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Catalytic processes often involve organometallic complexes, the aims of this thesis were to 

study some specific ruthenium and rhodium complexes using photochemistry. This allowed 

their behaviour towards small molecules to be investigated since the coordination and 

activation of small molecules are fundamental parts of catalytic cycles. A further aim was to 

study suitable complexs with parahydrogen using time-resolved NMR methods with the 

intention of measuring p-H2 addition and/or the evolution of the p-H2-derived singlet state 

The photochemistry of CpRh(CH2CHSiMe3)2 (2.1), CpRh(COE)2 (2.2) and CpRh(COD) (2.3) with 

DMSO PhSOMe, trimethylvinylsilane and triethylsilane was probed. The photoactivity of 2.3 

proved minimal with the main products being associated with the loss of the COD ligand. By 

contrast, 2.1 and 2.2 undergo the substitution of one or both of the alkene ligands, depending 

on the nature of the reacting ligand. Complexes 2.1, CpRh(CH2CHSiMe3)(DMSO) (2.4) and 

CpRh(P*Ph)(C2H4) (3.2) were deemed suitable for time-resolved studies with p-H2. 2.1 was 

found to form the expected dihydride (3.1) on a 50 ms timescale. 2.4 was also formed 3.1 but 

its PHIP enhancement was poor and whilst 3.1 did form the expected dihydride product PHIP 

was not observed. 

[Ru(H)2(CO)(PPh3)(Xantphos)] 5.1 was also synthesised and its reactivity towards a range of 

small molecules, which included DMSO, CO, ethene and Et3SiH, investigated. These studies 

revealed that its H2, CO and PPh3 ligands could all be lost photochemically and that the 

ȄŀƴǘǇƘƻǎ ƭƛƎŀƴŘ ŎƻǳƭŘ ǎǿƛǘŎƘ ōŜǘǿŜŜƴ ˁ2-tt ŀƴŘ ˁ3-POP coordination. Time-resolved NMR 

studies on 5.1, with p-H2, found the H2 addition to the intermediate to occur with a rate of the 

order of 0.5 sҍ1. cis-[Ru(H)2(dppp)2] 6.1 was also studied using time-resolved NMR, in this case 

the rate of H2 addition was faster than the NMR timescales. This allowed the evolution of the 

p-H2 singlet state to be probed and shown to be as a function of the difference in scalar 

coupling between the hydrides and the equatorial 31P nuclei. 
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1 )ÎÔÒÏÄÕÃÔÉÏÎ 

 General Introduction  1.1

Organometallic chemistry is widely used in catalytic processes where the ability of metal 

centres to coordinate and/or activate small molecules is invaluable. To understand the 

mechanisms behind the catalytic cycles, the detection and characterisation of reaction 

intermediates and any minor products or isomers is needed. Often the initial steps in such a 

process is ligand loss followed by the coordination or activation of a small molecules, therefore 

it is important to understand how metal complexes interact with small molecules.  

The intention in this thesis was to study the reaction of rhodium and ruthenium complexes 

with small molecules such as DMSO, triethylsilane and H2, or more specifically p-H2. Complexes 

containing hydride ligand(s) are common features in catalytic processes7 and therefore 

understanding how they form and what further reactivity they can undertake is crucial in 

developing and improving catalysts. In this work photochemistry was be used to promote the 

loss of a ligand leaving a free coordination site for a small molecule to coordinate. The 

photoactivity of the complexes was explored before studies using in-situ photolysis with 

parahydrogen were performed. The purpose of using parahydrogen was to take advantage of 

the signal enhancements that parahydrogen gives with the hope that this will allow reaction 

intermediates to be observed and the rate of dihydrogen addition to reactive intermediates 

measured. Furthermore, the idea that the parahydrogen protons could be transferred on to 

other ligands through rearrangement reactions or hydrogenation was an interesting prospect.  

 Hyperpolarisation and NMR 1.2

1.2.1 Overview of NMR 

NMR spectroscopy is an immensely powerful and widely used analytical technique. One of its 

major advantages is its ability to give structural information across a wide variety of structural 
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motifs from small organic compounds,8 to organometallic complexes,9 to complex proteins.10 

This property would be valuable in the study of reaction mechanisms for the detection and 

characterisation of reaction intermediates. Unfortunately, NMR spectroscopy is an intrinsically 

insensitive technique. The intensity of signals in an NMR spectrum depends upon a number of 

variables which are described by Equation (1.1),11, 12 where N is the number of spins, g is the 

ƎȅǊƻƳŀƎƴŜǘƛŎ ǊŀǘƛƻΣ ƚ ƛǎ ǘƘŜ ǊŜŘǳŎŜŘ tƭŀƴŎƪΩǎ ŎƻƴǎǘŀƴǘΣ .0 refers to the size of the applied 

magnetic field, k is the Boltzmann constant and finally T is the temperature.  

ὍὲὸὩὲίὭὸώᶿ
ὔ‎ᴐὄ

ςὯὝ
ὄ 

 

(1.1) 

 

The terms of note in Equation (1.1) are the number of spins, N, and the gyromagnetic ratio, g. 

The number of spins relates to the concentration of the sample and the relative abundance of 

the NMR active nuclei. The larger the abundance of the spin-½ nuclei the larger the proportion 

of the sample is visible by NMR. The gyromagnetic ratio is an intrinsic property of the nuclei 

and its magnitude is proportional to the NMR signal. These properties combined give an 

indication of the relative sensitivities of the different nuclei and therefore how much sample is 

required to give an appropriate number of observable spins. The nuclei which have the largest 

gyromagnetic ratio are protons. These nuclei also have essentially 100 % abundance and this is 

why 1H NMR spectroscopy is associated with the greatest sensitivity. Carbon based NMR 

experiments, however, are hampered by the active nuclei, 13C, having a natural abundance of 

just 1.07 % and a gyromagnetic ratio approximately four times smaller than 1H. These two 

factors combine to make 13C NMR much more insensitive than 1H NMR.   

 
The signal intensity can also be defined by Equation (1.2) where Nh and N̡ refer to the number 

of  hand ̡  spins. To understand this relationship an appreciation of the principles behind NMR 

spectroscopy is required. NMR spectroscopy utilises the intrinsic angular momentum of the 

nuclei within a substance. Angular momentum refers to an object that is moving in a circular 
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path with a particular direction and magnitude. NMR spectroscopy concerns the use of spin 

angular momentum, which is given the quantum number I. This is a property of the nuclei and 

is also referred to as spin. Spin angular momentum is quantised; this means that there are 

discreet values it may take. The total spin angular momentum, Ltot, is given by Equation (1.3), 

ǿƘŜǊŜ ƚ ƛǎ ǘƘŜ ǊŜŘǳŎŜŘ tƭŀƴŎƪΩǎ Ŏƻƴǎǘŀƴǘ ŀƴŘ ǘƘŜǊŜ ŀǊŜ нL Ҍ м ǎǳōƭŜǾŜƭǎΦ13 Outside of a 

magnetic field, these sublevels are degenerate and they only separate in energy once they 

reside inside a magnetic field, this is known as the Zeeman effect and now each arrangement is 

described by the quantum number mI which is a vector quantity, and as such has a direction 

and magnitude. If applied magnetic field is placed along the z axis it is only the Iz component of 

the spin angular momentum which can interact with the applied magnetic field.   

ὍὲὸὩὲίὭὸώᶿ ὔ ὔ ὄ (1.2) 
 

ὒ ὍὍ ρ Ⱦᴐ (1.3) 

 
The most routinely used nuclei, in solution-based NMR spectroscopy, have a spin quantum 

number, I, equal to a ½ and therefore Iz is associated with the values mI + ½ and ς ½. Spins 

align with the applied field become lower in energy and those aligned in the opposite direction 

increasing in energy (Figure 1.1) and the size of the intrinsic magnetic vector. The energy 

difference between these two states depends on the size of the magnetic field. As you move 

from smaller to larger magnets the energy difference increases and in doing so the population 

difference between the h  and  ̡spin states increases and thus the size of the signals also 

increase. Using standard NMR methods the distribution of the spins across these two spin 

states is determined by the Boltzmann distribution. However, even with large magnets, the 

energy gap between the spin up and spin down energy levels is small and as a consequence 

there is only a small population difference between the two energy levels. 
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Figure 1.1: Pictorial representation of the behaviour of spins inside (right) and outside a magnetic field (left). 

This can be quantified precisely, such that at a 9.4 T or 400 MHz for 1H, there is a population 

difference of 1 in 31,00014 between the two spins at 300 K. Increasing the size of the magnet to 

600 MHz, or 14.1 T, causes this population difference to increase to 1 in 21,300.15 An 

alternative way of viewing this effect is that on a 600 MHz spectrometer just 0.0047 % of the 

protons in a sample are observed rather than the 0.0032 % that is observed using a 400 MHz 

spectrometer. This is where the intrinsically low sensitivity of NMR spectroscopy lies.  

 
Figure 1.2: Schematic to show the relative population difference using the Boltzmann distribution of spins (left) and 

the distribution obtained with a hyperpolarisation method (right). 

The intrinsic limitations of NMR spectroscopy may seem easily fixed by using larger 

concentrations of analyte but this is not always feasible, for instance, in the detection of 

reaction intermediates. These are typically only present in solution for a short period of time 

and are often in low concentration; therefore it is challenging to observe reaction 
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intermediates by NMR. This limits the number of reactions which can be studied by NMR. 

Whilst there are other analytical techniques which are far superior to NMR in terms of their 

limits of detection, both in terms of concentration and detection time, they do not offer the 

same level of structural information. For NMR studies the molecule must have particular 

characteristics, for example to comprise of atoms which have NMR active nǳŎƭŜƛΣ ŜΦƎ L ґ л ŀƴŘ 

ideally I = ½. These nuclei also require appropriate natural abundance and gyromagnetic ratios 

that are larger enough to allow measurement to be made routinely. The substance also 

requires identifiable features in the NMR spectra to allow for confident assignments of its 

structure. A drawback of NMR spectroscopy is its insensitivity; improvements have been 

achieved in this field using hyperpolarisation methods. These create non-Boltzmann 

distributions of the spins, which give rise to considerably larger population differences. The 

result of this is NMR signals which can be enhanced, relative to the signals achieved by using 

the thermal equilibrium distribution of the spins, by several orders of magnitude. 

1.2.2 Overview of hyperpolarisation methods 

There are now a wide range of approaches for creating hyperpolarised NMR measurements 

available some of which will now be discussed. Optical pumping of noble gases utilises 

circularly polarised light and a glass cell containing a combination of a gaseous alkali metal and 

a noble gas. The polarised light is absorbed by the alkali metal and the spin angular 

momentum of the photons is transferred to the alkali metalΩs valence electrons. Like nuclei, 

photons of light may also have angular momentum, in this case the angular momentum has  

ƳŀƎƴƛǘǳŘŜ ƻŦ όнƚύ½ and the spin angular momentum of a specific photon is associated with a 

right or left handed helixΣ ǿƘƛŎƘ ǊŜƭŀǘŜ ǘƻ Ҍƚ ƻǊ ςƚΣ ǿƘƛŎƘ ƛǎ ǿƘŜǊŜ ǘƘŜ ǇƭŀƴŜ ǇƻƭŀǊƛǎŜŘ ƭƛƎƘǘ 

terminology originates. This polarisation can then be transferred to the noble gas through 

collisions between the alkali metal and noble gas nuclei in a correlated way16, 17 to create spin-

polarised nuclei which have been used to make hyperpolarised MRI measurements.18, 19 
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Another hyperpolarisation method is dynamic nuclear polarisation (DNP). The signal intensity 

in NMR relates to the gyromagnetic ratios of the respective nuclei, which are many orders of 

magnitude smaller than the gyromagnetic ratio of an electron which has a much higher 

magnetic moment. DNP takes advantage of the gyromagnetic ratio of an electron to enhance 

NMR signals. It was initially developed by Abragam20, 21 and Jeffries22 ƛƴ ǘƘŜ мфрлΩǎΦ Lƴ ƳƻǊŜ 

recent years, dissolution DNP has been developed.23 Dissolution DNP works by doping a liquid 

sample of the analyte of interest with a free radical, the solution is frozen as a glass and placed 

in a polarising field at low temperatures, typically a 3.4 T field at 1-2 K. The sample is irradiated 

using low power microwaves. The high polarisation that comes from the single unpaired 

electron in the free radical is transferred to the analyte. To make the NMR or MRI 

measurements a dissolution step is required involving a hot liquid to rapidly dissolve the glass 

and the solution is transferred into the magnet for sample acquisition.12  

Finally, parahydrogen can be used as a hyperpolarisation source. Parahydrogen is a nuclear 

spin isomer of H2 which exist in a pure spin state (details discussed below). In 1986 Bowers and 

Weitekamp24 proposed that the pure spin state of parahydrogen could be exploited to 

generate signals in NMR which are orders of magnitude larger than those generated from the 

equilibrium distribution. Parahydrogen has no nuclear angular momentum which means that it 

itself does not generate an NMR signal. It was proposed that the reaction between 

parahydrogen and an asymmetric substrate (Figure 1.3) would break the symmetry of the 

parahydrogen spin state and that this would convert the pure spin state of parahydrogen into 

observable magnetisation which has a population difference much greater than that achieved 

using standard methods. In addition to breaking the symmetry of the former parahydrogen 

protons, the other requirements for these enhancements were that the spin state in the 

product is a result of a chemical reaction and not a consequence of interaction with a magnetic 

field. This reaction must take place on a faster time scale than any relaxation.  



XLV 
 

 
Figure 1.3: Proposed reaction which would give rise to parahydrogen enhanced products where HA and HB are the 

former p-H2 protons. 

1.2.3 Parahydrogen 

The hyperpolarisation method utilised in this work is based on parahydrogen. The two 

isomeric forms of H2 are para- and ortho-hydrogen, or p-H2 and o-H2 respectively, and were 

ŦƛǊǎǘ ǇǊƻǇƻǎŜŘ ōȅ tŀǳƭƛ ƛƴ ǘƘŜ мфнлΩǎ. The difference between them can be identified by 

examining the respective components of their wavefunctions. Dihydrogen consists of two 

identical spin ½ nuclei and is classed as a fermion. The overall wavefunction of a fermion, such 

as in dihydrogen, has to be antisymmetric.14 The wavefunction consists of electronic (yE), 

vibrational (yV), rotational (yR), translational (yT) and nuclear spin (yS), components (Equation 

(1.4)). When these are combined, the electronic, vibrational and translational wavefunctions 

are always symmetric with respect to particle interchange. Hence, the antisymmetric nature of 

the overall wavefunction can be achieved by a suitable combination of the rotational and 

nuclear spin wavefunctions which can be either symmetric or antisymmetric.  The rotational 

wavefunction is given the quantum number J. When J has an even value (e.g. J = 0, 2, 4 etc), 

the rotational wavefunction is symmetric, whereas when J has an odd value its wavefunction is 

antisymmetric. The nuclear spin of dihydrogen therefore determines whether the molecule is 

assigned as the ortho or para isomer, where orthohydrogen is the symmetric nuclear spin 

isomer and parahydrogen is the antisymmetric nuclear spin isomer (Figure 1.4). As dihydrogen 

is comprised of two I = ½ hydrogen atoms, each of which can have the values of either +½ or ς

½ these are combined in the nuclear wavefunction. 

  ‪‪‪‪ ‪  (1.4) 
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Figure 1.4: Schematic representation of the spin Isomers of dihydrogen H2, orthohydrogen is depicted on the left 

and parahydrogen on the right. 

¦ǎƛƴƎ ǘƘŜ ʰ ŀƴŘ ʲ ƴƻǘŀǘƛƻƴǎ ŦƻǊ ǎǇƛƴǎ ŀƭƛƎƴŜŘ ǿƛǘƘ ŀƴŘ ŀƎŀƛƴǎǘ ǘƘŜ ŀǇǇƭƛŜŘ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ 

ǊŜǎǇŜŎǘƛǾŜƭȅΣ ǘƘŜǊŜ ŀǊŜ ŦƻǳǊ ŎƻƳōƛƴŀǘƛƻƴǎ ƻŦ ǘƘŜ ǘǿƻ ǎǇƛƴǎΤ ʰʰΣ ʰʲΣ ʲʰ ŀƴŘ ʲʲΦ However, since 

ʰʲ ŀƴŘ ʲʰ ŀǊŜ ƛŘŜƴǘƛŎŀƭ, linear combinations are used to distinguish them. Now the four 

ŎƻƳōƛƴŀǘƛƻƴǎ ŀǊŜ ʰʰΣ ʲʲ ʰʲ Ҍ ʲʰ ŀƴŘ ʰʲ ς ʲʰΦ ¢ƘǊŜŜ ƻŦ ǘƘŜǎŜ ŎƻƳōƛƴŀǘƛƻƴǎ ŀǊŜ ǎȅƳƳŜǘǊƛŎ 

ǿƛǘƘ ǊŜǎǇŜŎǘ ǘƻ ǇŀǊǘƛŎƭŜ ƛƴǘŜǊŎƘŀƴƎŜ όʰʰΣ ʲʲ ŀƴŘ ʰʲ Ҍ ʲʰύ ŀƴŘ ǘƘǳǎ ŦƻǊƳ ǘƘŜ ǘǊƛǇƭŜǘ ǎǇƛƴ ƛǎƻƳŜǊ 

orthohydrogen (Figure 1.4) and the fourth linear combination, ʰʲ ς ʲʰΣ ƛǎ ŀƴǘƛǎȅƳƳŜǘǊƛŎ. This 

singlet state corresponds to the parahydrogen spin isomer and therefore must occupy even 

rotational energy levels. The three other spins states are consigned to the odd values of J. This 

means that it is the parahydrogen isomer which populates the lowest energy rotational level (J 

= 0) and therefore is the most stable of the two isomers. The interconversion between the two 

isomers is forbidden as we need to changes two quantum numbers, J and /h ,̡ simultaneously 

for interconversion. This means that it is feasible to isolate H2 which is solely in the 

parahydrogen form.  

For an equilibrating system, the relative proportions of o-H2 and p-H2 are temperature-

dependent, as depicted in Figure 1.5.14 The energy difference between the lowest energy 

rotational levels for o-H2 and p-H2 is small and at room temperature there is sufficient energy 

for odd and and even energy levels to be populated according to the Boltzmann distribution 

and the result of this is that as there is an almost equal number of odd and even energy levels 

populated. Since there are three spin states corresponding to orthohydrogen and just one for 

parahydrogen there is approximately 75 % o-H2 and 25 % p-H2. At lower temperatures there is 

no longer sufficient energy for these energy levels to be populated and there is a population 

Ortho-Hydrogen Para-Hydrogen
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difference between J = 0 for p-H2 and J = 1 for o-H2.This is reflected in a difference in relative 

proportions of o-H2 and p-H2 seen with a decrease in temperature. At temperatures below 77 

K, p-H2 is now the major isomer and below 35 K, H2 which is almost purely parahydrogen can 

be isolated.  

 
Figure 1.5: Variation of the percentage of para- and ortho-hydrogen as a function of temperature, using the relative 

proportions of ortho and para hydrogen tabulated in Green et al., 2012.
14

 

There are two approaches used to generate parahydrogen. The simplest is storing of a sample 

under an atmosphere of H2 in liquid nitrogen, in the presence of a catalyst to generate samples 

with consisting of ~50% p-H2. Alternatively, p-H2 can be prepared using a closed-cycle cooler to 

drop the temperature of the H2 to ~20 K where 100% p-H2 can form. The H2 is passed over a 

suitable catalyst at ~20K and this facilitates the interconversion between the two spin isomers. 

This is typically activated charcoal and iron oxide when the gas is removed from the catalyst 

and returned to room temperature it will retain its enriched parahydrogen state for a 

prolonged period, provided there is no paramagnetic material which may facilitate the 

conversion between the two spin isomers. 

Parahydrogen itself is NMR silent, as it has no net spin angular momentum. Bowers and 

Weitekamp24 proposed that the potential signal enhancements that result from parahydrogen 

being a singlet state could be unlocked through its addition to an unsymmetrical entity. They 
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suggested the hydrogenation of an unsymmetrical alkene (Figure 1.3). In the hydrogenation 

product the two former H2 protons form an AX spin system, which means that the two protons 

are in chemically different environments and that they are coupled to one another. As in H2, 

there are four combinations of these two spins, now, owing to them being distinct from 

another, linear combinations are not required. In the hydrogenation product which results 

from the use of naturally abundant H2 all four of these states are approximately equally 

populated. Since it is population differences which give rise to NMR signals, the signals which 

result are small. The possible transitions from these states are governed by the selection rule 

DmI = °1 ƛΦŜΦ ŜƛǘƘŜǊ ʰ ƎƻŜǎ ǘƻ ʲ ƻǊ ʲ ƎƻŜǎ ǘƻ ʰ ōǳǘ ƴƻǘ ōƻǘƘΦ This means there are four possible 

transitions which gives two doublets in the NMR spectrum (Figure 1.6). When p-H2 is used 

ƛƴǎǘŜŀŘΣ ƻƴƭȅ ǘƘŜ ʰʲ ŀƴŘ ʲʰ ǎǘŀǘŜǎ ŀǊŜ ǇƻǇǳƭŀǘŜŘΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŜǊŜ ƛǎ ŀ ŎƻƴǎƛŘŜǊŀōƭȅ ƭŀǊƎŜǊ 

population difference which equates to much larger signals in the NMR spectrum. There are 

ŀƭǎƻ ŦƻǳǊ ŀƭƭƻǿŜŘ ǘǊŀƴǎƛǘƛƻƴǎΣ ŀƭǘƘƻǳƎƘ ǎƛƴŎŜ ƻƴƭȅ ǘƘŜ ʰʲ ŀƴŘ ʲʰ ǎǘŀǘŜǎ ŀǊŜ ǇƻǇǳƭŀǘŜŘ ǘƘŜ 

ǘǊŀƴǎƛǘƛƻƴǎ ƳƻǾŜ ŦǊƻƳ ǘƘŜǎŜ ǎǘŀǘŜǎ ǘƻ ǘƘŜ ʰʰ ŀƴŘ ʲʲ ǊŜǎǳƭǘƛƴƎ ƛƴ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎ ŀƴǘƛǇƘŀǎŜ 

doublets in the NMR spectrum (Figure 1.6). 

  
Figure 1.6: Schematic representation of an AX spin system in a hydrogenation product using natural abundant 

hydrogen (left) and parahydrogen (right). The relative populations are signified by thickness of the lines. The arrows 
represent allowed transitions and the bottom diagrams are the resultant NMR spectra from these transitions.  
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In 1987 Bowers and Weitekamp25 followed up their theoretic paper with experimental 

observations of this phenomenon. Using the established hydrogenation catalyst, RhCl(PPh3)3 

ό²ƛƭƪƛƴǎƻƴΩǎ Ŏŀǘŀƭȅǎǘύ26 with H2 enriched to 50% p-H2 they studied the hydrogenation of 

acrylonitrile (Figure 1.7) inside an NMR spectrometer by bubbling the p-H2 into the sample 

using a capillary. They observed signals corresponding to the hydrogenation product, 

proprionitrile, which were 100-200 times larger than the thermal equilibrium signals. The 

hydrogenation product, RhH2(PPh3)3/ƭΣ ŦƻǊƳŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ǊŜŀŎǘƛƻƴ ƻŦ ²ƛƭƪƛƴǎƻƴΩǎ Ŏŀǘŀƭȅǎǘ 

with p-H2 was also observed, where one hydride is trans to a chloride ligand and the other 

trans to a PPh3 making the two hydrides chemically inequivalent (Figure 1.7B). They termed 

this phenomenon parahydrogen and synthesis allow dramatic enhanced nuclear alignment 

(PASADENA). The use of parahydrogen also allowed the sign of the hydride coupling to be 

deduced as negative owing to the profile of the hydride resonances. This information cannot 

to be deduced from spectra obtained using equilibrium magnetisation.  

 
Figure 1.7: Reactions observed by Bowers and Weitekamp,

25
 (A) the hydrogenation of acrylonitrile (B) the oxidative 

addition of p-H2 ōȅ ²ƛƭƪƛƴǎƻƴΩǎ ŎƻƳǇƭŜȄΦ IA and HB refer to former p-H2 protons.  

Also in 1987, the Eisenberg group also demonstrated that parahydrogen could be used to 

created hyperpolarised signals in NMR.27 The initial experiments utilised a rhodium trinuclear 

complex, [Rh3Cl2H2(CO)2(Ph2P(CH2)2PPh)2]
+, as the hydrogenation catalyst and phenyl acetylene 

as the substrate (Figure 1.8A). The sample was prepared and stored under H2 in liquid nitrogen 

for at least 8 hours. This allows the H2 to be enriched with approximately 50% p-H2. After this 

A

B



 

L 
 

time a 1H NMR spectrum was acquired at 50 C̄ and enhanced signals for the hydrogenation 

product styrene were observed. To confirm that these enhanced signals were due to 

parahydrogen two control experiments were performed. The first control involved storing the 

sample under vacuum for 8 hours in liquid nitrogen and only adding H2 prior to the running the 

NMR experiment. As expected, this did not give any enhanced signals. The second control 

experiment did not store the sample in liquid nitrogen at all, instead parahydrogen prepared 

separately was added to the sample and the 1H experiment performed. This sample did give 

enhancements comparable to the first. From this it can be concluded that the storing of H2 in 

liquid nitrogen in the presence of the rhodium trinuclear complexes results in the enrichment 

of H2 as the para isomer and that this can hydrogenate phenyl acetylene. This process breaks 

the symmetry of the former p-H2 protons and allows enhanced signals in the phenyl acetylene 

product to be observed. They went on to study this rhodium trinuclear complex with the 

deuterated alkenes; d8-styrene, d6-propylene and d4-ethylene.27 In each of the products, they 

obtained enhanced signals, including the symmetrical ethylene substrate. This was explained 

by the concept of magnetic inequivalence due to HςD coupling meaning the product has an 

!!Ω·2·Ω2 spin system (Figure 1.8B).  

 
Figure 1.8: Summary of some of the reactions reported by the Eisenberg group. A) The hydrogenation of phenyl 

acetylene by [Rh3Cl2H2(CO)2(Ph2P(CH2)2-PPh)2]
+
, [Rh], B) The hydrogenation of d4-ethylene resulting in the magnetic 

ƛƴŜǉǳƛǾŀƭŜƴǘ ǇǊƻŘǳŎǘ ǿƛǘƘ ŀƴ !!Ω·2·Ω2 spin system. C) The oxidative addition of p-H2 to the iridium complex 
IrXCl(dppe) where X = CN or Br. HA and HB refer to the former p-H2 protons in each scheme. 

A

B

C
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The final reaction reported in the 1987 paper by Eisenberg,27 involved the oxidative addition of 

p-H2 to the iridium complex IrX(CO)(dppe), X = CN, Br. In this reaction, they observed the 

stereoselective H2 oxidative addition forming a dihydride product where the two hydrides are 

cis to one another (Figure 1.8C). As with the earlier study by Weitekamp,25 they were able to 

ascertain that the coupling between these hydrides has a negative sign as a consequence of 

the splitting pattern obtained in the parahydrogen enhanced spectrum. They proposed that 

the use of parahydrogen could be used to confirm whether a catalytic hydrogenation reaction 

proceeds via the pairwise transfer of protons as this is one of the requirements for 

parahydrogen enhancements to be observed. The Eisenberg group coined the abbreviation 

PHIP for this phenomenon where PHIP stands for parahydrogen induced polarisation. It is this 

abbreviation which will be used from here to refer to parahydrogen enhancements.  

In the almost 30 years since these initial publications, there has been a great deal of research 

performed using parahydrogen as a hyperpolarisation source. In this work, the use of 

parahydrogen has been utilised in the study of hydrogenation reactions,28 mechanistic 

organometallic chemistry29, 30 and, more recently, as part of a non-hydrogenative process 

through the use of signal amplification by reversible exchange (SABRE).31 In this method, the 

hyperpolarisation is passed from parahydrogen protons to a substrate via a transition metal 

complex.  

1.2.4 NMR Theory for Boltzmann distribution model 

The premise behind NMR spectroscopy is that each nucleus has a nuclear spin angular 

momentum which generates a magnetic moment. When inside a magnet they interact with 

the applied magnetic field and this ultimately gives rise to an NMR spectrum. To understand 

how a spectrum is obtained using a spectroscopic technique often requires an energy level 

approach; with NMR spectroscopy, however, this approach is insufficient. To understand the 

interactions between nuclear spin and the applied magnetic field and the implications of the 
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different pulse sequences within an NMR experiment a different approach is required. There 

are number of theories which can be used. One of the more basic and readily accessible 

models is the vector model. This is a geometric model which provides a non-mathematical 

approach to NMR spectroscopy; however, it is really only applicable to simple isolated spin 

systems and basic pulse sequences. Another model used to understand NMR theory utilises 

product operators. This model can be used to give a more complete description of NMR 

experiments and can be used on coupled spin-½ nuclei as well as multiple pulse experiments. 

