identified as j6 j9, 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 combined lead to the reduced, but 

still large in magnitude, deshielding of d22 = 397. 

d33 is deshielding in nature and points along the z axis. It is associated with transitions 

facilitated by the rotational operator Ὑ. Ὑ is represented by the A2 irreducible 

representation, therefore any transition must be between orbitals with B1 and B2 

symmetry. Two transitions were identified for [60], j5 jO7, Z2, and j7 jO8, Z1. Z2 is 

constructive in nature and therefore contributes shielding to d33. The energy gap is 

moderate and overlap good, meaning that strong shielding is observed from Z2. 

Conversely, Z1 is destructive in nature and therefore contributes deshielding to d33. 

The overlap between j7 and j8 is only moderate, due to the lack of py character on 

the beta carbon in j8. 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 

deshielding along the z axis, a moderate deshielding of d33 = 285 is observed. 

To better understand the differences in deshielding between vinylidene and 

fluorovinylidene complexes, the chemical shift tensors were calculated for 

difluorovinylidene [61]. As with vinylidene [60], the interactions between a metal-

coordinated and an uncoordinated fluorovinylidene can be rationalised as overlap 

between the FMOs of the metal-containing and carbenoid fragments. The calculated 
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and visualized tensors for [61] are shown in Figure 71. The magnitudes of the 

chemical shift tensors are broadly similar along the x and y axes, but a large 

deshielding interaction is observed along the z axis. This is responsible for an increase 

in isotropic deshielding in fluorovinylidenes. The key transitions that have been 

identified to contribute to the deshielding are also shown in Figure 71. 

Fluorovinylidene [61] belongs to the C2v point group. Tensor d11 is deshielding and 

points along the z axis and is associated with transitions facilitated by the rotational 

operator Ὑ. ῲ is A2, therefore any transition must be between orbitals with B1 and 

B2 symmetry. Two transitions were identified for [61], j9 jO10, Z2, and j15O j16, Z1. 

Z2 is constructive in nature and therefore should contribute shielding to d11 as in [60]. 

Unlike in [60], the py character on the Ca of [61] has very little character in j9, 

meaning that this transition does not contribute to shielding. Conversely, Z1 is 

destructive in nature and therefore contributes deshielding to d11. The overlap 

between j15 and j16 is much greater in [61] than in [60] due to the increased 

localisation of the Cb py orbital. Accompanying the increase in overlap, there is also a 

narrowing of the HOMOO LUMO energy gap further increasing the magnitude of 

deshielding. d11 is dominated by Z1 in [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 theory. [61] 

optimised in Turbomole at the BP86/def2_SV(P) level of theory, chemical shift 

tensors calculated in Orca at the PBE0/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 d22 in [60] is similar in magnitude to the deshielding of d11 in [61], 

with both laying along the x axis. The two transitions that are responsible for 

deshielding in [60] were also identified on [61] as j9 j14, X2, and j14 j16, X1. X2 

possesses a poor overlap due to the lack of Ca py in j9, therefore X2 does not 
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contribute much to the deshielding. d22 is dominated by the strong X1 transition. This 

is destructive in nature and has a strong overlap on Ca, leading to the large 

deshielding value of d22 = 1100. 

It is clear from figures Figure 70 and Figure 71 that the changes on chemical shielding 

between vinylidene and difluorovinylidene are dominated by changes to the dz 

tensor. The key orbitals are shown in Figure 72. 

 

Figure 72. Key transitions responsible for deshielding along the z axes of [60] and 

[61] calculated in Orca at the PBE0/def2_TZVPP level of theory with ZORA 

corrections. Constructive interactions are represented by green arrows and 

deconstructive interactions by red arrows. 

One major difference on changing the R group in CCR2 from H to F is the presence of 

the p orbitals on F. The px orbitals may interact with the C-C px bonding orbital (j7) in 

both bonding (j10) and antibonding (j15) arrangements. The separation of j7 into j10 

and j15 leads to constructive and destructive combinations of orbitals. Deshielding 

increases as the effective constructive overlap of j9 jO10 reduces. As well as this, 

destructive overlap of j15O j16 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 using simple allene and vinyliminium 

compounds as vinylidene models 

The chemical shift tensors of uncoordinated vinylidenes calculated in section 

3.5.1 have 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 the FMO structure 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 complexes. As a metal vinylidene complex 

possesses bonding over 3 centres, extension of the p-system 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, CR2 and the 

isoelectronic nitrogen equivalent NR2
+. Adding CR2 to vinylidenes gives rise to allenes, 

NR2
+ gives vinyliminium cations. They are both shown in Figure 73. 

