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Abstract

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-H, addition and/or the evolution of the p-H,-derived singlet state

The photochemistry of CpRh(CH,CHSiMe3), (2.1), CpRh(COE), (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(CH,CHSiMe;)(DMSO) (2.4) and
CpRh(P*Ph)(C,H,4) (3.2) were deemed suitable for time-resolved studies with p-H, 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),(CO)(PPhs)(Xantphos)] 5.1 was also synthesised and its reactivity towards a range of
small molecules, which included DMSO, CO, ethene and Et;SiH, investigated. These studies
revealed that its H,, CO and PPh; ligands could all be lost photochemically and that the
xantphos ligand could switch between k*PP and k*-POP coordination. Time-resolved NMR
studies on 5.1, with p-H,, found the H, addition to the intermediate to occur with a rate of the
order of 0.5 s™. cis-[Ru(H),(dppp),] 6.1 was also studied using time-resolved NMR, in this case
the rate of H, addition was faster than the NMR timescales. This allowed the evolution of the
p-H, singlet state to be probed and shown to be as a function of the difference in scalar

coupling between the hydrides and the equatorial **P nuclei.
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1 Introduction

1.1 General Introduction

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 H,, or more specifically p-H,. Complexes
containing hydride ligand(s) are common features in catalytic processes’ 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.

1.2 Hyperpolarisation and NMR

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,® to organometallic complexes,’ to complex proteins.™
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),*" *?

where N is the number of spins, v is the
gyromagnetic ratio, h is the reduced Planck’s constant, B, refers to the size of the applied

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

NVhBo) B (1.1)
2kT ) 7°

Intensity « (
The terms of note in Equation (1.1) are the number of spins, N, and the gyromagnetic ratio, y.
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-% 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 'H NMR spectroscopy is associated with the greatest sensitivity. Carbon based NMR
experiments, however, are hampered by the active nuclei, °C, having a natural abundance of

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

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

The signal intensity can also be defined by Equation (1.2) where N, and Ng refer to the number
of a and B 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, L., is given by Equation (1.3),
where h is the reduced Planck’s constant and there are 2| + 1 sublevels.” 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 m, 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 /, component of

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

Intensity « (N, — Ng)B, (1.2)

Leoe = [I(UI + D]Y?R (1.3)

The most routinely used nuclei, in solution-based NMR spectroscopy, have a spin quantum
number, |, equal to a % and therefore I, is associated with the values m, + % and — %. 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 a and B 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 'H, there is a population
difference of 1 in 31,000™ 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." 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.
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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 nuclei, e.g | # 0 and
ideally | = %5. 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 metal’s valence electrons. Like nuclei,
photons of light may also have angular momentum, in this case the angular momentum has
magnitude of (2h)” and the spin angular momentum of a specific photon is associated with a
right or left handed helix, which relate to +h or —h, which is where the plane polarised light
terminology originates. This polarisation can then be transferred to the noble gas through

16, 17

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

polarised nuclei which have been used to make hyperpolarised MRI measurements.*® *°
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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

2021 and Jeffries? in the 1950’s. In more

NMR signals. It was initially developed by Abragam
recent years, dissolution DNP has been developed.? 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."

Finally, parahydrogen can be used as a hyperpolarisation source. Parahydrogen is a nuclear
spin isomer of H, which exist in a pure spin state (details discussed below). In 1986 Bowers and
Weitekamp?* 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.
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Figure 1.3: Proposed reaction which would give rise to parahydrogen enhanced products where H, and Hg are the
former p-H, protons.

1.2.3 Parahydrogen

The hyperpolarisation method utilised in this work is based on parahydrogen. The two
isomeric forms of H, are para- and ortho-hydrogen, or p-H, and o-H, respectively, and were
first proposed by Pauli in the 1920’s. The difference between them can be identified by
examining the respective components of their wavefunctions. Dihydrogen consists of two
identical spin % nuclei and is classed as a fermion. The overall wavefunction of a fermion, such
as in dihydrogen, has to be antisymmetric."* The wavefunction consists of electronic (we),
vibrational (yy), rotational (), translational (y+) 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. ] = 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 | = % hydrogen atoms, each of which can have the values of either +% or —

% these are combined in the nuclear wavefunction.

¥ =Ygy Prnis (1.4)

XLV



Ortho-Hydrogen Para-Hydrogen

Figure 1.4: Schematic representation of the spin Isomers of dihydrogen H,, orthohydrogen is depicted on the left
and parahydrogen on the right.

Using the a and B notations for spins aligned with and against the applied magnetic field
respectively, there are four combinations of the two spins; aa, aff, Ba and BB. However, since
aB and Ba are identical, linear combinations are used to distinguish them. Now the four
combinations are aa, BB aB + Ba and af — Ba. Three of these combinations are symmetric
with respect to particle interchange (aa, BB and a + Ba) and thus form the triplet spin isomer
orthohydrogen (Figure 1.4) and the fourth linear combination, aB — Ba, is antisymmetric. 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 a/pB, simultaneously
for interconversion. This means that it is feasible to isolate H, which is solely in the

parahydrogen form.

For an equilibrating system, the relative proportions of o0-H, and p-H, are temperature-
dependent, as depicted in Figure 1.5."* The energy difference between the lowest energy
rotational levels for o-H, and p-H, 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-H, and 25 % p-H,. At lower temperatures there is

no longer sufficient energy for these energy levels to be populated and there is a population
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difference between J = 0 for p-H, and J = 1 for o-H,.This is reflected in a difference in relative
proportions of o-H, and p-H, seen with a decrease in temperature. At temperatures below 77
K, p-H, is now the major isomer and below 35 K, H, which is almost purely parahydrogen can

be isolated.

100 4

80

60

40

Relative Proportions /%

20

0 T T T T T T T T T T T T T T
0 50 100 150 200 250 300 350
Temperature /K

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."

There are two approaches used to generate parahydrogen. The simplest is storing of a sample
under an atmosphere of H, in liquid nitrogen, in the presence of a catalyst to generate samples
with consisting of ~50% p-H,. Alternatively, p-H, can be prepared using a closed-cycle cooler to
drop the temperature of the H, to ~20 K where 100% p-H, can form. The H, 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
Weitekamp®* 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 H, 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 H,,
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 H, 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
Am, = %1 i.e. either a goes to B or B goes to a but not both. This means there are four possible
transitions which gives two doublets in the NMR spectrum (Figure 1.6). When p-H, is used
instead, only the a and PBa states are populated. This means there is a considerably larger
population difference which equates to much larger signals in the NMR spectrum. There are
also four allowed transitions, although since only the a and Ba states are populated the
transitions move from these states to the aa and BB resulting in characteristic antiphase

doublets in the NMR spectrum (Figure 1.6).
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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, RhCI(PPhs)s3
(Wilkinson’s catalyst)®® with H, enriched to 50% p-H, they studied the hydrogenation of
acrylonitrile (Figure 1.7) inside an NMR spectrometer by bubbling the p-H, 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, RhH,(PPh;);Cl, formed through the reaction of Wilkinson’s catalyst
with p-H, was also observed, where one hydride is trans to a chloride ligand and the other
trans to a PPh; 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.

A Hy
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Figure 1.7: Reactions observed by Bowers and Weitekamp,25 (A) the hydrogenation of acrylonitrile (B) the oxidative
addition of p-H, by Wilkinson’s complex. H, and Hg refer to former p-H, protons.

RhCI(PPhy); + p-H, ——————

Also in 1987, the Eisenberg group also demonstrated that parahydrogen could be used to
created hyperpolarised signals in NMR.?” The initial experiments utilised a rhodium trinuclear
complex, [Rh;Cl,H,(CO),(Ph,P(CH,),PPh),]*, as the hydrogenation catalyst and phenyl acetylene
as the substrate (Figure 1.8A). The sample was prepared and stored under H, in liquid nitrogen
for at least 8 hours. This allows the H, to be enriched with approximately 50% p-H,. After this
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time a "H NMR spectrum was acquired at 50 °C 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 H, 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 'H experiment performed. This sample did give
enhancements comparable to the first. From this it can be concluded that the storing of H, in
liquid nitrogen in the presence of the rhodium trinuclear complexes results in the enrichment
of H, as the para isomer and that this can hydrogenate phenyl acetylene. This process breaks
the symmetry of the former p-H, 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; dg-styrene, de-propylene and d,-ethylene.”’ 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 H-D coupling meaning the product has an

AA’X,X’, spin system (Figure 1.8B).
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Figure 1.8: Summary of some of the reactions reported by the Eisenberg group. A) The hydrogenation of phenyl
acetylene by [Rh3Cl,H,(CO),(Ph,P(CH,),-PPh),]", [Rh], B) The hydrogenation of d,-ethylene resulting in the magnetic

inequivalent product with an AA’X,X’, spin system. C) The oxidative addition of p-H, to the iridium complex
IrXCl(dppe) where X = CN or Br. H, and Hgrefer to the former p-H, protons in each scheme.



The final reaction reported in the 1987 paper by Eisenberg,27 involved the oxidative addition of
p-H, to the iridium complex IrX(CO)(dppe), X = CN, Br. In this reaction, they observed the
stereoselective H, 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,” 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,® mechanistic

organometallic chemistry® *°

and, more recently, as part of a non-hydrogenative process
through the use of signal amplification by reversible exchange (SABRE).* 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

LI



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-% 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.*

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, M, is not
detectable. Radio frequency (RF) pulses are used to move this magnetisation from the z axis,
into the x or y axes giving M, and M, 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.

Bo

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.*?

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 90° and 270° (or multiples thereof) and the minimum signals is seen
when the magnetisation has been moved through 180° or 360°. 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 360° 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.

0
‘ FID
I t D;

Figure 1.10: Pulse sequence for a pulse acquire experiment. A pulse, of angle 8, 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.*

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; %E, I, |, and I,. 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 M,, M,
and M, 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 /, 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 (/,) and into the xy plane where is can be observed as either I, or /, 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
cos(B) where 6 is the angle of the pulse applied and the new operator evolves as function of

sin(B) as can be seen by Figure 1.11A.

(Original operator)cos(0) + (New operator)sin(0)
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This means that a 90° pulse results in all of the original operator being transformed into the
new operator. This is why a 90° pulse results in the largest signal in a pulse-acquire experiment
when the starting state is /,. 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 () 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 /, are
unaffected by this evolution. The evolution of the I, and /, 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 /,, the final collection of terms would be

— 1, cos(Q1) + I, sin(Q1)
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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 (€2) and time (t); (B) and (C) were
adapted from Keeler.*
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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 'H nuclei, or heteronuclear, for example one 'H and one C 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 /;
and I, or as /and S, and the % and 2 on the various operators reflect normalisation constants
for these terms. Some of the terms are familiar from the one spins system; I,, /,, I, S, S,and S,
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 / and S.

BE, S Sy S:
%E, |%E S, S, S,
Iy Iy 2LS,  21S,  21S,

T

1

DQs = 5 (2UySx = 21,S,) (1.5)
1

DQy =5 (2UxSy +21,S) (1.6)
1

2Qx =5 (21xS; +21,5,) (1.7)
1

2Qy =5 21,5y = 21,5,) (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 180° 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.

90 180

FID

- -

yz y -XZ
‘ 27 1 ‘ 27 1
V2 n X X2 g Y

Figure 1.12: (A) Schematic of a basic spin echo pulse sequence. (B) Schematic representation of how I, (left) and /,
(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 /,, 6,

pulse generates the following terms

=1, cos(Qt) + I, sin(€Y7)
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Now the evolution as a function of the coupling needs to be considered. The -/, term evolves
into 21,5, and the [, term evolves into 2/,S, both as a function of mJsz 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

— 1, cos(Qt)cos(mist) + 21,S, cos(t)sin(tuist) + I, sin(Qt)cos(rist) + 21,5, sin(Ct)sin(r;st)
The next step is a 180° 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 /, terms do not change. The

result of this is

-1, cos(Qt)cos(mist) + 21,S, cos(Qt)sin(tist) — Iy sin(Qt)cos(mist) — 21,5, sin(Ct)sin(rd;st)
A second delay period follows the 180° 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

-1, cos*(Qt)cos(mist) + I, cos(t)sin(Qt)cos(Tst) + 21,5, cos’(t)sin(Tu,st)
+ 21,5, cos(t)sin(Ct)sin(mist) — I cos(Ct)sin(Ct)cos(mist) — 1, sin*(Qt)cos(m;st)
- 21,5, cos(Qt)sin(t)sin(tUist) + 21,S, sin®(Qt)sin(Tt,s7)
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.

— 1, cos(rist) + 21,S, sin(1u;st)
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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— 1, cos*(1Uist) + 2(21,S, cos(misT)sin(rist)) +— 1, sin®(rist)
=—1, cos(2rist) + 2/,S, sin(2mJ;s7)
The same analysis can be performed on the other spin and thus the full result at the end of the

spin echo sequence is

— (I, +S,) cos(2mist) + (21,S, + 21,S,) sin(2m;sT)

sin?A+cos?A=1 (1.9)
cos? A — sin® A = cos 24 (1.10)
2sinAcos A = sin2A (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 21,S,, 21,S,, 21,5, and
21,S,. 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 90°, pulse
applied to both spins turns 21,5, into —=21,S,. 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 (€2+Q) for
the double quantum terms and by the difference in the respective chemical shifts (QQ—Qs) 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 ZQ,
into ZQ, is shown below to demonstrate how the individual terms evolve to give this overall

result.

cos Acos B ¥ sinAsinB = cos(A + B) (1.12)
cos AsinB tsinB cos A = sin(A £ B) (1.13)
land
-DQ, ' DQ, -ZQV

DO e P 20 20
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 (Q,+Q) and the ZQ terms evolve as a function of the difference in chemical shift (Q,—€s).