There are other models which delve deeper into the quantum theory behind NMR 

spectroscopy but this level of rigour is beyond the scope of this thesis. The vector model has its 

limitations when used to describe NMR experiments but it can be used to introduce the ideas 

and terminology used by the more complex methods and as such provides a convenient 

starting point in discussing the theory behind NMR spectroscopy.  

1.2.4.1 Vector Model 

The vector model is often the first model used to introduce the concepts behind NMR 

spectroscopy. The limitations of the model, in terms of the examples it can be applied to, are 

offset by the advantage of it being a geometric approach. As such it provides pictorial 

representations of the underlying processes making it an accessible model to introduce the 

theory behind NMR spectroscopy.32 

The vector model concerns the actions of the Bulk magnetisation; this is the average magnetic 

moment across all of the spins. This magnetisation which is aligned with the z axis, Mz, is not 

detectable. Radio frequency (RF) pulses are used to move this magnetisation from the z axis, 

into the x or y axes giving Mx and My magnetisation. This magnetisation is detected by 

wrapping a coil around either the x or y axis and when the precessing magnetisation cuts this 

coil it induces a current which is detectable. The rotating frame of reference is used to negate 
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the effect of the Larmor precession. In the rotating frame the axes are also rotating at the 

Larmor frequency and thus the magnetisation appears to be stationary.  

 
Figure 1.9: Schematic to show how once the magnetisation is moved away from the z axis it precesses around the z 

axis at the Larmor frequency. A signal can be detected by wrapping a coil along either the x or y axis (x in this 
example) and when this is crossed by the magnetisation a detectable current results. Adapted from Keeler.

32
  

The most basic NMR experiment is the pulse-acquire experiment. This consists of a single pulse 

followed by the detection of the signal. For the maximum signal, the RF pulse is applied for a 

sufficient amount of time to tip all the magnetisation into the x or y axis. The signal intensity 

follows a sine function. Therefore, the maximum signals are seen when the magnetisation has 

been moved through 90̄ and 270̄ (or multiples thereof) and the minimum signals is seen 

when the magnetisation has been moved through 180 ̄or 360̄ . To know how long to apply 

the RF pulse to achieve the maximum signal the pulse lengths need to be calibrated for the 

particular pulse power. This is done by varying the time that the pulse is applied for with a 

fixed pulse power and monitoring the changes in the on-resonance signal. Since the null point, 

where the minima are, are more distinctive than the maxima, pulse lengths that should 

approximately correspond to the 360̄ pulse length are used and once the null point is seen 

the pulse length is divided by 4 to give the value for a 90 ̄pulse.  

 
Figure 1.10: Pulse sequence for a pulse acquire experiment. A pulse, ƻŦ ŀƴƎƭŜ ʻ, is applied either the x or y axis, in 

this example it is along x, followed by a delay, t, and the signal is then observed by a free induction decay (FID). 
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1.2.4.2 Product Operators 

The use of product operators can provide a more comprehensive description of NMR 

experiments than was possible using the vector model.32 Unlike the vector model, the product 

operator approach can be used with systems containing more than one spin and systems 

where the spins are coupled, this coupling may be hetero- or homo-nuclear in origin. It may 

also be used on experiments which have a wider variety of pulses and delays than was 

demonstrated by the vector model.  

The product operator analysis of a one spin system bears many hallmarks of the vector model. 

The one-spin system may be described by four operators; ½E, Ix, Iy and Iz. E is the unity 

operator which does not generate observable magnetisation under the NMR experiment; it is 

included here for completeness and will not be discussed further. The remaining three 

operators describe magnetisation in each of the three axes and are analogous to the Mx, My 

and Mz of the vector model. As with the vector model, the applied magnetic field is assigned as 

the z axis and the right-handed coordinate system is used to assign the x and y axes, 

respectively. This means that Iz refers to the equilibrium magnetisation position making it 

unobservable and in experiments under Boltzmann distribution conditions it is the initial state.  

The most basic NMR experiment is the pulse-acquire experiment (Figure 1.10). As covered in 

the vector model, the application of an RF pulse moves the magnetisation from aligned with 

the z axis (Iz) and into the xy plane where is can be observed as either Ix or Iy depending on 

which axis the pulse is applied along. How far the magnetisation moves into the xy plane 

depends on duration of the pulse. The evolution of starting operator varies as a function of 

Ŏƻǎόʻύ ǿƘŜǊŜ ʻ ƛǎ ǘƘŜ ŀƴƎƭŜ ƻŦ ǘƘŜ ǇǳƭǎŜ ŀǇǇƭƛŜŘ ŀƴŘ ǘƘŜ ƴŜǿ ƻǇŜǊŀǘƻǊ ŜǾƻƭǾŜǎ ŀǎ ŦǳƴŎǘƛƻƴ ƻŦ 

ǎƛƴόʻύ ŀǎ Ŏŀƴ ōŜ ǎŜŜƴ ōȅ Figure 1.11A.  

(Original operator)cos(q) + (New operator)sin(q) 
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This means that a 90̄ pulse results in all of the original operator being transformed into the 

new operator. This is why a 90̄ pulse results in the largest signal in a pulse-acquire experiment 

when the starting state is Iz. Once the magnetisation has moved away from the z axis it 

undergoes free precession around the z axis evolving under the resonance offset or chemical 

shift (W) and the time (t). Note: whilst this is referred to as the chemical shift it is not the true 

chemical shift of the signal but rather it is the chemical shift frequency difference, in radians, 

between the signal and the transmitter frequency (where the pulse is applied). Although the 

free precession occurs from the moment the pulse is applied, it can be considered 

sequentially. Since this evolution occurs around the z axis any terms relating to Iz are 

unaffected by this evolution. The evolution of the Ix and Iy based terms follow a predictable 

pattern given by Figure 1.11C which equates to the magnetisation precessing anticlockwise 

around the xy plane. Using the pulse sequence in Figure 1.10 and starting with the equilibrium 

magnetisation Iz, the final collection of terms would be  

ς Iy cos(Wt) + Ix sin(Wt) 

 
Figure 1.11: (A) Graphic representation of how the original and new operator vary as a function of the angle of the 

applied pulse. (B) The transformations with successive 90 ̄pulses for pulse along the x axis (left) and along the y axis 

(right). (C) The evolution of x and y terms as a function of the chemical shift (W) and time (t); (B) and (C) were 
adapted from Keeler.

32
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The results from the analysis of a one-spin system strongly resemble the results from the 

vector model and as such do not particularly demonstrate the need for the product operator 

approach over the vector model. One of the advantages of the product operator approach is 

that it is not restricted to spin systems with a single spin. To demonstrate this; a two-spin 

system, where the two spins are weakly coupled to one another, will be analysed. Weakly 

coupled spins are defined as spins which are coupled by a coupling constant which is smaller 

than the difference in chemical shift between the two spins. These spins may be homonuclear, 

for example two 1H nuclei, or heteronuclear, for example one 1H and one 13C nuclei. Each of 

the spins can be described by the same four operators which described the single spin system, 

these combine to give a total of 16 operators (Table 1.1). These two spin can be labelled as I1 

and I2, or as I and S, and the ½ and 2 on the various operators reflect normalisation constants 

for these terms. Some of the terms are familiar from the one spins system; Ix, Iy, Iz, Sx, Sy and Sz, 

which represent the in-phase operators for each of the two spins for the x, y and z axes. In 

addition to these terms there are four which represent multiple quantum coherences (shaded 

green in Table 1.1). Linear combinations of these operators give the zero and double quantum 

terms according to Equations (1.5)-(1.8). There are also five terms which are classed as 

antiphase operators (shaded grey in Table 1.1) 

Table 1.1: Table of the 16 combinations of the four operators for the two spins I and S. 

 ½ E2 Sx Sy Sz 

½ E1 ½ E Sx Sy Sz 

Ix Ix 2IxSx 2IxSy 2IxSz 

Iy  Iy 2IySx 2IySy 2IySz  
Iz Îz 2IzSx  2IzSy  2IzSz  

 

Ὀὗ
ρ

ς
ςὍὛ ςὍὛ  (1.5) 

Ὀὗ
ρ

ς
ςὍὛ ςὍὛ  (1.6) 

ὤὗ
ρ

ς
ςὍὛ ςὍὛ  (1.7) 

ὤὗ
ρ

ς
ςὍὛ ςὍὛ  (1.8) 
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A two spin system allows the analysis of the spin echo sequence (Figure 1.12A). The spin echo 

is an essential building block for many more complex NMR experiments due to its ability to 

refocus chemical shift and/or scalar coupling. The spin echo follows a pulse, or collection of 

pulses in more complex experiments to generate observable magnetisation. The spin echo 

itself starts with a delay, t, followed by a 180̄ pulse and a second delay, t. For the refocussing 

to work, both of the delays have the same duration. This analysis will allow the behaviour of a 

two-spin system during RF irradiation and during periods of free precession to be 

demonstrated. Like the one-spin systems, the two spins systems evolve as a function of the 

chemical shift during free precession periods, in addition to this they evolve as a function of 

the scalar coupling, J, between the two spins, according to the schematic in Figure 1.12B. Both 

of these effects occur at the same time. However, they can be treated separately as the results 

are not linked and the same observations are made regardless of the order they are analysed. 

 
Figure 1.12: (A) Schematic of a basic spin echo pulse sequence. (B) Schematic representation of how Ix (left) and Iy 

(right) magnetisation evolves under J coupling (adapted from Keeler).
32

 

In this example, the starting pulse is a pulse along x, the same as the pulse-acquire experiment 

which means we can use the result of the pulse-acquire experiment here. Starting from IzΣ ʻx 

pulse generates the following terms 

ς Iy cos(WIt) + Ix sin(WIt) 



 

LVIII 
 

Now the evolution as a function of the coupling needs to be considered. The ςIy term evolves 

into 2IxSz and the Iy term evolves into 2IySz both as a function of ̄ WISt there is a cosine 

relationship with the original operator and sine relationship with the new operator. Therefore, 

at the end of first delay, t, the product operator description is as follows 

ς Iy cos(WIt)cos(̄ JISt) + 2IxSz cos(WIt)sin(̄ JISt) + Ix sin(WIt)cos(̄ JISt) + 2IySz sin(WIt)sin(̄ JISt) 

The next step is a 180̄ applied along the y axis. This changes the sign of each operator 

according to Figure 1.11B, since it is applied along the y axis the Iy terms do not change. The 

result of this is 

ς Iy cos(WIt)cos(̄ JISt) + 2IxSz cos(WIt)sin(̄ JISt) ς Ix sin(WIt)cos(̄ JISt) ς 2IySz sin(WIt)sin(̄ JISt) 

A second delay period follows the 180̄ pulse during which time the terms evolve again under 

the chemical shift and scalar coupling. First, the evolution under chemical shift will be 

examined, giving the following result 

ς Iy cos2(WIt)cos(̄ JISt) + Ix cos(WIt)sin(WIt)cos(̄ JISt) + 2IxSz cos2(WIt)sin(̄ JISt)  

+ 2IySz cos(WIt)sin(WIt)sin(̄ JISt) ς Ix cos(WIt)sin(WIt)cos(̄ JISt) ς Iy sin2(WIt)cos(̄ JISt)  

ς 2IySz cos(WIt)sin(WIt)sin(̄ JISt) + 2IxSz sin2(WIt)sin(̄ JISt) 

Some of these terms cancel one another out and the trigonometric function in Equation (1.9) 

allows a simplification for the remaining terms and thereby the result from chemical shift 

evolution from the second delay t is given below. The trigonometric function can only be used 

because the duration of the two delay periods are the same and the result of this is that the 

evolution as a function of the chemical shift is removed, it has been refocussed.  

ς Iy cos(̄ JISt) + 2IxSz sin(̄ JISt)  

The evolution during the second delay period as a function of scalar coupling will now be 

considered using Figure 1.12B to give the terms below. Trigonometric functions may also be 

used here to provide further simplifications (Equations (1.10) and (1.11)). 
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ς Iy cos2( J̄ISt) + 2(2IxSz cos(̄ JISt)sin(̄ JISt)) +ς Iy sin2( J̄ISt) 

= ς Iy cos(2̄ JISt) + 2IxSz sin(2̄ JISt) 

The same analysis can be performed on the other spin and thus the full result at the end of the 

spin echo sequence is  

 ς (Iy +Sy) cos(2̄ JISt) + (2IxSz + 2IzSx) sin(2̄ JISt) 

 
ίὭὲὃ ὧέίὃḳρ (1.9) 

ὧέίὃ ίὭὲὃḳὧέίςὃ (1.10) 

ςίὭὲὃὧέίὃḳίὭὲςὃ (1.11) 

 
The analysis of the spin echo sequence has allowed the behaviour of two coupled spins as 

consequence of RF pulses and free precession to be evaluated. Like the one-spin system, the 

two-spin systems evolve as a result of the RF pulse according to the diagrams in Figure 1.11B 

and as a function of the chemical shift during free precession according to Figure 1.11C. In 

addition to this, they evolve under their scalar coupling according to Figure 1.12B. This shows 

how by using the scalar coupling and appropriate delays magnetisation can be transferred 

from one spin to another. This concept is at the centre of many one and two dimensional NMR 

systems.  

One class of operators not covered so far are the multiple quantum terms 2IxSx, 2IxSy, 2IySx and 

2IySy. Whilst these are not directly observable in an NMR experiment many pulse sequences 

make use of multiple quantum coherences. They are also important to describe some NMR 

experiments which utilise parahydrogen derived states, as will become apparent in Section 

1.2.5. These can be created from antiphase terms using RF pulses; for example, a 90x̄ pulse 

applied to both spins turns 2IxSz into ς2IxSy. Multiple quantum terms evolve in the same way as 

the other terms under RF pulses and as a function of the chemical shift but they do not evolve 

as a function of scalar coupling between the two spins. The individual terms evolve using the 
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same rules described by Figure 1.11C, and combine in a known way according to Figure 1.13. 

The angle by which the terms evolves is dictated by the sum of the chemical shifts (WI+WS) for 

the double quantum terms and by the difference in the respective chemical shifts (WIςWS) for 

the zero quantum terms. This is because the transformation results in collections of terms 

which can be abbreviated by the trigonometric functions given in Equations (1.12) and (1.13). 

As with the previous transformations, the original operator varies with a cosine function and 

the new operator according to the sine function. A worked example of the evolution of ZQx 

into ZQy is shown below to demonstrate how the individual terms evolve to give this overall 

result.   

ὧέίὃὧέίὄᶸίὭὲὃίὭὲὄḳὧέίὃ ὄ  (1.12) 
ὧέίὃίὭὲὄ ίὭὲὄὧέίὃḳίὭὲὃ ὄ  (1.13) 

 

 
Figure 1.13: Schematic representation of the evolution of double quantum (DQ, left) and zero quantum (ZQ, right) 

operators evolved as a function of chemical shift. The DQ terms evolve as a function of the sum of the chemical 

shifts (WI+WS) and the ZQ terms evolve as a function of the difference in chemical shift (WIςWS). 

Worked Example  

The operators which are used to describe the ZQx term are 2IxSx and 2IySy and these will evolve 

under WIt and WSt, where WI and WS are the chemical shift offsets for the respective spins, 

using the rotations described in Figure 1.11C.  

ςὍὛ ςὍὛ ựự  ςὍὛὧέί † ςὍὛίὭὲ † ςὍὛὧέί † ςὍὛίὭὲ † 

ựự  ςὍὛὧέί †ὧέί † ςὍὛὧέί Ὅ†ίὭὲ † 

 ςὍὛίὭὲ †ὧέί Ὓ† ςὍὛίὭὲ †ίὭὲ Ὓ† 
 ςὍὛὧέί †ὧέί Ὓ† ςὍὛὧέί †ίὭὲ † 

 ςὍὛίὭὲ †ὧέί † ςὍὛίὭὲ †ίὭὲ † 
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Grouping the terms based on their sine and cosine values and returning the normalisation 

constant ½ to the product operators gives the following result. 

½ ςὍὛ ς ὍὛ ὧέί Ὅ†ὧέί Ὓ† + ½ ςὍὛ  ςὍὛ ίὭὲ †ίὭὲ † 

+ ½ ςὍὛ  ςὍὛ ὧέί †ίὭὲ † ς ½ ςὍὛ  ςὍὛ ίὭὲ †ὧέί † 

Using Equations (1.7)and (1.8) the operators can be substituted with ZQx and ZQy and grouping 

the ZQx and ZQy terms together generates the following terms.  

ὤὗὼὧέί Ὅ†ὧέί † ίὭὲ Ὅ†ίὭὲ Ὓ†  ὤὗώὧέί Ὅ†ίὭὲ Ὓ† ίὭὲ Ὅ†ὧέί †) 

These can be simplified using the trigonometric identities in Equations (1.12) and (1.13) to give 

the final result in Equation (1.14).  

ὤὗὧέί    † ὤὗίὭὲ    † (1.14) 

1.2.5 NMR Theory relating to parahydrogen 

The description of NMR experiments in terms of product operators is different when 

parahydrogen in used as the starting state is not Iz but the same rules apply. NMR theory using 

the parahydrogen starting state will now be discussed.13-15, 32 

Parahydrogen has a pure spin state denoted by ʰ̡ ς ʲh, this is a singlet state and as such is 

described as ς½(2IxSx + 2IySy + 2IzSz) in product operators. These are a combination of the 

longitudinal two spin order term 2IzSz and ZQx (Equation (1.7)). The evolution of the singlet 

state will ƴƻǿ ōŜ ŀƴŀƭȅǎŜŘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ wC ǇǳƭǎŜ ŀƭƻƴƎ ǘƘŜ Ȅ ŀȄƛǎ ʻx to 

demonstrate the differences between parahydrogen and Boltzmann or thermal situations. This 

will be applied to both spins sequentially and to each of the operators in turn, the ς½ 

normalisation factor has been neglected from this and all subsequent analysis. Since the pulse 

chosen in this experiment is along the x axis the 2IxSx term is unchanged in this analysis. The 

resulting terms following the analysis of 2IySy and 2IzSz are given below, where the observable 

terms, in green, are simplified using the trigonometric identity in Equation (1.11). The same 
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observable terms are generated from 2IySy and 2IzSz only with the opposite sign to one 

another, and therefore cancel one another out and there is no NMR signal for parahydrogen. 

ςὍὛ  ςὍὛ 

ςὍὛ  ςὍὛὧέί— ςὍὛὧέί—ίὭὲ— ςὍὛίὭὲ—ὧέί— ςὍὛίὭὲ— 

= ςὍὛὧέί—ίὭὲ— ςὍὛίὭὲ— ὍὛ ὍὛ ίὭὲς— 

ςὍὛ  ςὍὛὧέί— ςὍὛὧέί—ίὭὲ— ςὍὛίὭὲ—ὧέί— ςὍὛίὭὲ— 

= ςὍὛὧέί— ςὍὛίὭὲ— ὍὛ ὍὛ ίὭὲς— 

 
When parahydrogen adds to a metal complex further evolution is observed, provided the two 

former parahydrogen protons are now in chemically or magenetically inequivalent 

environments. This evolution occurs as a consequence of the chemical shift from between the 

two protons in the product. This evolution takes place around the z-axis and as such the 2IzSz 

does not evolve. The ZQx term does evolve, into ZQy based on the cycle described in Figure 

1.13 giving Equation (1.14). In most parahydrogen experiments, the addition to the metal 

complexes does not occur synchronously. This means that the starting point for the evolution 

is different from one spin to the next, therefore decoherence of the ZQx term is observed and 

the amplitude of this term averages to zero, and only the 2IzSz terms remains. The observable 

operators are anti-phase in character and account for the characteristic anti-phase NMR 

ǎƛƎƴŀƭǎ ƻōǎŜǊǾŜŘ ƛƴ tILt ŜȄǇŜǊƛƳŜƴǘǎΦ ¢ƘŜǊŜ ƛǎ ŀƭǎƻ ŀ ǎƛƴнʻ ǊŜƭŀǘƛƻƴǎƘƛǇ ŀǎǎƻŎƛŀǘed with these 

terms; this changes the pulse angle which is associated with the largest NMR signals. Now 

these are observed using a 45° pulse rather than a 90° pulse observed using standard NMR 

methods.  

Parahydrogen may also add to the metal complex in a synchronous manner and this does not 

lead to the decoherence of the ZQx term and its evolution needs to be considered. This 

scenario is possible using a suitably photoactive metal complex with in situ photolysis, using 

the setup described in Section 8.3.2. This has been used with a ruthenium phosphine dihydride 
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complex [Ru(H)2(CO)(PPh3)3], the loss of H2 from this complex occurs during the 10 ns laser 

pulse at 355 nm and the coordination of H2 to the reactive intermediate occurs on an 1.4 s˃ 

timescale.15 This means that the parahydrogen adds as one and the ZQx term evolves 

synchronously into ZQy at a frequency which relates to the chemical shift difference between 

the two former parahydrogen protons according to Equation (1.14). Hence, the amplitude of 

the ZQx terms change as a function of the chemical shift difference and now it is not always 

true that the ZQx and 2IzSz terms cancel one another out. The evolution of these terms as a 

function of time is depicted in Figure 1.14, at time t = 0 the amplitude of the observable terms 

from 2IzSz equal those from ςZQx. At time t = t, however, the amplitude of the observable 

terms, and thus signal, is given by 1ςcos(W1ςW2)t, provided there is time resolution between 

the addition of parahydrogen and the interrogation of the spin states after evolution.  

 
Figure 1.14: Graphical representation of the evolution of the 2IzSz and ςZQx terms as a function of time. The 

amplitude of the 2IzSz does not vary time and ςZQx evolves as a function of cos(WIςWS)t. 

The ZQy will also generate observable magnetisation following an RF pulse, and the states that 

this creates can be interrogated in the same manner as for the other starting states. As shown 

below in Equation (1.15), this results in the antiphase terms 2IzSx and 2IxSz. This time, however, 

ǘƘŜȅ ŜǾƻƭǾŜ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ǎƛƴʻΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ƳŀȄƛƳǳƳ ǎƛƎƴŀƭ ǿƘƛŎƘ ǊŜǎǳƭǘǎ ŦǊƻƳ ǘƘƛǎ 

term is seen with a 90̄ pulse rather than a 45̄ pulse. These terms will evolve following the 

addition to a metal centre as a function of sin(WIςWS)t and this will result in the amplitudes of 
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the signals in the NMR spectrum varying by the same function. For Ru(H)2(CO)(PPh3)3, the 

chemical shift difference between the two hydride ligands was 1098 Hz and an NMR signal 

oscillating as a sine function with a frequency of 1101 ° 3 Hz was observed when a 90̄ pulse 

was used after a single laser pulse and an incrementing pump-probe delay.15  

ςὍὛ ςὍὛ  ςὍὛὧέί— ςὍὛίὭὲ— ςὍὛὧέί— ςὍὛίὭὲ— 
(1.15) 

 Activation of small molecules by metal complexes 1.3

To unlock the potential of parahydrogen it must add to a metal centre in a pairwise manner in 

a process known as bond activation. The process of HςH bond activation will now be discussed 

as well as the activation of SiςH bonds since triethylsilane will be utilised in this research as a 

test substrate to study the bond activation capabilities of the metal complexes.   

1.3.1 HɀH bond 

Transition metal hydrides play important roles in many catalytic processes such as 

hydrogenation33, hydroformylation34 and hydrosilation35 reactions. Catalytic hydrogenation 

reactions involve the transfer of two hydrogens to an unsaturated organic compound, such as 

those containing unsaturated carbon-carbon bonds, as well as other functional groups, such as 

ketone, imines and amide groups. The two protons maybe transferred from a suitable organic 

hydrogen donor, such as formic acid or isopropanol, through a method termed transfer 

hydrogenation36 or via the addition and activation of molecular hydrogen, H2, to the metal 

centre.33 

The HςH bond of molecular hydrogen may add to a metal centre through many different 

pathways,37 two of which are shown in Figure 1.15. The first is a ̀  ōƻƴŘ ƳŜǘŀǘƘŜǎƛǎ pathway.38-

41 This method results in an uneven split of the HςH bond and gives an H+ and an H-. The 

second is a homolytic pathway during which the bond breaks evenly and both hydrogens add 
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ǘƻ ǘƘŜ ƳŜǘŀƭ ŎŜƴǘǊŜ ŀƴŘ ŜƭƛŎƛǘǎ ŀ н Ǉƻƛƴǘ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƳŜǘŀƭ ŎŜƴǘǊŜΩǎ ƻȄƛŘŀǘƛƻƴ ǎǘŀǘŜΤ ǘƘƛǎ ƛǎ 

why this route is also referred to as the oxidative addition pathway.  

 
Figure 1.15: Schematic representation of the ̀-bond metathesis (top) and oxidative addition (bottom) reaction 

pathways of H2.
42, 43

 

Both pathways involve the side on coordination of dihydrogen as a transition state. In 1984 

Kubas44 isolated for the first time a complex where dihydrogen has interacted with a metal 

centre and retained the HςH bond. Following this discovery it was determined that the 

possible products from the reaction of dihydrogen with a transition metal do not exist as either 

dihydrogen complex or dihydride complex but on a continuum between these two extremes 

and the complexes are grouped according to the distance between the two hydrides (Figure 

1.16).43, 45 

 
Figure 1.16: Schematic representation of the continuum of metal dihydrogen and metal dihydride complexes, 

adapted from Crabtree
43

 and Devarajan et al. 
42

  

This process can be rationalised by considering the molecular orbitals that are involved in the 

interaction between the metal centre and the dihydrogen ligand.46 This approach is analogous 

to the Dewar-Chatt-Duncanson model47, 48 used to rationalise the coordination of double 
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bonds to a metal centre. The bonding has two synergic components. Firstly, the  ̀orbital of the 

HςH bond donates electron density into an empty d orbital with the appropriate symmetry. 

Secondly, there is back-donation from filled d orbitals of the metal centre into the empty anti-

bonding ̀ * orbitals on the H2 ligand. Both components act to weaken the HςH bond. It is 

thought that the donation from the metal into the antibonding ̀* orbital is the dominant force 

behind whether the HςH bond is retained in the product. With an increase in back donation 

the HςH bond begins to elongate and eventually breaks to give the dihydride complex. The 

factors that affect this are the electron density of the metal centre and the properties of the 

other ligands within the system. When these ligand are strong  ̄acceptors, for example the CO 

ligands in [(PPri
3)2(CO)3W(h2-H2)], the degree of back donation is less and the HςH bond is not 

cleaved. With electron rich metal such as [(PPh3)3RhCl] the dihydride complex is observed. This 

bond activation process is also observed with XςH bonds where X can be carbon,49 silicon50 and 

boron.51  

 
Figure 1.17: Schematic representation of the bonding interactions between a metal centre and dihydrogen. 

The spectroscopic characteristics of metal-hydrides and metal-dihydrogen complexes are 

distinctive and allow for their characterisation. The 1H NMR chemical shifts of metal-hydrides 

are, falling in the chemical shift range of d 0 to ς30 outside of the range of most other proton 

environments. Unfortunately, metal-dihydrogen species also fall in this range. There are, 

however, other NMR observations that can be used to distinguish between these two types of 

ligands. The first method involves substituting H2 with HD and measuring their scalar coupling. 

In free HD, JHD is 43.5 Hz; in a dihydrogen complex this coupling is only moderately smaller, 
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typically ~25 Hz since the HςD bond retains intact.52 In a dihydride complex, however, this 

coupling is less than 5 Hz since the bond between H and D has been broken and this coupling 

now reflects nuclei separated by two bonds. The second method which can be used utilises the 

difference in relaxation parameter, T1 in NMR. T1 refers to the spin-lattice relaxation 

mechanism and this effect is dominated by the dipole-dipole interactions between adjacent 

NMR active nuclei. The magnitude of these interactions is proportional to distance between 

the two nuclei, rHH
ς6. For a dihydrogen complex, the distance between the two protons is 

shorter than in a dihydride complex and thus the dihydrogen complex has the shorter T1 value. 

Typical T1 values are less than 160 ms for a dihydrogen complex and greater than 350 ms for a 

dihydride.53, 54 The specific relationship between bond length and T1 is given by Equation (1.16) 

where rIΧI refers to the distance between the two hydrogen atoms and n is the magnetic 

frequency of the spectrometer. 

ὶȣ Ⱦᴠ υȢψρυὝȾ’ Ⱦ  (1.16) 

 
Infrared spectroscopy can also be used to identify metal-hydride complexes, with the MςH 

stretching vibrations appearing between 1400 ς2300 cmς1 with deformation modes observed 

between 700 and 900 cmς1.55 It is for this reason, that Infrared spectroscopy has been widely 

used in the study of transition metal hydride complexes, this research has recently been 

reviewed by Procacci and Perutz.55 By contrast, metal-dihydrogen complexes are associated 

with HςH stretching modes between 2400 and 3200 cmς1 and MH2 stretching in the region of 

1300 and 1600 cmς1 for the symmetric stretching modes and 850 and 1000 cmς1 for the 

antisymmetric.52   

1.3.2 SiɀH bond 

The oxidative addition and h2-coordination of SiςH bonds are also observed, through the same 

mechanism as the activation of H2 bonds. The SiςH bond is typically weaker than a HςH bond 
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and therefore is more likely to form oxidative addition products. This observation can be 

rationalised by the ̀* orbital of the silyl bond being larger and more diffuse which makes them 

more accessible to the metals filled orbitals increase the degree of back donation possible 

weakening the bond. As with dihydrogen, the coupling between the two nuclei is indicative of 

the binding mode. Since silicon is also a spin-½ nucleus, this can be measured directly from the 

complex without the need for deuteration. Uncoordinated, or free, silanes typically exhibit 

have a JHSi of 200 Hz, this shrinks to ~100 Hz in a M-h2-(SiςH) interaction and is less than 20 Hz 

when oxidative addition has occurred.  