 

Figure 73. Allene and vinyliminium species [62] ς [67]+ identified as simple 

models for [2a]+ and [3a]+. 

Allenes and vinylimnium cations are, 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 in Chapter 2. The visualised chemical shift tensors are 

displayed in Figure 74. The chemical shift tensors are summarized in Table 17.  
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Table 17. Chemical shift tensors of allene and vinyliminium compounds 

calculated in Orca at the PBE0/ def2_TZVPP level of theory with ZORA corrections. 

Literature experimental shifts shown in brackets. 

Compound diso d11 d22 d33 

CH2CCH2 [62] 208 (208.5)127 229 229 166 

CH2CCF2 [64] 129 (179.9)128 190 107 89 

CH2CCHPh [63] 206 227 204 187 

CH2CCFPh [65] 200 232 209 158 

+NMe2CCH2 [66] 207 243 207 170 

+NMe2CCF2 [68] 264 478 202 111 

+NMe2CCHPh [67] 232 290 242 165 

+NMe2CCFPh [69] 279 479 221 136 

 

From the data in Table 17, the 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 of d11 reducing significantly, further investigation of the 

FMOs is required. The key FMOs of [2a]+ will also include contributions from the 

ruthenium d orbitals as they are the correct symmetry to mix with the vinylidene 

moiety. Extension of the molecular orbitals over three centres has a large impact on 

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

One key feature of the chemical shift calculations summarized in Table 17 is the fact 

that the trend in the isotropic chemical shift for the allene compounds is not 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. The magnitude 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 Turbomole at the 

BP86/def2_SV(P) level of theory, chemical shift tensors calculated in Orca at the 

PBE0/def2_TZVPP level of theory with ZORA corrections and visualised in Wolfram 

Mathematica with pictorial representations. 

To further understand the differences in shielding in [62], the key transitions were 

identified and are shown in Figure 75. 
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Figure 75. FMO diagram of [62] with selected orbitals visualised in gOpenMol 

(left). Key transitions identified using group theory. [62] optimised in Turbomole at 

the BP86/def2_SV(P) level of theory, chemical shift tensors calculated in Orca at the 

PBE0/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. 

Compound [62] possesses D2d symmetry. The FMO structure shown in Figure 75 

differs slightly from that of [60]. One of the key MOs responsible for deshielding in 

[60] is the vacant vinylidene p orbital. In [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 in [62] are j7 j12 and j7 j13. These transitions 

are degenerate and have good destructive overlap but a large energy gap of 12.84 eV 

leading to d11/22 = 229 ppm. This is much larger than the equivalent transition for [60]. 

High symmetry leads to smaller deshielding at the central carbon of allene. 

Substitution of one CH2 end of the allene by CMe2 would reduce the symmetry from 

D2d to C2v, the same point group as [60]. The chemical shift tensors were calculated 

for 1,1-dimethylallene, but the tensors are unaffected by the change in symmetry. 

With minor changes to diso being observed (dC = 207.7 for allene, dC = 202.6 for 1,1-
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dimethylallene). The changes were so small that the chemical shift tensors were not 

further analysed as this indicates that the orbital 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 allenes are 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 vinylidenes, leads to orbitals 

that are much more localised at Ca. Highly localized orbitals are coupled much more 

effectively by rotational operators in the magnetic field, leading to the unique 

deshielding seen in vinylidenes. The result is that allenes are a poor model for the 

deshielding in coordinated vinylidene complexes. This also explains why the chemical 

shift tensors of [64] exhibit shielding compared to [62] unlike their vinylidene 

equivalents. 

As CH2 was a poor model for [Ru(h5-C5H5)(PPh3)2]+, +NMe2 was also examined as an 

electronic model for [Ru(h5-C5H5)(PPh3)2]+. Even though both CH2 and +NMe2 are 

isolobal with [Ru(h5-C5H5)(PPh3)2]+, +NMe2 carries the same charge and leads to 

vinylidene type compounds that possess C2v symmetry. The FMOs responsible for 

deshielding in [66]+ are shown in Figure 76. 
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Figure 76. FMO diagram of [66]+ with selected orbitals visualised in gOpenMol 

(left). Key transitions identified using group theory. [66]+ optimised in Turbomole at 

the BP86/def2_SV(P) level of theory, chemical shift tensors calculated in Orca at the 

PBE0/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. 