Worked Example

The operators which are used to describe the ZQ, term are 21,5, and 21,5, and these will evolve
under Q;t and Qst, where QQ, and Qg are the chemical shift offsets for the respective spins,

using the rotations described in Figure 1.11C.
21.S. + 2L.S ”l_”g 21,8y cos QT — 21,8, sin ;T + 21,,S,, cos T + 21,.S,, sin QT
AstSz - 21,Sy cos T cos 0T —21,.S,, cos T sin QT
—21,,S, sin ;7 cos st + 21,,S,, sin ;T sin gt

+21,,Sy cos 2T cos (AT + 21,5, cos (T sin (dsT
+ 21,.S,, sin 2,7 cos OsT +21,.S, sin ;T sin g7
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Grouping the terms based on their sine and cosine values and returning the normalisation

constant % to the product operators gives the following result.

% (215 +2 1,S,) cos T cos st +% (21 Sx+ 21,S,) sin ;T sin Qg1
+ 2 (21,Sx— 21,Sy) cos ;T sinf)gT =% (21,8 — 21,S,) sin {;T cos st

Using Equations (1.7)and (1.8) the operators can be substituted with ZQ, and ZQ, and grouping

the ZQ, and ZQ, terms together generates the following terms.

ZQ (cos Oyt cos st + sin T sin 1) +2Q (cos Oyt sinfdgT — sin ;T cos 0g71)

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

the final result in Equation (1.14).
ZQy cos(2; — 25)T + ZQ,, sin( 2 — )T (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 /, but the same rules apply. NMR theory using

the parahydrogen starting state will now be discussed.**> *?

Parahydrogen has a pure spin state denoted by af — Ba, this is a singlet state and as such is
described as —%(21,S, + 21,5, + 21,S,) in product operators. These are a combination of the
longitudinal two spin order term 2/,S, and ZQ, (Equation (1.7)). The evolution of the singlet
state will now be analysed following the application of RF pulse along the x axis 6, 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 —%
normalisation factor has been neglected from this and all subsequent analysis. Since the pulse
chosen in this experiment is along the x axis the 21,5, term is unchanged in this analysis. The
resulting terms following the analysis of 21,5, and 21,5, 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 21,5, and 2/,S, only with the opposite sign to one

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

01,05,
21,5, —— 2IxSx

21,5, s 21,8, cos? 0 + 21,,S, cos 6 sin 6 + 21,S,, sin 0 cos 0 + 21,S, sin* 6

= 21,8, cos® 0 sin 6 + 21,S, sin* 6 + (1,,S, + 1,S,) sin 26
21,5, 0165 21,5, cos? 0 — 21,5y cos 6 sin@ — 2I,S, sin 0 cos 0 + 21,5, sin* 6

= 21,5, cos® 0 +21,S,sin* 6 — (1,,S, + 1,,S,,) sin 26
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 21,5,
does not evolve. The ZQ, term does evolve, into ZQ, 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 ZQ, term is observed and
the amplitude of this term averages to zero, and only the 2/,S, terms remains. The observable
operators are anti-phase in character and account for the characteristic anti-phase NMR
signals observed in PHIP experiments. There is also a sin20 relationship associated 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 ZQ, 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),(CO)(PPh;);], the loss of H, from this complex occurs during the 10 ns laser
pulse at 355 nm and the coordination of H, to the reactive intermediate occurs on an 1.4 us
timescale.”® This means that the parahydrogen adds as one and the ZQ, term evolves
synchronously into ZQ, 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 ZQ, terms change as a function of the chemical shift difference and now it is not always
true that the ZQ, and 21,5, terms cancel one another out. The evolution of these terms as a
function of time is depicted in Figure 1.14, at time 1t = 0 the amplitude of the observable terms
from 21,5, equal those from —ZQ,. At time T = t, however, the amplitude of the observable
terms, and thus signal, is given by 1-cos(Q2,—Q,)t, provided there is time resolution between

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

1.5

0.5 -

Time, T

Amplitude
o

-1 -

-1.5 -

Figure 1.14: Graphical representation of the evolution of the 21,5, and —-ZQ, terms as a function of time. The
amplitude of the 21,5, does not vary time and —ZQ, evolves as a function of cos(Q,—Q)r.

The ZQ, 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 21,5, and 21,S,. This time, however,
they evolve as a function of sinB. This means that the maximum signal which results from this
term is seen with a 90° pulse rather than a 45° pulse. These terms will evolve following the

addition to a metal centre as a function of sin(€2—€2s)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),(CO)(PPhs)s, 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 90° pulse

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

215, —21.5. 5% o1 ¢ - . (1.15)
yOx xOy ySx cos @ + 21,5, sin6 + 21,5, cos 0 + 21,5, sin 0

1.3 Activation of small molecules by metal complexes

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 H-H bond activation will now be discussed
as well as the activation of Si—H 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 H-H bond

Transition metal hydrides play important roles in many catalytic processes such as
hydrogenation®, hydroformylation®* and hydrosilation®® 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
hydrogenation® or via the addition and activation of molecular hydrogen, H,, to the metal

centre.33

The H-H bond of molecular hydrogen may add to a metal centre through many different
pathways,*” two of which are shown in Figure 1.15. The first is a 6 bond metathesis pathway.*®
* This method results in an uneven split of the H-H 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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to the metal centre and elicits a 2 point increase in the metal centre’s oxidation state; this is
why this route is also referred to as the oxidative addition pathway.

o-Bond Metathesis
X

H
+ -
(M] H/

Oxidative Addition

H
M + H// — w7

T--=-=-T

Figure 1.15: Schematic representation of the o-bond metathesis (top) and oxidative addition (bottom) reaction
pathways of H2.4Z’ 2

Both pathways involve the side on coordination of dihydrogen as a transition state. In 1984
Kubas* isolated for the first time a complex where dihydrogen has interacted with a metal
centre and retained the H-H 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

H .H H H

M H—H M 7 M//= M//

--------- — — v S S
H "H |:| H

5 L Compressed . .
-coordination 12-coordination Elongated Dihydride Dihydride
N Dihydrogen Complex Dihydrogen Complex

Complex
0.74 A 0.8-1.0A 1.0-1.2A 1.2-1.6 A >1.6 A

Figure 1.16: Schematic representation of the continuum of metal dihydrogen and metal dihydride complexes,
adapted from Crabtree® and Devarajan et al.

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

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

|47, 48

to the Dewar-Chatt-Duncanson mode used to rationalise the coordination of double
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bonds to a metal centre. The bonding has two synergic components. Firstly, the o orbital of the
H-H 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 o" orbitals on the H, ligand. Both components act to weaken the H-H bond. It is
thought that the donation from the metal into the antibonding o~ orbital is the dominant force
behind whether the H-H bond is retained in the product. With an increase in back donation
the H—H 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 m acceptors, for example the CO
ligands in [(PPrig)z(CO)3W(n2-H2)], the degree of back donation is less and the H-H bond is not
cleaved. With electron rich metal such as [(PPh;);RhCl] the dihydride complex is observed. This
bond activation process is also observed with X—H bonds where X can be carbon,” silicon®® and

e
)
J O

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 "H NMR chemical shifts of metal-hydrides
are, falling in the chemical shift range of 6 0 to —30 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 H, with HD and measuring their scalar coupling.

In free HD, Jyp is 43.5 Hz; in a dihydrogen complex this coupling is only moderately smaller,
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typically ~25 Hz since the H-D bond retains intact.> 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, T; in NMR. T; 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, ryy®. 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 T, value.
Typical T, values are less than 160 ms for a dihydrogen complex and greater than 350 ms for a
dihydride.”®** The specific relationship between bond length and T; is given by Equation (1.16)
where ry 4 refers to the distance between the two hydrogen atoms and v is the magnetic

frequency of the spectrometer.

ry_n/A = 5.815(T, /v)1/® (1.16)

Infrared spectroscopy can also be used to identify metal-hydride complexes, with the M—H
stretching vibrations appearing between 1400 —2300 cm™ with deformation modes observed
between 700 and 900 cm™.>® 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.”® By contrast, metal-dihydrogen complexes are associated
with H-H stretching modes between 2400 and 3200 cm™ and MH, stretching in the region of
1300 and 1600 cm™ for the symmetric stretching modes and 850 and 1000 cm™ for the

antisymmetric.>

1.3.2 Si-H bond

The oxidative addition and nz—coordination of Si—H bonds are also observed, through the same

mechanism as the activation of H, bonds. The Si—H bond is typically weaker than a H-H bond
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and therefore is more likely to form oxidative addition products. This observation can be
rationalised by the o 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-% nucleus, this can be measured directly from the
complex without the need for deuteration. Uncoordinated, or free, silanes typically exhibit
have a Jus; of 200 Hz, this shrinks to ~100 Hz in a M—nz-(Si—H) interaction and is less than 20 Hz

when oxidative addition has occurred.

1.4 Photochemistry

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

56, 57 ~~58, 59
co

which can be used allowing for contrasting reactivity which include alkenes, and

hydride(s)> 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 (107 - 10™° s*) reactions now being observable. There are a wide
range of spectroscopic methods which can be used as the analytical probe which include UV-

61,62 Both these methods have high sensitivity

visible absorption® and infrared spectroscopy.
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
spectrometer (“top down”) or by directing the light underneath the spectrometer and up to
the sample (“down top”), (Figure 1.18).% The “top down” approach has been used by the Ball
group, using 100 W Hg arc lamp with fibre optic cable as the light source.®* The advantage of
the “top down” approach is that it only requires modification to the NMR tube and therefore is

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 a/.ss) and (right) top-bottom.

The “top-down” approach to 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.”’ 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.®”” 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.®® More recently this technique has permitted the kinetics
of these systems to be explored in more depth.”* The photoinduced isomerisation of
azobenzene has also been utilised in the field of molecular switches using macromolecules
containing a number of different azobenzene linkers.” 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.”
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.® Platinum azide complexes have also been studied as
potential photochemotherapeutic agents’> and the photooxidation of benzyl alcohols into the

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

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
spectrometer’ although this setup has since been superseded by a Nd:YAG laser coupled to a
600 MHz spectrometer.®® 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.

LXXI



This is potentially risky and restricts the measurements to a single NMR probe but once the
modifications have been made any NMR sample maybe used including Young’s tapped NMR

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

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),(PF;) (Figure 1.20A) was irradiated at 185 K in
cyclopentane three new species formed.”” Two were consistent with alkane complexes and
were characterised as CpRe(CO),(alkane) and CpRe(CO)(PF;)(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 C-H activation of the
alkane to give the corresponding alkyl hydride complex. In CpRe(CO),(N,) (Figure 1.20B),
however, in-situ photolysis only resulted in the loss of N, was observed giving
CpRe(CO),(alkane) as the sole product.®® These observations were supported by time-resolved

IR measurements.®® 7

>
R|e |
F3P/ \\CO NZ/ \\CO
co

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

Similar systems, which differ in the identity of the top ligand, have been studied. Recently
[(HEB)Re(CO)5]" (Figure 1.20A), where HEB refers to an n>-hexaethylbenzene ligand, has been
studied with alkane ligands and highly fluorinated solvents, such as CF3CH,CFs.”” 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 C—H
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over C—F 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.”® 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.

|

C
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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); has been found to undergo CO loss when photolysed at 355 nm at 133 — 136 K
using liquid propane or butane as the solvent.”” The same complex has been studied towards

ethane and isopropane.®

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

239 The reactivity of the tungsten dinitrogen

and minor products or isomers in these systems.
complex, [W(N,),(dppe),] (Figure 1.21A), was studied with H,.2' The two dinitrogen ligands
were demonstrated to be thermally labile at 328 K forming the tetrahydride complex,
[W(H)s(dppe),] (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 H, and the ortho-metalation of a C—H bond of the dppe ligand (Figure 1.21B) and
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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);(OH)(dppe), (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.

\\//

C">|<) /@

C’\\// ( \\//
Figure 1.21: (A) Starting tungsten complex B)-(D) Products formed followmg irradiation of (A) with p- Hz

The reactivity of a range of ruthenium complexes have also been studied with parahydrogen.
The irradiation of Ru(CO)s(dpae) and Ru(CO);(dppe) resulted in the loss of a carbonyl ligand
followed by p-H, addition to give the corresponding Ru(H),(CO),(dpre) species where the two

hydride ligands are PHIP enhanced (Figure 1.22).5%%

When this was performed with the arsine
analogue, in the resulting dihydride complex, 100 % conversion of the p-H, encoded spin state
was observed giving a signal enhancement of 31,000.2> When this study was repeated with
Fe(CO)s;(dppe), however, whilst the corresponding dihydride formed, it did not exhibit any

8 This observation was attributed to the electronic state of the

PHIP enhancements.
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.
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R=P,As
(\Rth (\Tphz

Ph,R~_ | -~

hv
Ru——CO > Ph2R>Ru<H
OC/ | p-H, oc | H
co co
Figure 1.22: Reaction scheme for the photochemical reaction of Ru(drpe)(CO); with p-H, where R is phosphine or

. ,83
arsine.