 Photochemistry 1.4

1.4.1 Overview 

There are several routes through which a small molecule may react with a metal complex, 

these include: a reaction with a stable coordinatively unsaturated complex, or a metal complex 

which contains a coordinated alkene ligand which can become hydrogenated creating a 

reactive species. Alternatively, they can be formed using a metal complex that contains a 

suitable thermally or photochemically labile ligand which forms a coordinatively unsaturated 

intermediate in-situ which may then go on to react with the small molecule This work involves 

the use of photochemistry to prepare suitable intermediates which may undergo reactions 

with parahydrogen or other ligands.  

The study of photochemistry concerns reactions initiated by light. The absorption of a photon 

of light allows electronically excited states to be accessed. The excited state may have 

different geometries and orbitals of different symmetries which provide routes to different 

reactivity to the thermal options. The use of light circumvents the requirement to heat a 

compound to prompt reactivity and therefore the reactions may be performed at lower 
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temperatures allowing the study of reactions involving thermally unstable intermediates or 

products.  

This work involves the study of organometallic complexes where the use of light can be used 

to prompt the loss of a coordinated ligand and can provide routes for isomerisation, ligand 

substitution and bond activation reactions. There are a range of different photolabile ligands 

which can be used allowing for contrasting reactivity which include alkenes,56, 57 CO58, 59 and 

hydride(s)55 ligands. 

1.4.2 Time-Resolved methods  

Time-resolved methods have been developed to allow the study and detection of reaction 

intermediates giving insight into the reaction mechanism. These measurements are possible 

through the coupling of a light source, typically a laser, and an analytical probe. The time 

resolution for the method depends on the timing of both the irradiation and detection steps. 

The development of lasers with ultra-short pulses has greatly improved the time resolution 

with pico- to femto-second (10ҍ12 ҍ млς15
 s
ς1) reactions now being observable. There are a wide 

range of spectroscopic methods which can be used as the analytical probe which include UV-

visible absorption60 and infrared spectroscopy.61, 62 Both these methods have high sensitivity 

and fast detection steps and as a consequence these methods have been used to study 

reactive intermediates with a short lifetimes on the order of pico- or femtoseconds. These are 

vastly shorter timescales than can be routinely used with NMR where the detection step at 

best is on the order of seconds or minutes if signal averaging is required.  

1.4.3 In-situ NMR  

1.4.3.1 Photolysis methods 

The use of NMR in time-resolved methods is limited owing to the poor sensitivity and slow 

detection times. In-situ NMR methods have been developed providing much greater structural 
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information on reaction intermediates than other analytical methods used in time-resolved 

studies. In-situ NMR methods require a light source to be incorporated with the NMR 

spectrometer to allow for irradiation within the probe head where the NMR experiments take 

place. This can be achieved by directing the light down into the probe head from the top of the 

ǎǇŜŎǘǊƻƳŜǘŜǊ όάǘƻǇ Řƻǿƴέύ ƻǊ ōȅ ŘƛǊŜŎǘƛƴƎ ǘƘŜ ƭƛƎƘǘ ǳƴŘŜǊƴŜŀǘƘ ǘƘŜ ǎǇŜŎǘǊƻƳŜǘŜǊ ŀƴŘ ǳǇ ǘƻ 

ǘƘŜ ǎŀƳǇƭŜ όάŘƻǿƴ ǘƻǇέύΣ όFigure 1.18).63 ¢ƘŜ άǘƻǇ Řƻǿƴέ ŀǇǇǊƻŀŎƘ Ƙŀǎ ōŜŜƴ ǳǎŜŘ ōȅ ǘƘŜ .ŀƭƭ 

group, using 100 W Hg arc lamp with fibre optic cable as the light source.64 The advantage of 

ǘƘŜ άǘƻǇ Řƻǿƴέ ŀǇǇǊƻŀŎƘ ƛǎ ǘƘŀǘ ƛǘ ƻƴƭȅ ǊŜǉǳƛǊŜǎ ƳƻŘƛŦƛŎŀǘƛƻƴ ǘƻ ǘƘŜ baw ǘǳōŜ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ƛǎ 

not restricted to one spectrometer.65  

 
Figure 1.18: Schematic representation of the two in-situ NMR photolysis methods (left) bottom-up (adapted from 

Calladine et al.
66

) and (right) top-bottom. 

¢ƘŜ άǘƻǇ-Řƻǿƴέ ŀǇǇǊƻŀŎƘ ǘƻ in-situ photochemistry has been used by a number of groups in 

vastly varied fields. These have included the photoisomerisation of azo dyes where trans/cis 

isomerisation is prompted following continuous irradiation from a argon-krypton mixed gas 
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laser.67 Distinctive chemical shift differences between the cis and trans isomers were observed 

and it was proposed that this could be used in predicting the isomer assignment in more 

complex azo dyes.67 Subsequent work combined the NMR measurements with DFT calculations 

allowing the cis isomers of commercial dyes to be observed and the structural characteristics 

of the two isomers to be identified.68 More recently this technique has permitted the kinetics 

of these systems to be explored in more depth.69 The photoinduced isomerisation of 

azobenzene has also been utilised in the field of molecular switches using macromolecules 

containing a number of different azobenzene linkers.70 In-situ photolysis using a 150 W Xenon 

high stability lamp with a monochromator selecting 470 nm light coupled to a 700 MHz 

spectrometer allowed the isomerisation of a tetraazo macromolecule system to be studied.71 

The sequential isomerisation of the azobenzene linkers was observed and each of the isomeric 

forms were observed and characterised by 2D NMR methods. Through the combination of the 

in-situ NMR spectra observations and DFT calculations the relative stability of each of the 

isomers were analysed. The (E, Z, E, Z) isomer was found to have the highest free energy of 

activation which was attributed to the ring strain associated with this isomer. Other research 

fields using in-situ photochemistry with NMR spectroscopy have included: using titania coated 

NMR tubes to study the semiconductor photocatalysed oxidation of toluene where a Xe-arc 

lamp was used as the irradiation source.65 Platinum azide complexes have also been studied as 

potential photochemotherapeutic agents72 and the photooxidation of benzyl alcohols into the 

corresponding aldehydes used as a test reaction for an LED based in-situ NMR procedure.73 

In York, however, the bottom up approach is being used, where modified NMR probes are 

used in conjunction with mirrors and appropriate light sources to direct the light on to the side 

of the NMR sample within the probe head. Early work used a He:Cd cw laser with a 400 MHz 

spectrometer74 although this setup has since been superseded by a Nd:YAG laser coupled to a 

600 MHz spectrometer.66 The disadvantage of using this approach is that it requires holes to 

be drilled into the probe head to allow the light to be directed on to the side of the sample. 
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This is potentially risky and restricts the measurements to a single NMR probe but once the 

ƳƻŘƛŦƛŎŀǘƛƻƴǎ ƘŀǾŜ ōŜŜƴ ƳŀŘŜ ŀƴȅ baw ǎŀƳǇƭŜ ƳŀȅōŜ ǳǎŜŘ ƛƴŎƭǳŘƛƴƎ ¸ƻǳƴƎΩǎ ǘŀǇǇŜŘ baw 

tubes to allow the study of air sensitive materials and reactions involving gases such as p-H2.  

1.4.3.2 Low temperature photolysis and characterisation 

Low temperature in-situ irradiation and NMR spectroscopy has proved particularly fruitful in 

the study of alkane complexes. A number of half sandwich rhenium complexes have been 

studied (Figure 1.20). When CpRe(CO)2(PF3) (Figure 1.20A) was irradiated at 185 K in 

cyclopentane three new species formed.75 Two were consistent with alkane complexes and 

were characterised as CpRe(CO)2(alkane) and CpRe(CO)(PF3)(alkane) demonstrating that there 

are two competing photochemical processes in this system where either the CO or phosphine 

ligands may be lost. The third product formed corresponded to the CςH activation of the 

alkane to give the corresponding alkyl hydride complex. In CpRe(CO)2(N2) (Figure 1.20B), 

however, in-situ photolysis only resulted in the loss of N2 was observed giving 

CpRe(CO)2(alkane) as the sole product.66 These observations were supported by time-resolved 

IR measurements.66, 76  

 
Figure 1.19: Starting complexes for the study between rhenium biscarbonyl complexes and alkanes.

66, 75
  

Similar systems, which differ in the identity of the top ligand, have been studied. Recently 

[(HEB)Re(CO)3]
+ (Figure 1.20A), where HEB refers to an h6-hexaethylbenzene ligand, has been 

studied with alkane ligands and highly fluorinated solvents, such as CF3CH2CF3.
77 Irradiation in 

the presence of cyclopentane at 193 K resulted in the loss of a CO ligand and the coordination 

of cyclopentane in preference over the fluorinated solvent indicating a preference for CςH 

A B
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over CςF coordination. A third rhenium complex has also been studied (Figure 1.20B) where 

the half sandwich ligand has been replaced by a half sandwich cobalt complex with three 

diethylphosphito ligands which coordinate to the tricarbonyl rhenium centre also.78 This too 

was studied using low temperature irradiation, at 178 K, which resulted in the loss of a CO 

ligand and coordination of the alkane using cyclopentane, cyclohexane and pentane.  

 
Figure 1.20: Rhenium complexes used to study the formation of alkane complexes.

75, 77, 78
  

The reactivity between metal carbonyl complexes and coordinated alkane ligands has not been 

restricted to rhenium metal centres, manganese complexes have also been investigated. 

CpMn(CO)3 has been found to undergo CO loss when photolysed at 355 nm at 133 ς 136 K 

using liquid propane or butane as the solvent.79 The same complex has been studied towards 

ethane and isopropane.80 

1.4.3.3 Coupling of in-situ NMR and parahydrogen enhancements 

In York, these in-situ photolysis methods have also been used to study reactions between 

metal complexes and parahydrogen providing improvements in the detection of intermediates 

and minor products or isomers in these systems.29, 30 The reactivity of the tungsten dinitrogen 

complex, [W(N2)2(dppe)2] (Figure 1.21A), was studied with H2.
81 The two dinitrogen ligands 

were demonstrated to be thermally labile at 328 K forming the tetrahydride complex, 

[W(H)4(dppe)2] (Figure 1.21C). When the reactivity of this complex was studied using low 

temperature in-situ photolysis a trihydride species was identified, corresponding to the 

activation of H2 and the ortho-metalation of a CςH bond of the dppe ligand (Figure 1.21B) and 

A B
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was proposed to be an intermediate in the formation of the tetrahydride complex. A further 

product was also identified as W(H)3(OH)(dppe)2 (Figure 1.21D) which arose through the 

reaction with water impurity in the NMR solvent. PHIP enhanced signals were observed in each 

of these products.  

 
Figure 1.21: (A) Starting tungsten complex (B)-(D) Products formed following irradiation of (A) with p-H2.

81
 

The reactivity of a range of ruthenium complexes have also been studied with parahydrogen. 

The irradiation of Ru(CO)3(dpae) and Ru(CO)3(dppe) resulted in the loss of a carbonyl ligand 

followed by p-H2 addition to give the corresponding Ru(H)2(CO)2(dpre) species where the two 

hydride ligands are PHIP enhanced (Figure 1.22).82, 83 When this was performed with the arsine 

analogue, in the resulting dihydride complex, 100 % conversion of the p-H2 encoded spin state 

was observed giving a signal enhancement of 31,000.82 When this study was repeated with 

Fe(CO)3(dppe), however, whilst the corresponding dihydride formed, it did not exhibit any 

PHIP enhancements.84 This observation was attributed to the electronic state of the 

intermediate of the iron complex being a triplet and therefore this can facilitate the conversion 

of parahydrogen into orthohydrogen returning the encoded spin state back to its Boltzmann 

distribution. The ruthenium derivatives, however, have an intermediate with a singlet 

electronic state and hence the spin-encoded state has been retained and the enhancements 

are observable.  

A B

C D
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Figure 1.22: Reaction scheme for the photochemical reaction of Ru(drpe)(CO)3 with p-H2 where R is phosphine or 

arsine.
82, 83

  

Using a related system, Ru(CO)2(dppe)(PPh3) (Figure 1.23A), where one CO ligand has been 

replaced with a PPh3 ligand its thermal and photochemical activity were investigated.85 When 

the complex was heated in the presence of parahydrogen the dihydride Ru(H)2(CO)2(dppe) 

formed, the same product was obtained using Ru(CO)3(dppe) as the starting complex and 

therefore it was concluded that heating resulted in the loss of a PPh3 ligand. When 

Ru(CO)2(dppe)(PPh3) was irradiated in the presence of parahydrogen, however, a second 

product was also detected. This corresponded to the loss of a CO ligand to give 

Ru(H)2(CO)(dppe)(PPh3) as two isomers (Figure 1.23B and C) previously only complex B has 

been detected. The simultaneous loss of both a CO and PPh3 was observed photochemically 

when Ru(CO)2(dppe)(PPh3) was irradiated in the presence of pyridine to give complex D (Figure 

1.23). This observation has also been observed in studies where the dppe ligand has been 

replaced by two monodentate phosphine ligands.86 

 
Figure 1.23: (A) Ru(CO)2(dppe)(PPh3), (B) and (C) Ru(H)2(CO)(dppe)(PPh3) and (D) Ru(H)2(CO)(dppe)(pyridine).

85
 

Most recently, the combination of in-situ irradiation and parahydrogen has been used to study 

Ir(H)2(CO)(I)(PPh3).
87 The dihydride complex was prepared thermally by the hydrogenation of 

ǘƘŜ ƛƻŘƛŘŜ ŀƴŀƭƻƎǳŜ ƻŦ ±ŀǎƪŀΩǎ ŎƻƳǇƭŜȄΣ ώLǊό/hύόLύόttƘ3)]. Upon irradiation the complex was 

hn

p-H2

R = P, As

A B C D
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found to undergo the reductive elimination of H2 to revert back to this complex. When this 

occurs in the presence of p-H2 with a single laser pulse and a precise variable time delay PHIP-

enhanced signals were observed. The growth of these signals allowed the rate constant 

associated with H2 addition to the unsaturated species to be measured as (3.06 ° 0.40) x102 

molς1 dm3 sς1, consistent with the literature values, validating the method.88, 89  

 
Figure 1.24: Reaction scheme for the photochemical reaction between Ir(H)2(CO)(I)(PPh3) and p-H2.

87
 

 Photochemistry of ruthenium phosphine dihydride complexes 1.5

1.5.1 cis-[Ru(H)2(PP)2] complexes 

Ruthenium phosphine dihydride complexes have been demonstrated to be suitable 

photochemical precursors through the reductive elimination of H2 and the formation of a 

reactive intermediate which may undergo further reactivity.55 The behaviour of complexes of 

the type cis-[RuH2(PP)2], where PP refers to a bischelating phosphine, have been extensively 

studied.90-94 Following the reductive elimination of H2, a square planar Ru(PP)2 intermediate 

forms which is capable of activating XςH bonds for a range of substrates, including HBpin and 

Et3SiH, or coordinating other ligands such as CO or ethene (Figure 1.25). These studies have 

been performed with a range of different bidentate phosphines (Figure 1.26). The activity of 

different ethyl-bridged phosphines was studied towards H2, CO and ethene.90 The resultant 

reactivity was found to adhere to the following trends dfepe < dppe < depe < dmpe for the 

different phosphines and ethene < CO < H2 for the different substrates. This preference for 

substrates was also observed when dmpm was used as the chelating phosphine.91 These 

studies have also extended to monodentate and tetradentate phosphine ligands. 

hn

ςH2

+ p-H2
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Ru(H)2(PMe3)4 was found lose a PMe3 ligand in addition to H2 forming both Ru(H)2(PMe3) and 

Ru(PMe3)4 intermediates which underwent reactions with CO and Et3SiH.95 Ru(H)2(PP3), where 

PP3 is P(CH2CH2PPh2)3, was found to undergo substitution reactions with N2, CO and ethene as 

well as bond activation of CςH bonds of benzene and PP3 as well as the SiςH bond of Et3SiH.96  

 
Figure 1.25: Reaction scheme for Ru(H)2(PP)2.

90-94
 

 
Figure 1.26: Examples of bidentate (PP) ligands studied.

90-94
 

dppe

depe

depe

dmpm

dmpe

(R,R)-Me-BPE

(R,R)-Me-DuPHOS
(S,S)-Me-DuPHOS
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1.5.2 Ruthenium phosphine carbonyl dihydride complexes 

Complexes of the type Ru(H)2(CO)(P)3 have also been studied extensively, where (P)3 may refer 

to three monodentate phosphine ligands, a combination of a mono- and bidentate ligands or a 

tridentate phosphine (Figure 1.27). The replacement of a phosphine ligand with a CO ligand 

offers the opportunity to follow the reactivity by infrared spectroscopy using the CO-stretching 

vibration. Time-resolved infrared spectroscopy was used to follow the reductive elimination of 

H2 from Ru(H)2(CO)(PPh3)3 and found that the process was complete within 6 ps of the laser 

pulse.97  

 
Figure 1.27: Structural motifs for ruthenium carbonyl dihydride complexes containing (A) three monodentate 

phosphine ligands,
95

 (B) a monodentate and bidentate phosphine ligand and (C) a tridentate phosphine ligand.
96

  

The use of CO potentially provides a second photolabile ligand which could result in competing 

reaction pathways with Ru(H)2(CO)(PPh3)3 and Ru(H)2(CO)(etp), however, only H2 loss was 

observed photochemically.97, 98 Ru(H)2(CO)(etp) was studied in the presence of CO, ethene and 

triethylsilane to form the respective substitution or bond activation products.96 The rates of 

these reactions were determined and the activity of the different ligands obeyed the following 

order H2 > ethene > CO > Et3SiH. The magnitude of these rates suggested that the reaction 

does not proceed via a solvent-stabilised intermediate nor an intermediate with a triplet 

ground state since both of these situations would have resulted in a slower reaction rate.  

Further studies were performed where one of the phosphine ligands has been swapped for the 

N-heterocyclic carbene (NHC) IEt2Me2.
99 Low temperature in-situ irradiation revealed two 

further isomers of this complex as well as a cyclometallated product (Figure 1.28). With 

prolonged irradiation times the photochemical loss of PPh3 was proposed resulting in a 
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Ru(H2)(H)2 species when performed under an atmosphere of H2 and 

Ru(H)2(CO)(IEt2Me2)(PPh3)(py) when performed with an excess of pyridine (py). It was 

subsequently determined that phosphine loss plays a role in the isomerisation process also.  

 
Figure 1.28: Ru(H)2(CO)(IEt2Me2)(PPh3)3 isomers and cyclometallated NHC product.

99
 

 Aims and studies described in this thesis 1.6

The aims of this work were to investigate the photochemical activity of different ruthenium 

and rhodium-based organometallic complexes towards small ligands such as DMSO and 

triethylsilane. Once their photoactivity had been demonstrated, appropriate complexes were 

then studied with parahydrogen with the intention of making time-resolved NMR 

measurements. Suitable complexes were those where the resulting dihydride products 

contained chemically and/or magnetically distinct hydride ligands. This was induced through 

the inclusion of an asymmetric or chiral ligand or as a consequence of the arrangement of the 

ligands in the metal complex. When these reactions occurred on a suitable timescale, the 

coherent retention of the zero quantum coherence of the parahydrogen singlet state may 

occur providing an opportunity to observe the evolution of this singlet state.  

An outline of the studies described in this thesis is provided below: 

Chapter Two: The photochemistry of three half sandwich rhodium alkene complexes, 

CpRh(CH2=CHSiMe3)2 2.1, CpRh(COE)2 2.2 and CpRh(COD) 2.3 was studied using ex-situ 

irradiation and their reactivity towards trimethylvinylsilane, DMSO and triethylsilane 
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investigated. The starting complexes and photoproduct are characterised by NMR 

spectroscopy and the reaction kinetics studied using relaxation kinetics (Appendix). 

Chapter Three: The reactivity of 2.1 and CpRh(CH2=CHSiMe3)(DMSO) 2.4 towards p-H2 was 

studied using the laser based in-situ irradiation NMR method thereby providing two routes to 

the same rhodium dihydride species CpRh(H)2(CH2=CHSiMe3). The reactivity of a third rhodium 

complex, CpRh(P*Ph)(C2H4) 3.2, was studied with H2 initially using the broadband UV light in-

situ NMR approach to establish activity towards H2. It was then studied towards p-H2 using 

laser initiation.  

Chapter Four: The photochemical reactivity of 2.1 and 2.2 towards phenyl methyl sulfoxide 

(PhSOMe) was studied. The products were characterised by NMR spectroscopy and the 

reaction kinetics analysed using relaxation kinetics.  

Chapter Five: The ruthenium complex [Ru(H)2(CO)(PPh3)(Xantphos)] 5.1 was synthesised and 

its photochemical activity towards ethene, 4-methyl-pyridine, 4-tert-butylpyridine, 15N-

pyridine, CO, benzyl alcohol, DMSO and triethylsilane studied. Once the photoactivity of 

[Ru(H)2(CO)(PPh3)(Xantphos)] had been established its reactivity towards these ligands in the 

presence of p-H2 was studied using broadband UV irradiation. Subsequently it was studied 

using time-resolved NMR methods with parahydrogen enhancements.  

Chapter Six: cis-[Ru(H)2(dppp)2] 6.1 was synthesised and was used to study the evolution of 

the parahydrogen singlet state under a difference in scalar coupling. This was studied using a 

standard 1H NMR experiment with a 90̄ pulse and a 45̄ pulse and with an OPSY pulse 

sequence which removes the thermal background. A related complex cis-[Ru(H)2(dppe)2] 6.2 

was studied to look at polarisation transfer to 31P followed by evolution under the difference in 

scalar coupling.  

Chapter Seven: Details of the experimental methods used in earlier chapters 
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2 3ÙÎÔÈÅÓÉÓȟ #ÈÁÒÁÃÔÅÒÉÓÁÔÉÏÎ ÁÎÄ 0ÈÏÔÏÃÈÅÍÉÓÔÒÙ ÏÆ 
ɍɉhυ-#υ(υɊ2ÈɉÁÌËÅÎÅɊςɎ 

2.1 Introduction  

This chapter reports the study of three 18-electron [(h5-C5H5)Rh(alkene)2] complexes. The 

reactivity of these types of complexes has been shown to involve the loss of one or both of the 

coordinated alkene ligands and that this may be achieved thermally or photochemically. This 

generates a co-ordinately unsaturated intermediate which may undergo further reactivity and 

complexes of this nature have been known to undergo a great number of useful 

transformations some of which is outlined below. The intent in this research is to establish the 

photochemical reactivity of the three rhodium complexes using ligands which are known to 

coordinate to similar systems.56, 57, 100 

One of the most studied half sandwich rhodium bis-alkene complexes is [(h5-C5H5)Rh(h2-

C2H4)2]
101 (Figure 2.1). In 1964 Cramer et al., demonstrated that the thermal displacement of 

its ethylene ligands occurs at temperatures in excess of 115 C̄.101 They subsequently showed 

that substitution by nucleophiles, such as phosphines, pyridines and other alkenes was 

possible.102 The thermal reactivity of pentamethylcyclopentadienyl (Cp*) analogues of these 

systems have been studied by Brookhart, most commonly with trimethylvinylsilane as the 

coordinated alkene (Figure 2.1). When these displacement reactions were studied in different 

deuterated solvents H/D exchange was observed with the solvent and it was concluded that 

the system is capable of activating the CςD bonds of benzene, toluene, chlorobenzene and 

acetone.103 In addition, when d6-benzene was used as the solvent, deuterium incorporation 

into a series of co-substrates such as aniline, cyclopropene, ferrocene and methyl ethers was 

observed. 
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Figure 2.1: Structures of [(h

5
-C5H5)Rh(h

2
-C2H4)2]

101
 (left) and [(h

5
-C5Me5)Rh(h

2
-CH2CHSiMe3)2]

103
 (right) 

These reactions could be followed by the changes in the 1H NMR spectra. The deuterium 

exchange study in benzene showed significant deuteration of the vinyl resonances after 17 

minutes at 78 ̄C and with longer reaction times additional deuteration of the Si(CH3)3 and Cp* 

groups was noted.103 Contrasting with Cp*Rh(C2H4)2 reactivity where only 25% deuteration was 

observed after 2 hours at 78 ̄C.104 The difference was attributed to the vinylsilane ligand being 

more labile than ethylene and thus providing a more efficient route to the reactive 16 electron 

intermediate Cp*Rh(alkene) proposed to be responsible for the CςH bond activation 

properties of these complexes. These observations highlighted the possibility of using the 

displacement of vinylsilane ligands to achieve access to the unsaturated metal centres under 

relatively mild conditions. 

Since these initial studies, many reports have focussed on improving our understanding of 

transfer hydrogenation reactions.105, 106 Some of the reported reactions are shown in Figure 

2.3. These are all intramolecular transfer hydrogenation reactions where H2 is transferred from 

the functional groups of the silane to the alkene. Using this procedure, silyl enolates,103 silyl 

enamines103 and 1,2-diheteroatom-substituted alkenes106 have been prepared using the 

appropriated precursors. This complex was also used in a carbon-carbon bond forming 

reaction where the addition of an alkene to an aromatic aldehyde or ketone proved possible 

and mechanistic studies were performed.105, 107 
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Figure 2.2: Examples of the transformations using Cp*Rh(CH2CHSiMe3)2 (A) vinylalkoxysilanes into silyl 

enolates;
103

(B) vinylaminosilanes into silyl enamines
103

 and (C) the formation of 1,2 diheteroatom-substituted 
alkenes.

106
  

Most recently this complex has been used to study intramolecular hydrogen transfer reactions 

using the alkoxyvinylsilane ligand (Figure 2.3A) to form the internal alkene product (Figure 

2.3B).108 In the active catalyst there is a bound alkoxyvinylsilane ligand and the ethoxy linker is 

in close proximity to the metal centre (Figure 2.3C). This allows the oxidative addition of its Cς

H bonds which facilitates hydrogen transfer into the vinylsilane giving the new internal alkene. 

Bolig et al. proposed two pathways for this process, which differ according to whether the first 

C ςH activation occurs as posiǘƛƻƴ ʰ ƻǊ ʲΦ ¦ǎŜ ƻŦ ŘŜǳǘŜǊƛǳƳ ƭŀōŜƭƭƛƴƎ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ƘƛƎƘƭȅ 

regioselective product which allowed them to associate the reaction with a 5-membered 

metallacycle intermediate (Figure 2.3D). 
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Figure 2.3: (A) Alkoxyvinylsilane starting ligand (B) Internal alkene product (C) Structure of the rhodium complexes 
with ligand (A) coordinated and (D) Structure of the 5-membered metallacycle intermediate. Structures adapted 

from Bolig et al.
108

 

The work in this chapter focusses on studies of the photochemical activity of related half-

sandwich rhodium-alkene complexes containing a cyclopentadienyl ligand. Their 

photochemical properties were originally studied using matrix isolation79, 100 and in solution.56, 

57, 74, 100, 109, 110 Early work showed that one of the coordinated alkenes is readily lost 

photochemically. The reactive intermediate CpRh(alkene) is formed which is capable of 

coordinating a number of different substrates; infrared,56, 100, 109 UV-Visible spectroscopy100, 109 

and NMR spectroscopy56, 57, 74, 100, 111, 112 have been used to characterise this process. The most 

studied system is that of [(h5-C5H5)Rh(h2-C2H4)2]. When the incoming ligand is DMSO57, 100 or 

acetonitrile57 only monosubstitution is observed (Figure 2.4A), whereas with PPh3,
57, 100 CO57, 100 

and tBuNC57 the sequential substitution of both of the original alkene ligands is possible (Figure 

2.4A-B). When CO and tBuNC were used as the substrate, dinuclear species were also observed 

with the respective ligands bridging the two metal centres (Figure 2.4C).57 The ethylene ligands 

were also substituted by trialkylvinylsilanes, butadiene and cyclohexene.57 Additionally, the 16-
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electron intermediate, CpRh(C2H4), was found to be capable of the oxidative addition of 

Me3SiH,56 Et3SiH56 and H2 bonds (Figure 2.4D-E).57 The photochemical oxidative addition of 

trialkylsilanes was used to develop a silyl-based migration pathway in hydrosilation 

reactions.113  

 
Figure 2.4: Summary of the different products from through the photochemical study of CpRh(C2H4)2 (Figure 2.1) 

with different ligands, L, labelled. Adapted from Perutz et al.
56, 57, 113

 

Subsequent research has moved towards studying complexes with different alkene ligands. 