+NMe2 appears to give similar changes to the chemical shift tensors as [CpRu(PPh3)2]+. 

Although CMe2 and +NMe2 are isoelectronic, +NMe2 mirrors the charge of the 

ruthenium fragment. 

Two transitions were observed that were responsible for the large deshielding along 

d11, which lies along the x axis, j11 j20 (X1) and j15 j20 (X2). Although X2 has a 

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

very low Ca p orbital character in j15. This large deshielding interaction is very similar 
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to that in the free vinylidene, but with a larger energy gap of 13.69 eV vs 5.77 eV. This 

explains the large reduction in deshielding in d11 compared to [60] with d11 = 244 ppm 

vs d11 = 1048 ppm.  

 

3.5.3 Explanation of the changes in deshielding of coordinated vinylidene 

complexes 

Now with a good understanding of the transitions responsible for deshielding 

in free vinylidene, [60], and the extended allene and vinyliminium, [62] [66]+, the 

deshielding of [2a]+ can be explored. 

The chemical shift tensors of [2a]+ are similar to those of the uncoordinated 

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

the d11 tensor. In [60] this is associated with the sz py transition. On coordination to 

the metal centre the overlap and energy of this transitions reduces, leading to the 

large chemical shift tensors observed. The relative orbital energy gap between 

fluorinated and non-fluorinated vinylidenes remains constant.  

The chemical shift tensors of fluorovinylidene complex [3a]PF6 differ from those of 

[2a]BF4 by the magnitude of the dz tensor, d22 in [3a]PF6 and d33 in [2a]BF4. The 

deshielding along z in [60] and [61] is dominated by the pxO p/py transition, the same 

transition is responsible for the deshielding along z in [2a]BF4 and [3a]PF6 and is 

destructive in both complexes. This is the HOMOLOUMO transition. The HOMO and 

LUMO of [2a]+ and [3a]+ are shown in Figure 77. Increasing p bonding character 

between the Ca and Cb in the fluorovinylidene leads to a larger overlap between the 

two orbitals. This is accompanied by contraction of the HOMOLOUMO energy gap, 

3.89 eV in [2a]+ vs 3.32 eV in [3a]+. Both effects combined result in the large change 

in deshielding along the z axis and the large 35 ppm change in diso observed between 

the two species: diso = 353.7 ppm vs diso = 388.6 ppm. 



159 
 

 

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 to dpara along the z axis. 

 

3.5.4 Discussion of vinylidene tensors 

The FMOs of [66]+, shown in Figure 76, are very similar to those of [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 decreases: [60]>> [2a]+> [66]+. The 

symmetry of all the NMR relevant FMOs is the same in all compounds. The 

deshielding in [66]+ differs from [2a]+ mostly along the x axis, which is dominated by 

a sz py transition. The energy gap between these orbitals must be larger in [66]+ 

suggesting depression of the sz-orbital in energy. 

The bonding orbital being contributed by the +NMe2 fragment will have a large degree 

of N 2pz character, with a small N 2s contribution, which may 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 the N-based orbital and the vinylidene will be 

much more similar electronically to the mixing with Ru compared to the free 

vinylidene due to the molecular orbital energies being similar. This allows 

stabilisation of the vinylidene orbitals. Increased mixing will depress the energy of 

the in-phase combinations and increase the energy of the antiphase combinations. 

This is the origin of the reduced deshielding in [66]+ and [2a]+ compared to [60]. 