Using a related system, Ru(CO),(dppe)(PPhs) (Figure 1.23A), where one CO ligand has been
replaced with a PPh; ligand its thermal and photochemical activity were investigated.®* When
the complex was heated in the presence of parahydrogen the dihydride Ru(H),(CO),(dppe)
formed, the same product was obtained using Ru(CO);(dppe) as the starting complex and
therefore it was concluded that heating resulted in the loss of a PPh; ligand. When
Ru(CO),(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),(CO)(dppe)(PPhs) as two isomers (Figure 1.23B and C) previously only complex B has
been detected. The simultaneous loss of both a CO and PPh; was observed photochemically
when Ru(CO),(dppe)(PPhs) 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.®

(\ (\PPhZ (\Pth (\PPhZ

Ph P\ o Ph P\ /H Ph P\ /H Ph P\ /
/ 3 / / / \
o ™~ | |
co PPhy py

Figure 1.23: (A) Ru(CO),(dppe)(PPhs), (B) and (C) Ru(H)z(CO)(dppe)(PPh3) and (D) Ru(H)Z(CO)(dppe)(pyridine).85

Most recently, the combination of in-situ irradiation and parahydrogen has been used to study
Ir(H),(CO)(1)(PPh;).” The dihydride complex was prepared thermally by the hydrogenation of

the iodide analogue of Vaska’s complex, [Ir(CO)(I)(PPh;)]. Upon irradiation the complex was
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found to undergo the reductive elimination of H, to revert back to this complex. When this
occurs in the presence of p-H, 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 H, addition to the unsaturated species to be measured as (3.06 + 0.40) x10?

mol™ dm?s™, consistent with the literature values, validating the method.®

PPh, PPh,

| | H Ph,P | | H
>Ir< th 3 >Ir< +p-H, >Ir<
ocC | H 2 oc PPhs oc H
PPh, PPh,
Figure 1.24: Reaction scheme for the photochemical reaction between Ir(H),(CO)(l)(PPh3) and p—Hz.87

1.5 Photochemistry of ruthenium phosphine dihydride complexes

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 H, and the formation of a
reactive intermediate which may undergo further reactivity.”> The behaviour of complexes of
the type cis-[RuH,(PP),], where PP refers to a bischelating phosphine, have been extensively

d.””** Following the reductive elimination of H,, a square planar Ru(PP), intermediate

studie
forms which is capable of activating X—H bonds for a range of substrates, including HBpin and
EtsSiH, 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 H,, CO and ethene.”® The resultant
reactivity was found to adhere to the following trends dfepe < dppe < depe < dmpe for the
different phosphines and ethene < CO < H, for the different substrates. This preference for

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

studies have also extended to monodentate and tetradentate phosphine ligands.
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Ru(H),(PMejs), was found lose a PMe; ligand in addition to H, forming both Ru(H),(PMe;) and
Ru(PMej;), intermediates which underwent reactions with CO and Et;SiH.** Ru(H),(PPs), where
PP; is P(CH,CH,PPh,);, was found to undergo substitution reactions with N,, CO and ethene as

well as bond activation of C—H bonds of benzene and PP; as well as the Si—H bond of Et;SiH.”

P
P | H
\Ru/
/ P/ ‘ \X
Q p
P | H P P
\Ru/ —_— \Ru/
. U
P/ ‘ \H N
P P
bp \ P
|
\Ru L
P/ |
P
Figure 1.25: Reaction scheme for Ru(H)z(PP)z.BO'94
: MezP/\PMez
/ \ A dmpm
p P
m/////,,/// MeZP PI\/|e2
dmpe
(R,R)-Me-BPE
Et,P PEt,
depe
Ph,P PPh,
P P dppe
(C,Fs),P P(C,Fs),

depe

(R,R)-Me-DuPHOS
(S,S)-Me-DuPHOS
Figure 1.26: Examples of bidentate (PP) ligands studied.”®*
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1.5.2 Ruthenium phosphine carbonyl dihydride complexes

Complexes of the type Ru(H),(CO)(P); have also been studied extensively, where (P); 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
H, from Ru(H),(CO)(PPhs); and found that the process was complete within 6 ps of the laser

pulse.”’

P
OC\Ru/H oc\R‘u/H thP\Rlu/H
P/ ‘\H P/ ‘\H P/ |\H
Ph
P P 2 Co

Figure 1.27: Structural motifs for ruthenium carbonyl dihydride complexes containing (A) three monodentate
phosphine Iigands,95 (B) a monodentate and bidentate phosphine ligand and (C) a tridentate phosphine Iigar\d.96

The use of CO potentially provides a second photolabile ligand which could result in competing
reaction pathways with Ru(H),(CO)(PPhs); and Ru(H),(CO)(etp), however, only H, loss was
observed photochemically.®” ®® Ru(H),(CO)(etp) was studied in the presence of CO, ethene and
triethylsilane to form the respective substitution or bond activation products.”® The rates of
these reactions were determined and the activity of the different ligands obeyed the following
order H, > ethene > CO > Et;SiH. 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) IEt,Me,.”® 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 PPh; was proposed resulting in a
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Ru(H,)(H), species when performed under an atmosphere of H, and
Ru(H),(CO)(IEt,Me,)(PPhs)(py) when performed with an excess of pyridine (py). It was

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

PPh3 ; ;
_N

N—
Et N N
OC\ / & Y Seopet Y
Y OC\ / h3P\ H  PhsP
PPh, / | \ ‘ R‘U\H
PPh, co co

Figure 1.28: Ru(H),(CO)(IEt,Me,)(PPh;); isomers and cyclometallated NHC product

1.6 Aims and studies described in this thesis

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(CH,=CHSiMej3), 2.1, CpRh(COE), 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(CH,=CHSiMe;)(DMSO) 2.4 towards p-H, was
studied using the laser based in-situ irradiation NMR method thereby providing two routes to
the same rhodium dihydride species CpRh(H),(CH,=CHSiMe;). The reactivity of a third rhodium
complex, CpRh(P*Ph)(C,H,) 3.2, was studied with H, initially using the broadband UV light in-
situ NMR approach to establish activity towards H,. It was then studied towards p-H, 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),(CO)(PPh;)(Xantphos)] 5.1 was synthesised and
its photochemical activity towards ethene, 4-methyl-pyridine, 4-tert-butylpyridine, °N-
pyridine, CO, benzyl alcohol, DMSO and triethylsilane studied. Once the photoactivity of
[Ru(H),(CO)(PPhz)(Xantphos)] had been established its reactivity towards these ligands in the
presence of p-H, was studied using broadband UV irradiation. Subsequently it was studied

using time-resolved NMR methods with parahydrogen enhancements.

Chapter Six: cis-[Ru(H),(dppp),] 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 'H NMR experiment with a 90° pulse and a 45° pulse and with an OPSY pulse
sequence which removes the thermal background. A related complex cis-[Ru(H),(dppe),] 6.2
was studied to look at polarisation transfer to *'P 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 Synthesis, Characterisation and Photochemistry of
[(n°-CsHs)Rh(alkene):]

2.1 Introduction

This chapter reports the study of three 18-electron [(n>-CsHs)Rh(alkene),] 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.>® > 1

One of the most studied half sandwich rhodium bis-alkene complexes is [(1°>-CsHs)Rh(n?*-
C,Ha),1™ (Figure 2.1). In 1964 Cramer et al., demonstrated that the thermal displacement of
its ethylene ligands occurs at temperatures in excess of 115 °C."** They subsequently showed
that substitution by nucleophiles, such as phosphines, pyridines and other alkenes was

192 The thermal reactivity of pentamethylcyclopentadienyl (Cp*) analogues of these

possible.
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 C-D bonds of benzene, toluene, chlorobenzene and

1 .. . . .
% |n addition, when d¢-benzene was used as the solvent, deuterium incorporation

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

observed.
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A

SiM93

198 (left) and [(n°-CsMes)Rh(n*-CH,CHSIMe;),]™* (right)

Figure 2.1: Structures of [(nS—CSHS)Rh(nZ—C2H4)2]

These reactions could be followed by the changes in the 'H 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(CH;3); and Cp*
groups was noted.'® Contrasting with Cp*Rh(C,H,), reactivity where only 25% deuteration was

observed after 2 hours at 78 °C.'*

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 C—-H 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

105, 106

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

2.3. These are all intramolecular transfer hydrogenation reactions where H, is transferred from
the functional groups of the silane to the alkene. Using this procedure, silyl enolates,® silyl

enamines®

and 1,2-diheteroatom-substituted alkenes'® 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.'® %’
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A I -9
/\Si(oipr)3 /\SE(OPr)Z

B

H
NHCH,CH,Ph i N
/\ < o /\5ng 7 Ph

SiMe,

C/\ ./O\/R - > /\Si/o\/\x/Rl

Me, _
Me, R=OR'or NR' X=OorN

Figure 2.2: Examples of the transformations using Cp*Rh(CH,CHSiMes), (A) vinylalkoxysilanes into silyl

enolates;m?'(B) vinylaminosilanes into silyl enamines’® and (C) the formation of 1,2 diheteroatom-substituted
alkenes.'®

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)." 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 C—
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 —H activation occurs as position a or B. Use of deuterium labelling resulted in a highly
regioselective product which allowed them to associate the reaction with a 5-membered

metallacycle intermediate (Figure 2.3D).
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A /\;,i (0\/\R
B /\Si/o\/\R

Rh p
- '
._—0
\\\\\\\““ Si 0
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.’®

The work in this chapter focusses on studies of the photochemical activity of related half-

sandwich rhodium-alkene complexes containing a cyclopentadienyl ligand. Their

79, 100

photochemical properties were originally studied using matrix isolation and in solution.*®

37, 74,100,109, 110 £arly work showed that one of the coordinated alkenes is readily lost
photochemically. The reactive intermediate CpRh(alkene) is formed which is capable of

56, 100, 109
d

coordinating a number of different substrates; infrared, 100, 109

UV-Visible spectroscopy
and NMR spectroscopy>® " 7* 1% 11 112 haye been used to characterise this process. The most
studied system is that of [(n>-CsHs)Rh(1°-C,Ha),]. When the incoming ligand is DMSO®” ' or
acetonitrile®” only monosubstitution is observed (Figure 2.4A), whereas with PPh,,>” 1% c0®" 1%
and 'BUNC>’ the sequential substitution of both of the original alkene ligands is possible (Figure
2.4A-B). When CO and ‘BuNC were used as the substrate, dinuclear species were also observed

with the respective ligands bridging the two metal centres (Figure 2.4C).>” The ethylene ligands

were also substituted by trialkylvinylsilanes, butadiene and cyclohexene.”” Additionally, the 16-
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electron intermediate, CpRh(C,H,), was found to be capable of the oxidative addition of
MesSiH,*® Et;SiH>® and H, bonds (Figure 2.4D-E).”” The photochemical oxidative addition of
trialkylsilanes was used to develop a silyl-based migration pathway in hydrosilation

reactions.™*®

c
@ \
Rh-\ /Rh\ L/ ™~

L Cp
// '
L= DMSO, L=PPh; CO L = CO, "BuCN,

MecCN, PPh,, ‘BUCN,

CO, 'BuCN
D

=
Y A L{/

LH = Et,SiH, LH = Et;SiH,
Me,SiH, H, MeasiH
Figure 2.4: Summary of the different products from through the photochemical study of CoRh(C,H,), (Figure 2.1)
with different ligands, L, labelled. Adapted from Perutz et ql %3713

Subsequent research has moved towards studying complexes with different alkene ligands.
Photolysing [(1n°-CsHs)Rh(n>-CH,CHSi(CHs);),] at low temperatures in toluene allowed the
detection of the unstable solvent complex (Figure 2.5A),”* where one alkene is substituted by
an mn’-toluene group. This was not seen for [(n°-CsHs)Rh(n>-CH,CHCHs),], where low-
temperature photolysis in toluene only gave rise to the allyl hydride complex [(n’-

Hs)Rh(H)(n*-CH,CHCH,)] (Figure 2.5B)."*> The expected m*-arene complex was, however,

observed when toluene was replaced with naphthalene (Figure 2.5C).**?

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 [(T]S‘Cs(CH3)5)Rh(nz'CH2CHCH3)2] and triethylsilane at

room temperature.”> The product, [(n°-CsHs)Rh(H)(Si(CH,CH)s)(n>-CH,CHCHs)] (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 n>-(Si=H) bond. This
type of behaviour was also observed when [(nS‘CS(CH3)5)Rh(nz'CHz(:HCOztBU)Z] was photolysed

in the presence triethylsilane, diethylsilane and trimethoxysilane (Figure 2.5D).*"!

> >
-\
//Rh\/——:/\

R=SiMe,

Ls

=2 o
R \Rh R \Rh\
ha s

H

R=Me R,L=Me, H;
CO,'Bu, Me

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.”” " 112.

This chapter extends these studies by reference to the three alkenes, trimethylvinylsilane,
cyclooctene and cyclooctadiene. The parent complexes, [(nS-CSHS)Rh(nZ-CHZCHSi(CH3)3)2] 2.1,
[(M>-CsHs)Rh(*CsH1a)] 2.2 and [(n°-CsHs)Rh(n*-CgHin)] 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 (ns—
CsHs)Rh(C,H,4), was photolysed in the presence of trimethylvinylsilane the predominant species
which formed was (nS-CSHS)Rh(C2H4)(CH2CHSiMe3) and only through the removal of C,H, by
degassing was CpRh(CH,CHSiMes), formed.>” 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 C,H, 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.