Photolysing [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] at low temperatures in toluene allowed the 

detection of the unstable solvent complex (Figure 2.5A),74 where one alkene is substituted by 

an h2-toluene group. This was not seen for [(h5-C5H5)Rh(h2-CH2CHCH3)2], where low-

temperature photolysis in toluene only gave rise to the allyl hydride complex [(h
5-

C5H5)Rh(H)(h3-CH2CHCH2)] (Figure 2.5B).112 The expected h2-arene complex was, however, 

observed when toluene was replaced with naphthalene (Figure 2.5C).112 This stems from 

naphthalene retaining an element of aromatic stabilisation energy in the product, due to the 

second aromatic ring. The propensity of these complexes to undergo oxidative addition 

reactions has also been investigated with [(h5-C5(CH3)5)Rh(h2-CH2CHCH3)2] and triethylsilane at 

room temperature.112 The product, [(h5-C5H5)Rh(H)(Si(CH2CH3)3)(h
2-CH2CHCH3)] (Figure 2.5D), 
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was found to exist in three isomeric forms which interconvert on the NMR timescale through 

the rotation of the bound alkene ligand and through the rotation of an h
2-(SiςH) bond. This 

type of behaviour was also observed when [(h5-C5(CH3)5)Rh(h2-CH2CHCO2
tBu)2] was photolysed 

in the presence triethylsilane, diethylsilane and trimethoxysilane (Figure 2.5D).111 

 
Figure 2.5: Summary of the product structures, only a single isomer is displayed for each of the structures. Adapted 

from Duckett and Perutz et al.
74, 111, 112

. 

This chapter extends these studies by reference to the three alkenes, trimethylvinylsilane, 

cyclooctene and cyclooctadiene. The parent complexes, [(h
5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1, 

[(h5-C5H5)Rh(h2-C8H14)2] 2.2 and [(h5-C5H5)Rh(h4-C8H12)] 2.3, shown in Figure 2.6, were 

synthesised and their NMR characterisation is detailed. This ligand choice will allow the 

difference in mono- and bi-dentate alkene ligands to be investigated, as well as structural 

isomerisation to be observed through the presence of a symmetry-breaking trimethylsilyl 

substituent. The intention of this research was to establish the photochemical activity of these 

complexes through their irradiation ex-situ in the presence of small molecules known to 

coordinate to similar complexes. The small molecules of interest were trimethylvinylsilane, 

DMSO and triethylsilane. Trimethylvinylsilane was chosen as a ligand it allowed the 

isomeristaion of 2.1 to be studied as well as and the substitution of COE and COD in 2.2 and 
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2.2, respectively. In so doing it established whether their alkene ligands are photochemically 

labile under the experimental conditions used here. It has been reported that when (h5-

C5H5)Rh(C2H4)2 was photolysed in the presence of trimethylvinylsilane the predominant species 

which formed was (h5-C5H5)Rh(C2H4)(CH2CHSiMe3) and only through the removal of C2H4 by 

degassing was CpRh(CH2CHSiMe3)2 formed.57 Cyclooctene and cyclooctadiene are both liquids, 

with boiling points of 145 ̄C and 150 ̄C, respectively, and therefore the removal of the 

liberated alkene is not as simple as for C2H4 which may impact on the distribution of the 

products. The relative activity of the monodentate and bidentate ligands was also of interest. 

Whilst DMSO and triethylsilane are common ligands used to demonstrate that a free 

coordination site has been generate via the detection of products containing coordinated 

DMSO or triethylsilane in place of a labile ligand.  

 
Figure 2.6: Structures of the three complexes to be studied in this chapter. 

2.2 Synthesis 

2.2.1 [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 

The synthetic route to [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 is shown in Figure 2.7, full details 

of the synthesis can be found in the Experimental Section 8.2. The first step involves the 

ŦƻǊƳŀǘƛƻƴ ƻŦ /ǊŀƳŜǊΩǎ ŎƻƳǇƭŜȄΣ ώwƘό/2H4)2(m-Cl)]2.
114 The coordinated ethylene ligands were 

then substituted for the desired trimethylvinylsilane ligands following the literature procedure 
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reported by Marciniec group in 2003.115 The reaction time was increased from 3 hours to 21 

hours to ensure complete substitution. 2.1 was then formed by reacting the 

trimethylvinylsilane dimer with cyclopentadienyl lithium5 in a 31% isolated yield. 

 
Figure 2.7: Synthetic route used to prepare [(h

5
-C5H5)Rh(h

2 
-CH2CHSi(CH3)3)2] 2.1 

In complexes of the type [(h5-C5R5)M(h2-CH2CHR)2] there are 6 possible stereoisomers116 which 

differ according to the orientation of the alkenes. These isomers can be grouped into two sets 

of three (Figure 2.8), according to whether they can interconvert by alkene rotation. 

Interconversion between the two sets of isomers however requires the loss and re-

coordination of the alkene in a different orientation. The use of low temperature NMR with in-

situ photolysis has allowed the detection of four of these isomers.74 At room temperature only 

two are detected.57 NMR characterisation was performed on these products (Section 2.3.1) 

and determined that the two isomers correspond to trans-up-up (2.1A) and cis-up-up (2.1B) 

with the trans-up-up isomer being the major of the two.  



LXXXIX 
 

 
Figure 2.8: Possible isomers of half sandwich complexes with two monosubstituted bound alkene ligands, adapted 

from Hauptman et al.
116

 

2.2.2 [(h5-C5H5)Rh(h2-C8H14)2] 2.2 and [(h5-C5H5)Rh(h4-C8H12)] 2.3 

The synthetic route to form [(h5-C5H5)Rh(h2-C8H14)2 2.2 and [(h5-C5H5)Rh(h4-C8H12)] 2.3 are 

shown in Figure 2.9. The first step in each synthesis is the formation of the rhodium alkene 

chloride dimer from RhCl3.3H2O. The literature methods117, 118 for these steps were modified to 

allow the synthesis to be performed in a microwave oven. The use of the microwave oven 

allows shorter reaction times and less solvent to be used. The half sandwich complexes were 

then formed by reacting these dimers using cyclopentadienyl lithium.5 The products were then 

isolated in a 69% yield for 2.2 and 60% yield for 2.3, full experimental details can be found in 

the Experimental, Section 8.2.  



 

XC 
 

 
Figure 2.9: Synthetic route used to prepare [(h

5
-C5H5)Rh(h

2
-C8H14)2 2.2 and [(h

5
-C5H5)Rh(h

4
-C8H12)] 2.3 

2.3 NMR Characterisation 

2.3.1 [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 

The chemical shifts of cyclopentadienyl ligands in complexes of the form CpMLn typically occur 

between d 4 and 5.5.57 They can be used to determine the number of half-sandwich species 

present in solution since each should be a singlet (or a doublet with small coupling to rhodium 

depending on the resolution). In the 1H NMR spectrum of 2.1 (Figure 2.10) there are two peaks 

in this region at d 5.00 and 5.04 indicating that, as expected, there are two isomers present 

(Figure 2.10). These have been characterised previously,57, 74 and the details of the 

characterisation will be outlined to exemplify the methods used to characterise the products 

which form through the reaction with 2.1.  
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Figure 2.10: 

1
H NMR Spectrum of 2.1 in C6D6 at 298 K 

The major isomer yields three alkene signals at d 2.84; 2.26 and ς0.34. The distinctive d ς0.34 

peak is diagnostic of the trans-up-up isomer. The couplings observed in these three peaks can 

be used to assign the relative alkene proton orientations (Figure 2.11). The peak at d 2.84 is a 

broad doublet with a coupling of 13.5 Hz. A large proton-proton coupling links protons which 

are on the opposite side of the double bond, trans, to one another, as would be the case for HA 

and HC (Figure 2.11). Whilst the coupling in the peak at d 2.26 is 11.0 Hz indicating the coupled 

protons are on the same side of the alkene, HA and HB, and therefore cis to one another. A 

smaller coupling of 1.5 Hz is also observed corresponding a geminal coupling between the 

terminal protons HB and HC; this splitting is obscured by the broadness of the peak at d 2.84. A 

2D 1H-13C HMQC NMR spectrum was used to correlate these peaks to their directly bound 

carbon centres and a 1D 13C{1H} NMR spectrum was used to measure the carbon-rhodium 

coupling for each of these carbon resonances. The CH group was assigned as d 52.8 (d, JCRh 

14.1 Hz) and the CH2 group was assigned as d 39.0 (d, JCRh 13.0 Hz).  

 
Figure 2.11: Assignment of the proton environments of the coordinated trimethylvinylsilane ligand 
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In the corresponding 2D 1H-1H NOESY NMR spectrum, the observation of an nOe connection 

between the methyl signals of the silyl group and the Cp peak at d 5.00 indicates that the vinyl 

ƭƛƎŀƴŘΩǎ ǎƛƭȅƭ ǎǳōǎǘƛǘǳŜƴǘ Ǉƻƛƴǘǎ ǳǇ ǘƻǿŀǊŘs the ring. An nOe interaction between HA and HC, 

suggests that the silyl substituents on the two alkene ligands are not aligned with one another. 

Figure 2.12 shows the arrangements of the two ligands in each of the isomers, the 

cyclopentadienyl rings have been omitted for clarity. In the cis-up-up isomer the two ligands 

are arranged in the same orientation. This means that HA (labelled orange) is never in close 

enough proximity to HC (labelled green) for there to be an nOe interaction between them. In 

the trans-up-up isomer the two ligands are out of sync with one another meaning that HA of 

one of the ligand can be in sufficiently close proximity to HC on the second ligand to give an 

nOe correlation and therefore the presence of this nOe confirms that the major species is the 

trans-up-up isomer (Figure 2.78). This is consistent with the literature.57, 74 The full details of 

NMR characterisation can be found in Table 2.14. 

 
Figure 2.12: Schematic representation of the spatial arrangement of the two trimethylvinylsilane ligands in trans-

up-up and cis-up-up isomers of 2.1, Cp rings have been omitted for clarity. 

The minor isomer was characterised using the same approach. This identified this product as 

the cis-up-up isomer. This is consistent with the literature74 and the results of this analysis is 

summarised in Table 2.15. 

2.3.2 [(h5-C5H5)Rh(h2-C8H14)2] 2.2 

The 1H NMR spectrum of 2.2 in C6D6 shows a singlet at d 4.85, which correlates to a carbon 

resonance at d 91.1 in the 2D 1H-13C HMQC data set. These values are consistent with a 

coordinated cyclopentadienyl ligand. There are two pseudo doublets with one measureable 
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coupling each, one at d 2.32 (d, JHH 13 Hz) and one at d 1.76 (d, JHH 9 Hz), each accounting for 

four protons, there are additional, unmeasurable smaller couplings hidden in the broadness of 

these resonances. This complex has previously been characterised by 1H NMR spectroscopy119 

where the downfield doublet was reported to correspond to the vinylic protons of the 

coordinated double bond, labelled H1 in Figure 2.14. However, it is the proton resonance at d 

1.76 which shows a correlation to a carbon resonance typical of a coordinated double bond, d 

65.1. Whereas the doublet at d 2.32 correlates to a carbon resonance with a chemical shift of d 

33.5, more in keeping with a saturated carbon environment. The 13C{1H} NMR spectrum 

supports these assignment since the resonance at d 65.1 exhibits a coupling to rhodium of 14.4 

Hz. The resonance at d 33.5, however, exhibits a much smaller coupling to rhodium of 1.3 Hz 

indicating that it is not directly bound to the metal centre. Furthermore, a second proton at d 

1.52 also shows a correlation to this carbon, confirming that the peak at d 2.32 is one-half of a 

pair of inequivalent CH2 protons. Both of these protons signals also couple to the CH resonance 

at d 1.76 in the corresponding 2D 1H-1H COSY spectrum thereby suggesting that they 

correspond to the two methylene groups that are located at position 2 in Figure 2.14. The 13 

Hz coupling observed in the proton resonance at d 2.32 corresponds, therefore, to the geminal 

coupling between H2 and H2'.The 9 Hz coupling observed in proton peak at d 1.76 is between 

this proton and H2 (d 1.52), which is cis relative to H1.
120 

 
Figure 2.13: 

1
H Spectrum of 2.2 in C6D6.at 298 K, insert shows resonances for this complex (integrated) 
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Figure 2.14: Assignments of cyclooctene ligand proton environments 

 
Figure 2.15: 

1
H-

13
C HMQC of 2.2, in C6D6 at 298 K. 

 
Figure 2.16: 

1
H-

1
H COSY of the bound cyclooctene resonances of 2.2 in C6D6 at 298 K 

The remaining peaks in the proton spectrum appear as multiplets at d 1.58 and 1.32. The 

highly overlapped peak at d 1.58 corresponds to 12 protons, 4 of which have already been 

assigned to protons on carbon 2, leaving 8 protons to be accounted for. The peak at d 1.32 
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corresponds to 8 protons. The 1H-13C HMQC data shows that both of these peaks correlate to 

carbon environments with chemical shifts of d 32.9 and 26.8 respectively (positions 3 and 4 of 

Figure 2.14) and confirm that the remaining CH2 groups are diastereotopic. This supports the 

structure depicted in Figure 2.79. Details of the NMR characterisation are summarised in Table 

2.16. 

2.3.3 [(h5-C5H5)Rh(h4-C8H12)] 2.3 

An NMR sample of 2.3 in d8-toluene was used for characterisation. Its 1H NMR spectrum 

contains four peaks (Figure 2.17). A singlet at d 4.93 corresponding to the 5 protons of the 

cyclopentadienyl ligand, a broad singlet at d 3.94 corresponding to the 4 alkene protons of the 

COD ligand (position 1, Figure 2.18) and two signals at d 2.20 and 1.94 for the alkyl backbone 

όǇƻǎƛǘƛƻƴǎ н ŀƴŘ нΩύ ƻŦ ǘƘŜ /h5 ƭƛƎŀƴŘΦ ¢ƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŎŀǊōƻƴ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘǎ ǿŜǊŜ 

identified using 2D 1H-13C HMQC methods. The CH=CH signals (C1) of the COD ligand have a 

carbon chemical shift of d 62.5 (d, JCRh 14.0 Hz), while the CH2 ƎǊƻǳǇǎ ƻŦ ǘƘŜ /h5Ωǎ ŀƭƪȅƭ 

backbone (C2) yield a carbon signal at d 32.5. This characterisation is consistent with the 

structure drawn in Figure 2.80. This NMR data is summarised in Table 2.17. 

 
Figure 2.17: 

1
H spectrum of 2.3 in d8-toluene at 298 K. 

 
Figure 2.18: Unique proton and carbon environments on the coordinated COD ligand.  
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2.4 Photochemistry of [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 

There are six possible geometric isomers of 2.1116 (Figure 2.8) which can be grouped into two 

sets as described earlier. The synthetic route used gave two isomers of 2.1; the trans-up-up 

(2.1A) and cis-up-up (2.1B) isomers. These belong in the different sets and as such their 

isomerisation can only occur via the loss of an alkene ligand and therefore, can be used to 

demonstrate the photolability of the alkene ligand. This known process 11 therefore can be 

used as proof of the photochemical loss of a trimethylvinylsilane ligand and thus allow the 

photochemical reactivity of 2.1 towards other ligands to be studied.  

To investigate this, a sample containing 1.3 mg of [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 was 

prepared in C6D6 ŀƴŘ мл ˃[ ƻŦ ǘǊƛƳŜǘƘȅƭǾƛƴȅƭǎƛƭŀƴŜ ŀŘŘŜŘΣ ǘƘƛǎ ǊŜŦƭŜŎǘǎ ŀ нл fold excess relative 

to rhodium. The sample was then irradiated with broadband UV light and monitored 

periodically by 1H NMR spectroscopy (Experimental 8.3.1) and the UV-visible spectrum of 2.1 is 

shown in Figure 2.19. After 15 minutes irradiation the ratio of the two isomers had changed 

from 18.3:1 to 1.3:1 (2.1A: 2.1B) (Figure 2.20) demonstrating the photolability of the 

vinylsilane ligand.  

 
Figure 2.19: UV-Visible spectrum of 2.1 in C6H6 
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Figure 2.20: 

1
H Spectrum in C6D6 at 298 K showing peaks for proton-HA in 2.1A (d 2.84) and 2.1B (d 2.93).(A) prior to 

photolysis; (B) after 1 minute and (C) after 15 minutes. Integrals show relative ratios of the two isomers 

The series of proton spectra recorded during the irradiation process were integrated to 

measure the concentrations of 2.1A to 2.1B, relative to the total amount of 2.1 present prior 

to irradiation. The relative concentrations are plotted against irradiation time, in seconds, in 

Figure 2.21; the full procedure is outlined in the Experimental Section 8.4. Figure 2.21 shows 

an initial period where the proportions of 2.1A and 2.1B change after this a photostationary 

state is established, indicating that both 2.1A and 2.1B are photoactive. At this point, there is 

approximately 53% 2.1A and 39% 2.1B. A small amount of decomposition occurs, which 

corresponds to 8% of the initial rhodium species and is not included in these data. The source 

of the decomposition was not identified. There was no discernible precipitate observed in the 

NMR tube and the total integral of the Cp region of the NMR spectrum was also consistent 

with this degree of decomposition, suggesting that the loss of the Cp ligand has occurred. The 

formation of a new equilibrium demonstrates that, in this system, UV light may be use to 

perturb the initial equilibrium and a second equilibrium is established. These types of process 

can be modelled using relaxation kinetics. The principles behind this are detailed in the 

Appendix Section 9.2.  
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Figure 2.21: Time-profile showing the isomerisation of 2.1 between the trans-up-up (2.1A) and cis-up-up (2.1B) 

isomers, these were fitted to Equation (2.1) the results of which are given in Table 2.1 

 
Figure 2.22: Kinetic model for the transformation of 2.1A into 2.1B under photochemical control, the net reaction is 

given in black and the process is given in grey 

The kinetic model for this system is a first order equilibrium between two species (Figure 2.22). 

The integrated rate expression for this process is given by Equation (2.1)121 and values of a, b 

and kobs obtained accordingly (Table 2.1) where a denotes the equilibrium concentrations ([A]eq 

where A is 2.1A or 2.1B), b the difference between the initial and equilibrium concentrations 

([A]0 ς [A]eq) and kobs the sum of the rate constants and equate to the time it takes for the 

equilibrium to be established. There are a number of conditions necessary for this approach to 

be valid. Firstly that the sample was optically dilute and secondly that the thermal reaction is 

slow.  
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Ù Á ÂÅ  (2.1) 

Where  

a= [A]eq 

b= [A]0 ς [A]eq  

kobs= k1 + k-1 
 

Table 2.1: Fitting results for the changes of 2.1A and 2.1B as a function of irradiation using Equation (2.1) 

 a /% b /% kobs /s
ς1 

2.1A 52.4 ° 0.7 41.3 ° 1.2 (1.79 ° 0.33) x10ς2 
2.1B 39.2 ° 0.4 ς34.2 ° 0.7 (1.86 ° 0.19) x10ς2 

 
There two descriptions of the equilibrium constant (Equation (2.2)),122, 123 the first is in terms of 

the concentrations of 2.1A and 2.1B which gives a value of Keq of 0.74 ° 0.02 under these 

conditions. It may also be described as the ratio k1 to k-1 which also feature in the integrated 

rate expression (Equation (1)). These equations can be combined to allow the values of k1 and 

k-1 to be calculated as (0.76 ° 0.15) x10ҍ2 and (1.03 ° 0.20) x10ҍ2 s
ҍ1 respectively via Equations 

(2.3) and (2.4).124 

+
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In the Appendix, analysis of the rate equations for thermal and photochemical reactions was 

performed. The rates of the forward and back reactions in the photochemical process link to 

the Beer Lambert law. It was demonstrated that k1 and k-1 of the thermal model relate to the 

photochemical model according to Equations (2.5) and (2.6) where F2.1A and F2.1B are the 

quantum yields of 2.1A and 2.1B,  ʁ is the molar absorption coefficient of 2.1, I0 is the light 

intensity and l is the path length. The equilibrium constant, therefore, corresponds to the ratio 

of the quantum yields according to Equation (2.7).122, 125 From the values of k1, k-1 and thus, 

Keq, it can be concluded that the quantum yield of 2.1A is smaller than that of 2.1B. This means 



 

C 
 

that 2.1B is more efficient at forming the intermediate as a result its concentration relative to 

2.1A is reduced. Thermal isomerisation was not considered in this analysis as when a sample 

was left at room temperature in the absence of light for 13 weeks there was just 79% 2.1A to 

21% 2.1B. Hence thermal isomerisation occurs on a much longer timeframe than the 

isomerisation observed here. This thermal isomerisation suggests that the photostationary 

state reflects the kinetic stability of the two isomers and in the absence of light the system 

moves towards the thermodynamic preference. The steric effect associated with trimethylsilyl 

substituent is a dominating influence on the thermodynamically preferred isomer. 

Ë ɮȢ )ʀÌ (2.5) 

Ë ɮȢ )ʀÌ (2.6) 

+
ςȢρ"
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ɮȢ

ɮȢ
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There is an alternate method for studying the relaxation kinetics of a system which is derived 

from a differential model. This will be of benefit with more complicated systems where 

deriving the integrated rate expression is challenging. The kinetic parameters for this system 

were determined using a simulation within Excel as outlined in the Experimental 8.4.3 When 

this was performed, values of k1 and k-1 were determined to be (0.83 ° 0.06) x10ҍ2 and (1.10 ° 

0.07) x10ҍ2 sҍ1 respectively which give an equilibrium constant, Keq, of 0.77 ° 0.10 

demonstrating that both approaches generate the same result, within experimental error.  

2.5 Photochemistry of [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 with 

DMSO to form 2.4 

There are many rhodium DMSO complexes in the literature126, 127 where coordination through 

oxygen128 or sulfur129 is possible. In some cases, the DMSO ligand is seen to bridge two metal 

centres by coordinating through both of these sites.130 It is hypothesised that if 2.1 was 

photolysed in the presence of DMSO one or both of the trimethylvinylsilane ligands will be 
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replaced with DMSO. To investigate this an NMR sample containing 0.5 mg of [(h
5-C5H5)Rh(h2-

CH2CHSi(CH3)3)2] 2.1 was prepared in d8-toluene and 2 µL of DMSO added to give a 20 fold 

excess of DMSO relative to 2.1. The sample was then irradiated for a total of 20 minutes with 

periodic monitoring of the reaction being made by the acquisition of appropriate 1H NMR 

spectra. Signals associated with a new rhodium species were observed. These included a new 

cyclopentadienyl resonance at d 4.95 and two singlets where the methyls of the bound DMSO 

are expected (d 2.41 and 2.42) as shown in Figure 2.23. This species was then characterised by 

NMR spectroscopy as 2.4.  

 
Figure 2.23: 

1
H NMR Spectrum of [(h

5
-C5H5)Rh(h

2 
-CH2CHSi(CH3)3)(DMSO)] 2.4 in d8-toluene at 298 K. 

The proton spectrum (Figure 2.23) has a single peak, at d 4.95, in the cyclopentadienyl region 

indicating that a single product has formed. There are two protons, at d 2.88 (dd, 14 and 2.5 

Hz) and 2.55 (dd, 11 and 2.5 Hz), where protons on coordinated alkenes are expected. Both of 

these protons integrate as 1 proton, relative to d 4.95 as 5 protons. In the 2D 1H-1H COSY NMR 

spectrum these signals couple to one another and a third peak at d 1.78 (ddd, 14, 11 and 1.5 

Hz) where the 1.5 Hz is coupling to the rhodium centre. This observation is consistent with a 

bound trimethylvinylsilane ligand. The corresponding HMQC data showed that the signals at d 

2.88 and 2.55 correspond to proton resonances that share a common carbon partner, which 

appears at d 37.5, while the peak at d 1.78 connects to a carbon signal at d 42.6. Both of these 

carbon resonances are doublets in the 13C{1H} NMR spectrum due to coupling to rhodium of 
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15.8 and 16.6 Hz respectively, consistent with a coordinated alkene. The proton resonances 

were assigned to each of the different proton environments based on their coupling network 

and this is summarised in Figure 2.24. 

 
Figure 2.24: Assignments of the trimethylvinylsilane protons chemical shifts. 

The silane substituent on the bound alkene introduces a degree of asymmetry within the 

complex and the consequence of this is the two methyl groups on the coordinated DMSO 

ligand are chemically inequivalent. This is demonstrated in Figure 2.25, where the structure is 

viewed from below it shows that the methyl group labelled A is on the same side as the CH2 

group of the vinyl silane and the methyl group labelled B on the same side as the CH group of 

the vinylsilane. For the two methyl groups to become equivalent either; the DMSO ligand 

rotates about the S=O axis highlighted, this would result in the breaking of the rhodiumςDMSO 

bond or alternatively the alkene could rotate and this too would result in the rupture of the 

ligand rhodium bond.  

 
Figure 2.25: Schematic representation of 2.4, as if looking up towards the Cp ring, to demonstrate the relative 

orientation of the two ligands relative to one another.  

The chemical shifts of the methyl groups can be indicative of the DMSO binding mode. Firstly, 

the magnitude of the downfield shift of the proton resonance relative to free DMSO suggests 

sulfur binding if the shift is large and oxygen binding if it is smaller.131 In 2.4 there is a 0.7 ppm 
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downfield shift in the proton chemical shift of the bound which is suggestive of binding 

through the sulfur. Alternatively, the carbon chemical shift of the methyl group can be used. 

This is a more distinctive approach since an upfield shift is observed for oxygen binding and a 

downfield shift for sulfur binding, relative to the free ligand.57, 132 In 2.4 the methyl resonances 

have carbon chemical shifts of d 54.9 and 55.1 and are downfield shifted when compared to 

free DMSO which has a chemical shift of d 40.6. These observations confirm coordination 

through the sulfur.  

 
Figure 2.26: 

1
H-

13
C HMQC in d8-toluene at 298 K showing the 

1
H-

13
C correlations for the bound DMSO in 2.4 and 

free DMSO in solution. Insert is an expansion of the bound DMSO methyl group.  

All of this evidence points to the photoproduct being a half sandwich complex with a single 

trimethylvinylsilane ligand and one DMSO ligand coordinated as depicted in Figure 2.81. The 

NMR results are summarised in Table 2.18. This is consistent with the literature reactions 

between these types of rhodium complexes and DMSO.57, 133 This was the only product 

observed and there was no evidence in the 1H NMR spectrum of the bis-DMSO product 

CpRh(DMSO)2.  
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The proton spectra acquired during irradiation period were analysed using the method 

outlined in the Experimental to determine the changes in concentration of the starting 

complexes, using HA in both isomers, and the product, using the bound DMSO resonances, as a 

function of irradiation time. The contribution of both isomers of 2.1 will be combined so that 

isomerisation between the two isomers is not considered. The relative concentrations of 2.1 

and 2.4 against irradiation time (Figure 2.27) reveal that this reaction also results in a 

photostationary state and therefore, this reaction may also be studied by relaxation kinetics. 

The photostationary state comprises of 94% 2.4 and 4% 2.1, approximately 2% decomposition 

is observed over the course of the reaction. The identity of this decomposition was not 

identified and no precipitation was observed in the solution.  

 
Figure 2.27: Time profile plot showing the conversion of 2.1 into 2.4 as a function of irradiation time. These were 

fitted to Equation (2.8) as per Table 2.2. 

The proposed kinetic model for this system is a bimolecular second order equilibrium (Figure 

2.28) and the kinetics associated with such a process are outlined in the Appendix. The 

formation of an equilibrium between 2.1 and 2.4 would suggest that both are complexes are 

photoactive and thus this is a photostationary state. Both 2.1 and 2.4, therefore, may undergo 

ƭƛƎŀƴŘ ƭƻǎǎ ǘƻ ŦƻǊƳ ǘƘŜ ǊŜŀŎǘƛǾŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ά/ǇwƘό/I2CHSiMe3ύέΦ ¢Ƙƛǎ ƛƴǘŜǊƳŜŘƛŀǘŜ Ƴŀȅ 
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react with either DMSO or vinylsilane to form 2.4 or 2.1 respectively. Since the bis-DMSO 

product was not observed, it is assumed that if trimethylvinylsilane may be lost from 2.4 to 

ŦƻǊƳ ǘƘŜ ŦǊŀƎƳŜƴǘ ά/ǇwƘό5a{hύέ ƛǘ ƻǊ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ǇǊƻŘǳŎǘ ƛǎ ƴƻǘ ǎǘŀōƭŜ ŀƴŘ ǘƘǳǎ ǘƘƛǎ 

pathway does not significantly contribute towards the reactivity observed. The sample was 

optically dilute and it is assumed that any thermal reactivity is negligible compared with the 

photochemical reaction.  

 
Figure 2.28: Proposed kinetic model for the reaction between 2.1 and 2.4. The full process is described in grey and 

the net reaction in black. 

The integrated rate equation for this model is given by Equation (2.8),121, 123 where a reflects 

the equilibrium concentrations, [A]eq, and b describes the difference in the initial and 

equilibrium concentrations, [A]0 ς [A]eq, where A refers to either 2.1 or 2.4 in both cases. 