Deshielding increases vastly in the uncoordinated vinylidenes [60] and [61]. Small 

energy gaps between the FMOs, combined with extremely well-localised orbitals, 

leads to large increases in deshielding along all axes. The similar deshielding values 

observed in [66]+ and [2a]+ suggest similar electronic localisations and energies. The 

tensors being more deshielded in [2a]+ suggest that the bonding orbitals are slightly 

higher in energy than the equivalent orbitals in [66]+.The chemical shift tensors 

suggest that vinyliminium compounds may exhibit some of the same reactivity as 

fluorovinylidene complexes, allowing the synthesis 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 deshielding, diso, shown in Figure 46 in section 3.1.5 and Figure 

78. SS NMR spectroscopy reveals that the changes to deshielding are accompanied 

by a change in chemical shift anisotropy shown in Figure 78. 
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Figure 78. 13C{1H} CP MAS SS NMR Spectra of [2a]BF4 (Top) and [3a]PF6 (Bottom) 

recorded at 101 MHz at a spinning speed of 10 kHz showing changes to diso. The 

intensity of the vinylidene resonances has been increased to aid identification. 
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Figure 79. 13C{1H} CP MAS SS NMR Spectra of [2a]BF4 (Top) and [3a]PF6 (Bottom) 

recorded at a spinning speed of 4 kHz showing changes to CSA. The intensity of the 

vinylidene resonances has been increased to aid identification. 

The changes in anisotropy were revealed to be associated with changes to a single 

tensor, dz. Changes in dz are mirrored in uncoordinated vinylidene species, [60] and 

[61], although the magnitudes of changes are much greater in uncoordinated vs 

coordinated vinylidenes as described earlier. The major orbitals responsible for 

deshielding along dz are the same in both vinylidenes, with the HOMOO LUMO 

transition being dominant. The key FMO energies are shown in Figure 80. 
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Figure 80. Key orbitals of [60] and [61] responsible for deshielding with orbital 

energies, calculated in Orca at the PBE0/def2_TZVPP level of theory with ZORA 

corrections. 

Changes to deshielding along the x axes are not observed between vinylidene and 

difluorovinylidene. As shown in Figure 80 above, the LUMO of [61] 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 of [61] also is lower in energy than the proteo- equivalent by 0.98 

eV. This means that the energy gap changes from 5.77 eV ([60]) to 5.17 eV ([61]). This 

small compression in energy is accompanied by small changes to overlap. 

Introduction of fluorine to the vinylidene moiety causes both bonding and 

antibonding orbitals to lower in energy but keeps the relative energy similar leading 

to constant deshielding along dx. 

Unlike the deshielding along dx, the relative energies of the HOMO and LUMO change 

on introduction of fluorine, changing the magnitude of dz. Although the LUMO 

decreases in energy, the energy of the HOMO remains constant: -8.53 eV vs -8.32 eV. 

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

deshielding is observed. 

Coordination of ruthenium to vinylidene and fluorovinylidene fragments mirrors this 

trend with the energy of the HOMO only changing from -8.02 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 from -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 deshielding is significantly reduced on coordination. 

Metal bound vinylidenes have been reported in the literature with a range of halogen 

atoms, and values of  Ca diso recorded; the structures are shown in Figure 81. Chemical 

shift tensors are shown in Table 18.112 Of the halogenovinylidenes synthesized, the 

isotropic chemical shift of the vinylidene Ca is only strongly deshielded with respect 

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

deshielding interaction observed with fluorine and experimentally the deshielding at 

Ca decreases as the halogen increases in size. The chemical shift tensors of the 

vinylidenes in Figure 81 were calculated, the same trends were observed. The 

visualised tensors are shown in Figure 82. 

 

Figure 81. Structure of halogenovinylidene complexes synthesized by Lynam and 

Slattery. 
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The isotropic chemical shift, diso, becomes more shielded as halogen size increases 

F>>Cl>Br>I. The changing deshielding is represented in Table 18 below. The chemical 

shift tensors were also calculated for Cb and the results are shown in Table 19. 

Table 18. Chemical shift tensors of halogen vinylidene complexes Ca calculated 

in Orca at the PBE0/def2_TZVPP level of theory with ZORA corrections. Numbers in 

parentheses are experimental results reported by Slattery and Lynam.112 

Complex diso / ppm d11 / ppm d22 / ppm d33 / 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 complexes Cb calculated 

in Orca at the PBE0/def2_TZVPP level of theory with ZORA corrections. 

Complex diso / ppm d11 / ppm d22 / ppm d33 / 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 for Ca (F>>Cl>Br>I), the same 

trend is observed for Cb with shielding increasing with halogen size. The magnitude 

of the change between F and Cl is much larger for both carbon environments than 

from Cl to Br or Br to I. 
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Figure 82. Pictoral (left) and visualised chemical shift tensors (Ca, middle) (Cb, 

right) of halogenovinylidene complexes. 