-
ey

2.3

\//Sll\fle 2.1A /

&Me3

\\\\/S e, 2.1B

Figure 2.6: Structures of the three complexes to be studied in this chapter.

<

2.2 Synthesis

2.2.1 [(m5-CsHs)Rh(n2-CH2CHSi(CH3)3)2] 2.1

The synthetic route to [(n>-CsHs)Rh(1’-CH,CHSi(CHs)s),] 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
formation of Cramer’s complex, [Rh(C2H4)2(|.t-CI)]2.114 The coordinated ethylene ligands were
then substituted for the desired trimethylvinylsilane ligands following the literature procedure
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15 The reaction time was increased from 3 hours to 21

reported by Marciniec group in 2003.
hours to ensure complete substitution. 2.1 was then formed by reacting the

trimethylvinylsilane dimer with cyclopentadienyl lithium® in a 31% isolated yield.

H,0/MeOH v, /\\ . /\

56 %

1. 2CH,CHR, diethyl @
ether, 20h @
—_—

\

Rh——

RhCl;.3H,0 + 2C,H,

2. Li(C.Hs), 1h \Rh

R=Si(CHs); R\< %R 2.18
31%
Figure 2.7: Synthetic route used to prepare [(n -CsH _r,)Rh(r]2 -CH,CHSI(CH3)3),] 2.1
In complexes of the type [(n>-CsRs)M(n>-CH,CHR),] there are 6 possible stereoisomers™® 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.”* At room temperature only
two are detected.”’ 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.
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= = =2
Rh-————\/R R R
\R B R/\/ B' R/\/ B"

cis-up-up trans-up-down cis-down-down

N

Figure 2.8: Possible isomers of half sandwich complexes with two monosubstituted bound alkene ligands, adapted
from Hauptman et al.'®

2.2.2 [(nS-CsHs)Rh(nz-CgHm)z] 2.2 and [(1’]5-C5H5)Rh(1’]4-C8H12)] 2.3

The synthetic route to form [(n’>-CsHs)Rh(n*-CgH), 2.2 and [(n>-CsHs)Rh(n*-CgHio)] 2.3 are
shown in Figure 2.9. The first step in each synthesis is the formation of the rhodium alkene
chloride dimer from RhCl;.3H,0. The literature methods™” *® 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.> The products were then
isolated in a 69% yield for 2.2 and 60% vyield for 2.3, full experimental details can be found in

the Experimental, Section 8.2.
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RhCl; 3H,0

2C8Hl4 C8H12
H,0/iPrOH 1:3 H,O/EtOH 1:5
25min 70 °C 15min 88°C
% [{Rh(n-CgHyg)y(n-CL] - (58 %) % [{Rh(n*-CgHyp)(n-Cl)l] - (50 %)
Li(CsHs) Li(CsHs)
THF THF
1h 1h

=2

\
R

/

h—I=

N
2.2

69 %

Figure 2.9: Synthetic route used to prepare [(nS—CSHS)Rh(nZ—CSHM)Z 2.2 and [(nE—CsHs)Rh(n4—C8H12)] 23

2.3 NMR Characterisation

2.3.1 [(n5-CsHs)Rh(n2-CH2CHSi(CHs)s)] 2.1

The chemical shifts of cyclopentadienyl ligands in complexes of the form CpML, typically occur
between & 4 and 5.5.” 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 "H NMR spectrum of 2.1 (Figure 2.10) there are two peaks
in this region at 8 5.00 and 5.04 indicating that, as expected, there are two isomers present
(Figure 2.10). These have been characterised previously,”” ™ 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: 'H NMR Spectrum of 2.1 in CgDg at 298 K

The major isomer yields three alkene signals at 6 2.84; 2.26 and —0.34. The distinctive  —0.34
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 6 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 Hy
and Hc (Figure 2.11). Whilst the coupling in the peak at 6 2.26 is 11.0 Hz indicating the coupled
protons are on the same side of the alkene, Hy and Hg, and therefore cis to one another. A
smaller coupling of 1.5 Hz is also observed corresponding a geminal coupling between the
terminal protons Hg and Hg; this splitting is obscured by the broadness of the peak at 6 2.84. A
2D 'H-">C HMQC NMR spectrum was used to correlate these peaks to their directly bound
carbon centres and a 1D *C{'H} NMR spectrum was used to measure the carbon-rhodium
coupling for each of these carbon resonances. The CH group was assigned as 6 52.8 (d, Jcrn

14.1 Hz) and the CH, group was assigned as 6 39.0 (d, Jcr, 13.0 Hz).
Hg Ha
He
/Si__\__-

Figure 2.11: Assignment of the proton environments of the coordinated trimethylvinylsilane ligand
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In the corresponding 2D ‘H-'H NOESY NMR spectrum, the observation of an nOe connection
between the methyl signals of the silyl group and the Cp peak at & 5.00 indicates that the vinyl
ligand’s silyl substituent points up towards the ring. An nOe interaction between H, and Hg,
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 H, (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 H, of
one of the ligand can be in sufficiently close proximity to H: 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.>” " The full details of

NMR characterisation can be found in Table 2.14.

H/RhK(\Si H/Rh ,(\H
H \ \H H \si N

Y Y

trans-up-up cis-up-up
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 literature’ and the results of this analysis is

summarised in Table 2.15.

2.3.2 [(5-CsHs)Rh(n2-CsH14)2] 2.2

The 'H NMR spectrum of 2.2 in CsDg shows a singlet at 6 4.85, which correlates to a carbon
resonance at & 91.1 in the 2D 'H-*C HMQC data set. These values are consistent with a

coordinated cyclopentadienyl ligand. There are two pseudo doublets with one measureable

XClI



coupling each, one at 6 2.32 (d, Juy 13 Hz) and one at 6 1.76 (d, Juu 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 *H NMR spectroscopy™*®
where the downfield doublet was reported to correspond to the vinylic protons of the
coordinated double bond, labelled H, in Figure 2.14. However, it is the proton resonance at &
1.76 which shows a correlation to a carbon resonance typical of a coordinated double bond, &
65.1. Whereas the doublet at 8 2.32 correlates to a carbon resonance with a chemical shift of o
33.5, more in keeping with a saturated carbon environment. The “C{*H} NMR spectrum
supports these assignment since the resonance at 6 65.1 exhibits a coupling to rhodium of 14.4
Hz. The resonance at & 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 &
1.52 also shows a correlation to this carbon, confirming that the peak at 5 2.32 is one-half of a
pair of inequivalent CH, protons. Both of these protons signals also couple to the CH resonance
at 8 1.76 in the corresponding 2D 'H-'H 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 6 2.32 corresponds, therefore, to the geminal
coupling between H, and H,.The 9 Hz coupling observed in proton peak at 6 1.76 is between

this proton and H, (6 1.52), which is cis relative to H,.%°

LA A

T T T "1 T T T T T T T T T
4.85 ppm 2.3 ppm 1.8 1.7 1.6 1.5 1.4 1.3 prm

Figure 2.13: H Spectrum of 2.2 in C¢Dg.at 298 K, insert shows resonances for this complex (integrated)
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Figure 2.14: Assignments of cyclooctene ligand proton environments
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Figure 2.15: "H-">C HMQC of 2.2, in C4Dg at 298 K.
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Figure 2.16: 'H-"H COSY of the bound cyclooctene resonances of 2.2 in CeDg at 298 K

The remaining peaks in the proton spectrum appear as multiplets at 6 1.58 and 1.32. The
highly overlapped peak at 6 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 6 1.32
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corresponds to 8 protons. The *H-*C HMQC data shows that both of these peaks correlate to
carbon environments with chemical shifts of 8 32.9 and 26.8 respectively (positions 3 and 4 of
Figure 2.14) and confirm that the remaining CH, 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 [(m5-CsHs)Rh(n*-CsHi2)] 2.3

An NMR sample of 2.3 in dg-toluene was used for characterisation. Its *H NMR spectrum
contains four peaks (Figure 2.17). A singlet at & 4.93 corresponding to the 5 protons of the
cyclopentadienyl ligand, a broad singlet at 6 3.94 corresponding to the 4 alkene protons of the
COD ligand (position 1, Figure 2.18) and two signals at  2.20 and 1.94 for the alkyl backbone
(positions 2 and 2’) of the COD ligand. The corresponding carbon chemical shifts were
identified using 2D 'H-*C HMQC methods. The CH=CH signals (C;) of the COD ligand have a
carbon chemical shift of & 62.5 (d, Jery 14.0 Hz), while the CH, groups of the COD’s alkyl
backbone (C,) yield a carbon signal at & 32.5. This characterisation is consistent with the

structure drawn in Figure 2.80. This NMR data is summarised in Table 2.17.

—JC J\ \ *’M

T .
4.95 ppm 3.95 ppm 2.25 ppm 1.95 ppm
Figure 2.17: H spectrum of 2.3 in dg-toluene at 298 K.

H H H

2| 2 2|

Figure 2.18: Unique proton and carbon environments on the coordinated COD ligand.
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2.4 Photochemistry of [(n®-CsHs)Rh(n2-CH2CHSi(CH3)3)2] 2.1

116 (Figure 2.8) which can be grouped into two

There are six possible geometric isomers of 2.1
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 ! 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 [(n’-CsHs)Rh(n*-CH,CHSi(CHs)s),] 2.1 was
prepared in CsDg and 10 ulL of trimethylvinylsilane added, this reflects a 20 fold excess relative
to rhodium. The sample was then irradiated with broadband UV light and monitored
periodically by "H 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.

Absorbance
N

0 T T T T 1

250 350 450 550 650 750
wavelength /nm

Figure 2.19: UV-Visible spectrum of 2.1 in C¢Hg
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Figure 2.20: 'y Spectrum in CgDg at 298 K showing peaks for proton-H, in 2.1A (5 2.84) and 2.1B (5 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

ky
trans-up-up- CoRh(CH,CHSiMe,), — — cis-up-up- CpRh(CH,CHSiMe;),
2.1A K, 2.18

hv hv

+ CH,CHSiMe, + CH,CHSiMe,

“CpRh(CH,CHSiIMes)”

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)'** and values of a, b
and ks 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
([Alo — [Aleq) and kops 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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y=a + be_kobst (2]_)

Where

a=  [Aleg

b= [A]O - [A]eq
kob5= kl + 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 /% Kops /5
2.1A 52.4+0.7 41.3+1.2 (1.79 £ 0.33) x107
2.1B 39.2+04 -34.2+0.7 (1.86 £0.19) x107

122,123 the first is in terms of

There two descriptions of the equilibrium constant (Equation (2.2)),
the concentrations of 2.1A and 2.1B which gives a value of K, of 0.74 £ 0.02 under these
conditions. It may also be described as the ratio k; to k_; which also feature in the integrated
rate expression (Equation (1)). These equations can be combined to allow the values of k; and

k_; to be calculated as (0.76 + 0.15) x10"*and (1.03 + 0.20) x102s™* respectively via Equations

(2.3) and (2.4).*

K ky _[21Bleg (2.2)
17 k_y  [2.1A]eq
_ kobsKeq (2-3)
1T 1+ Keq
Kk — kobs (2-4)
1T 1+ Keq

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 k; and k_; of the thermal model relate to the
photochemical model according to Equations (2.5) and (2.6) where ®, 5, and @,z are the
quantum vyields of 2.1A and 2.1B, € is the molar absorption coefficient of 2.1, |, is the light
intensity and | is the path length. The equilibrium constant, therefore, corresponds to the ratio

122, 125

of the quantum vyields according to Equation (2.7). From the values of k;, k_; and thus,

Keg, it can be concluded that the quantum yield of 2.1A is smaller than that of 2.1B. This means
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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.

Ky = @5 1al0¢l (2.5)

k_; = @, 1plpel (2.6)

_[21Bleq  ®21a (2.7)
Keq =

[21A]eq D218

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 k; and k_; were determined to be (0.83 + 0.06) x107> and (1.10 +
0.07) x107 s respectively which give an equilibrium constant, Keg, Oof 0.77 £ 0.10

demonstrating that both approaches generate the same result, within experimental error.

2.5 Photochemistry of [(n®-CsHs)Rh(n2-CH2CHSi(CH3)3)2] 2.1 with

DMSO to form 2.4

126, 127

There are many rhodium DMSO complexes in the literature where coordination through

oxygen'? or sulfur’® is possible. In some cases, the DMSO ligand is seen to bridge two metal

centres by coordinating through both of these sites.”

It is hypothesised that if 2.1 was
photolysed in the presence of DMSO one or both of the trimethylvinylsilane ligands will be

C



replaced with DMSO. To investigate this an NMR sample containing 0.5 mg of [(nS—CSHS)Rh(nZ—
CH,CHSIi(CHs)s),] 2.1 was prepared in ds-toluene and 2 pL 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 *H NMR
spectra. Signals associated with a new rhodium species were observed. These included a new
cyclopentadienyl resonance at 6 4.95 and two singlets where the methyls of the bound DMSO
are expected (6 2.41 and 2.42) as shown in Figure 2.23. This species was then characterised by

NMR spectroscopy as 2.4.

/8
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Figure 2.23: 'H NMR Spectrum of [(nS—CSHS)Rh(nZ—CHZCHSI(CH3)3)(DMSO)] 2.4 in dg-toluene at 298 K.