Whilst kobs is observed rate constant and reflects the time it takes for the equilibrium to be 

achieved. It is a combination of the forward and back rate constants for the equilibrium based 

on Equation (2.9).37, 124 The changes in 2.1 and 2.4 were fitted to Equation (2.8) and the values 

obtained are summarised in Table 2.2.  

Ù Á ÂÅ  (2.8) 

Where 

a= [A]eq 

b= [A]0 ς [A]eq  

kobs= k1 ([DMSO]eq+[2.1]eq)+ k-1([CH2CHSiMe3]eq+[2.4]eq) (2.9) 

 
Table 2.2: Fitting results for the changes of 2.1 and 2.4 as a function of irradiation using Equation (2.8) 

 a /% b /% kobs /mol ς1 dm3 sς1 

[2.1] 5.2 ° 0.7 92.3 ° 0.9 (5.67 ° 0.57) x10ς3 
[2.4] 93.8 ° 0.7 ς 91.7 ° 1.0 (5.95 ° 0.60) x10ς3 
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The equilibrium constant, Keq, for this photostationary state maybe defined either in terms of 

the concentrations of each of the species in the equilibrium or in terms of the rate constants 

for the forward and back reactions Equation (2.10).122 Using the concentrations a Keq of 0.92 ° 

0.08 was calculated. The expression for the equilibrium constant includes the concentration of 

the free ligands in addition to the rhodium complexes. This would suggest that as the amount 

of the free ligands changes the ratio of 2.4 and 2.1 should also. Using a smaller excess of DMSO 

could result in less 2.4 forming, whilst higher concentrations of DMSO could push the reaction 

towards completion, with no 2.1 remaining. To investigate this, a stock solution of 2.1 was 

prepared in 1.35 mL of d8-toluene and 8 mg of ferrocene was added as an internal standard. 

This was divided equally into three NMR tubes and the following amounts of DMSO were 

added, with the excess of ligand relative to 2.1 ƎƛǾŜƴ ƛƴ ōǊŀŎƪŜǘǎΥ мΦр ˃[ όрΦрύΣ оΦр ˃[ όмнΦуύ ŀƴŘ 

р ˃[ όмуΦнύΦ ¢ƘŜ ǎŀƳǇƭŜǎ ǿŜǊŜ ǿǊŀǇǇŜŘ ƛƴ Ŧƻƛƭ ǎƘŜŀǘƘǎ ǘƻ ǇǊƻǘŜŎǘ ǘƘŜƳ ŦǊƻƳ ŀƳōƛŜƴǘ ƭƛƎƘǘ 

before irradiating each in turn for 45 minutes with periodic reaction monitoring using 1H NMR 

spectroscopy and the growth in signals associated with 2.4 were observed.  

+
ςȢτ #(#(3É-Å

ςȢρ $-3/

Ë

Ë
 

(2.10) 

 
 
The formation of a photostationary state suggests that 2.4 loses DMSO and thus can reform 

2.1 following the grey pathway in Figure 2.28Φ ¢ƻ ǘŜǎǘ ǘƘƛǎ ƘȅǇƻǘƘŜǎƛǎ фΦр ˃[ ƻŦ 

ǘǊƛƳŜǘƘȅƭǾƛƴȅƭǎƛƭŀƴŜ ǿŀǎ ŀŘŘŜŘ ǘƻ ǘƘŜ ǎŀƳǇƭŜ ŎƻƴǘŀƛƴƛƴƎ р ˃[ ƻŦ 5a{h ŀŦǘer its irradiation 

time. This sample now contains a 17.2 fold excess of both DMSO and trimethylvinylsilane and 

was irradiated for a further 35 minutes. During this time the growth in the NMR signals 

associated with both isomers of 2.1 were observed.  

The proton spectra acquired during each sample irradiation period were analysed using the 

same approach as the first sample and as detailed in the Experimental. The concentrations of 

2.1 and 2.4 were plotted against the irradiation time in Figure 2.29-Figure 2.32. In each case, 
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the establishment of a photostationary state is observed after an initial growth period, and 

only modest differences in the equilibrium concentrations of 2.1 and 2.4 were observed in the 

three samples with only DMSO as the ligand in excess. The sample with the smallest excess 

(5.5 fold) contained 11% of 2.1 and 88% of 2.4 whereas the samples with 12.8 and 18.2 fold 

excess contained 7 and 6% of 2.1 and 89% and 90% 2.4 respectively, a small amount of 

decomposition was observed in each of the samples (<5%). No decomposition products were 

identified or characterised, nor was any precipitate observed in the NMR tubes. The total 

integral of the Cp region of the NMR spectrum also reflected this drop in rhodium containing 

species which would suggest that the Cp ligand has been lost as part of the decomposition 

process. When there is an excess of both trimethylvinylsilane and DMSO a difference in the 

product distribution was observed with a photostationary state consisting of 51% 2.4 and 25% 

2.1, confirming the photolability of the DMSO ligand and showing a preference for 2.4 over 

2.1. A greater amount of decomposition is now observed, after a total of 80 minutes 

irradiation, and is reflected in the total amount of rhodium species being ~85% of the original 

rhodium content prior to any irradiation, as with the previous decomposition the identity of 

the decomposition product was not identified or characterised.  

 
Figure 2.29 A plot showing the photochemical conversion of 2.1 into 2.4 as a function of irradiation time, with a 5.5 

fold excess of DMSO, this was fitted to Equation (2.8) and the results are shown in Table 2.3 entry 1 
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Figure 2.30 A plot showing the photochemical conversion of 2.1 into 2.4 as a function of irradiation time, with a 

12.8 fold excess of DMSO, this was fitted to Equation (2.8) and the results are shown in Table 2.3 entry 2 

 
Figure 2.31 A plot showing the photochemical conversion of 2.1 into 2.4 as a function of irradiation time, with a 

18.2 fold excess of DMSO, this was fitted to Equation (2.8) and the results are shown in Table 2.3 entry 3  

 
Figure 2.32: Time Plot showing the photochemical activity of 2.1 and 2.4 as a function of irradiation time when 

there is an excess of both DMSO and trimethylvinylsilane, this was fitted to Equation (2.8) and the results are shown 
in Table 2.3 entry 4  
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The relative compositions of each of these samples would suggest that the kinetic model 

proposed in Figure 2.28 is not correct and that the concentration of DMSO does not influence 

the reactivity. The concentration of trimethylvinylsilane, however, does appear to influence 

the reactivity. A new kinetic model is proposed (Figure 2.33). The associated integrated rate 

equation for this model is shown in Equation (2.11) where a is [A]eq, b is [A]0 ς [A]eq and A can 

be 2.1 or 2.4 accordingly and kobs is the observed rate constant defined by Equation (2.12). It is 

therefore expected that the three samples from the stock solution which only differ in the 

concentration of free DMSO should all have the same kobs value whilst the kobs for the sample 

containing an excess of trimethylvinylsilane as well as DMSO would be different. To confirm 

this, for each sample the changes in concentrations were fitted to Equation (2.11) and the 

results of this analysis are given Table 2.3. As expected, the values of kobs for Entries 1-3 are 

within experimental error of one another and kobs for Entry 4 is different confirming that the 

reaction rate is zero order with respect to DMSO indicating that the revised kinetic model in 

Figure 2.33 is correct.  

 
Figure 2.33: Revised kinetic model for the reaction between 2.1 and 2.4. The full process is described in grey and 

the net reaction in black. 

 

Ù Á ÂÅ  (2.11) 

Where 

a= [A]eq 

b= [A]0 ς [A]eq  

kobs= k1 + k-1([CH2CHSiMe3]eq+[2.4]eq) (2.12) 
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Table 2.3: Fitting results for the changes of 2.1 and 2.4 as a function of irradiation using Equation (2.8) for each of 
the samples. 

Entry 
Molar 
Excess 
DMSO 

Complex a /% b /% kobs /mol ς1 dm3 sς1 

1 5.5 [2.1] 12.9 ° 1.0 82.8 ° 1.6 (3.63 ° 0.55) x10ς3 
  [2.4] 88.2 ° 1.1 ς84.3 ° 1.9 (3.83 ° 0.62) x10ς3 

2 12.8 [2.1] 5.7 ° 1.3 96.6 ° 1.8 (2.99 ° 0.46) x10ς3 
  [2.4] 90.4 ° 1.6 ς98.3 ° 2.5 (3.39 ° 0.54) x10ς3 

3 18.2 [2.1] 6.1 ° 0.5 93.9 ° 0.9 (3.44 ° 0.43) x10ς3 
  [2.4] 91.2 ° 0.9 ς90.3 ° 1.5 (3.85 ° 0.57) x10ς3 

4 17.2* [2.1] 36.1 ° 0.8 ς29.7 ° 1.0 (2.16 ° 0.42) x10ς3 
  [2.4] 51.1 ° 1.6 35.0 ° 2.0 (2.18 ° 0.56) x10ς3 

*Also contains 17.2 molar excess of trimethylvinylsilane 

The expression of the equilibrium constant will change with the change in the kinetic model. A 

revised description of the equilibrium constant is given by Equation (2.14) and now does not 

include the concentration of DMSO. The equilibrium constant for each of the reactions, 

including the first sample (Entry 5) previously processed with Equation (2.10), were calculated 

using the equilibrium concentrations of the appropriate species and are given in Table 2.5. 

Whilst there is small variation between the equilibrium constants they are broadly within error 

experimental error of one another. The equilibrium constant for the sample with an excess of 

both DMSO and trimethylvinylsilane is notably higher than the other samples.  

+
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Table 2.4: Equilibrium constants for each of the samples 

Entry 
Molar Excess 

DMSO 
Keq 

1 5.5 (4.7 ° 0.3) x10-2 

2 12.8 (9.8 ° 0.7) x10-2 
3 18.2 (1.2 ° 0.3) x10-1 
4 17.8* (1.9 ° 0.1) x10-1 
5 20 (6.4 ° 0.2) x10-2 
6 17.8*  

*Also contains 17.8 molar excess of trimethylvinylsilane 
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Since kobs and Keq can be defined in terms of k1 and k-1, these expressions can be combined in 

order to calculate values of k1 and k-1 using Equations (2.14) and (2.15). These were used 

calculate k1 and k-1 for each of the samples (Table 2.5). For the three samples from the stock 

solution with only an excess of DMSO show k1 values which are all within error of one another 

however this is not true across all samples for k-1. The values of Keq indicate that at the 

photostationary state there is a preference for 2.1 over 2.4. This does not, however, explain 

2.4 being the dominant species at the photostationary state when there is an equal excess of 

DMSO and trimethylvinylsilane suggesting that at higher concentrations the reaction is zero 

order with respect to trimethylvinylsilane. If this was the case, the equilibrium constant would 

simply be the ratio of two complexes and gives a Keq of 1.51 ° 0.08. This is now over one 

indicating a preference for 2.4 over 2.1 and that k1 must be greater than k-1. In this scenario, k1 

and k-1 for a photochemical system are defined according to Equations (2.16) and (2.17). These 

expressions suggest that for an equilibrium favouring 2.4, either the quantum yield of 2.1 is 

greater than that of 2.4 and therefore is more efficient at forming the reactive intermediate. 

Alternatively the coordination of DMSO is favoured over the coordination of 

trimethylvinylsilane.  

Ὧ
Ὧ ὑ

ὑ ςȢτ ὅὌὅὌὛὭὓὩ
 

(2.14) 
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Ὧ
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(2.15) 

 

Table 2.5: Rate constants determined using Equations (2.14) and (2.15) 

Entry 
Molar 
Excess 
DMSO 

k1 /molς1 dm3 sς1 k-1 /molς1 dm3 sς1 

1 5.5 (3.0 ° 0.7) x10ς3 (6.1 ° 1.2) x10ς2 
2 12.8 (2.8 ° 0.9) x10ς3 (2.8 ° 0.7) x10ς2 
3 18.2 (3.4 ° 2.4) x10ς3 (2.6 ° 1.5) x10ς2 
4 17.8* (1.3 ° 0.5) x10ς3 (6.8 ° 1.9) x10ς3 

*Also contains 17.8 molar excess of trimethylvinylsilane 
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2.6 Photochemistry of [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 with 

Et3SiH to form 2.5 and 2.6 

To investigate the other properties of the reactive intermediate formed from 2.1 was studied 

with triethylsilane, which contains a SiςH bond that may undergo oxidative addition reactions 

with similar rhodium complexes.111, 133 An NMR sample containing 0.5 mg [(h5-C5H5)Rh(h2-

CH2CHSi(CH3)3)2] 2.1 ŀƴŘ п ˃[ ƻŦ ǘǊƛŜǘƘȅƭǎƛƭŀƴŜ ǿŀǎ ǇǊŜǇŀǊŜŘ ƛƴ Ř8-toluene, giving a 17 fold 

excess of triethylsilane compared to the rhodium complex. The sample was then irradiated ex-

situ using a broadband UV lamp for a total of 2 hours and the reaction followed by 1H NMR 

spectroscopy. Over the course of the irradiation two species were observed (Figure 2.34) 

ŀƭǘƘƻǳƎƘ ƻƴƭȅ ƻƴŜ ƻŦ ǘƘŜǎŜ ǊŜƳŀƛƴŜŘ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ н ƘƻǳǊǎΦ !ŦǘŜǊ ǘƘƛǎ ǘƛƳŜ п ˃[ ƻŦ 

trimethylvinylsilane was added to the NMR sample and the sample was irradiated for a further 

hour to investigate whether the intermediate or the starting material could be reformed from 

the final product. No changes were evident in the 1H NMR spectrum after this irradiation, 

suggesting that the final product is not photochemically active.  

 
Figure 2.34: Hydride region of the 

1
H NMR Spectrum following photolysis of 2.1 in the presence of triethylsilane in 

d8-toluene at 298 K. 
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The distinguishing features of the final product are a hydride resonance at d ς14.2 with a 

coupling to rhodium of 38.0 Hz (Figure 2.34), these features are consistent with the known 

compound [(h5-C5H5)Rh(H)2(Si(CH2CH3)3)2] 2.6.56, 134 The magnitude of the coupling constant is 

indicative of a RhV species, which arises via the oxidative addition of two SiςH bonds following 

the loss both alkene ligands. The other product formed also contains a metal hydride moiety, a 

doublet at d ς14.6 (JHRh 31.5 Hz) (Figure 2.34). This smaller coupling is now consistent with a 

RhIII species and fits with a stepwise reaction between 2.1 and Et3SiH and thus the 

intermediate species observed is likely to correspond to a complex that containing a vinylsilane 

ligand as well as a hydride and silyl ligand.   

In order to characterise the intermediate in this process this study was repeated with a fresh 

sample with a smaller excess of triethylsilane and a shorter irradiation time of 10 minutes to 

limit the formation of the second product. Many of the resonances associated with the 

intermediate are broad in the 1H NMR spectrum (bottom spectrum Figure 2.36) indicating that 

there is a fluxional process within the system. Broadness in NMR resonances is often 

associated with movement on the NMR timescale and that can be reduced by lowering the 

temperature. At 283 K the resonances sharpened sufficiently to allow their multiplicity to be 

resolved and 2D NMR measurements to be made. Two of the broad resonances at d 2.71 and 

2.00 resolve as doublets with 14 Hz and 11 Hz couplings respectively and the third resonance, 

at d 1.84, resolves to be a doublet of doublets with 14 and 11 Hz couplings. These three 

resonances are shown to couple to one another in a 2D 1H-1H COSY spectrum; this and their 

observed couplings would suggest that they belong to a coordinated trimethylvinylsilane 

ligand. The signals at d 2.00 and 2.71 are consistent with the geminal protons HB and HC on the 

vinylsilane ligand, which is confirmed by their correlation to the same carbon environment at d 

38.2 in a 2D 1H-13C HMQC NMR spectrum. The third signal is consistent with HA, these 

assignments are summarised in Figure 2.35. The hydride resonance at d ς14.6 shows an nOe 
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correlation to a triplet at d 1.05 and a quartet at d 0.66 which are consistent with the ethyl 

groups of the silane. It also shows an nOe connection to HB at d 2.00 and a weaker nOe 

connections to d 1.84 (HA) and 2.71 (HC). These data are fully consistent with the structure in 

Figure 2.82 and the NMR data is summarised in Table 2.19.  

 
Figure 2.35: Assignments of the trimethylvinylsilane proton chemical shifts 

 
Figure 2.36: 

1
H NMR spectrum of photoproduct following the photolysis of 2.1 in the presence of triethylsilane in 

d8-toluene, the hydride region is magnified 4x relative to the rest of the spectrum. The top spectrum was recorded 
at 283 K and the bottom at 298 K 

In 2.5 the substituent of the alkene could give rise to different isomers 2.5A and 2.5B (Figure 

2.37), in the same way that it broke the symmetry of the two methyl groups of the bound 

DMSO ligand in 2.4. If interconversion between these two isomers is possible it could be the 

source of the observed fluxionality. This has been observed with other substituted alkenes for 

example [(h5-C5H5)Rh(h2-CH2CHCO2
tBu)2]

111 where the route to isomerisation between these 

two isomers was also studied. There are a number of possible pathways which include; 
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reversible hydride and/or silyl migration, reductive elimination of the SiςH bond or rotation via 

an intermediate. These isomers themselves do not interconvert through the rotation of the 

bound alkene, although further isomers are accessible through this rotation resulting in a 

product containing the trimethylsilyl group pointing down as illustrated in 2.5C (Figure 2.37). It 

should be noted that the specific stereochemistry has been omitted and either orientation of 

the hydride and silyl group is feasible.  

 
Figure 2.37: Possible isomers of 2.5; where R = Si(CH3)3 

Previous work in the group utilised exchange spectroscopy (EXSY)111, 112 to distinguish between 

the possible isomerisation routes and was able to conclude that the process was 

intramolecular based on the absence of exchange between the bound and free ligands, which 

applied to both the silane and the alkene. Therefore, it was deduced that the isomerisation 

was achieved through an intermediate or transition state and that this must involve the silyl 

and hydride ligands as the observed isomerisation cannot be achieved through the rotation of 

the bound alkene ligand, it must involve the silyl and hydride groups. As discussed in the 

Introduction, SiςH bonds can be considered as coordinating to a metal centre either in an h2 

fashion, to give an M-(h2-H-Si) species, or alternatively it may undergo oxidative addition, 

resulting in the cleavage of the SiςH bond forming a M(H)(Si) complex. In reality any position 

between these two extremes is possible and the degree of cleavage is not static within a 

system. This is the basis of the proposed isomerisation mechanism between 2.5A and 2.5B 

where a Rh-(h2-H-Si) intermediate or transition state forms from either 2.5A or 2.5B, rotation 

about this bond may then occur and generate the opposite isomer (Figure 2.38). Exchange 

cross peaks were observed between the trimethylvinylsilane resonances in a 1H-1H EXSY 

2.5A 2.5B 2.5C
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experiment at 283 K and no exchange was observed between the coordinated and free 

triethylsilane. Both of these observations support the proposed route for interconversion 

 

 
Figure 2.38: Proposed pathway for the interconversion between 2.5A and 2.5B, R = Si(CH3)3, adapted from Duckett 

et al.
111, 112

 

Further variable temperature measurements were therefore performed in order to confirm 

the presence of other isomers of 2.5. 1H NMR spectra were acquired at temperatures between 

243 and 298 K (Figure 2.39) and revealed the presence of two further resonances at d ς14.9 

and ς17.0, both doublets with a coupling to rhodium of 33 Hz. At this time, the relative 

proportion of the three isomers was 74: 14: 10 in order by chemical shift (from low field to 

high field) indicating these isomers form only a small proportion of the product.  

 
Figure 2.39: Series of 

1
H NMR spectra, showing the hydride region only, recorded in d8-toluene recorded at variable 

temperatures (as labelled). 
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The 1H NMR spectra recorded during the first 2 hours of irradiation were analysed using the 

approach outlined in the Experimental 8.4. The two hydride resonances were used for the 

respective products and CH group of the vinylsilane in 2.1A and 2.1B were used to follow the 

starting material, for simplicity the contributions of the two isomers of 2.1 were combined. 

The concentrations of 2.1, 2.5 and 2.6 relative to the initial concentration of 2.1 were plotted 

against irradiation time in seconds (Figure 2.40) revealing a two-step process with the second 

step, the formation of 2.6, occurring on a notably slower timescale than the first. Over the 

course of the reaction there was a notable drop in the total rhodium content with there being 

40% of rhodium content being unaccounted for by the end of the irradiation time and suggests 

that there is a route to decomposition for at least one of the complexes observed. The nature 

of the decomposition was not determined, no obvious precipitate was observed in solution. 

The total integral for the Cp region of the NMR spectrum was consistent with a 40% drop in 

half sandwich rhodium species which would suggest that the Cp ligand is lost during 

decomposition but beyond this no further information is known.  

 
Figure 2.40:Time profile showing the conversion of 2.1 into 2.5 which then forms 2.6.  
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The proposed kinetic model for this reaction is outlined in Figure 2.41. The first step involves 

an equilibrium between 2.1 and 2.5 and is followed by a second step corresponding to the 

irreversible formation of 2.6. This was modelled using the differential approach detailed in 

Experimental 8.4.3, through a chemical exchange model within Excel coupled with the Solver 

function, allowing values of k1, k-1  and k2 to be obtained (Table 2.6). 

 
Figure 2.41: Kinetic model for the reaction of 2.1 with triethylsilane to form 2.5 and 2.6; the observable reaction is 

given in black and in grey is the route to these species.  

Table 2.6: Relaxation constants for each step in the kinetic model for the reaction between 2.1 and triethylsilane 
and the calculated equilibrium constant 

k1 /mol ς1 dm3 sς1 k-1  /mol ς1 dm3 sς11 k2 /mol  ς1 dm3 sς1 Keq 

(6.22 ° 0.54) x10-2 (8.9 ° 1.1) x10ς2 (6.63 ° 0.62) x10ς3 0.71 ° 0.14 

 

The values of k1 and k-1  may be used to give the equilibrium constant for the equilibrium 

between 2.1 and 2.5 giving a Keq of 0.71 ° 0.14 using Equation (2.18).122 If it is assumed that 

the sample has low absorbance (Appendix), the equilibrium constant relates to the molar 

absorbance and quantum yield of 2.1 and 2.5 and the rate of the ligand addition to the 

intermediate (Equation (2.19)).122, 125 An equilibrium constant of 0.71 suggests that either the 

quantum yield of 2.1 is smaller than that of 2.5, and therefore the triethylsilane ligand is more 

photolabile than trimethylvinylsilane, or that trimethylvinylsilane coordination to the 

intermediate occurs at a faster rate than the oxidative addition of triethylsilane. Both of these 

situations would result in less of the photoproduct 2.5 than 2.1 in the equilibrium.  

ὑ
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The value for k2 approximately 10 times smaller than that of k-1. This would suggest that the 

ǊŜŘǳŎǘƛǾŜ ŜƭƛƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ǎƛƭŀƴŜ ǘƻ ƎƛǾŜ ά/ǇwƘό/I2CHSiMe3ύέ occurs more readily than the 

ƭƻǎǎ ƻŦ ǾƛƴȅƭǎƛƭŀƴŜ ǘƻ ƎƛǾŜ ά/ǇwƘόIύό{ƛ9ǘ3ύέΦ !ƭǘŜǊƴŀǘƛǾŜƭȅ ǘƘƛǎ ŎƻǳƭŘ ŘŜƳƻƴǎǘǊŀǘŜ ǘƘŀǘ 

ά/ǇwƘόIύό{ƛ9ǘ3ύέ ƛǎ ƳƻǊŜ ŀŎǘƛǾŜ ǘƻǿŀǊŘǎ ǾƛƴȅƭǎƛƭŀƴŜ ǘƻ ǊŜŦƻǊƳ 2.5 than it is a second molecule 

of triethylsilane.  

2.7 Photochemistry of [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)(DMSO)] 2.4 

with Et3SiH to form 2.5, 2.6 and 2.7  

In Section 2.5 it was demonstrated that DMSO is photolabile in [(h5-C5H5)Rh(h2-

CH2CHSi(CH3)3)(DMSO)] 2.4 by the formation of 2.1 when 2.4 was irradiated with an excess of 

trimethylvinylsilane. This reactivity could only be accounted for by the photochemical loss of 

DMSO from 2.4. What is unknown is whether 2.4 may also lose its trimethylvinylsilane ligand 

as CpRh(DMSO)2 was not observed, this could also be due to thermal instability in the product, 

ŀƴŘ ŎƻƻǊŘƛƴŀǘƛƻƴ ƻŦ ǘƘŜ ǾƛƴȅƭǎƛƭŀƴŜ ǘƻ ά/ǇwƘό5a{hύέ ǿƻǳƭŘ ǊŜŦƻǊƳ 2.4. To investigate the 

photochemical properties of 2.4 ŦǳǊǘƘŜǊΣ оΦр ˃[ ƻŦ 9ǘ3SiH was added a sample of 2.4 to result in 

a 20 fold excess of the Et3SiH relative to 2.4, in addition to 1 equivalent of CH2CHSiMe3 and a 

19 fold excess of DMSO still present from the reaction to form 2.4. The sample was then 

photolysed for 15 minutes after which time NMR spectroscopy indicated the formation of 

three new rhodium hydride products (Figure 2.34). The hydride signal at d ς14.6 has already 

been shown to belong to [(h5-C5H5)Rh(H)(Si(CH2CH3)3)(h
2-CH2CHSi(CH3)3)] 2.5 confirming the 

photolability of DMSO. The hydride signal at d ς14.2 is consistent with the formation of the 

double oxidative addition product [(h5-C5H5)Rh(H)2(Si(CH2CH3)3)2] 2.6. Accordingly, the third 

rhodium hydride species must contain a coordinated DMSO ligand indicating that [(h
5-

C5H5)Rh(H)(Si(CH2CH3)3)(DMSO)] 2.7 has been formed and is associated with the hydride 

resonance at d ς13.45, exhibiting a 33.7 Hz rhodium coupling (Figure 2.42), which is consistent 

a RhIII product. The chemical shift of this hydride matches the literature value, however the 
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rhodium coupling was reported as 35.3 Hz.110 The coordinated DMSO ligands yielded 

resonances d 2.45 and d 2.55 consistent with the reported values.   

 
Figure 2.42: Hydride region of an 

1
H NMR spectrum at 298 K following the 15 min photolysis of 2.4 and Et3SiH in d8-

toluene showing the hydride resonances for 2.5, 2.6 and 2.7 as labelled. 

To investigate this further, triethylsilane was added to two samples containing different 

concentrations of DMSO. Sample 1 contained an 11.8 fold excess of DMSO relative to the total 

rhodium content and 1 equivalent of trimethylvinylsilane and sample 2 contained a sub-

stoichiometric amount of DMSO (0.3 equivalents) and no trimethylvinylsilane, both samples 

cƻƴǘŀƛƴŜŘ о ˃[ ƻŦ 9ǘ3SiH providing a 5 fold excess relative to the rhodium content. Sample 1 

was irradiated for 1.5 hours and during this time proton spectra were acquired. The spectra, 

which were recorded using parameters that would allow them to be used quantitatively, did 

not yield the required information to study this reaction in the same manner as the other 

reactions in this chapter, owing to resonance overlap. Signals in clear regions of the 1H NMR 

spectrum had insufficient signal-to-noise ratios for the reliable integration necessary for 

quantification. 1H NMR spectra were also recorded with more scans (NS 128 vs 8) but with a 

shorter interscan delay (d1 = 3 s) and may be used qualitatively (Figure 2.43). The irradiation of 

2.4 first yields 2.5 and only after 20 minutes irradiation does 2.7 form, 2.6 is not observed until 

the sample has been irradiated for 1.5 hours. At this time the sample contains 53% of 2.4. 

Looking only at the hydride-containing species the sample consists of 78% 2.5, 4% 2.6 and 18% 
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2.7. After the sample was then left for 15 days at room temperature, and protected from 

ambient light, it consisted of 71% 2.5, 5% 2.6 and 24% 2.7.  

 
Figure 2.43: Hydride region of the 

1
H NMR spectrum for sample 1 recorded in d8-toluene at 298 K. Spectra labelled 

with the associated irradiation time and the top-most spectrum was recorded 15 days later showing the thermal 
activity 

Sample 2 was then irradiated for 1 hour and the reaction followed by 1H NMR spectroscopy 

(Figure 2.44). Now 2.6 is observed, in addition to 2.4, after 10 minutes irradiation and only 

after 45 minutes irradiation is 2.7 observed. After 1 hour irradiation just 24% of the initial 

amount of 2.4 remains. The relative amounts of the hydride species at this time were 85% 2.5, 

11% 2.6 and 4% 2.7 and after 15 days at room temperature protected from ambient light there 

was now 82% 2.5, 13% 2.6 and 5% 2.7.  
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Figure 2.44: Hydride region of the 

1
H NMR spectrum for sample 2 recorded in d8-toluene at 298 K. Spectra labelled 

with the associated irradiation time and the top-most spectrum was recorded 15 days later showing the thermal 
activity 

The potential routes to the formation of these three rhodium hydrides species are presented 

in Figure 2.45. CpRh(CH2CHSiMe3)(DMSO), 2.4, may lose either DMSO or vinylsilane which, 

following Et3SiH addition, gives either 2.5 or 2.7 respectively. Both 2.5 and 2.7 may lose a 

ƭƛƎŀƴŘ ǘƻ ƎŜƴŜǊŀǘŜ ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ά/ǇwƘόIύό{ƛ9ǘ3ύέ ǿƘƛŎƘ ǇǊƻǾƛŘŜǎ ŀ ǊƻǳǘŜ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ 

of all three hydride species.  
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Figure 2.45: Possible pathway for the formation of the three rhodium-hydride species 

In summary, the irradiation of the two samples yielded the following observations 

¶ 2.5 always forms first 

¶ With sub-stoichiometric amounts of DMSO and no free trimethylvinylsilane 2.6 forms 

in the first 10 minutes of irradiation but not until after 1.5 hours when free DMSO and 

vinylsilane are present 

¶ 2.7 forms on a slower timescale than 2.5 and can form thermally from 2.5, over the 

course of 15 days.  