The magnitude of d11 remains largely constant between all complexes (between 

530.7 for R = F, and 510.1 for R = I).  However, the magnitude of d22 remains relatively 

unchanged between R = Cl, Br, and I, but the value for R = F is some 200 ppm greater. 

The shape of the tensors for these complexes are more similar to [2a]+. 

Fluorine is unique in that the 2p orbital interacts strongly the vinylidene LUMO, 

depressing it in energy. The decreasing energy gap and increasing orbital overlap of 

the HOMOO LUMO transition on substitution of H for F lead to the observed changes 

in deshielding. Other halogen atoms do not interact as strongly with the HOMO, with 
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the magnitude of change in chemical shift tensors along dz being reduced, showing 

chemical shift tensor weightings that are much more similar to [2a]+. 

 

3.6 Interpretation of alkynyl tensors 

3.6.1 Identification of FMO transitions using simple alkyne models 

The chemical shielding of ethyne [38] has been described in section 2.7.2. The 

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

for deshielding are sz
Ⱦ
ựpx/y* and px/y

Ⱦ
ự sz* . The chemical shift tensors for the free 

alkyne [38] and the coordinated alkynyl complex [4] are similar, as shown in Figure 

83, with deshielding observed symmetrically around the x and y axes and shielding 

along the z axis. This suggests that, although the formal symmetry of [4] is Cs, a local 

symmetry exists at Ca resulting in the chemical shift tensors possessing similar 

weightings. 
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Figure 83. Pictorial (Top) and visualised (bottom) chemical shift tensors of [38] 

and [4]. 

The d33 tensors of [38] and [4] are similar with the main difference being in the 

deshielding of d11 and d22 ([38]; d11 = 138, d22 = 138, d33 = -113, [4]; d11 = 232, d22 = 

224, d33 =-107). In [38], no orbitals possess the correct symmetry to overlap and 

contribute to deshielding along the z axis. This results in the similarity of the d33 

tensors. The orbitals that possess strong character along the x and y axes at Ca are 

shown in Figure 33 in section 2.7.2. These orbitals do not possess the correct 

symmetry for any overlap when coupled by Ὑ. 
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Figure 84. FMO diagram of fluoroethyne [53] with selected orbitals visualised in 

gOpenMol (left). Key transitions identified using group theory. [53] optimised in 

Turbomole at the BP86/def2_SV(P) level of theory, chemical shift tensors calculated 

in Orca at the PBE0/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 the z, d33, axis. Large 

changes to diso are observed between [38] and [53], with Ca 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 tensors of [53], chemical shift tensors were 

calculated for fluoroethyne, [53]. The key transitions are shown in Figure 84. 

Introduction of the fluorine 2px/y orbitals to the alkyne p system has little effect on 

the energy of the LUMO. However, the 2pz orbital of fluorine can interact with the 

alkyne s bonding interaction, stabilising this orbital making it more bonding and 

lower in energy. Increasing the energy gap from 14.53 eV ([38]) to 16.17 eV ([53]) 

halves the magnitude of the deshielding along the x and y axes. 



170 
 

The Kohn-Sham FMO diagram results in orbitals that show good similarity to 

Brueckner orbitals calculated in the literature.113, 114 In the work by Lynam and 

Slattery, Brueckner orbitals were generated for: HCCH, HCCF, FCCF, [Ru]CCH, and 

[Ru]CCF. The energies of the Brueckner orbitals agree more closely with the 

pheotoelectron spectroscopy of HCCH, HCCF, and FCCF than the Kohn-Sham orbitals. 

The order of the s bonding and p bonding orbitals j7 and j8/9 are reversed. The sz 

orbital becomes progressively more stabilised on introduction of fluorine to the 

alkyne. As this orbital depresses in energy, the energy gap between the this and the 

LUMO increases, decreasing the deshielding interaction. 

 

3.6.2 Coordinated alkynyl complexes 

Unlike [60] and [2a]+, the differences in chemical shift tensors between [38] 

and [4] are small suggesting 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 in [4] are the same transitions 

responsible for deshielding in [38]. As the chemical shift tensors are so similar, it can 

be inferred that the FMO energies and localisations are much closer in alkynes than 

in vinylidenes. Interaction of the ruthenium d orbitals with both the s and p systems 

of the alkyne lead to FMOs with 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 substitution of 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 Ca on changing the terminal group from 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 conserved. Nevertheless, the d11 and d22 
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tensors show greater deshielding in the metal bound equivalents. The origin of this 

effect is the destabilisation of the s bonding orbital. Increasing the energy of this 

orbital reduces the energy gap between the s bonding orbital and the degenerate 

LUMOs. Because of energy change being associated with the s bonding orbital, there 

is no correlation between the UV-vis transitions and the magnitude of deshielding, 

unlike [2a]+ and [3a]+. 