The proton spectrum (Figure 2.23) has a single peak, at 6 4.95, in the cyclopentadienyl region
indicating that a single product has formed. There are two protons, at 6 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 6 4.95 as 5 protons. In the 2D 'H-'H COSY NMR
spectrum these signals couple to one another and a third peak at 6 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 &
2.88 and 2.55 correspond to proton resonances that share a common carbon partner, which
appears at 6 37.5, while the peak at 5 1.78 connects to a carbon signal at 5 42.6. Both of these

carbon resonances are doublets in the C{"H} NMR spectrum due to coupling to rhodium of

Cl



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.

2.55 1.78

Si—
[\
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 CH,
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=0 axis highlighted, this would result in the breaking of the rhodium—-DMSO
bond or alternatively the alkene could rotate and this too would result in the rupture of the

ligand rhodium bond.

.
\H/‘\ /MeA
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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

131

sulfur binding if the shift is large and oxygen binding if it is smaller.”" 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.>” *

In 2.4 the methyl resonances
have carbon chemical shifts of & 54.9 and 55.1 and are downfield shifted when compared to

free DMSO which has a chemical shift of & 40.6. These observations confirm coordination

through the sulfur.
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Figure 2.26: 'H-BCc HMQC in dg-toluene at 298 K showing the 'H-13C 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.>" ***

This was the only product
observed and there was no evidence in the '"H NMR spectrum of the bis-DMSO product

CpRh(DMSO0),.
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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 H, 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.
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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

ligand loss to form the reactive intermediate “CpRh(CH,CHSiMes)”. This intermediate may
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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
form the fragment “CpRh(DMSQ)” it or the resulting product is not stable and thus this
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.

ky
CpRh(CH,CHSiMe;), + DMSO CpRh(CH,CHSiMe,)(DMSO) + CH,CHSIMe,
2.1 k., 2.4
ks hv hv k.
+ CH,CHSiMe, + DMSO

“CpRh(CH,CHSIMe,)”

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.

121,123 \yhere a reflects

The integrated rate equation for this model is given by Equation (2.8),
the equilibrium concentrations, [Ale, and b describes the difference in the initial and
equilibrium concentrations, [A]lp — [Aleg, Where A refers to either 2.1 or 2.4 in both cases.
Whilst ks 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

37,124

on Equation (2.9). The changes in 2.1 and 2.4 were fitted to Equation (2.8) and the values

obtained are summarised in Table 2.2.

y = a + be Kobst (2.8)
Where
a=  [Alg
b= [A]O - [A]eq
kobs= kl ([DMSO]eq+[2-1]eq)+ k—l([CHZCHSiMeS]eq+[2-4]eq) (29)

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 /% Kops /Mol dm? s
[2.1] 5.2+0.7 923+09 (5.67+0.57)x10°
[2.4]| 93.840.7 -91.7+1.0 (5.95+0.60)x10™
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The equilibrium constant, K.q, 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)."*

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 ds-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 given in brackets: 1.5 pL (5.5), 3.5 uL (12.8) and
5 uL (18.2). The samples were wrapped in foil sheaths to protect them from ambient light

before irradiating each in turn for 45 minutes with periodic reaction monitoring using "H NMR

spectroscopy and the growth in signals associated with 2.4 were observed.

o [2:41eq[CH,CHSIMes]oq _ Ky (2.10)
eq [2.1]6q[DMSO]eq k_,

The formation of a photostationary state suggests that 2.4 loses DMSO and thus can reform
2.1 following the grey pathway in Figure 2.28. To test this hypothesis 9.5 puL of
trimethylvinylsilane was added to the sample containing 5 uL of DMSO after 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.
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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
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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

100 -
= 21
e 24
75 4
g
&
@ 50 *
[}
=>
[
o
(S)
254
0 T T T T
0 500 1000 1500 2000

Irradiation time /s

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 [Aleq, b is [A]lp — [Aleg and A can
be 2.1 or 2.4 accordingly and ko 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 ko, value whilst the kg, 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 kg, for Entries 1-3 are
within experimental error of one another and k. 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.

ky
CpRh(CH,CHSiMe;), CpRh(CH,CHSiMe;)(DMSO) + CH,CHSiMe,
2.1 k., 2.4
ka hv hv ‘
+ CH,CHSiMe, oo

“CpRh(CH,CHSIMe,)”

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.

y = a + be Kobst (2.11)

Where

a=  [Aleg

b= [Alo—[Aleg

kobs= k1+ k_l([CHchS|Me3]eq+[24]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.

Molar
Entry Excess Complex a/% b /% Kops /mol ™ dm? s™*

DMSO
1 5.5 [2.1] 129+1.0 82.8+1.6 (3.63 +0.55) x1073
[2.4] 88.2+1.1 -843+19 (3.83+£0.62) x107
2 12.8 [2.1] 57+13 96.6+1.8 (2.99 + 0.46) x107
[2.4] 90.4+1.6 -98.3+2.5 (3.39+0.54) x107
3 18.2 [2.1] 6.1+0.5 93.9+0.9 (3.44 £ 0.43) x107
[2.4] 91.2+0.9 -90.3+1.5 (3.85+0.57) x107
4 17.2* [2.1] 36.1+0.8 -29.7+1.0 @ (2.16£0.42) x107
[2.4] 51.1+1.6 350420 (2.18+0.56)x107

*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.

Keq =

_ [2.4]q[CH,CHSIMe3]oq kg

[2.1]eq

= o

Table 2.4: Equilibrium constants for each of the samples

Molar Excess

Entry DMSO Keq
1 5.5 (4.7 +£0.3) x10”°
2 12.8 (9.8 +0.7) x107>
3 18.2 (1.2+0.3)x10™
4 17.8* (1.9+0.1) x10™
5 20 (6.4+0.2) x107>
6 17.8%

*Also contains 17.8 molar excess of trimethylvinylsilane
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Since kops and Keq can be defined in terms of k; and k_;, these expressions can be combined in
order to calculate values of k; and k_; using Equations (2.14) and (2.15). These were used
calculate k; and k_; for each of the samples (Table 2.5). For the three samples from the stock
solution with only an excess of DMSO show k; values which are all within error of one another
however this is not true across all samples for k_;. The values of K, 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 K¢q of 1.51 = 0.08. This is now over one
indicating a preference for 2.4 over 2.1 and that k,; must be greater than k_;. In this scenario, k;
and k_; 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.

I = kopsKeq (2.14)
U7 Koq + [24]eq + [CH,CHSiMes),,
k_l — kobs (215)

Keoq + [24]eq + [CH,CHSiMes] o

Table 2.5: Rate constants determined using Equations (2.14) and (2.15)

Molar
Entry Excess  k;/mol™dm’s™ k_y /mol™dm?s™
DMSO
1 5.5 (3.0+£0.7)x10™° (6.1+1.2)x107°
2 12.8 (2.8 £0.9) x107 (2.8 +0.7) x107°
3 18.2 (3.4+2.4)x107 (2.6 £1.5)x107°
4 17.8*  (1.3+0.5)x10°° (6.8 +1.9)x10™
*Also contains 17.8 molar excess of trimethylvinylsilane

CXl



_ Paalolez k3 (2.16)

k, =
1 k, + ks
_ D, 4lplez 4k, (2.17)
-1 k, + ki

2.6 Photochemistry of [(n°-CsHs)Rh(n2-CH2CHSi(CH3)s)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 Si—H bond that may undergo oxidative addition reactions
with similar rhodium complexes."™” > An NMR sample containing 0.5 mg [(n’>-CsHs)Rh(n*-
CH,CHSI(CHs)s),] 2.1 and 4 L of triethylsilane was prepared in ds-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 'H NMR
spectroscopy. Over the course of the irradiation two species were observed (Figure 2.34)
although only one of these remained at the end of the 2 hours. After this time 4 uL of
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 'H NMR spectrum after this irradiation,

suggesting that the final product is not photochemically active.

T T T
-14.0 -14.5 Ppm
Figure 2.34: Hydride region of the "H NMR Spectrum following photolysis of 2.1 in the presence of triethylsilane in
dg-toluene at 298 K.
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The distinguishing features of the final product are a hydride resonance at 6 —14.2 with a
coupling to rhodium of 38.0 Hz (Figure 2.34), these features are consistent with the known
compound [(HS-CSHS)Rh(H)Z(Si(CHZCH3)3)2] 2.6.>° ** The magnitude of the coupling constant is
indicative of a Rh" species, which arises via the oxidative addition of two Si—H bonds following
the loss both alkene ligands. The other product formed also contains a metal hydride moiety, a
doublet at & —14.6 (Jurn 31.5 Hz) (Figure 2.34). This smaller coupling is now consistent with a
Rh" species and fits with a stepwise reaction between 2.1 and Et;SiH 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 "H 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 6 2.71 and
2.00 resolve as doublets with 14 Hz and 11 Hz couplings respectively and the third resonance,
at & 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 "H-"H COSY spectrum; this and their
observed couplings would suggest that they belong to a coordinated trimethylvinylsilane
ligand. The signals at 8 2.00 and 2.71 are consistent with the geminal protons Hz and Hcon the
vinylsilane ligand, which is confirmed by their correlation to the same carbon environment at &
38.2 in a 2D 'H-*C HMQC NMR spectrum. The third signal is consistent with H,, these

assignments are summarised in Figure 2.35. The hydride resonance at & —14.6 shows an nOe
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correlation to a triplet at & 1.05 and a quartet at 4 0.66 which are consistent with the ethyl
groups of the silane. It also shows an nOe connection to Hg at & 2.00 and a weaker nOe
connections to 6 1.84 (H,) and 2.71 (H¢). These data are fully consistent with the structure in

Figure 2.82 and the NMR data is summarised in Table 2.19.

2.00 1.84

Figure 2.35: Assignments of the trimethylvinylsilane proton chemical shifts

M M M JUL‘

2019 ppm —145

f\/\\ /\u\_ P AANE

5.1 2.0 1.9 ppm _1a.s

Figure 2.36: 'H NMR spectrum of photoproduct foIIowmg the photolysis of 2.1 in the presence of tnethylsﬂane in

dg-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 [(T]S-CSHS)Rh(nz-CHZCHCOZtBu)Z]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 Si—H 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.

= = =
P o~

2.5A 2.5B 2.5C

Figure 2.37: Possible isomers of 2.5; where R = Si(CH;);

Previous work in the group utilised exchange spectroscopy (EXSY)''" **?

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, Si—H bonds can be considered as coordinating to a metal centre either in an nz
fashion, to give an M—(nZ—H—Si) species, or alternatively it may undergo oxidative addition,
resulting in the cleavage of the Si—-H 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-(nZ-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 ‘H-'H EXSY
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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

@ @ @_@

R

PPN

Figure 2.38: Proposed pathway for the interconversion between 2.5A and 2.5B, R = Si(CH5);, adapted from Duckett
et /.111 112

Further variable temperature measurements were therefore performed in order to confirm
the presence of other isomers of 2.5. "H NMR spectra were acquired at temperatures between
243 and 298 K (Figure 2.39) and revealed the presence of two further resonances at 6 —14.9
and —17.0, 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.

243K

263K

-14.5 ppm -14.8 ppnm -17.0 ppm
273K j\j

-14.5 m -14.8 ul -17.0 mn

298 K /\IL 122 pp pp!
T T T T T 1
-14.5 ppm -14.8 ppm -17.0 ppm

Figure 2.39: Series of "H NMR spectra, showing the hydride region only, recorded in dg-toluene recorded at variable
temperatures (as labelled).
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The H 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.

100

75 A

50 A

Relative Conversion /%

25

0 T T T T 1
0 2000 4000 6000 8000 10000

Irradiation time /s

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 ky, k_; and k; to be obtained (Table 2.6).

ks
CpRh(CH,CHSIMe,), m=—==CpRh(H)(SiEts)(CH,CHSiMe,) CpRh(H),(SiEt;),
2.1 ky 2.5 2.6

hv hy o + SIEt,H
7 SiEt,H i 3
+ CH,CHSiMe; EGH -+ CH,CHSIMe,

“CpRh(CH,CHSiMe;)” “CpRh(H)(SiEt5)”

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

k; /mol ™ dm3s™ k.y /mol ™ dm?s™ k, /mol ™ dm3s™ Keq

(6.22 £ 0.54) x10 (8.9+1.1)x107 (6.63 £0.62) x107 0.71+0.14

The values of k; and k_; may be used to give the equilibrium constant for the equilibrium
between 2.1 and 2.5 giving a K., of 0.71 £ 0.14 using Equation (2.18).2 If it is assumed that
the sample has low absorbance (Appendix), the equilibrium constant relates to the molar
absorbance and quantum vyield of 2.1 and 2.5 and the rate of the ligand addition to the
intermediate (Equation (2.19))."** '** 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.

k, (2.18)
Koy = —-
eq k_1
o _ Pasgaiks _ [25][CHCHSiMes] (2.19)
‘U Dysepsk g [2.1][EtsSiH]
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The value for k, approximately 10 times smaller than that of k_;. This would suggest that the
reductive elimination of the silane to give “CpRh(CH,CHSiMe;)” occurs more readily than the
loss of vinylsilane to give “CpRh(H)(SiEt;)”. Alternatively this could demonstrate that
“CpRh(H)(SiEts)” is more active towards vinylsilane to reform 2.5 than it is a second molecule

of triethylsilane.