From these observation it can be concluded that 2.7 is more likely to form through the loss of 

trimethylvinylsilane from 2.5 than from 2.4 and that the kinetic model associated with the 

reactivity observed between 2.4 and Et3SiH is consistent with Figure 2.46. An equilibrium is 

formed between 2.4 and 2.5. In the sample with an excess of DMSO after 1.5 hours irradiation 

there is still 53% of 2.4 suggesting that DMSO coordination is favoured over Et3SiH, or that 

Et3SiH is more photolabile than DMSO in this equilibrium. A second equilibrium is proposed 

between 2.5 and 2.7. When there was a larger excess of DMSO than Et3SiH, 2.5 still dominated 
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over 2.7 indicating 2.5 is more stable than 2.7 or DMSO is more photolabile or coordination of 

ǾƛƴȅƭǎƛƭŀƴŜ ǘƻ ά/ǇwƘόIύό{ƛ93ύέ ƛǎ ŦŀǾƻǳǊŜŘΦ  

 
Figure 2.46: Proposed kinetic model for the reaction of 2.4 with triethylsilane. 

2.8 Photochemistry of 2.2 and 2.3 with CH2CHSi(CH3)3 ɀ to form 2.8, 

and 2.1 

The photoreactivities of complexes 2.2 and 2.3 were studied in order to provide new insights 

into the reactivity of these systems, their UV-Vis spectra are shown in Figure 2.47 and Figure 

2.48. First, the photosubstitution of the respective alkenes with a trimethylvinylsilane ligand 

was investigated. The product distribution will reveal whether one or both of the alkene 

moieties can be lost. The difference between the monodentate cyclooctene to the bidentate 

cyclooctadiene is expected to impact on this chemistry. To study this process two samples 

were prepared and irradiated in turn as detailed in Table 2.7. These reactions were monitored 

by 1H NMR spectroscopy and are now discussed.  

Table 2.7: Sample preparation details 

Complex Rh /mg CH2CHSiMe3 κ˃[ 
Molar 
Excess 

Irradiation  
time 

2.2 1.0 4.5 12 1h 
2.3 1.8 7.5 8 5h20 
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Figure 2.47: UV-Visble spectrum of 2.2 in C6H6 

 
Figure 2.48: UV-Visible spectrum of 2.3 in C6H6 

2.8.1 [(h5-C5H5)Rh(h2-C8H14)2] 2.2 

The irradiation of 2.2 in the presence of trimethylvinylsilane resulted in new signals which can 

be attributed to three rhodium half sandwich products (Figure 2.49). Plotting the change in 

speciation with irradiation reveals that 2.2 converts first into a new photoreactive product 

before evolving further into two stable species which are still observable at the end of 

photolysis (Figure 2.52). These correspond to two isomers of 2.1 which result from substitution 

of both of the cyclooctene ligands. The intermediate, therefore, is likely to correspond to a 

complex with one cyclooctene ligand and one trimethylvinylsilane ligand.  
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Figure 2.49: 

1
H NMR spectrum at 298 K of 2.2 after photolysis in the presence of trimethylvinylsilane (in d8-toluene), 
the peaks associated with already characterised species are labelled as 2.1A, 2.1B and 2.2.  

In order to characterise the intermediate this study was repeated with a fresh sample and the 

irradiation halted prior to complete conversion into the bis-substituted products. The proton 

spectrum now exhibits four peaks in the cyclopentadienyl region. Three of these peaks have 

already been assigned to complexes 2.1A (dH 4.98, dC 87.1), 2.1B (dH 5.01, dC 87.2) and 2.2 (dH 

4.83, dC 90.8), by elimination, the peak at d 4.90 must correspond to the 2.8 (Figure 2.49).  

In the 1H-1H COSY NMR spectrum there are three sets of signals for bound trimethylvinylsilane 

ligands, two sets can be attributed to the isomers of 2.1.The third set comprises three doublets 

of doublets at d -0.16 (JHH 11, 14 Hz), d 2.10 (JHH 1.5 Hz) and d 2.97 (JHH 14, 1.5 Hz) and arises 

from the intermediate. Due to overlap with a solvent signal the d 2.10 resonance is poorly 

resolved however, examination of the COSY NMR spectrum reveals an 11 and 1.5 Hz coupling. 

The small coupling of 1.5 Hz is consistent with the geminal coupling between HB and HC 

assigning these protons as the CH2 group and is corroborated by both of these resonances 

showing correlations to a carbon signal at d 40.9 in a 1H-13C HMQC experiment. The third 

proton, d ς0.16, showed a correlation to a separate carbon resonance at d 50.8 consistent with 

the CH group of the vinylsilane ligand. Both carbon signals exhibited a coupling to rhodium of 

14 Hz, indicative of a rhodium coordinated alkene ligand. The respective proton environments 

were assigned based on their proton-proton couplings (Figure 2.50) and the arrangement of 
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this ligand was confirmed by observations in the 1H-1H NOESY 2D NMR spectrum. The proton 

at d 2.97 shows an nOe to the Cp peak at d 4.90 and to the trimethyl group of the silane 

substituent. This would suggest that the silane substituent is on the same side of the alkene as 

the proton at d 2.97 and that they are pointing up towards the Cp ring.  

 
Figure 2.50: Assignments of the trimethylvinylsilane protons 

 
Figure 2.51: 

1
H-

1
H COSY NMR spectrum in d8-toluene of photoproducts form through the reaction of 2.2 with 

trimethylvinylsilane showing the three products with bound trimethylvinylsilane ligands.2.1A is highlighted in 
Â; 2.1B in Â and 2.8 in Â. 
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The resonances of note from the COE ligand are the vinylic protons at d 2.55 and 0.80 which 

correlate to carbon resonances in the 1H-13C HMQC NMR spectrum at d 61.6 and 68.4 

respectively. In the 13C{1H} NMR spectrum both of these resonances exhibited a coupling to 

rhodium of ~14 which corresponds to a rhodium coordinated alkene. In a 1H-1H NOESY 

spectrum the proton resonances show an nOe correlation with the d ς0.16 proton on the 

vinylsilane ligand confirming the assumption that the product contains both a cyclooctene and 

trimethylvinylsilane ligand. The proposed structure of this product is depicted in Figure 2.85 

and the details of the NMR characterisation are summarised in Table 2.22. 

Having fully assigned the proton spectrum, the series of spectra recorded during photolysis 

were reanalysed to extract more information. The percent of each species relative to the initial 

concentration of 2.2 were calculated and then plotted against the irradiation time (Figure 

2.52). The profiles of the different rhodium complexes as a function of irradiation time suggest 

that the loss of COE ligands occurs in a step-wise fashion since the intermediate peaks in 

intensity prior to significant growth of the final products and that the loss of the second ligand 

occurs on a similar timescale to the first. After 4 minutes irradiation, 2.8 reached a maximum 

concentration of 27%, relative to the initial concentration of rhodium whilst a photostationary 

state was achieved after 20 minutes there is 10% 2.8 remaining in addition to 48% of 2.1A and 

41% of 2.1B. Further irradiation did not improve these conversions.  



CXXIX 
 

 
Figure 2.52: Time profile showing the change in concentration of 2.2, 2.8, 2.1A and 2.1B as a function of irradiation 

time.  

The kinetic model which describes the reaction of 2.2 with trimethylvinylsilane is shown in 

Figure 2.53. Firstly the product, 2.8, is formed reversibly from 2.2. These two species share the 

ŎƻƳƳƻƴ ǊŜŀŎǘƛǾŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ά/ǇwƘό/h9ύέ ŀƴŘ 2.2 or 2.8 forms depending on whether the 

COE or vinylsilane coordinates. The product 2.8 Ƴŀȅ ŀƭǎƻ ƭƻǎŜ /h9 ǘƻ ŦƻǊƳ ά/ǇwƘό/I2CHSiMe3έ 

which also may coordinate COE or vinylsilane to either reform 2.8 or form one of the two 

isomers of 2.1. There are four reversible steps connecting 2.2, 2.8, 2.1A and 2.1B. To fit each of 

these would be challenging. The equilibrium between 2.1A and 2.1B has already been analysed 

in Section 2.4. The ratio of 2.1B to 2.1A at the photostationary state is 0.86 ° 0.08,122 

consistent with the Keq value obtained in Section 2.4. Combining the contributions of these two 

isomers offers a simplification to the complex kinetic model for this system. The new model 

(Figure 2.54) now just contains two reversible steps which are described by the rate constants 

k1, kς1, k2 and kς2.  
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Figure 2.53: Kinetic Model to describe the reaction of 2.2 with trimethylvinylsilane; the observable species are in 

black and the intermediates through which they are formed are shown in grey 

 

 
Figure 2.54: Simplified kinetic model to describe the formation of 2.1 from 2.2 via 2.8 

A differential approach was used to model the relaxation kinetics for the simplified kinetic 

model (Experimental 8.4.3). Values for each of the rate constants were obtained (Table 2.8) 

and the corresponding equilibrium constants, Ki, were calculated using Equation (2.21).122 K1 is 

approximately 1 showing little difference in the activity of 2.2 and 2.8, whereas K2 is 1.56 ° 

0.14, reflecting a difference in activity between 2.1 and 2.8. If it is assumed that this sample 

was suitably optically dilute (Appendix), the equilibrium constant can be considered as a 

combination of the quantum yields and molar absorption coefficients of 2.8 and 2.1 in addition 

to the energetics associated with ligand coordination. A value of Keq greater than one would 

indicate that the quantum yield of 2.8 is greater than that of 2.1 and thus 2.8 is more efficient 

at forming the intermediate. Alternatively it might suggest that there is a preference for the 

coordination of trimethylvinylsilane to the intermediate, over the coordination of cyclooctene. 
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Figure 2.55: Time profile showing the change in concentration of 2.2, 2.8 and 2.1 as a function of irradiation time. 

The lines show the results of the fitting in Excel. 

Table 2.8: Relaxation constants for each step of the simplified kinetic model for the reaction between 2.2 and 
trimethylvinylsilane and the calculated equilibrium constant 

i ki /mol ς1 dm3 sς1 k-i /mol ς1 dm3 sς1 Ki  

1 (7.70 ° 0.53) x10ς2 (7.94 ° 1.37) x10ς2 0.98 ° 0.12 

2 (1.21 ° 0.09) x10ς1 (7.79 ° 0.80) x10ς2 1.56 ° 0.14 

 

ὑ
Ὧ

Ὧ
 

(2.20) 

+
ςȢρ6ÉÎÙÌÓÉÌÁÎÅ

ςȢψ#/%

ʀȢɮȢË

ʀȢɮȢË
 

(2.21) 

 

2.8.2 [(h5-C5H5)Rh(h4-C8H12)] 2.3 

A much longer irradiation time was required for 2.3 compared with 2.2 and 2.1 reflecting 

lower photoactivity of this system. During this time, two products formed, identified as 2.1A 

and 2.1B based on their 1H NMR characteristics (Figure 2.56). However, despite the much 
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longer irradiation time, the major component was still 2.3 which accounts for 74% of the initial 

rhodium content.  

 
Figure 2.56: Cp Region of proton spectrum following 4.5 hours photolysis, labelled with known complexes 

The relative concentrations for each species were calculated and then plotted against 

irradiation time; showing much slower changes in the speciation than previously seen (Figure 

2.57). The final ratio of 2.1B to 2.1A was 0.83: 1, which is consistent with the ratio of these two 

isomers when they were prepared from 2.1 and 2.2 via a photochemical process. The kinetic 

model for this reaction is depicted in Figure 2.58. Through the loss of the COD ligand 2.1A or 

2.1B can be formed and these two complexes may interconvert between each other. It is likely 

that the loss of COD occurs stepwise via the breakage of one of the rhodium-COD alkene bond 

ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ά/ǇwƘόh
2-/h5ύέ ǎǇŜŎƛŜǎΦ ¢Ƙƛǎ Ƴŀȅ ǊŜŎƻƻǊŘƛƴŀǘŜ ǘƘŜ /h5Ωǎ ǎŜŎƻƴŘ ŀƭƪŜƴŜ ƳƻƛŜǘȅ 

or trimethylvinylsilane resulting in the intermediate CpRh(h2-COD)(CH2CHSiMe3). It is likely 

that this this due to the bidentate nature of the COD ligand which means that the C=C bond 

remains close to the metal centre following the breaking of the metal-alkene bond. As a 

consequence of this the recoordination of the second COD alkene is favoured over 

coordination of a vinylsilane solution. Since the intermediate is not observed, it would suggest 

that it is only present in solution for short periods of time and in low concentration. This result 

could also be rationalised by the trimethylvinylsilane ligand being more photolabile than the 

COD ligand driving the back reaction towards reform the starting material in preference over 
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the formation of 2.1 based on the assumption of low absorbance as outlined in the Appendix 

but this is unlikely given the earlier studies 

 
Figure 2.57: Time profile showing the change in concentration of 2.3, 2.1A and 2.1B as a function of irradiation 

time. 

 
Figure 2.58: Kinetic Model for the reaction of 2.3 with trimethylvinylsilane to 2.1A and 2.1B; the intermediate 

CpRh(h
2
-COD)(CH2CHSiMe3) was not observed. The net process is given in black and the route is shown in grey. 

A simplified model was used to fit the relaxation kinetics of this system; this is shown in Figure 

2.59. The two isomers of 2.1 are combined, this means that the isomerisation between them 

does not need to be considered, and the proposed intermediate has not been included in this 

model. Figure 2.57 shows that the equilibrium position has not been fully reached which 

means that the concentrations of the species in equilibrium at this equilibrium are not known. 

The relaxation kinetics were therefore obtained using the differential method described in the 
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Experimental and the results of this are shown in Table 2.9. The calculated equilibrium 

constant from this fitting is 0.11 ° 0.02 mol dm-3 using Equation (2.22),122 this shows that at the 

equilibrium position 2.3 is considerably more favoured than 2.1. This contrasts with the 

behaviour seen by in 2.2 and reflects the need for a much longer irradiation time with 2.3 

when compared to 2.2. The equilibrium constant may be considered in terms of the ratio of 

quantum yields. A value for the equilibrium constant of 0.1 mol dmς3 reflects the quantum 

yield for the 2.3 being smaller than that of 2.1. It also indicates that there is an energetic 

preference for COD coordination over trimethylvinylsilane. 

 
Figure 2.59: Simplified kinetic model of reaction between 2.3 and trimethylvinylsilane. 

 
Figure 2.60: Time profile showing the change in concentration of 2.3 and 2.1 as a function of irradiation time. The 

lines show the results of the fitting in Excel. 

ὑ
ςȢρ ὅὕὈ

ςȢσ ὅὌὅὌὛὭὓὩ
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Ὧ
 

(2.22) 

  
  

Table 2.9: Relaxation constants for the simplified kinetic model and calculated equilibrium constant, Keq 

k1/mol ς2 dm6 sς1 k-1/mol ς1 dm3 sς1 Keq /mol dm-3. 

(3.14 ° 0.14)x10ς3 (2.95 ° 0.42)x10ς2 0.11 ° 0.02 
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2.9 Photochemistry of 2.2 and 2.3 with DMSO ɀ to form 2.9 

Having determined that the alkene ligands in 2.2 and 2.3 are photolabile; their reactivity 

towards DMSO was investigated. Since CD3S(O)CD3 is readily available, a neat solvent reaction 

can be undertaken to probe the behaviour of the COD ligand in 2.3. Additionally the potential 

to form the bis-DMSO complex [(h5-C5H5)Rh(DMSO)2], which has not previously been 

observed, reflects an interesting prospect. To study this process the following samples were 

prepared in d8-toluene, unless otherwise stated, and then irradiated for the given amount of 

time ( 
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Table 2.11). The reactions were monitored by 1H NMR spectroscopy and the observations 

during this process will now be discussed. 

Table 2.10: Sample preparation details 

Entry Complex Rh /mg 5a{h κ˃[ Excess Irradiation time 

1 2.2 0.5 5 59 15m 
2 2.2 1.6 1.4 4.7 30m 
3 2.3 0.3 3.5 42 3.5h 
4 2.3* 0.4 7 70 5h 
5 2.3 1.4 5 14 42h 
6 2.3Ϟ ~0.5 500  42h 

*3 bar H2 ŀŘŘŜŘΤ Ϟ ƛƴ Ř6-DMSO 

2.9.1 [(h5-C5H5)Rh(h2-C8H14)2] 2.2 

The proton NMR spectra showed the growth of peaks indicative of free cyclooctene and a 

rhodium containing photoproduct 2.9. This product yields a new cyclopentadienyl peak at d 

4.84. There is also a singlet at d 2.49, which integrates to six protons if the cyclopentadienyl 

peak is five suggesting that this belongs to the bound DMSO peak. The two methyls group are 

equivalent in this product due to the symmetrical alkene, in contrast to the observations in 

2.4. This resonance correlates to a carbon signal at d 55.8 suggesting that the DMSO is 

coordinated through the sulfur in the same way as in complex 2.4.57, 132 A doublet at d 3.00 

correlates to a carbon resonance at d 59.5 which indicates that this resonance corresponds to 

a coordinated alkene, confirmed through the detection of a 16 Hz rhodium-carbon coupling in 

the 13C{1H} NMR spectrum. The 1H-1H COSY NMR spectrum correlated this resonance to its 

adjacent methylene group at d 2.46 and 1.65 (dC 33.2). The resonance at d 2.46 is a doublet of 

quartets with just one large coupling (JHH 13.5 Hz) corresponding to the geminal coupling to its 

partner at d 1.65, therefore it must be trans relative to the alkene proton at d 3.00 as this 

arrangement is more in keeping with the 3.5 Hz coupling of the quartet, this is quartet owing 

coupling to H3 and HоΩ also with ~3.5 Hz coupling constants. The proton at d 3.00 is a pseudo 

doublet with a large coupling of JHH 9.5 Hz between H1 and H2 in a cis arrangement, its smaller 
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coupling to H2' is hidden in the broadness of the resonance. The remaining positions on the 

cyclooctene ring overlap with one another and free COE at between d 1.50 and 1.65. 

 
Figure 2.61: 

1
H NMR Spectrum of 2.2 with DMSO in d8-toluene at 298 K after 15 minutes irradiation 

 
Figure 2.62: Summary of the 

1
H assignments of the coordinated cyclooctene ligand.  

Using the signal at d нΦфуΣ ǇǊƻǘƻƴ нΩ ƛƴ 2.2, and the singlet at d 2.49, for the bound DMSO in 

2.9, the change in concentrations of 2.2 and 2.9 during the irradiation period and these were 

plotted against the irradiation time (Figure 2.63). Revealing that the formation of a 

photostationary state after an initial growth period. This equilibrium comprised of 90% of 2.9 

and 4% of 2.2, decomposition amounting to 6% was also observed. There was no evidence of 

the bis-DMSO product, CpRh(DMSO)2. The identity of the decomposition was not identified 

and no precipitate was observed in solution, the total integral for the Cp region of the NMR 

spectrum before and after irradiation was consistent with this observation and therefore the 

loss of the Cp ligand could be responsible for the decomposition. If CpRh(DMSO)2 does not 

form due to the instability of the CpRh(DMSO) fragment this could provide a route for 

decomposition.  
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Figure 2.63: Time profile; showing growth of 2.9 and decay of 2.2 using the sample from entry 1 in Table 2.10. The 

lines reflect the fitting described in  
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Table 2.11 (entry 1) 

One kinetic model which can be used to describe this system is a simple one step, bimolecular 

equilibrium (Figure 2.64) whose kinetics obey the principles outlined in the Appendix. In this 

model 2.2 and 2.9 undergo photochemical ligand loss to give a common intermediate 

ά/ǇwƘό/h9ύέΦ ¢ƘŜ ŀōǎŜƴŎŜ ƻŦ ǘƘŜ ōƛǎ-DMSO complex suggests that the loss of COE from 2.9 to 

ƎƛǾŜ ά/ǇwƘό5a{hύέ ŘƻŜǎ ƴƻǘ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƛƳǇŀŎǘ ƻƴ ǘƘŜ ǊŜŀŎǘƛǾƛǘȅ ƻŦ 2.9. The equilibrium 

constant, Keq, for this reaction is given by Equation (2.23)122 which gives a Keq value for this 

sample as 0.25 ± 0.06.  

 
Figure 2.64: Kinetic Model for the transformation of 2.2 into 2.9 
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(2.23) 

 
In Section 2.5, it was observed that the reaction between 2.1 and DMSO was independent of 

DMSO concentration. To investigate whether this was the case with 2.2 also, a second sample 

was prepared (entry 2, Table 2.10) containing a smaller excess of DMSO. This sample was 

prepared in same manner as the first. The change in concentration of the two rhodium species 

as a function of irradiation time is depicted in Figure 2.65. In this sample at the equilibrium 

position there is now 25% of the starting complex, compared with 4% in the first sample. The 

equilibrium constant was calculated to be 0.19 ° 0.01. This would suggest that in this reaction 

the concentration of DMSO does influence the reaction rate, however, this needs to be treated 

with caution considering the two samples were prepared separately and with different 

concentrations of 2.2.   
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Figure 2.65: Time profile; showing growth of complex 2.9 and decay of complex 2.2 using the sample from entry 2 in 

Table 2.10. The lines reflect the fitting described in  
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Table 2.11 (entry 2) 

The change in the concentrations of the rhodium complexes during the irradiation were fitted 

to exponential curves according to Equation (2.24)121, 123, where a is the equilibrium 

concentration, b is the change in concentration and kobs is the time for the equilibrium to be 

reached. This equation was derived using relaxation kinetics for the model described in Figure 

2.64. The result of this fitting, for both samples, is given in  
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Table 2.11. Since the observed rate constant, kobs, and the equilibrium constant, Keq relates to 

the rates of the two steps in this process the values of k1 and k-1 can be calculated ( 

Table 2.12) 124 Assuming the sample is optically dilute and has low absorbance, the equilibrium 

constant relates to the ratio of the quantum yields, and molar absorption coefficient, as well as 

the energetics associated with coordination of the ligands to the intermediate (Equation 

(2.25)).122, 125 The values of k1 and k-1 can also be expressed in terms of the photochemical 

properties (Equation (8.1) and (8.2)) showing that k1 relates to the quantum yield of 2.1 and 

the rate of DMSO addition to the intermediate and k-1 the quantum yield and addition of COE 

to the intermediate. The values of k1, k-1 and Keq suggest that either the quantum yield of 2.2 is 

notably smaller than that of 2.9 or cyclooctene preferentially coordinates to the intermediate 

or a combination of the two effects. 

Ù Á ÂÅ  (2.24) 

where 

a= [A]eq 

b= [A]0 ς [A]eq  

kobs= k1([DMSO]eq+[2.2]eq) + k2([COE]eq+[2.9]eq) 

 

ὑ
ςȢωὅὕὉ

ςȢςὈὓὛὕ

‐Ȣ ȢὯ

‐Ȣ ȢὯ
 

(2.25) 
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(2.26) 

Ὧ
 ȢὍὰ‐ȢὯ
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(2.27) 
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Table 2.11 Fitting results for the changes of 2.2 and 2.9 as a function of irradiation using Equation (2.24) for each of 
the samples. 

Entry 
Molar 
excess 
DMSO 

 a /% b /% kobs /mol ς1 dm3 sς1 

1 60 [2.2] 4.9 ± 1.1 91.8 ± 1.4 (5.91 ± 0.44) x10-3 
  [2.9] 89.1 ± 0.9 ҍ88.5 ± 1.2 (7.25 ± 0.49) x10-3 

2 5 [2.2] 17.3 ± 3.6 84.5 ± 3.4 (1.37 ± 0.18) x10-3 
  [2.9] 77.9 ± 3.5 ҍ81.8 ± 3.5 (1.65 ± 0.24) x10-3 

 

Table 2.12: Rate constants and calculated equilibrium constant, Keq 

Entry 
Molar 
excess 
DMSO 

k1/molς1 dm3 sς1 k-1 /mol ς1 dm3 sς1 Keq 

1 60 (4.48 ° 0.76) x10ς2 0.189 ° 0.068 0.25 ° 0.06 

2 5 (1.87 ° 0.43) x10ς2 0.101 ° 0.024 0.19 ° 0.01 

 

2.9.2  [(h5-C5H5)Rh(h4-C8H12)] 2.3 

An NMR sample was prepared and irradiated according to Entry 3 in Table 2.10. After 3.5 

hours irradiation there were very few changes to the proton spectrum; two very small signals 

at d 4.80 and d 2.45 were observed. These are in the right parts of the spectrum for 

coordinated Cp and DMSO ligands in these types of complexes (Figure 2.66), however due to 

their weak intensity it is difficult to assign these peaks with any confidence. The other change 

to the proton spectrum is seen in the d 5.5 to 6.5 region where uncoordinated alkene 

resonances are typically seen. In the spectra following the photolysis two peaks were present 

in this area; a doublet at d 5.81 (JHH 9 Hz) and a broad resonance at d 5.54 (Figure 2.66). These 

were also seen following the photolysis of this complex with trimethylvinylsilane which would 

be consistent with them being due to the free COD in solution but only one peak in this region 

would be expected owing to the symmetry of COD. The second resonance could be an 

uncoordinated alkene resonance of a CpRh(h
2-COD) type species. 
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Figure 2.66: 

1
H NMR spectrum of 2.3 in d8-toluene at 298 K, following irradiation  

To investigate this reaction further, a sample was prepared and 3 bar H2 was added (Entry 4 

Table 2.10) on the basis that this could hydrogenate the COD ligand to COE, allowing it to 

coordinate in an h2 fashion leaving a vacant site for DMSO to bind, and/or hydrogenate the 

COD ligand to cyclooctane which could potentially provide a route to the formation of [(h5-

C5H5)Rh(DMSO)2]. Despite 5 hours of irradiation, there was only minimal conversion to the 

new species seen with the first sample. There was also only the two previously observed 

resonances in the alkene region of the spectrum suggesting that COE did not form, however 

there was a singlet at d 1.44 in keeping with a cycloalkane such as cyclooctane suggesting 

some COD was hydrogenated.135 

The study of 2.3 with trimethylvinylsilane occurred at a slower pace than with 2.2, taking this 

into account this reaction was then studied over a longer timescale (42 hours). Two samples 

were prepared, one of which was prepared in neat d6-DMSO and the other in d8-toluene with a 

14 fold excess of DMSO (Entries 5 and 6 Table 2.10). During the irradiation time, degradation 

of the starting material was observed, as was free cyclooctadiene, however, no clear product 

formed in either sample. This suggests that the complex is photoactive but any products which 

might have formed are not stable. The degradation product(s) were not identified, some 

brown precipitate was observed in the NMR tube and a notable drop in the intensity of the Cp 

containing species seen. This would indicate the degradation resulted from the loss of the Cp 

ligand. 
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2.10 Photochemistry of 2.2 and 2.3 with Et3SiH ɀ to form 2.10, and 2.6 

Many important reactions involving organometallic complexes with small organic compounds 

relates to their ability to activate seemingly inert bonds such as CςH,49 BςH51 or SiςH.50 

Triethylsilane was chosen as a test substrate to determine whether these complexes can 

activate such bonds. To investigate this process, NMR samples of 2.2 and 2.3 were prepared in 

d8-toluene according to Table 2.13. 

Table 2.13: Sample preparation details 

Entry Complex Rh /mg {ƛƭŀƴŜ κ˃[ Excess Irradiation time 

1 2.2 0.6 5 19 20m 
2 2.3 0.75 10 23 2h 

 

2.10.1 [(h5-C5H5)Rh(h2-C8H14)2] 2.2 

1H NMR spectra recorded during irradiation of 2.2 with Et3SiH showed the growth of two RhςH 

species (Figure 2.67). The first species to form corresponded to a hydride at d ς15.02 (JHRh 33 

Hz) this is consistent with a RhIII species, 2.10. The second species which forms and is 

consistent with the known [(h5-C5H5)Rh(H)2(Si(CH2CH3)3)2] 2.6.  

 
Figure 2.67: Hydride Region of the 

1
H Spectrum at 298 K after 32.5 minute irradiation of 2.3 in the presence of 

triethylsilane in d8-toluene. 