The reduction in deshielding along the d11 and d22 between [4] and [7] is also 

observed in the free alkynes [38] and [53]. All the changes in diso are associated with 

these tensors and the trends are observed independent of coordination to a metal 

centre This suggests that the metal has a relatively small effect on the FMOs of 

alkynes when coordinated in an h1 fashion. 

 

3.7 Correlation of chemical shift tensors and first excitation energy 

As the deshielding in vinylidene complexes along dz is correlated to transitions 

involving the HOMO and LUMO, it was theorised that the deshielding could be 

correlated to the lowest energy excitation. To explore this, time dependent (TD) DFT 

calculations were performed in Orca at the PBE0/def2_TZVPP level of theory with 

ZORA approximations. The first 10 excitations were calculated for a range of 

vinylidene and alkynyl complexes as shown in Figure 85 and the energy of the first 

excitation tabulated in Table 20. The energy of the first excitation was plotted against 

the chemical shift tensors. Trends were only observed when the excitation energies 

were plotted against the tensor that lies along the M-C bond axis as is shown in Figure 

86. 
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Figure 85. Ruthenium organometallic complexes studied by quantum chemical 

calculations using DFT and TD TDF. 

 

Figure 86. Correlation of the first excitation energy calculated using TD DFT and 

chemical shift tensors pointing along the M-C bond axis. Both calculated in Orca at 

the PBE0/def2_TZVPP level of theory with ZORA corrections. 
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Table 20. Calculated chemical shift tensors along the M-C bond axis (ɻM-C) and 

calculated wavelength and wavenumber of the first excitation of ruthenium 

organometallics. Both calculated at the PBE0/def2_TZVPP level of theory with ZORA 

corrections. 

Complex Mɻ-C / ppm 

Calculated First Excitation 

 Wavelength / nm 
Wavenumber / 103 

cm-1 

[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 

[7]' -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 along dz, the energy of the first excitation 

decreases. This suggests that the chemical shift tensors are correlated to the 

HOMOO LUMO transition. Given that the HOMOOLUMO transition is not always 

responsible for deshielding, the correlation is not necessarily absolute.  

It may be possible to identify a target system where the HOMOO LUMO transition is 

also responsible for deshielding. In this system, the changes to deshielding would be 

able to be correlated with visible absorption frequencies. This would require further 

study beyond this thesis and has not been explored further. 

 

3.8 Discussion of differences in tensors between metal fragments 

To investigate the effect of the metal fragment in alkynyl and vinylidene 

complexes, NMR calculations were performed on [1a], [2a]+, and [3a]+. To contrast 

these complexes the chemical shift tensors of [1a]Ω, [2a]Ω+, [3a]Ω+, [1a]ΩΩ, [2a]ΩΩ+, and 

[3a]ΩΩ+ were calculated, shown in Figure 87. 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(PPh3)2]+. 

 

Figure 87. Structure of different ruthenium fragments used to study the effect 

of metal fragment on alkynyl- and vinylidene Ca chemical shift. The chemical shift of 

Ca 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 orbital energy gaps. The reactivity of the complexes is 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 magnitudes of the tensors of Ca suggest that the molecular orbitals 

of the organic fragments involved in deshielding do not change localisation or relative 

energy with changing metal fragment. The other possible explanation is that the 

relative energies of the MOs do not change between fragments, but the total 

energies of the orbitals do change. 

 

3.9 Discussion of differences in Ca chemical shift tensors in metal 

vinylidene- and alkynyl- complexes on changing remote 

conjugated substituents (R groups) 

Unlike the steric effects described earlier, changing the remote conjugated R 

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, [Ru]-C C-R, and 

ǘƘŜ ǾƛƴȅƭƛŘŜƴŜ ώwǳϐҐ/Ґ/wwΩΦ The general shape of the chemical shift tensors remains 










































































































































































