2.7 Photochemistry of [(n®°-CsHs)Rh(n2-CH.CHSi(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 [(n>-CsHs)Rh(n*-
CH,CHSIi(CHs);)(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(DMSQO), was not observed, this could also be due to thermal instability in the product,
and coordination of the vinylsilane to “CpRh(DMSO)” would reform 2.4. To investigate the
photochemical properties of 2.4 further, 3.5 uL of EtsSiH was added a sample of 2.4 to result in
a 20 fold excess of the EtsSiH relative to 2.4, in addition to 1 equivalent of CH,CHSiMe; 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 5 —14.6 has already
been shown to belong to [(1>-CsHs)Rh(H)(Si(CH,CH3)3)(n*-CH,CHSi(CHs)3)] 2.5 confirming the
photolability of DMSO. The hydride signal at 8 —14.2 is consistent with the formation of the
double oxidative addition product [(1>-CsHs)Rh(H),(Si(CH,CHs)3),] 2.6. Accordingly, the third
rhodium hydride species must contain a coordinated DMSO ligand indicating that [(115-
CsHs)Rh(H)(Si(CH,CH3)3)(DMSO)] 2.7 has been formed and is associated with the hydride
resonance at 6 —13.45, exhibiting a 33.7 Hz rhodium coupling (Figure 2.42), which is consistent

a Rh" 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."® The coordinated DMSO ligands yielded

resonances 4 2.45 and 4 2.55 consistent with the reported values.

2.5

2.6

2.7

L L L L i
-13.5 -14.0 -14.5 rpm

Figure 2.42: Hydride region of an 'H NMR spectrum at 298 K following the 15 min photolysis of 2.4 and Et;SiH in dg-
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
contained 3 plL of EtsSiH 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 'H NMR
spectrum had insufficient signal-to-noise ratios for the reliable integration necessary for
quantification. "H 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.

2.7 25
2.6 \
\ + 15 days
‘ 'Jw,/\f\‘ 90 min
|

\ 45 min

20 min
Wil
{\"A 10 min
Pirmrhmdu vhsmspplepar gt M
| | | | |
-13.5 -14.0 -14.5 ppm

Figure 2.43: Hydride region of the "H NMR spectrum for sample 1 recorded in dg-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 'H 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 'H NMR spectrum for sample 2 recorded in dg-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(CH,CHSiMe;)(DMSOQ), 2.4, may lose either DMSO or vinylsilane which,

following EtsSiH addition, gives either 2.5 or 2.7 respectively. Both 2.5 and 2.7 may lose a

ligand to generate the intermediate “CpRh(H)(SiEts)” which provides a route to the formation

of all three hydride species.
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Figure 2.45: Possible pathway for the formation of the three rhodium-hydride species

)/Rh\s

In summary, the irradiation of the two samples yielded the following observations

e 2.5 always forms first

e 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

e 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 Et;SiH 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 Et;SiH, or that
Et;SiH 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 Et;SiH, 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

vinylsilane to “CpRh(H)(SiE3)” is favoured.

CpRh(H)(SiEt,)(DMSO) + CH,CHSiMe,
2.7

ky
CpRh(CH,CHSiMes)(DMSO) + Et,5iH <=—=—===="CpRh(H)(SiEt,)(CH,CHSiMe;) + DMSO + Et,SiH

k.
24 25 ks
+Et,SiH

CpRh(H),(SiEts), + CH,CHSiMe,
26

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 - 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 "H NMR spectroscopy and are now discussed.

Table 2.7: Sample preparation details

Molar Irradiation
i L
Complex  Rh/mg  CHCHSIMes/uL - 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 CgHg
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Figure 2.48: UV-Visible spectrum of 2.3 in C¢Hg

2.8.1 [(n5-CsHs)Rh(n2-CsH14)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: 'H NMR spectrum at 298 K of 2.2 after photolysis in the presence of trimethylvinylsilane (in dg-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 (6, 4.98, o 87.1), 2.1B (8 5.01, 6. 87.2) and 2.2 (&4

4.83, d¢ 90.8), by elimination, the peak at 6 4.90 must correspond to the 2.8 (Figure 2.49).

In the "H-"H 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 6 -0.16 (Juy 11, 14 Hz), 6 2.10 (Jyy 1.5 Hz) and & 2.97 (Juy 14, 1.5 Hz) and arises
from the intermediate. Due to overlap with a solvent signal the 6 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 Hg and Hc
assigning these protons as the CH, group and is corroborated by both of these resonances
showing correlations to a carbon signal at & 40.9 in a 'H-">C HMQC experiment. The third
proton, 6 —0.16, showed a correlation to a separate carbon resonance at 6 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 *H-'H NOESY 2D NMR spectrum. The proton
at & 2.97 shows an nOe to the Cp peak at & 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 4 2.97 and that they are pointing up towards the Cp ring.

2.20 —0.16
Hg Ha
He

2.97 Sj—

Figure 2.50: Assignments of the trimethylvinylsilane protons

Ppm

b,

ppm

Figure 2.51: "4-'H cosy NMR spectrum in dg-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
l;2.1Bin M and 2.8in
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The resonances of note from the COE ligand are the vinylic protons at 6 2.55 and 0.80 which
correlate to carbon resonances in the 'H-*C HMQC NMR spectrum at & 61.6 and 68.4
respectively. In the *C{*H} NMR spectrum both of these resonances exhibited a coupling to
rhodium of ~14 which corresponds to a rhodium coordinated alkene. In a ‘H-'H NOESY
spectrum the proton resonances show an nOe correlation with the 6 —0.16 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.
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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
common reactive intermediate “CpRh(COE)” and 2.2 or 2.8 forms depending on whether the
COE or vinylsilane coordinates. The product 2.8 may also lose COE to form “CpRh(CH,CHSiMe;"
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,'*
consistent with the K, 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

ky, koq, ko and ko,.
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2.1A
trans-up-up- CpRh(CH,CHSiMe;),

k, |
Ko 4 CH,CHSIMe, || hv

k_

2.2 k, 2.8 hv 4
CPRh(COE), =————= CpRh(CH,CHSIMe,)(COE) = (5~ CPROICH,CHSIVE,) k,

1
hv
h , ks hv |[+ CH,CHSiMe,
+ COE ¥ CH,CHSIMe; k. ) [

“CpRh(COE)”
cis-up-up- CpRh(CH,CHSiMe;),
2.1B

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

k, ky
CpRh(COE), + C,H,SiMe, CpRh(C,H;SiMe;)(COE) ————> CpRh(C,H,SiMe;),
2.2 1 2.8 ks 2.1

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, K;, were calculated using Equation (2.21)."** K; is
approximately 1 showing little difference in the activity of 2.2 and 2.8, whereas K; 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 K., 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 k/moltdm?*s™  k;/moltdm?®s™ K;
1 (7.70£0.53)x10° (7.94+1.37)x10> 0.98+0.12
2 (1.21+0.09)x10" (7.79+0.80)x10° 1.56+0.14

k; (2.20)
K; =—
L k_l
K = [2.1][Vinylsilane] _ €, 8P, gk (2.21)
e [2.8][COE] B €21P21k;

2.8.2 [(n5-CsHs)Rh(n*-CsH12)] 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 'H 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.

2.3
2.1A
AN
— \‘*"—""_"‘—__———-—
T T T T T T
5.05 5.00 4.95 4.90 4.85 PpPm

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
resulting in a “CpRh(n>-COD)” species. This may recoordinate the COD’s second alkene moiety
or trimethylvinylsilane resulting in the intermediate CpRh(n>-COD)(CH,CHSiMe3). 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
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Figure 2.57: Time profile showing the change in concentration of 2.3, 2.1A and 2.1B as a function of irradiation

time.
trans-up-up- CpRh(CH,CHSiMe,),
2.1A
+ CH,CHSIMe, || hv J
hV " H n
CpRh(1*-COD) === CpRh(n*-COD)(CH,CHSiMe;) CpRh(CH,CHSiMe;)
N +COD
2.3 hv hv ]
¥ CH,CHSiMe, hv ||+ CH,CHSiMe, |

“CpRh(n2-COD)”
cis-up-up- CpRh(CH,CHSiMe,),
2.1B

Figure 2.58: Kinetic Model for the reaction of 2.3 with trimethylvinylsilane to 2.1A and 2.1B; the intermediate
CpRh(nz-COD)(CHZCHSiMe3) 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™ using Equation (2.22),'*

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 vyields. A value for the equilibrium constant of 0.1 mol dm™ 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.

k, .
CPRh(17-COD) + 2CH,CHSIMe; === CPRh(CH,CHSiMe;), + COD
2.3 k., 2.1

Figure 2.59: Simplified kinetic model of reaction between 2.3 and trimethylvinylsilane.
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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.

v [21]eg[CODleg Ky (2.22)
“1 " [2.3]eq[CH,CHSiMes)2, k_4

Table 2.9: Relaxation constants for the simplified kinetic model and calculated equilibrium constant, K4

ky/mol?dm®s™  k/mol™dm’®s? K /moldm?.

(3.14£0.14)x10°  (2.95+0.42)x10%  0.11+0.02

CXXXIV



2.9 Photochemistry of 2.2 and 2.3 with DMSO - 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 CD3;S(O)CDs 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 [(1n°-CsHs)Rh(DMSO),], which has not previously been
observed, reflects an interesting prospect. To study this process the following samples were
prepared in dg-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 'H NMR spectroscopy and the observations

during this process will now be discussed.

Table 2.10: Sample preparation details

Entry Complex Rh /mg DMSO /uL 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 2.3" ~0.5 500 42h

*3 bar H, added; T in de-DMSO

2.9.1 [(T]S-CsHs)Rh(T]Z-CgHm)z] 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 &
4.84. There is also a singlet at 6 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 & 55.8 suggesting that the DMSO is
coordinated through the sulfur in the same way as in complex 2.4.>” *** A doublet at § 3.00
correlates to a carbon resonance at 8 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 C{*H} NMR spectrum. The 'H-"H COSY NMR spectrum correlated this resonance to its
adjacent methylene group at 6 2.46 and 1.65 (0¢ 33.2). The resonance at d 2.46 is a doublet of
quartets with just one large coupling (Juy 13.5 Hz) corresponding to the geminal coupling to its
partner at 0 1.65, therefore it must be trans relative to the alkene proton at & 3.00 as this
arrangement is more in keeping with the 3.5 Hz coupling of the quartet, this is quartet owing
coupling to H; and Hs also with ~3.5 Hz coupling constants. The proton at & 3.00 is a pseudo

doublet with a large coupling of Jy, 9.5 Hz between H, and H, in a cis arrangement, its smaller
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coupling to Hy is hidden in the broadness of the resonance. The remaining positions on the

cyclooctene ring overlap with one another and free COE at between 6 1.50 and 1.65.

D S

T T T T
4 .85 ppm 3.00 ppm 2 .50 ppm

Figure 2.61: 'H NMR Spectrum of 2.2 with DMSO in dg-toluene at 298 K after 15 minutes irradiation

Figure 2.62: Summary of the H assignments of the coordinated cyclooctene ligand.

Using the signal at 6 2.98, proton 2’ in 2.2, and the singlet at 6 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),. 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 CoRh(DMSO), 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
“CpRh(COE)”. The absence of the bis-DMSO complex suggests that the loss of COE from 2.9 to

give “CpRh(DMSO)” does not significantly impact on the reactivity of 2.9. The equilibrium

122

constant, K, for this reaction is given by Equation (2.23)"*" which gives a K¢, value for this

sample as 0.25 + 0.06.

CpRh(COE), + DMSO

2.2 k.,

kg hv hv |(3

+ COE + DMSO
“CpRh(COE)”

CpRh(COE)(DMSO) + COE
2.9

Figure 2.64: Kinetic Model for the transformation of 2.2 into 2.9

K - ky ~ [2. 9]eq [COE] (2.23)
“ =i~ o, lowiso]
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

CXL

Table 2.10. The lines reflect the fitting described in



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)"" #

, where a is the equilibrium
concentration, b is the change in concentration and ko 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, k., and the equilibrium constant, K, relates to

the rates of the two steps in this process the values of k; and k_; can be calculated (

Table 2.12) ** 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)).* ' The values of k; and k_; can also be expressed in terms of the photochemical
properties (Equation (8.1) and (8.2)) showing that k; relates to the quantum yield of 2.1 and
the rate of DMSO addition to the intermediate and k_; the quantum yield and addition of COE
to the intermediate. The values of k;, k_; and K¢y 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.

y = a + be Kobst (2.24)

where

a=  [Ale

b= [Alo - [A]eq

kobs= kl([DMSO]eq+[2-2]eq) + kZ([COE]eq+[2-9]eq)

K = [2.9][COE] =£2.2<D2.2k3 (2.25)
¢ [2.2][DMSO]  &,9P,0k,
ke = Py 2lplez 2 k3 (2.26)
17 k,[COE] + k3[DMSO]
Dy 0lple; ok (2.27)
ka

~ k,[COE] + k3[DMSO]
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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.