Like 2.5, many resonances associated with 2.10 are broad (Figure 2.68). Cooling the sample to 

270 K allowed the multiplicities of these resonances to be resolved and 2D NMR experiments 

were acquired to allow for 2.10 to be characterised. The key features of this characterisation 
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are two resonances at d 2.91 and 2.44. At room temperature these peaks are broad with no 

distinguishing features, cooling resolves both of these peaks as triplets with 9 Hz couplings. In 

a 2D 1H-1H NOESY spectrum these two resonances exhibit exchange cross peaks between one 

another in addition to nOe connections to the rhodium hydride and the triethylsilane ligand. 

The source of the fluxionality is due to the chemical exchange, this could be through the same 

mechanism as was seen in 2.5 (Figure 2.69). Unlike 2.5, in 2.10 this exchange would not give 

rise to different isomers due to the symmetry of the alkene. The two extremes are chemically 

the same but the two halves of the COE ligand are magnetically inequivalent and therefore the 

CH labelled * is different to the CH labellŜŘ ϟ ŀƴŘ ǘƘŜ rotation of the SiςH bond results in these 

two position being different in the two extremes and gives rise to the fluxionality in 2.10. In 

2.10, rotation of the COE ligand would also give the same exchange. The proposed structure 

and the associated NMR characterisation data are found in Figure 2.87 and Table 2.24.  

 
Figure 2.68: 

1
H NMR spectrum of 2.10 in d8-toluene (top) at 298 K (bottom) at 270 K. 
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Figure 2.69: Proposed route to chemical exchange in the COE protons in the product 2.10 

The series of proton spectra acquired during the photolysis were analysed and used to 

measure the conversion of the 2.2 into the two products, these were then plotted against the 

photolysis time (Figure 2.70). This plot shows that the first product forms quickly during the 

initial 10 minutes of irradiation reaching a maximum concentration of 84% of the initial 

rhodium content after 11 minutes photolysis. After this time its concentration starts to fall as 

the second product begins to form. This second product appears to form on a slower timescale 

than the first.  

 
Figure 2.70: Time profile following the reaction of 2.2 with triethylsilane 
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The kinetic model which describes this reaction is given in Figure 2.71, starting with the 

reversible formation of 2.10 from 2.2, where the formation of 2.6 from 2.10 indicates that this 

product is photoactive. The third step involves the reaction of 2.10 with a second triethylsilane 

to form 2.6 which has been demonstrated not to be photoactive and thus forms irreversibly. 

Using a relaxation kinetics approach the kinetics of this reaction can be evaluated. To calculate 

the equilibrium constant for this step the relative relaxation constants for each of the steps in 

the kinetic model with fitted using the process described in the Experimental. Once the 

concentrations of the ligands were taken into account, this resulted in values of k1 and k-1 of 

(9.63 ° 0.42) x10ς2 and (8.31 ° 0.72) x10ς2 mol-1 dm3 s-1which gives an equilibrium constant of 

1.17 ° 0.15 using Equation (2.18).122 The value of k2 calculated was (3.78 ° 0.22) x10ς3 mol-1 

dm3 s-1.  

 
Figure 2.71: Kinetic Model for the reaction between 2.2 and triethylsilane 

In this kinetic model 2.10 and 2.2 ǎƘŀǊŜ ŀ ŎƻƳƳƻƴ ǊŜŀŎǘƛǾŜ ŦǊŀƎƳŜƴǘΣ ά/ǇwƘό/h9ύέ ǿƘƛŎƘ ƛǎ 

formed by the photochemical loss of COE from 2.2 and the reductive elimination of 

triethylsilane from 2.10. An equilibrium constant of 1 would suggest that there is an equal 

preference for this fragment to coordinate COE or oxidatively add the silane and/or the 

fragment is formed at comparable rate from either 2.2 or 2.10. As predicted the value of k2 is 

smaller than that of k1 and k-1, in fact it more than 20 times smaller than them. The reactive 

fragment that is formed in order to generate 2.6 ƛǎ ά/ǇwƘόIύό{ƛ9ǘ3ύέ ǿƘƛŎƘ ƛǎ ŦƻǊƳŜŘ ōȅ ǘƘŜ ƭƻǎǎ 

of COE from 2.10. Since k2 is much smaller than k-1 it would suggest that the COE is less 

photolabile from 2.10 than silane is.  
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2.10.2  [(h5-C5H5)Rh(h4-C8H12)] 2.3 

The photolysis of 2.3 with Et3SiH resulted in two hydride resonances in the 1H NMR spectra at 

d ς14.19 and ς15.06 (Figure 2.72), both of these resonances display coupling to one rhodium 

centre. The coupling seen in the d ς14.19 peak was 38 Hz; this is consistent with the RhV 

species 2.6. Whereas the other hydride, at d ς15.06 has a 33 Hz which is more consistent with 

a RhIII species, such as [(h5-C5H5)Rh(H)(Si(CH2CH3)(h
2-C8H12)]. This would be the first time in this 

research that a stable product which has the COD ligand coordinated in an h
2 fashion has been 

detected, however, this can only be postulated since this species is only ever present in very 

low concentrations, limiting its characterisation.  

 
Figure 2.72: Hydride region at 298 K following the reaction of 2.3 with triethylsilane in d8-toluene. 

The proton spectra were analysed and the results of this are shown in Figure 2.73. This shows 

a slow growth of the double oxidation product and a steady very low level (1-2% only) of the 

other product. After 2 hours irradiation there was 17.3% of 2.6 and 1.3% of 2.11 in addition to 

81.4% starting material. This reaction was modelled using a chemical exchange mechanism 

based on the kinetic model in Figure 2.74 this gave values of k1, k-1 and k2 of (5.61 ° 0.56)   

x10ς4, (1.43 ° 0.21) x10ς3 and (7.19 ° 0.45) x10ς3 respectively. Unlike 2.1 and 2.2, the rate of 

the first oxidative addition is comparable to that of the second, to give 2.6. The overall activity 

is notably reduced when compared to 2.1 and 2.2, since the starting material is the major 

species after 2 hours irradiation.  
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Figure 2.73: Time profile following the reaction of 2.3 with triethylsilane. 

 
Figure 2.74: Kinetic Model for the reaction of CpRh(COD) with triethylsilane. 

2.11 Conclusions 

CpRh(CH2CHSiMe3)2 2.1, CpRh(COE)2 2.2 and CpRh(COD) 2.3 have been synthesised via the 

reaction of the analogous rhodium chloride dimers with cyclopentadienyl lithium. Complex 2.1 

was synthesised as two isomers; trans-up-up (2.1A) and cis-up-up (2.1B) which differ in the 

relative orientation of the trimethylvinylsilane. All four complexes were characterised by NMR 

spectroscopy before their reactions with the substrates; trimethylvinylsilane, DMSO and 

triethylsilane were studied. 

Irradiation of 2.1 in the presence of trimethylvinylsilane revealed that isomerisation between 

2.1A and 2.1B could be achieved photochemically. Irradiation resulted in the formation of a 

photostationary state which was analysed by relaxation kinetics and associated with a Keq 

value of 0.74 ° 0.02 indicating that there is a preference for the trans-up-up isomer, 2.1A over 
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the cis-up-up isomer 2.1B. This was rationalised to reflect the difference in the quantum yields 

of the two isomers. From this study it could be concluded that, under these reaction 

conditions, a trimethylvinylsilane ligand could be lost photochemically. This spurred further 

studies with DMSO and triethylsilane.  

The reaction between 2.1 and DMSO gave rise to a single product identified as being 

CpRh(CH2CHSiMe3)(DMSO) 2.4 where the DMSO ligand coordinates via its sulfur atom. This 

reaction also formed a photostationary state. The initial sample contained 94% 2.4 and 4% 2.1, 

to investigate the whether changing the concentration of DMSO would influence the 

distribution of products a three samples were prepared from a stock solution and different 

amounts of DMSO were added. Analysis of these samples revealed that the reaction is 

independent of DMSO concentration and a Keq value of ~0.1 were measured. An excess of 

trimethylvinylsilane was added to a sample of 2.4 and DMSO and following irradiation there 

was a growth in signal associated with 2.1. At the end of the irradiation period 2.4 was still the 

dominant species indicating that it is favoured in the equilibrium and can be rationalised as a 

combination of the photochemical and thermodynamic properties of 2.1 and 2.4.   

The photoreactivity of 2.1 and 2.4 towards triethylsilane was then investigated, resulting in the 

formation of CpRh(H)(SiEt3)(CH2CHSiMe3) 2.5, CpRh(H)2(SiEt3)2 2.6 and CpRh(H)(SiEt3)(DMSO) 

2.7. From the reaction between 2.1 and Et3SiH it was determined that 2.5 forms on route to 

the formation of 2.6 and that the formation of 2.6 occurs on a slower time scale. Its formation 

was associated with a rate constant that was a factor of 10 slower than the corresponding 

value for the formation of 2.5. To investigate the formation of 2.5, 2.6 and 2.7 from 2.4 two 

samples were prepared with different excesses of DMSO. These studies revealed that 2.7 

forms slower than 2.5 and on a similar timescale to the formation of 2.6 when an excess of 

DMSO was used and slower still without an excess of the ligand. From this it was concluded 
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that 2.7 formed through the loss of trimethylvinylsilane from 2.5 and subsequent coordination 

of DMSO rather than from 2.4 directly. 

The reactivity of 2.2 and 2.3 towards trimethylvinylsilane was also studied to determine 

whether the COE or COD ligands are photochemically labile. With 2.2, three products were 

observed, 2.1A, 2.1B and 2.8, which was identified as CpRh(COE)(CH2CHSiMe3). This process 

was analysed using relaxation kinetics which determined the equilibrium constant for the first 

equilibrium to be 0.98 ° 0.12 and the second equilibrium 1.56 ° 0.14 which demonstrates that 

ŜƛǘƘŜǊ ǘƘŜ ƛƴǘŜǊƳŜŘƛŀǘŜ ά/ǇwƘό/h9ύέ Ƙŀǎ ƴƻ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ /h9 ƻǊ ǘǊƛƳŜǘƘȅƭǾƛƴȅƭǎƛƭŀƴŜ 

coordination or that the quantum yields of 2.2 and 2.8 are similar. In contrast, 

ά/ǇwƘό/I2CHSiMe3ύέ ŘƻŜǎ ƘŀǾŜ ŀ ǇǊŜŦŜǊŜƴŎŜ ŦƻǊ ǘƘŜ ǾƛƴȅƭǎƛƭŀƴŜ ƻǾŜǊ /h9 ƻǊ ǘƘŜ ǉǳŀƴǘǳƳ ȅƛŜƭŘ 

for 2.8 is greater than that of 2.1. The reaction between 2.3 and trimethylvinylsilane, however, 

only resulted in the formation of 2.1A and 2.1B and these formed on a much slower timescale. 

This was rationalised as being a consequence of the bichelating ligand keeping the liberated 

alkene ligand close to the metal centre making its recoordination favoured over the 

coordination of different ligand.  

Having demonstrated photoactivity of 2.2 and 2.3, they were next studied with DMSO and 

triethylsilane. The reaction between 2.2 and DMSO resulted in the product CpRh(COE)(DMSO) 

2.9. Its formation was studied using relaxation kinetics giving an equilibrium constant of 0.25 ° 

0.06 and 0.19 ° 0.01 for samples containing 60 and 5 fold excesses of DMSO respectively. This 

would suggest that either the quantum yield of 2.9 is greater than that of 2.2 or that there is 

an energetic preference for COE coordination. The reaction between 2.2 and Et3SiH resulted in 

the stepwise substitution of the COE ligands with silyl hydride ligands to give 

CpRhH(SiEt3)(COE) 2.10 and 2.6, with the second step occurring on a slower timescale than the 

first. No reaction between 2.3 and DMSO was observed, even with long irradiation times and 

using neat d6-DMSO, and only limited activity towards Et3SiH was observed. The major species 
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after two hours irradiation was 2.3 and approximately 17% of 2.6 and trace amounts (<2%) of 

a RhIII species were detected hypothesised as being CpRhH(SiEt3)(h
2-COD).  

It can therefore be concluded that the presence of a bidentate alkene in 2.3 heavily influences 

its activity. This is thought to be due to the close proximity of the liberated alkene to the metal 

centre following its loss from 2.3, making its recoordination favoured over substitution with 

another ligand. Only products which corresponded to the loss of the COD ligand formed in any 

appreciable concentration. The reactivity of 2.1 and 2.2 is similar; both may lose their alkene 

ligands in a stepwise manner to give mono- and bis- substitution products. Their reactions with 

DMSO revealed some differences in their activity, however, with 2.1 exhibit a concentration 

dependence in its Keq which was not seen in 2.2. The reactivity of these starting complexes are 

summarised in Figure 2.75-Figure 2.77. 

In conclusion, this work has extended the previous studies to complexes containing 

trimethylvinylsilane, cyclooctene and cyclooctadiene ligands. The observations were broadly 

consistent with the literature with a mix of mono- and bis-substitution of the alkenes observed 

depending on the substrate. The cyclooctene and cyclooctadiene dimers were both 

synthesised using a microwave preparation allowing reduced reaction times and lower 

volumes of solvent. This preparation is notable simpler than the corresponding method used 

ǘƻ ǎȅƴǘƘŜǎƛǎ /ǊŀƳŜǊΩǎ ŎƻƳǇƭŜȄ ώwƘό/2H4)2(m-Cl)]2. 2.2 has been shown to react in a similar way 

to CpRh(C2H4)2, COE could therefore be a viable alternative to ethylene in other complexes 

also. This research has also demonstrated that DMSO is a photolabilie ligand, further 

investigations into this as a photolabile ligand would be of interest.  
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Figure 2.75: Summary of the observed reactivity of 2.1 and its photoproducts. 

 
Figure 2.76: Summary of the reactivity of 2.2 with DMSO, vinylsilane and Et3SiH. 
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Figure 2.77: Summary of the observed reactivity of 2.3 with Et3SiH and vinylsilane, it was not possible to 

characterise the grey structure.  
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2.12 Structures and NMR data 

 
Figure 2.78: Structure of trans-up-up-[(h

5
-C5H5)Rh(h

2
-CH2CHSi(CH3)3)2] 2.1A (left) and cis-up-up-[(h

5
-C5H5)Rh(h

2
-

CH2CHSi(CH3)3)2] 2.1B (middle), labelled positions on vinylsilane ligand (right). 

Table 2.14: NMR Characterisation for the major isomer trans-up-up-[(h
5
-C5H5)Rh(h

2
-CH2CHSi(CH3)3)2] 2.1A 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 5.00 (d, 5H) 
2.84 (br.d, 2H) 
2.26 (dd, 2H) 
ς 0.34  (dd 2H) 
0.07 (s, 18H) 

JHRh
 0.6  

JHH 13.5 
JHH 11.0, 1.5 
JHH 13., 11.0 
 

C5H5 

HC 

HB 

HA 

(CH3)3 

C5H5 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 
13C 87.3 (d) 

39.0 (d) 
52.8 (d) 
0.41 (s) 

JCRh 4.0 
JCRh 13.0 
JCRh 14.1 

C5H5 

CH2 
CH 
(CH3)3 

C5H5 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

 

Table 2.15: NMR Characterisation for the minor isomer cis-up-up-[(h
5
-C5H5)Rh(h

2
-CH2CHSi(CH3)3)2] 2.1B 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 5.04 (d, 5H) 
2.93 (dd, 2H) 
1.55 (dd, 2H) 
0.71  (dd 2H) 
0.10 (s, 18H) 

JHRh
 0.6  

JHH 14.0, 2.5 
JHH 11.0, 2.0 
JHH 14.0, 11.0 
 

C5H5 

HC 

HB 

HA 

Si(CH3)3 

C5H5 

CH2=CHSi(CH3)3 
CH2=CHSi(CH3)3 
CH2=CHSi(CH3)3 
CH2=CHSi(CH3)3 

13C 87.5 (d) 
43.0 (d) 
49.4 (d) 
0.49 (s) 

JCRh 3.9 
JCRh 13.1 
JCRh 14.0 

C5H5 

CH2 
CH 
Si(CH3)3 

C5H5 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 
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Figure 2.79: Structure of [(h

5
-C5H5)Rh(h

2
-C8H14)2] 2.2.  

Table 2.16 NMR Characterisation of [(h
5
-C5H5)Rh(h

2
-C8H14)2] 2.2 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 4.85 (s, 5H) 
2.32 (d, 4H) 
1.76 (d, 4H) 
1.58 (m 12H total) 
1.52 (m 12H total) 
1.32 (m 8H) 

 
JHH 13 
JHH 9 
 
 

C5H5 

H2 
H1 
H3 & H4

 

HнΩ 
HоΩ & HпΩ 

C5H5 

COE 
COE 
COE 
COE 
COE 

13C 91.1 (d) 
65.1 (d) 
33.5 (d) 
32.9 (d) 
26.8 (s) 

JCRh 3.7  
JCRh 14.4 
JCRh 1.3 
JCRh 1.3 

C5H5 

C1 
C2 
C3 
C4 

C5H5 

COE 
COE 
COE 
COE 

 

 
Figure 2.80: Structure of [(h

5
-C5H5)Rh(h

4
-C8H12)] 2.3.  

Table 2.17: NMR Characterisation of [(h
5
-C5H5)Rh(h

4
-C8H12)] 2.3 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 4.93 (s, 5H) 
3.94 (s, 4H) 
2.20 (m, 4H) 
1.94 (dd, 4H) 

 
 
 
JHH 8.5, 16.0 

C5H5 

CH1 

(CH2)
2 

(CH2)
нΩ 

C5H5 

COD 
COD 
COD 

13C 86.7 (d) 
62.5 (d) 
32.5 (s) 

JCRh 3.7 
JCRh 14.0 

C5H5 

C1H 
C2H2 

C5H5 

COD 
COD 
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Figure 2.81: Photoproduct [(h

5
-C5H5)Rh(h

2
-CH2CHSi(CH3)3)(SO(CH3)2)] 2.4  

Table 2.18: NMR Characterisation for the [(h
5
-C5H5)Rh(h

2
-CH2CHSi(CH3)3)(SO(CH3)2)] 2.4 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 4.95 (s, 5H) 
2.88 (dd, 1H) 
2.55 (dd, 1H) 
2.42 (s, 3H) 
2.41 (s, 3H) 
1.78 (ddd, 1H) 
0.16 (s, 9H) 

 
JHH 2.5, 14.0 
JHH 2.5, 11.0 
 
 
JHH 11.0, 14.0 JHRh 1.5 

C5H5 

HC 

HB 

(CH3)
D 

(CH3)
E 

HA 

Si(CH3)3 

C5H5 

CH2=CHSi(CH3)3 
CH2=CHSi(CH3)3 
DMSO 
DMSO 
CH2=CHSi(CH3)3 
CH2=CHSi(CH3)3 

13C 86.2 (d) 
55.1 (d) 
54.9 (d) 
42.6 (d) 
37.5 (d) 
0.54 

JCRh 4.2 
JCRh 3.0 
JCRh 3.0 
JCRh 16.6 
JCRh 15.8 
 

C5H5 

(CH3)
D 

(CH3)
E 

CH 
CH2 

Si(CH3)3 

C5H5 

DMSO 
DMSO 
CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 
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Figure 2.82: Photoproduct [(h

5
-C5H5)Rh(H)(Si(CH2CH3)3)(h

2
-CH2CHSi(CH3)3)] 2.5 

Table 2.19: NMR Characterisation for the [(h
5
-C5H5)Rh(H)(Si(CH2CH3)3)(h

2
-CH2CHSi(CH3)3)] 2.5 at 283 K 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 5.06 (s, 5H) 
2.71 (d, 1H) 
2.00 (d, 1H) 
1.84 (dd, 1H) 
1.05 (t, 9H) 
0.66 (q, 6H)  
0.07 (s, 9H) 
-14.6 (d, 1H) 

 
JHH 14.0 
JHH 11.0 
JHH 11, 14 
JHH 7.5 
JHH 7.5 
 
JRhH 31.5 

C5H5 

HC 

HB 

HA 

CH3 

CH2 
Si(CH3)3 

H 

C5H5 

CH2=CHSi(CH3)3 
CH2=CHSi(CH3)3 
CH2=CHSi(CH3)3 
Si(CH2CH3)3 
Si(CH2CH3)3 
CH2=CHSi(CH3)3 

RhςH 
13C 88.6 

41.7 
38.2 
10.6 
9.4 
0.1 

 C5H5 

C1H 
C2H2 
CH2 

CH3 
Si(CH3)3 

C5H5 

CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

Si(CH2CH3)3 
Si(CH2CH3)3 
CH2=CHSi(CH3)3 
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Figure 2.83: Photoproduct [(h

5
-C5H5)Rh(H)2(Si(CH2CH3)3)2] 2.6  

Table 2.20: NMR Characterisation for the [(h
5
-C5H5)Rh(H)2(Si(CH2CH3)3)2)] 2.6 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 5.01 (d, 5H) 
1.04 (overlap) 
0.77 (q, 4H) 
ς14.2 (d, 2H) 

JRhH
 0.6  

 
JHH 8.9 
JHRh 38 

C5H5 

CH2 
CH3 
H 

C5H5 

Si(CH2CH3)3 
Si(CH2CH3)3 
RhςH 

13C 87.0 
13.7 
8.9 

 C5H5 

CH2 

CH3 

C5H5 

Si(CH2CH3)3 
Si(CH2CH3)3 

 

 
Figure 2.84: Photoproduct [(h

5
-C5H5)Rh(H)(Si(CH2CH3)3)(SO(CH3)2)] 2.7  

Table 2.21: NMR Characterisation for the [(h
5
-C5H5)Rh(H)(Si(CH2CH3)3)(DMSO)] 2.7 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 4.97 (s, 5H) 
2.55 (s, 3H) 
2.45 (s, 3H) 
1.30 (overlap) 
0.94 (overlap) 
ς13.45 (d, 1H) 

 
 
 
 
 
33.7  

C5H5 

(CH3)A 

(CH3)B 
CH3 
CH2 
RhςH  

C5H5 

DMSO 
DMSO 
SiEt3 
SiEt3 
RhςH  

13C 87.7  
58.4 
58.1 

 C5H5 

(CH3)A 

(CH3)B 

C5H5 

DMSO 
DMSO 
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Figure 2.85: Photoproduct [(h

5
-C5H5)Rh(h

2
-C8H14)(h

2
-CH2CHSi(CH3)3)] 2.8  

Table 2.22: NMR Characterisation for the [(h
5
-C5H5)Rh(h

2
-C8H14)(h

2
-CH2CHSi(CH3)3)] 2.8 

 
ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 

4.90 (s, 5H) 
2.97 (dd, 2H) 
2.55 (t 1H) 
2.20 (overlap) 
2.10 (overlap)  
1.50 (overlap) 
0.80 (overlap)  
0.17 (s, 9H) 
ς0.16 (dd 2H) 

 
JHH 1.5, 14 
JHH 10 
JHH 1.5, 11 
 
 
 
 
JHH 11, 14 

C5H5 

HC 

CH1 

HB 
CH2

 

CH2 
CHмΩ  
(CH3)3 

HA 

C5H5 

CH2=CHSi(CH3)3 

COE 
CH2=CHSi(CH3)3 

COE 
COE 
COE 
CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

13C 

89.4 (d) 
68.4 (d) 
61.6 (d) 
50.8 (d) 
40.9 (d) 
33.4 (s) 
32.9 (s) 
32.7 (s) 
32.6 (s) 
0.15 (s) 

JRhC 4.0 
JRhC 14.0 
JRhC  13.5 
JRhC 14.0 
JRhC 14.0 
 
 
 

C5H5 

CH1 
CHмΩ 
CH 
CH2 
CH2 
CH2 

CH2 

CH2 

(CH3)3 

C5H5 

COE 
COE 
CH2=CHSi(CH3)3 

CH2=CHSi(CH3)3 

COE 
COE 
COE 
COE 
CH2=CHSi(CH3)3 
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Figure 2.86: Photoproduct [(h

5
-C5H5)Rh(h

2
-C8H14)(SO(CH3)2)] 2.9  

Table 2.23: NMR Characterisation for [(h
5
-C5H5)Rh(h

2
-C8H14)(SO(CH3)2)] 2.9 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 4.84 (s, 5H) 
3.00 (dm, 2H) 
2.49 (s, 6H) 
2.46 (dq, 2H) 
1.65 (overlap) 
1.50 (overlap) 

 
JHH 9.5 
 
JHH 13.5, 3.5 

C5H5 

H1 
CH3 

H2' 
H2 
H3 /H4 

C5H5 
COE 
DMSO 
COE 
COE 
COE 

13C 87.2 
59.5 
55.8 
33.2 
26.0 

JCRh 3.7 
JCRh 16.0 

C5H5 

C1 

CH3 

C2 

C3/C4 

C5H5 

COE 
DMSO 
COE 
COE 
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Figure 2.87: Photoproduct [(h

5
-C5H5)Rh(H)(Si(CH2CH3)3)(h

2
-C8H14)] 2.10  

Table 2.24: NMR Characterisation for the [(h
5
-C5H5)Rh(H)(Si(CH2CH3)3)(h

2
-C8H14)] 2.10 at 270 K 

 ʵκǇǇƳ όƳǳƭǘƛǇƭƛŎƛǘȅΣ 
integration) 

Coupling constant/Hz Assignment Group 

1H 4.99 (s, 5H) 
2.91 (br t, 1H) 
2.45 (br t, 1H) 
2.24 (dd, 1H) 
2.16 (br d, 1H) 
1.56 (overlap) 
1.47 (overlap 
1.10 (t, 9H)  
0.74 (q, 6H) 
ς15.00 (d, 1H) 

 
JHH 9.5 
JHH 9.5 
JHH 13.8, 2 
JHH 13.8 
 
 
JHH 8 
JHH  
JRhH 33.5 

C5H5 

CH1 
CHмΩ 

CH2
2a 

CH2
нŀΩ 

CH2
2b 

CH2
нōΩ 

Si(CH2CH3)3 

Si(CH2CH3)3 

H 

C5H5 

COE 
COE 
COE 
COE 
COE 
COE 
Silane 
Silane 
Rh ς H 

13C 90.1 
61.7 
58.4 
33.6 
33.1 
10.7 
9.4 

 C5H5 

CмΩH 
C1H 
C2H2 

CнΩH2 

Si(CH2CH3)3 

Si(CH2CH3)3 

C5H5 
COE 
COE 
COE 
COE 
Silane 
Silane 
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3 0ÈÏÔÏÃÈÅÍÉÓÔÒÙ ÏÆ ɍɉhυ-#υ(υɊ2È,,ȭɎ ×ÉÔÈ (ς  

 Introduction  3.1

This chapter concerns the reactivity of half sandwich rhodium complexes with H2. The reaction 

ƻŦ /ǇΩwƘόŀƭƪŜƴŜύ2Σ ǿƘŜǊŜ /ǇΩ ǊŜŦŜǊǎ ǘƻ ŀ ŎȅŎƭƻǇŜƴǘŀŘƛŜƴȅƭ ƭƛƎŀƴŘ ŀƴŘ ƛǘǎ ŘŜǊƛǾŀǘƛǾŜǎΣ ǿƛǘƘ H2 has 

been studied using complexes with a range of different coordinated alkene ligands. In York, a 

number of these systems have been studied previously using low temperature in-situ 

irradiation.74, 112, 136 One of the complexes studied was CpRh(C2H4)2 and when it was irradiated 

in d8-toluene at 203 K, in the presence of H2, the solvent complex CpRh(C2H4)(h
2-toluene) was 

detected (Figure 3.1A). However, when the related dinuclear species CH2[(C5H4)Rh(C2H4)2]2 was 

used instead, in addition to the solvent complex, a hydride bridged species was observed 

(Figure 3.1B). When this reaction was repeated using CpRh(CH2CHSiMe3)2 (2.1), with extended 

irradiation the analogue bridged hydride product was detected. With short irradiation times, 

using the para-spin isomer of H2 (p-H2), a PHIP enhanced dihydride species, 

CpRh(H)2(CH2CHSiMe3) (Figure 3.1) was detected, providing the first NMR spectrum of a 

CpRh(H)2(alkene) moiety.74 A number of similar dihydride species have been detected since 

this time.136  

 
Figure 3.1: Structures of three products observed following low temperature in-situ irradiation.