Molar
Entry excess a/% b /% Kops /mol ™ dm? s™*

DMSO
1 60 [2.2] 49+1.1 91.8+1.4 (5.91 £ 0.44) x107
[2.9] 89.1+0.9 -88.5+1.2 (7.25+0.49) x107
2 5 [2.2] 17.3+£3.6 84.5+3.4 (1.37 £0.18) x107
[2.9] 77.9+3.5 -81.8+35 (1.65+0.24) x107

Table 2.12: Rate constants and calculated equilibrium constant, K4

Molar
Entry excess ky/mol*dm®s™ k., /moltdm’s™? Keq
DMSO
1 60  (4.48+0.76)x107  0.189+0.068 0.25+0.06
2 5 (1.87+0.43) x1072 0.101 £0.024 0.19+0.01

2.9.2 [(n5-CsHs)Rh(n*-CsHi2)] 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 & 4.80 and & 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 3 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 5 5.81 (Jyy 9 Hz) and a broad resonance at & 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 CoRh(n>-COD) type species.
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Figure 2.66: 'H NMR spectrum of 2.3 in dg-toluene at 298 K, following irradiation

To investigate this reaction further, a sample was prepared and 3 bar H, 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 n?’ 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 [(ns—
CsHs)Rh(DMSO),]. 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 6 1.44 in keeping with a cycloalkane such as cyclooctane suggesting

some COD was hydrogenated."*

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 de-DMSO and the other in ds-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 - 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 C-H,” B-H>' or Si-H.”

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

dg-toluene according to Table 2.13.

Table 2.13: Sample preparation details

Entry Complex Rh /mg Silane /uL  Excess

Irradiation time

1 2.2 0.6 5 19
2 2.3 0.75 10 23

20m
2h

2.10.1 [(n5-CsHs)Rh(n2-CsH14)2] 2.2

'H NMR spectra recorded during irradiation of 2.2 with Et;SiH showed the growth of two Rh—H

species (Figure 2.67). The first species to form corresponded to a hydride at 6 —15.02 (Jyrn 33

Hz) this is consistent with a Rh" species, 2.10. The second species which forms and is

consistent with the known [(1>-CsHs)Rh(H),(Si(CH,CHs)s),] 2.6.

2.10

2.6

"

I I I
-14.0 -14.5 -15.0

I
ppm

Figure 2.67: Hydride Region of the 'y Spectrum at 298 K after 32.5 minute irradiation of 2.3 in the presence of

triethylsilane in dg-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 0 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 "H-"H 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 labelled # and the rotation of the Si—H 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.

M

T T T T T
3.0 2.8 2.6 2.4 2.2 ppm

Figure 2.68: "H NMR spectrum of 2.10 in ds-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.

100 » * 22

Relative Concentration /%

0 T T T T T T T 1
0 500 1000 1500 2000

Irradiation time /s

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 k; and k_; of
(9.63 + 0.42) x10™* and (8.31 + 0.72) x10™> mol™ dm® s*which gives an equilibrium constant of
1.17 £ 0.15 using Equation (2.18)."* The value of k, calculated was (3.78 + 0.22) x10~° mol™

dm3s™,

ky
CpRh(COE), + Et;SiH -.—T"* CpRh(H)(SiEt;)(COE) + COE .
2.2 ' 210 |, + COE
hv hv 2 ) o
+ COE 7 CH,CHSiMe, | EBSH CpRh(H)(SiEty)
“CpRh(COE)”

CpRh(H),(SiEt,), + COE
2.6

Figure 2.71: Kinetic Model for the reaction between 2.2 and triethylsilane
In this kinetic model 2.10 and 2.2 share a common reactive fragment, “CpRh(COE)” which is
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 k; is
smaller than that of k; and k_;, in fact it more than 20 times smaller than them. The reactive
fragment that is formed in order to generate 2.6 is “CpRh(H)(SiEts)” which is formed by the loss
of COE from 2.10. Since k, is much smaller than k_; it would suggest that the COE is less

photolabile from 2.10 than silane is.
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2.10.2 [(n5-CsHs)Rh(n*-CsH12)] 2.3

The photolysis of 2.3 with Et;SiH resulted in two hydride resonances in the *H NMR spectra at
0 —14.19 and —15.06 (Figure 2.72), both of these resonances display coupling to one rhodium
centre. The coupling seen in the & —14.19 peak was 38 Hz; this is consistent with the Rh"
species 2.6. Whereas the other hydride, at 8 —15.06 has a 33 Hz which is more consistent with
a Rh" species, such as [(1°>-CsHs)Rh(H)(Si(CH,CH;3)(n*-CgHs5)]. This would be the first time in this
research that a stable product which has the COD ligand coordinated in an n2 fashion has been
detected, however, this can only be postulated since this species is only ever present in very

low concentrations, limiting its characterisation.

2.6

cnmropriimrinnd W Sttt Jl

T T T T
-14.0 -14.5 -15.0 ppm
Figure 2.72: Hydride region at 298 K following the reaction of 2.3 with triethylsilane in dg-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 k;, k_; and k, of (5.61 + 0.56)
x10™, (1.43 £ 0.21) x10™ and (7.19 + 0.45) x10~ 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.

ky
CpRh(n*-COD) + Et,S5iH =———== CpRh(H)(SiEt;)(n>-COD)
2.3 k., k,

+ Et,SiH

CpRh(H),(SiEt,), + COD
2.6

Figure 2.74: Kinetic Model for the reaction of CoRh(COD) with triethylsilane.

2.11 Conclusions

CpRh(CH,CHSiMes), 2.1, CpRh(COE), 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(CH,CHSiMe;3)(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 K¢, 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)(SiEt;)(CH,CHSiMe;) 2.5, CpRh(H),(SiEt;), 2.6 and CpRh(H)(SiEt;)(DMSO)
2.7. From the reaction between 2.1 and Et;SiH 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)(CH,CHSiMe;). 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
either the intermediate “CpRh(COE)” has no preference for COE or trimethylvinylsilane
coordination or that the quantum vyields of 2.2 and 2.8 are similar. In contrast,
“CpRh(CH,CHSiMe;)” does have a preference for the vinylsilane over COE or the quantum yield
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 Et;SiH 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 dg-DMSO, and only limited activity towards Et;SiH 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 Rh" species were detected hypothesised as being CpRhH(SiEts)(n>-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 K¢, 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
to synthesis Cramer’s complex [Rh(C,H4),(p-Cl)],. 2.2 has been shown to react in a similar way
to CpRh(C,H,),, 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.
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Figure 2.76: Summary of the reactivity of 2.2 with DMSO, vinylsilane and Et;SiH.
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Figure 2.77: Summary of the observed reactivity of 2.3 with Et;SiH and vinylsilane, it was not possible to
characterise the grey structure.
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2.12 Structures and NMR data

/\Rh_& /}lh-————\/R Hon SiMe,
\/R 2.1A \’R 2.1B b

Figure 2.78: Structure of truns-up-up-[(ns-CsH5)Rh(nz-CHZCHSi(CH3)3)2] 2.1A (left) and cis-up-up-[(nS-CsH5)Rh(n2-
CH,CHSi(CHs)3),] 2.1B (middle), labelled positions on vinylsilane ligand (right).

Table 2.14: NMR Characterisation for the major isomer trans—up—up—[(nS—CSHs)Rh(nz—CHZCHSi(CH3)3)2] 2.1A

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)
'H  5.00(d, 5H) Jurn 0.6 C<Hs CsHs
2.84 (br.d, 2H) Jun 13.5 Hc CH,=CHSi(CH3);
2.26 (dd, 2H) Jun 11.0, 1.5 Hg CH,=CHSi(CH3);
—0.34 (dd 2H) Jun 13, 11.0 Ha CH,=CHSi(CH3);
0.07 (s, 18H) (CHs)s CH,=CHSi(CHs);
Bc  87.3(d) Jern 4.0 CsHs CsHs
39.0 (d) Jern 13.0 CH, CH,=CHSi(CH3)3
52.8 (d) Jern 14.1 CH CH,=CHSi(CHs);
0.41 (s) (CHs)s CH,=CHSi(CHs);

Table 2.15: NMR Characterisation for the minor isomer cis-up-up-[(°-CsHs)Rh(1’-CH,CHSi(CHs)3),] 2.1B

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)
'H  5.04(d, 5H) Jurn 0.6 C<Hs C<Hs
2.93 (dd, 2H) Jun 14.0, 2.5 Hc CH,=CHSIi(CH3);
1.55 (dd, 2H) Jun 11.0, 2.0 Hs CH,=CHSIi(CH3);
0.71 (dd 2H) Jun 14.0, 11.0 Ha CH,=CHSIi(CH3);
0.10 (s, 18H) Si(CHs); CH,=CHSi(CHs);
B¢ 87.5(d) Jern 3.9 CsHs CsHs
43.0 (d) Jern13.1 CH, CH,=CHSIi(CH3);
49.4 (d) Jern 14.0 CH CH,=CHSi(CHs);
0.49 (s) Si(CHs)3 CH,=CHSIi(CH3);
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Figure 2.79: Structure of [(1n°-CsHs)Rh(n’-CgH1a),] 2.2.

Table 2.16 NMR Characterisation of [(°-CsHs)Rh(1’-CgH1a),] 2.

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)
'H  4.85(s, 5H) CsHs CsHs
2.32 (d, 4H) Jun13 H? COE
1.76 (d, 4H) Jun 9 H* COE
1.58 (m 12H total) H® & H* COE
1.52 (m 12H total) H? COE
1.32 (m 8H) H* & H* COE
Bc 91.1(d) Jern 3.7 CsHs CsHs
65.1 (d) Jern 14.4 ct COE
33.5(d) Jern 1.3 c’ COE
32.9 (d) Jern 1.3 c COE
26.8 (s) c COE
\
Rh---..__-_-__\ 1
v,
- 2
2
2.3
Figure 2.80: Structure of [(n>-CsHs)Rh(n*-CgHy,)] 2.3.

Table 2.17: NMR Characterisation of [(1n*-CsHs)Rh(n*-CgH1,)] 2.3
6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

' 4.93(s, 5H) CsHs CsHs
3.94 (s, 4H) CH' coD
2.20 (m, 4H) (CH,)* coD
1.94 (dd, 4H) Jun 8.5, 16.0 (CH,)* coD
B¢ 86.7(d) Jern 3.7 CsHs CsHs
62.5 (d) Jern 14.0 C'H coD
32.5(s) C*H, coD
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Figure 2.81: Photoproduct [(1n°-CsHs)Rh(n’-CH,CHSi(CH3)3)(SO(CH5),)] 2.4

Table 2.18: NMR Characterisation for the [(nS—CSHS)Rh(nZ—CHZCHSi(CH3)3)(SO(CH3)2)] 2.4

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)
'H  4.95(s, 5H) CsHs CsHs
2.88 (dd, 1H) Jun 2.5, 14.0 Hc CH,=CHSi(CHs);
2.55 (dd, 1H) Jun 2.5,11.0 Hs CH,=CHSi(CHs);
2.42 (s, 3H) (CH5)° DMSO
2.41 (s, 3H) (CH5)" DMSO
1.78 (ddd, 1H) Jun 11.0,14.0 Jygn 1.5 Ha CH,=CHSi(CHs);
0.16 (s, 9H) Si(CHs)3 CH,=CHSi(CHs);
B¢ 86.2(d) Jern 4.2 CsHs CsHs
55.1 (d) Jern 3.0 (CH5)° DMSO
54.9 (d) Jern 3.0 (CH,)" DMSO
42.6 (d) Jern 16.6 CH CH,=CHSi(CHs);
37.5 (d) Jern 15.8 CH, CH,=CHSi(CHs);
0.54 Si(CHs)3 CH,=CHSi(CHs);
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Figure 2.82: Photoproduct [(°-CsHs)Rh(H)(Si(CH,CHs)3)(1°-CH,CHSi(CH3)5)] 2.5

Table 2.19: NMR Characterisation for the [(n’-CsHs)Rh(H)(Si(CH,CHs)s)(n>-CH,CHSI(CHs)5)] 2.5 at 283 K

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

'H  5.06 (s, 5H) CsHs C<Hs
2.71(d, 1H) Jun 14.0 Hc CH,=CHSi(CHs);
2.00 (d, 1H) Jun 11.0 Hs CH,=CHSi(CHs);
1.84 (dd, 1H) Jun 11, 14 Ha CH,=CHSi(CHs);
1.05 (t, 9H) AL CH; Si(CH,CHs)3
0.66 (q, 6H) AL CH, Si(CH,CHs)3
0.07 (s, 9H) Si(CHs)3 CH,=CHSi(CHs);
-14.6 (d, 1H) Jgnn 31.5 H Rh—-H

Bc 886 CsHs CsHs
41.7 C'H CH,=CHSi(CHs);
38.2 C’H, CH,=CHSi(CHs);
10.6 CH, Si(CH,CH3)s
9.4 CHs Si(CH,CH3)s
0.1 Si(CHs)s CH,=CHSi(CHs);
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Figure 2.83: Photoproduct [(nS—CsHs)Rh(H)Z(Si(CHZCHg)g)z] 2.6

Table 2.20: NMR Characterisation for the [(nS—CsHs)Rh(H)z(Si(CHZCHg)g)Z)] 2.6

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

'H  5.01(d, 5H) Jann 0.6 C<Hs CsHs
1.04 (overlap) CH, Si(CH,CHs);
0.77 (g, 4H) Jun 8.9 CH; Si(CH,CHs);
-14.2 (d, 2H) Jurn 38 H Rh—H

Bc 87.0 CsHs CsHs
13.7 CH, Si(CH,CHs);
8.9 CH; Si(CH,CHs);