74
 

The specific complexes described in this chapter are shown in Figure 3.2. They include [(h5-

C5H5)Rh(h2-CH2CHSi(CH3)3)2] 2.1 and [(h5-C5H5)Rh(h2-CH2CHSi(CH3)3)(DMSO)] 2.4 which provide 

ǘǿƻ ǊƻǳǘŜǎ ǘƻ ǘƘŜ ǎŀƳŜ ƛƴǘŜǊƳŜŘƛŀǘŜ άόh
5-C5H5)Rh(h2-CH2CHSi(CH3)3ύέΦ

74 This intermediate was 

expected to activate the HςH bond of p-H2 giving a dihydride complex with chemically 
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inequivalent hydride ligands due to the trimethylsilane substituent on the bound alkene. The 

rationale behind studying 2.1 with parahydrogen was primarily to determine whether the use 

of parahydrogen and laser irradiation would allow the rate of H2 addition to the 16-electron 

intermediate to be measured. A second motivation was to investigate whether the 

parahydrogen protons could be transferred to the coordinated alkene or provide further 

insights into the reactivity of CpRh(H)2(CH2CHSiMe3).
74 The analogous CpRh(H)(SiEt3)(alkene) 

was found to be involved in a hydrosilation pathway and it was found to undergo reactivity 

with a range of ligands including ethene, DMSO and silanes.110 It would be interesting to see if 

this similar activity was replicated in the dihydride analogue. Furthermore, Brookhart et. al. 

observed that following prolonged heating at 140 C̄ of Cp*Rh(CH2CHSiMe3)2 in cyclohexane 

resulted in products consistent with the CςSi activation of the trimethylvinylsilane ligand and 

the subsequent formation of trans 1,2-bis(trimethylsilane)ethene and 1,1-

bis(trimethylsilane)ethene.103 It would be interesting to determine if these products could 

formed photochemically and whether their formation be probed through the use of 

parahydrogen. 2.4 was included in this study as the DMSO ligand was also found to be 

photolabile and how readily this ligand is lost, in comparison to the vinylsilane in 2.1, was of 

interest.  

 
Figure 3.2: Structures of 2.1, 2.4 and 3.2. 

The reported photoactivity of half sandwich rhodium complexes is not restricted to bis-alkenes 

as complexes of the type CpRh(L)(alkene) also undergo loss of the bound alkene. The resulting 

16 electron intermediate άCpRh(L)έ may again undergo further reaction with 2-electron donor 
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ligands and the oxidative addition of an XςY bond. The thermal and photochemical reactivity of 

CpRh(PR3)(C2H4) complexes (Figure 3.3) have been studied extensively using different 

coordinating phosphines and with a range of substrates. The third complex studied in the 

chapter is [(h5
-C5H5)Rh(P*Ph)(C2H4)] 3.2 (Figure 3.2). As in 2.1 it contains a coordinated 

photolabile alkene and a second ligand which breaks the symmetry of the hydrides in any 

potential dihydride product. In 2.1 it is the asymmetry of the coordinated alkene which breaks 

the symmetry in the resultant hydride ligands. In contrast in 3.2 it is the chirality of phosphine, 

P*Ph, where P*Ph refers to (2R, 5R) 2,5 dimethyl, 1-phenyl phospholane, which makes the two 

hydrides distinct from one another. One of the reasons behind selecting this complex is the 

0.76 ppm chemical shift difference between the two hydride ligands in its corresponding 

dihydride complex.6 Having 1H signals which are well resolved from one another is an 

advantage in NMR spectroscopy. This chemical shift difference also raises the possibility of 

studying the evolution of the parahydrogen singlet state as a function of this chemical shift 

difference according to the theory outlined in Introduction Section 1.2.5. 

 
Figure 3.3: Structure of CpRh(PR3)(C2H4), the starting complex in many of these studies. 

The early work by the Perutz group used the PMe3 analogues of this complex and followed its 

reactivity using matrix isolation and solution-based product studies.2 They discovered in a 

matrix that there were two competing photochemical processes; photosubstitution and CςH 

bond activation of the liberated alkene (Figure 3.4A).2 In CO and N2 matrices the loss of the 

ethylene ligand was observed and the coordination of either CO and N2 respectively was 

observed (Figure 3.4B).2 These products were characterised by IR spectroscopy. The complex 

was next studied in a toluene glass.2 The sample was irradiated at 77 K for 8 hours before 

R = Me1-3 
Ph4, 5 
PR3 = P*Ph6 
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being warmed to 203 K for characterisation by 1H and 31P{1H} NMR spectroscopy. The 

distinguishing features were a phosphorus signal at d 13.9 which has a coupling to rhodium of 

156.1 Hz.2 A coupling constant of this magnitude is consistent with a RhIII species indicating 

that an oxidative addition process has occurred. A hydride resonance at d ς13.52 (dd, JHP 41.6, 

JHRh 31.5 Hz) supports this observation. Full characterisation revealed this product to be the 

vinyl hydride complex (Figure 3.4A). Warming this sample to 253 K results in the complete 

conversion back to the starting material suggesting the vinyl hydride product is not thermally 

stable.2  

 
Figure 3.4: Structures of the photoproducts formed when CpRh(PMe3)(C2H4) is irradiated in a matrix, adapted from 

Bell et al.
2
 

The activity of CpRh(PMe3)(C2H4) has also been studied in different aromatic solvents. In 

benzene, the loss of ethylene and activation of a CςH bond of benzene to give the phenyl 

hydride product in Figure 3.5A occurs.3 In hexafluorobenzene, however, coordination of the 

arene via an h2 interaction resulted (Figure 3.5B).3 They proposed that this corresponds to an 

intermediate on the pathway to oxidative addition, a similar observation has been made with 

the analogous Cp* rhodium complexes.137 Further studies were performed with using toluene, 

this time at room temperature. A rhodium hydride complex was formed which was 

determined to be the tolyl hydride complex (Figure 3.5C) formed by the CςH activation of one 

of the methyl protons of toluene.2 Irradiation at 213 K gave a mixture of the tolyl, vinyl and 

benzyl hydride complexes.  

L =CO, N2 
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Figure 3.5: Products formed after UV irradiation of CpRh(PMe3(C2H4) in the indicated arene, adapted from

2, 3
. 

The photochemistry of the PPh3 analogue, CpRh(PPh3)(C2H4), has also been studied. In 

hexafluorobenzene, like with the PMe3 complexes,2 the resulting product contained an h2-C6F6 

ligand in place of the ethylene (Figure 3.6A).138 This was not the case, however, when partially 

fluorinated aryl ligands were used, with pentafluorobenzene yielding the CςH bond activation 

product CpRh(PPh3)(C6F5)H (Figure 3.6B). The NMR defining features of this product being a 

hydride resonance in the 1H spectrum at d ς11.50 (dd, JHRh 21.6, JHP 43.9 Hz), and three 

separate fluorine resonances consistent with the ortho, meta and para positions of a 

coordinated arene. A similar observation was made with 1,3-difluorobenzene (Figure 3.6C). 

 
Figure 3.6: Typical products formed after the the reaction of CpRh(PPh3)(C2H4) with a fluorinated arene, adapted 

from Heaton et al.
138

 

More recently, the reaction of 3.2 with pinacolborane (HBpin) has been studied.6 A chiral 

phosphine was chosen in this study as in introduces a second chiral element to the oxidative 

addition product resulting in products that are diastereomers of one another, enabling their 

detection by 1H NMR spectroscopy and thus allowing the stereoselectivity of the reaction to be 

investigated. The resulting diastereomers (A and B) of the product are shown in Figure 3.7. The 
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most noted differences in the NMR spectra of these two isomers were observed in the 

chemical shifts of the respected hydrides. Isomer A was associated with a resonance at d ς13.6 

and B with a hydride resonance at d ς14.3 both appear as doublets of doublets with JHP of 30 

Hz and JHRh of 35 Hz. These hydride resonances were shown to interconvert on the NMR 

timescale. The use of 31P{1H} EXSY measurements and doping with triphenylphosphine 

demonstrated that exchange occurred without the loss of the phosphine and therefore a 

mechanism incorporating a h2-(BςH) containing intermediate was proposed.  

 
Figure 3.7: Reaction schematic for the photoinitiated reaction of CpRh(P*Ph)(C2H4) with HBpin. (Adapted from 

Câmpian et al
5
). 

In addition to studying the activity of these Bpin products they separately synthesised the 

dihydride complex [CpRh(H)2(P*Ph)] 3.3 from 3.2 using NaBH4 in toluene/ethanol. The two 

hydride ligands were observed at d ς13.71 (dd, JHRh 36.1, JHP 27.8 Hz) and d ς14.47 (dd, JHRh 

37.9, JHP 28.0 Hz). They too were found to interconvert on the NMR timescale, via a proposed 

dihydrogen intermediate.  

 
Figure 3.8: Synthesis of [CpRh(H)2(P*Ph)] 3.3. 
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 Photochemistry of 2.1 with p-H2 ɀ to form 3.1 3.2

Previous work in York on [(h5-C5H5)Rh(h2-CH2CHSiMe3)2] 2.1 has shown that when it is 

photolysed in the presence of p-H2 the replacement of one of the trimethylvinylsilane ligands 

by H2 is possible74 (Figure 3.9). The RhIII product has two chemically inequivalent hydride 

resonances at d ς13.43 and ς13.37 ppm, both of which exhibit a coupling to rhodium of 25.3 

Hz (Figure 3.10b). This study was performed at 213 K with continuous irradiation in-situ, using 

a 325 nm 25 mW He-Cd cw laser as the radiation source in conjunction with to a 400 MHz 

spectrometer.74 Since this time the in-situ photochemistry set-up at York has changed to use a 

Nd:YAG laser coupled with a 600 MHz spectrometer.66 Synchronisation between the light 

source and NMR spectrometer has allowed for precise time delays between the irradiation and 

detection steps. Additionally, it has permitted control over the number and frequency of the 

laser pulses. The PHIP enhanced hydride obtained with the cw laser reflects a PHIP/PASADENA 

experiment and it is the longitudinal two-spin order term (2IzSz) which is detected. The 

synchronicity in the newer approach offers the possibility of coherently retaining the ZQ 

coherence also as detailed in Introduction Section 1.2.5 and Chapter 6.  

 
Figure 3.9: Reaction scheme for the photochemical addition of p-H2 to 2.1. 

An optically dilute NMR sample of 2.1 was therefore prepared in d8-toluene and 20 ˃ [ of 

trimethylvinylsilane added. An excess of the alkene ligand is used because during the reaction 

the trimethylvinylsilane may become hydrogenated. When this occurs, the ligand is no longer 

able to coordinate to the metal centre with the same degree of stabilisation compared to the 

alkene. This provides a route for the decomposition of the starting material. The sample was 

degassed and backfilled with 3 bar of p-H2. The sample was then irradiated in-situ at 263 K as 
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described in the Experimental Section 8.3.2. Initially the OPSY protocol was employed in 

conjunction with a single laser pulse and a series of pump-probe delays. This approach would 

be predicted to allow the initial ZQx terms evolution to be monitored (see Chapter 6) if 

sufficient signal-to-noise was available. No signal was seen.  

When the number of laser pulses prior to the NMR experiment was increased a PHIP-enhanced 

signal was seen at d ς13.5 (Figure 3.10A labelled as 263 K). These laser pulses were separated 

by 0.2 seconds. Surprisingly, the profile of the hydride peak does not resemble that reported in 

the literature.74 Analysis revealed that a combination of the size of magnet, 400 vs 600 MHz, 

and temperature effects operated. The experiment was repeated at 298, 240 and 220 K and 

the resulting hydrides resonances are shown in Figure 3.10A. 

 
Figure 3.10: Hydride resonance of 3.1 as a function of temperature. a) hydride resonance recorded on a 600 MHz 

spectrometer in d8-toluene at the temperatures labelled b) hydride resonance in Godard et. al.
74

 recorded on a 400 
MHz spectrometer in d8-toluene at 213 K. 

Both hydrides couple to the RhIII centre as well as one another forming an ABX spin system. 

Typical values of JHRh in a RhIII spin system lie in the region of 25-30 Hz, whilst the splitting 

between A and B, is 2-6 Hz. Simulations of the chemical shift differences of the two hydrides 

and the respective couplings were simulated for each of the different temperatures using the 

manual iteration mode in g-NMR. The results of this fitting are shown in Figure 3.11. Due to 

the broadness of the experimental signal, a large amount of line broadening had to be applied 
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in the simulated spectra and this distorted the baseline in the fitted spectra as demonstrated 

by comparing the simulations with and without line broadening applied (Figure 3.11). Aside 

from the discrepancy in the baseline, there is a good match in the profile of the peaks. The 

fitted chemical shift difference and the coupling constants are summarised in Table 3.1 and 

show that the chemical shift difference increases from 0.01 ppm at 298 K to 0.10 ppm at 220 K 

and that JHRh is approximately 26 Hz and JHH is approximately 3 Hz.  

 
Table 3.1: Fitted chemical shift differences and coupling constants for the PHIP enhanced hydrides of 3.1 at variable 

temperatures. 

 

.  

Temperature /K Dd /ppm JHRh /Hz JHH /Hz 

298 0.01 26.7 2.9 

263 0.02 26.5 2.8 

243 0.07 26.1 2.9 

220 0.10 26.8 2.8 



 1
7
3 

 
Figure 3.11: Comparison of the experimental hydride peaks (top) and fitted peaks (middle and bottom) at the temperatures labelled; middle includes line broadening to match to 

experimental and bottom spectra have no line broadening applied.
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Having shown that 2.1 forms [(h5-C5H5)Rh(H)2(h
2-CH2CHSi(CH3)3)] 3.1 when photolysed in the 

presence of p-H2 the behaviour of this rhodium dihydride species was studied further. The 

PHIP-enhanced signal was only observed with multiple laser pulses. In addition to the increase 

in the amount of irradiation the sample is exposed to it also increases the time from the initial 

photolysis and the NMR experiment. If the addition of H2 occurs slowly, it could be that it is 

this longer timeframe from the initial laser pulse, allowing the dihydride time to form, that is 

responsible for the enhanced signals being observed with multiple laser pulses. To investigate 

this, a series of experiments with one laser pulse and a pump-probe delay that relates to the 

duration of the irradiation were performed. The first delay used was 0.2 seconds, this reflects 

the time it took for two laser pulses to be fired, the delay was then incremented up to 6.2 

seconds which is the extra time associated with 32 laser pulses. There were no hydride 

resonances detected in any of these spectra. This suggests that it is the additional irradiation, 

rather than time, that enables the dihydride to be detected. 

The relationship between the observed enhancement and the number of laser pulses will be 

studied next. This was performed at 263 K and a series of NMR experiments were acquired 

where the number of laser pulses was increased from 1 to 64 with a 0.2 second delay between 

pulses.  The sample was shaken in between each experiment to refresh the parahydrogen in 

solution. The resulting hydride resonance was processed in magnitude mode owing to the 

antiphase nature of the PHIP signals and the signal-to-noise ratio of the resonance was plotted 

against the number of laser pulses (Figure 3.12). This reveals an initial increase in 

enhancement with more laser pulses followed by a plateau between 32 and 64 laser pulses. In 

these experiments, we are in the asynchronous addition of parahydrogen regime and 

therefore only the 2IzSz term is coherently retained in the product. From the moment the H2 

has added to the metal centre, this spin encoded state begins to relax back to the Boltzmann 

distribution and the possible enhancement reduces accordingly. With the larger number of 

laser pulses there is a trade-off between the higher enhancements due to more product 
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forming and lower enhancements due to the relaxation of the parahydrogen-derived spin 

states.  

 
Figure 3.12: Plot showing the relationship between the number of laser pulses and signal-to-noise ratio of the 

enhanced rhodium dihydride resonance. 

By varying the delay between the last laser pulse and the NMR scan, it could be possible to 

observe this growth of product and at longer delay times, the relaxation of the parahydrogen 

derived spin states. To investigate this, an optically dilute sample of 2.1 was prepared in d8-

toluene and 3.5 mL of trimethylvinylsilane was added. Using the 1H NMR spectrum, it was 

determined that there was a sub-stoichiometric quantity of vinylsilane relative to 2.1, 

therefore a larger degree of decomposition of the starting material may be observed. A second 

sample, therefore, was also prepared with 9 ˃[ of trimethylvinylsilane which represented a 15 

fold excess of ligand relative to 2.1 by 1H NMR spectroscopy.  

To investigate the variation of the observed hydride enhancement as a function of the pump-

probe delay a series of experiments were acquired at 263 K using 32 laser pulses, now with a 

0.1 s delay between laser pulses. This is the shortest repeat rate for the laser and in the 

testing; this resulted in larger enhancements than the 0.2 s delay, since there is a shorter time 

for relaxation to occur in between laser pulses. There are a number of variables to be 

considered during the course of this study. Firstly, the proportion of p-H2 in solution will 

0 10 20 30 40 50 60 70

0

10

20

30

40

S
ig

n
a

l:
 N

o
is

e
 /
a

.u
.

Number of Laser pulses



 

176 
 

reduce during the reaction, as any H2 lost from the complex will no longer be enriched with the 

p-H2 encoded spin state. Secondly, since the laser only irradiates a small region of the NMR 

sample the reactivity is localised to a narrow region of the sample15 and therefore there will be 

a localise area of product in the active region of the NMR spectrum whilst the reactive 

precursor will be outside of this region. The amount of the 2.1 will also reduce as a function of 

the irradiation; this reduces the possible enhancement observable. To manage these variables 

the experiments will be run in pairs; the first experiment will have a set pump-probe delay of 

0.5 ms to act as a control and the second experiment will have a variable delay. After the 

second experiment, the sample will be shaken. This will account for the change in the 

concentration of 2.1 during the irradiation period and any drops in enhancement due to lower 

quantities of p-H2. Preliminary tests determined this to be less significant than the drop in the 

concentration of 2.1 as replenishing the sample which fresh p-H2 resulted in enhancements 

comparable to the enhancements before the p-H2 was refreshed rather than the 

enhancements obtained when the previous p-H2 was added. Whilst shaking the sample will 

redistribute the product and starting material throughout the solution and will replenish the 

solution with parahydrogen from the headspace.  

The first sample was studied with pump-probe delay from 0.025 s up to 7 s. These were 

processed in magnitude mode and the integral from the variable delay normalised against its 

control experiment. These were then plotted against the pump-probe delay (Figure 3.13). This 

shows that there is possibly an initial growth period during the first 0.05 s followed by an 

exponential decay in the enhancement. The second sample, the sample with an excess of 

trimethylvinylsilane, was studied using the same approach. To investigate whether the initial 

growth period is real smaller increments in the pump-probe delay will be used during this 

time. The normalised integrals are then plotted against the pump-probe delay in Figure 3.14, 

which shows the same initial rise during the shorter delay times followed by a decay in 

enhancement. It would suggest that during this time the dihydride complex is still forming. The 
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decay after this growth is due to the relaxation of the terms resulting from the 2IzSz 

component of the p-H2 singlet state as described by Figure 3.15. The decay in enhancement of 

both samples was fitted to exponential decay functions. In the first sample the enhancement 

decayed with a rate constant of 0.53 ° 0.05 sς1. This corresponds to a relaxation constant, T1, 

of 1.89 ° 0.18 s and in the second sample a rate constant of 1.00 ° 0.09 sς1 was obtained giving 

a T1 of 1.00 ° 0.09 s. The 1H NMR spectra for the two samples were compared to rationalise 

this difference. Sample 1 had a lower concentration of 2.1; this could cause small variation in 

T1. More significantly, the C6D6 solvent used for sample 2 contained a greater amount of water 

compared to sample 1 and this can reduce T1 values. Both values of T1 are consistent with a T1 

of a metal hydrides species obtained using standard NMR methods.53, 54 

 
Figure 3.13: Plot showing the normalised hydride enhancement as a function of the pump-probe delay after 32 

laser pulses 0.1 seconds apart. Insert shows an expansion for t = 0-0.14 to highlight the initial growth period. The 

decay of the enhancement was fitted to an exponential decay y = 0.07 ° 0.03 + 1.00 ° 0.03e
ς(0.53 ° 0.05 sς1)t

. 
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Figure 3.14: Plot showing the normalised hydride enhancement as a function of the pump-probe delay after 32 

laser pulses 0.1 seconds apart. Insert shows an expansion for t = 0-0.14 to highlight the initial growth period. The 

decay of the enhancement was fitted to an exponential decay y = 0.06 ° 0.03 + 0.95 ° 0.03e
ς(1.00 ° 0.09 sς1)t

. 

 
Figure 3.15: Reaction scheme showing the process described in Figure 3.13 and Figure 3.14. 

The control experiments recorded during the study for both samples were also analysed. This 

time the integrals were normalised against the integral of the first measurement allowing the 

change in the enhancement with irradiation time to be observed. These were plotted against 

the experiment number (Figure 3.16 -Figure 3.17). In both samples there is a steep drop off the 

in the enhancement observed. These were fitted using a linear regression with the equation 

ώ ὧ άὼ where the gradient, m, for both samples were (3.77 ° 0.15) x10ҍ2 and (4.01 ° 

0.24) x10ҍ2 respectively showing the drop in enhancement recorded was, within experimental 

error, the same in both samples. The 95% confidence limit on both of these regressions is 

highlighted in Figure 3.16 and Figure 3.17 by the shaded area and shows that the sample with 

the excess trimethylvinylsilane has greater scatter than the sample without the excess. From 
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this, we can conclude that the product is relatively stable over the time course of this study 

and thus does not lose H2 thermally to give a fragment, which can react with the free 

trimethylvinylsilane in solution to reform the starting material, and hence why there is no real 

difference between the two samples. This also suggests that the product is less photoactive at 

355 nm than the starting material and therefore the dihydride cannot efficiently be replaced 

with fresh parahydrogen.  

 
Figure 3.16: Plot showing the enhancements of the control experiments as a function of the repeat number 

normalised against the enhancement of the first experiment. Fitted y = 1.05 ° 0.02ς(3.77 ° 0.15) x10
ҍ2

x grey region 
signifies the 95% confidence limit for the fitting. 

 
Figure 3.17: Plot showing the enhancements of the control experiments as a function of the repeat number 

normalised against the enhancement of the first experiment. Fitted y = 0.94 ° 0.03ς(4.01 ° 0.24) x10
ҍ2

x grey region 
signifies the 95% confidence limit for the fitting. 
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In summary 

¶ CpRh(CH2CHSiMe3)(H)2 3.1 is formed with PHIP-enhanced signals following the 

photochemical reaction of 2.1 with p-H2 using multiple laser pulses. 

¶ The two hydride ligands are chemically different and form two ABX hydride resonances 

which exhibit a temperature dependence in the chemical shift difference in the two 

hydride ligands.  

¶ The observed PHIP-enhanced signals initially increase in intensity with an increasing 

number of laser pulses. After 32 laser pulses a plateau is reached when the relaxation 

of the parahydrogen-derived states balance out the higher levels of irradiation. 

¶ The relaxation time for the enhanced hydride resonance is 1.89 s in one measurement 

and 1.00 s according to a second measurement, where the two samples differed in 

their concentration of free trimethylvinylsilane. The difference in the relaxation times 

was attributed to the presence of water in the second sample.  

¶ Lower photoactivity of the product CpRh(CH2CHSiMe3)(H)2 was observed, compared to 

the CpRh(CH2CHSiMe3)2 starting material, at 355 nm. 

 Photochemistry of 2.4 with p-H2 ɀ to form 3.1 3.3

In Chapter 2, it was demonstrated that DMSO may be lost photochemically from 2.4 and that 

this generated the same reactive intermediate as 2.1. To investigate whether the loss DMSO 

from 2.4 provides more efficient generation of this intermediate, 2.4 was studied with p-H2. A 

sample of 2.1 was prepared and 5 ˃[ of DMSO added; the sample was irradiated ex-situ for 10 

minutes which allowed the formation of 2.4. The sample was then degassed and filled with 3 

bar p-H2. The sample was irradiated at 263 K with 32 laser pulses 0.1 seconds apart with a 

pump probe delay of 0.5 ms and a PHIP-enhanced hydride signal for 3.1 was observed. The 

enhancement was compared to samples of 2.1 and found to be were considerably smaller 

than when 2.1 was used as the precursor. For this reason, it was not pursued further.  
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 Synthesis of [(h5-C5H5)Rh(P*Ph*)(C2H4)] 3.2 3.4

The synthesis of [(h5-C5H5)Rh(P*Ph)(C2H4)] 3.2, where P*Ph refers to the chiral phosphine (2S, 

5S) 2,5 dimethyl, 1 phenyl phospholane, is reported in the literature.6 The chiral phosphine 

was synthesised by the procedure published by Suzuki et al139 and Burk et al140 which is 

outlined in Figure 3.18. The first step involves the mesylation of (2R, 5R)-2,5 hexanediol which 

gave A as a colourless oil in 72% yield. A was then reacted with phenyllithium to give the target 

phospholane in 80% yield. The phosphine was then added to [Rh(C2H4)2Cl]2 using a reaction 

time of 20 minutes, to limit the substitution of the ethylene ligands to one per rhodium centre. 

The target half sandwich complex was prepared by reacting the rhodium dimer with lithium 

cyclopentadienyl and resulted in a dark brown oil as the product. A 1H NMR spectrum of this 

product (Figure 3.19) revealed a notable amount of the bis(ethylene) complex CpRh(C2H4)2, in 

addition to other small impurities, which would suggest that the first part of this step did not 

reach completion. The key 1H NMR features of CpRh(C2H4)2 are a Cp resonance at d 5.09 and 

two broad doublets at d 2.90 and 1.12 (JHH 11 Hz) for the coordinated ethene ligands. 

Sublimation was used to purify the material. Prior to the sublimation the ratio of 3.1: 

CpRh(C2H4) was 1: 0.85 but after the sublimation the ratio it was only 1: 0.75 indicating that 

only a relatively small amount of the bisethylene complex was removed. Nonetheless, this 

sample was used in subsequent studies.  
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Figure 3.18: Synthetic route to form [(h

5
-C5H5)Rh(P*Ph)(C2H4)] 3.1. 

 
Figure 3.19: 

1
H NMR spectrum of 3.2 in C6D6 at 298 K. Green stars denote resonances associated with CpRh(C2H4)2. 
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 NMR characterisation of 3.2 3.5

A sample of the brown oil was prepared in C6D6 to allow for the characterisation of 3.2. In the 

31P{1H} spectrum there is a doublet at d 75.0, JPRh 203 Hz (Figure 3.20), this coupling is 

consistent with a RhI complex. A 1H-31P 2D HMQC was used to correlate this resonance with 

the proton resonances associated with the phosphine ligand. The ortho-proton was identified 

at d 7.68 (t 8 Hz) which simplified to a doublet with phosphorus decoupling. This resonance 

showed a correlation in a 1H{31P}-1H{31P} 2D COSY NMR spectrum to a resonance at d 7.08, a 

multiplet which was shown to corresponding to both the meta and para protons of the phenyl 

ring based on a later 1H-13C 2D HMQC measurement. The carbon-phosphorus couplings for 

each of these carbon environments were measured in a 1D 13C{1H} NMR spectrum to be 10.5, 

8.7 and 2.5 Hz for the ortho, meta and para carbons respectively.  

 
Figure 3.20: 

31
P{

1
H} NMR spectrum of 3.2 in C6D6 at 298 K. 

The 1H-31P HMQC spectrum was also used to identify the methyl groups on the phospholane 

ligand as resonating at d 0.57 (dd, JHP 13.3, JHH 6.6 Hz) and 1.34 (dd, JHP 18.2, JHH 7.2 Hz). A 1H-

13C 2D HMQC was then used to correlate these proton resonances to the respective carbon 

resonance and a 1D 13C{1H} NMR spectrum used to determine the carbon-phosphorus 

coupling. The resonance at d 0.57 showed a correlation to a carbon signal at d 15.4 (s), and the 

signal at d 1.34 to carbon resonance at d 21.6 (d, 11.8 Hz). The methyl resonance at d 0.57 was 
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assigned to position 8 and the methyl resonance at d 1.34 to position 7 based on the literature 

values for these resonances.6 The remaining resonances of the phospholane ring were 

identified using 1H{31P}-1H{31P} 2D COSY and NOESY NMR measurements, whilst the Cp ring 

was characterised as dH 5.09 (s), dC 85.9 (t, JCP 3, JCRh 3 Hz). These observations are summarised 

in Figure 3.21 and are in good agreement with the values in the literature.6 

 
Figure 3.21: Summary of the 

1
H and 

13
C NMR chemical shifts for the coordinated phospholane ligand in 3.2, Cp and 

ethene ligands omitted.  

Finally, the coordinated ethylene ligand was identified as yielding two pairs of exchanging 

protons at d 2.83 (t, 9.9, 10 Hz) and 1.30 (m) and d 2.72 (t 9.7, 9.9 Hz) and 1.54 (m). The 

chirality of the phosphine accounts for there being four separate resonances. A 1H-13C HMQC 

measurements identified the two protons at d 1.30 and 2.72 as being from one CH2 group, 

with a carbon chemical shift of 24.1 (d, JCRh 15 Hz) and the two protons at d 1.54 and 2.83 as 

belonging to a second CH2 group with a carbon chemical shift of 22.4 (d, JCRh 15 Hz). The 

chemical shifts and multiplicities of these resonances are in agreement with the literature 

characterisation; however the assignments of the couplings are not. The 1H resonances were 

characterised as having coupling to phosphorus, however, when 1H{31P} NMR spectra were 

acquired the multiplicities of these resonances were unchanged suggesting they do not 

containing phosphorus couplings. These couplings however are consistent with 3JHH couplings 

in an ethene ligand with four inequivalent protons. The 3JHH trans and cis couplings are of 

similar magnitude (~10 Hz) whilst the small 2JHH geminal coupling is contained within the 

broadness of the resonances. The carbon resonances for the coordinated alkene were also 
















































































































































































































































































































































