[P
LN
LN N

_—‘S\E 4

2.7

Figure 2.84: Photoproduct [(nS-CsHs)Rh(H)(Si(CHZCH3)3)($O(CH3)2)] 2.7

Table 2.21: NMR Characterisation for the [(nS-CsHS)Rh(H)(Si(CHZCHg)g)(DMSO)] 2.7

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

"W 4.97(s,5H) CsHs CsHs
2.55 (s, 3H) (CHs)a DMSO
2.45 (s, 3H) (CHs)g DMSO
1.30 (overlap) CH; SiEt;
0.94 (overlap) CH, SiEt;
-13.45 (d, 1H) 33.7 Rh—H Rh—H

Be 877 CsHs CsHs
58.4 (CHs)a DMSO
58.1 (CHs)g DMSO
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Figure 2.85: Photoproduct [(1°-CsHs)Rh(1n’-CgH14)(n*-CH,CHSi(CH5)3)] 2.8

Table 2.22: NMR Characterisation for the [(1>-CsHs)Rh(1>-CgH1a) (10°-CH,CHSI(CH;)3)] 2.8

6/ppm (multiplicity,

integration) Coupling constant/Hz  Assignment Group

4.90 (s, 5H) CsHs CsHs

2.97 (dd, 2H) Jun 1.5, 14 H¢ CH,=CHSi(CHs);

2.55 (t 1H) Jun 10 CH' COE

2.20 (overlap) Jun 1.5, 11 H® CH,=CHSi(CHs);
'H  2.10 (overlap) CH, COE

1.50 (overlap) CH, COE

0.80 (overlap) cH" COE

0.17 (s, 9H) (CHs)s CH,=CHSi(CHs);

-0.16 (dd 2H) Jun 11, 14 H* CH,=CHSi(CHs);

89.4 (d) Jrnc 4.0 CsHs CsHs

68.4 (d) Jahe 14.0 CH! COE

61.6 (d) Jane 13.5 CcH" COE

50.8 (d) Jrne 14.0 CH CH,=CHSi(CHs)s
e 40.9(d) Jrne 14.0 CH, CH,=CHSi(CHs)s

33.4 (s) CH, COE

32.9(s) CH, COE

32.7(s) CH, COE

32.6(s) CH, COE

0.15 (s) (CHs); CH,=CHSi(CHs);
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Figure 2.86: Photoproduct [(1'1 -CsHs)Rh( 1'1 -CgH14)(SO(CH3),)] 2.9

Table 2.23: NMR Characterisation for [(n°>-CsHs)Rh(n*CgH14)(SO(CHs),)] 2.9

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

'H  4.84(s, 5H) C<Hs C<Hs
3.00 (dm, 2H) Jun 9.5 H! COE
2.49 (s, 6H) CHs DMSO
2.46 (dq, 2H) Jun 13.5, 3.5 H? COE
1.65 (overlap) H? COE
1.50 (overlap) H? /H* COE

13C 87.2 Jern 3.7 CsHs CsHs
59.5 Jern 16.0 ct COE
55.8 CHs DMSO
33.2 c’ COE
26.0 c’/ct COE
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Figure 2.87: Photoproduct [(1°-CsHs)Rh(H)(Si(CH,CHs)3)(n°-CsH1a)] 2.10

Table 2.24: NMR Characterisation for the [(nS'CSHs)Rh(H)(Si(CHchg)g)(nz'C8H14)] 2.10at 270K

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

' 4.99 (s, 5H) CsHs CsHs
2.91 (brt, 1H) Jun 9.5 CH' COE
2.45 (br t, 1H) Jun 9.5 CHY COE
2.24 (dd, 1H) Jun 13.8,2 CH,” COE
2.16 (br d, 1H) Jun 13.8 CH,™ COE
1.56 (overlap) CH,”® COE
1.47 (overlap CH,™™ COE
1.10 (t, 9H) Jun 8 Si(CH,CHs)s Silane
0.74 (q, 6H) Jun Si(CH,CHs); Silane
-15.00 (d, 'H) Jgnn 33.5 H Rh—H

B¢ 90.1 CsHs CsHs
61.7 Cc'H COE
58.4 C'H COE
33.6 C’H, COE
33.1 C*H, COE
10.7 Si(CH,CHs); Silane
9.4 Si(CH,CHs), Silane
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3 Photochemistry of [(n>-CsHs)RhLL'] with H>

3.1 Introduction

This chapter concerns the reactivity of half sandwich rhodium complexes with H,. The reaction
of Cp’Rh(alkene),, where Cp’ refers to a cyclopentadienyl ligand and its derivatives, with H, 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

74112 13% One of the complexes studied was CpRh(C,H,), and when it was irradiated

irradiation.
in dg-toluene at 203 K, in the presence of H,, the solvent complex CpRh(C,H,)(n’-toluene) was
detected (Figure 3.1A). However, when the related dinuclear species CH,[(CsH4)Rh(C,H,),], 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(CH,CHSiMes), (2.1), with extended
irradiation the analogue bridged hydride product was detected. With short irradiation times,
using the para-spin isomer of H, (p-H,), a PHIP enhanced dihydride species,
CpRh(H),(CH,CHSiMe3) (Figure 3.1) was detected, providing the first NMR spectrum of a

CpRh(H),(alkene) moiety.”* A number of similar dihydride species have been detected since

this time.*®®

=2 A @
Ve ab ///\ PNt S

Figure 3.1: Structures of three products observed following low temperature in-situ irradiation.”

The specific complexes described in this chapter are shown in Figure 3.2. They include [(n’-
CsHs)Rh(n-CH,CHSi(CHs)3),] 2.1 and [(1n°-CsHs)Rh(n?-CH,CHSi(CH3);)(DMSO0)] 2.4 which provide
two routes to the same intermediate “(n’>-CsHs)Rh(1?-CH,CHSi(CHs)s)”.”* This intermediate was
expected to activate the H-H bond of p-H, giving a dihydride complex with chemically

CLXIV



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 H, 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),(CH,CHSiMe;).”* The analogous CpRh(H)(SiEts)(alkene)
was found to be involved in a hydrosilation pathway and it was found to undergo reactivity

19 1t would be interesting to see if

with a range of ligands including ethene, DMSO and silanes.
this similar activity was replicated in the dihydride analogue. Furthermore, Brookhart et. al.
observed that following prolonged heating at 140 °C of Cp*Rh(CH,CHSiMe3), in cyclohexane
resulted in products consistent with the C-Si activation of the trimethylvinylsilane ligand and
the subsequent formation of trans 1,2-bis(trimethylsilane)ethene and 1,1-

13 1t would be interesting to determine if these products could

bis(trimethylsilane)ethene.
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.

= = =
2 Va0 E

w,
f'l i,
14

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 “CpRh(L)” may again undergo further reaction with 2-electron donor
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ligands and the oxidative addition of an X—Y bond. The thermal and photochemical reactivity of
CpRh(PR3)(C,Hs) 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 [(T]S_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.® Having 'H 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.

\ Ph4’5
Rh
™~
H3|r/ //

PR; = P*Ph°
Figure 3.3: Structure of CpRh(PR;)(C,H,), the starting complex in many of these studies.

The early work by the Perutz group used the PMe; analogues of this complex and followed its
reactivity using matrix isolation and solution-based product studies.” They discovered in a
matrix that there were two competing photochemical processes; photosubstitution and C-H
bond activation of the liberated alkene (Figure 3.4A).> In CO and N, matrices the loss of the
ethylene ligand was observed and the coordination of either CO and N, respectively was
observed (Figure 3.4B).> These products were characterised by IR spectroscopy. The complex

was next studied in a toluene glass.? The sample was irradiated at 77 K for 8 hours before
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being warmed to 203 K for characterisation by 'H and *P{*H} NMR spectroscopy. The
distinguishing features were a phosphorus signal at 3 13.9 which has a coupling to rhodium of
156.1 Hz.” A coupling constant of this magnitude is consistent with a Rh"' species indicating
that an oxidative addition process has occurred. A hydride resonance at 6 —13.52 (dd, J,» 41.6,
Jurn 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.”

Figure 3.4: Structures of the photoproducts formed when CpRh(PMej;)(C,H,) is irradiated in a matrix, adapted from
Bell et al.?

The activity of CpRh(PMej;)(C,H,) has also been studied in different aromatic solvents. In
benzene, the loss of ethylene and activation of a C—H bond of benzene to give the phenyl
hydride product in Figure 3.5A occurs.’ In hexafluorobenzene, however, coordination of the
arene via an 1’ interaction resulted (Figure 3.5B).> They proposed that this corresponds to an
intermediate on the pathway to oxidative addition, a similar observation has been made with

B7 Further studies were performed with using toluene,

the analogous Cp* rhodium complexes.
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 C—H activation of one

of the methyl protons of toluene.” Irradiation at 213 K gave a mixture of the tolyl, vinyl and

benzyl hydride complexes.
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Figure 3.5: Products formed after UV irradiation of CpRh(PMes(C,H,) in the indicated arene, adapted from™>.

The photochemistry of the PPh; analogue, CpRh(PPh;)(C,H,), has also been studied. In
hexafluorobenzene, like with the PMe; complexes,” the resulting product contained an nZ-CGFG

138 This was not the case, however, when partially

ligand in place of the ethylene (Figure 3.6A).
fluorinated aryl ligands were used, with pentafluorobenzene yielding the C—H bond activation
product CpRh(PPh;)(CsFs)H (Figure 3.6B). The NMR defining features of this product being a
hydride resonance in the 'H spectrum at & —11.50 (dd, Jurn 21.6, Jup 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).

\ \ ;
Rh Fe Rh I Rh |
Pth/ \/ /\ Phsp/ \\H thp/ \\H
F

—e

F
Figure 3.6: Typical products formed after the the reaction of CpRh(PPh;)(C,H,) with a fluorinated arene, adapted
from Heaton et al.”®

More recently, the reaction of 3.2 with pinacolborane (HBpin) has been studied.® 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 *H 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 6 -13.6
and B with a hydride resonance at 6 —14.3 both appear as doublets of doublets with Jy of 30
Hz and Jug, of 35 Hz. These hydride resonances were shown to interconvert on the NMR
timescale. The use of *'P{'H} EXSY measurements and doping with triphenylphosphine
demonstrated that exchange occurred without the loss of the phosphine and therefore a

mechanism incorporating a n>-(B—H) containing intermediate was proposed.

{

Ph Rhu,

\ T,
P/ \HBpln
A
| hv
Ph\ /Rh hv
b \/ HBpin
“y 3.2\ @
Ph\P/RhQ”H
Bpin
s, B
%

Figure 3.7: Reaction schematic for the photoinitiated reaction of CoRh(P*Ph)(C,H,) with HBpin. (Adapted from
Campian et al®).

In addition to studying the activity of these Bpin products they separately synthesised the
dihydride complex [CpRh(H),(P*Ph)] 3.3 from 3.2 using NaBH, in toluene/ethanol. The two
hydride ligands were observed at 6 —13.71 (dd, Jugn 36.1, Jip 27.8 Hz) and 6 —14.47 (dd, Jugn
37.9, Jup 28.0 Hz). They too were found to interconvert on the NMR timescale, via a proposed

dihydrogen intermediate.

& &

I NaBH I
Ph Rh bl . Ph Rheey
"y
I \/ tol/EtOH b H"'
1h RT

s,
K4

Figure 3.8: Synthesis of [CpRh(H),(P*Ph)] 3.3.
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3.2 Photochemistry of 2.1 with p-H; - to form 3.1

Previous work in York on [(nS—CsHs)Rh(nZ-CHZCHSiMe3)2] 2.1 has shown that when it is
photolysed in the presence of p-H, the replacement of one of the trimethylvinylsilane ligands
by H, is possible’™ (Figure 3.9). The Rh" product has two chemically inequivalent hydride
resonances at 6 —13.43 and —13.37 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.”® 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.®® 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 (21,S,) 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.

@ hv @

—_— +
R + p-H, R

Rh / Rh iy
//2.1 Q// R = SiMe, /}/31 \H

Figure 3.9: Reaction scheme for the photochemical addition of p-H, to 2.1.

An optically dilute NMR sample of 2.1 was therefore prepared in dg-toluene and 20 pL 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-H,. 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 ZQ, 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 & —13.5 (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.”* 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.

'B

T T
y -13.2 =134 ppm

-13.5 ppm BNy ]\W
295 K ' e

-13.5 ppm J\\)‘N"\ J

263 K

DL
-13.2-13.4 ppm

243 K

—_—
-13.5 ppm

220K

Figure 3.10: Hydride resonance of 3.1 as a function of temperature. a) hydride resonance recorded on a 600 MHz
spectrometer in dg-toluene at the temperatures labelled b) hydride resonance in Godard et. al.” recorded on a 400
MHz spectrometer in dg-toluene at 213 K.

Both hydrides couple to the Rh" centre as well as one another forming an ABX spin system.
Typical values of Juz in @ Rh" 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 Jyry, is approximately 26 Hz and J,y;, 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 A8 /ppm  Jurn /Hz  Jyy /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
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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.

€LT



Having shown that 2.1 forms [(nS'CSHS)Rh(H)z(nZ‘CHchSi(CHg)g)] 3.1 when photolysed in the
presence of p-H, 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 H, 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 21,5, term is coherently retained in the product. From the moment the H,
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.
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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 ds-
toluene and 3.5 uL of trimethylvinylsilane was added. Using the 'H 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 uL of trimethylvinylsilane which represented a 15

fold excess of ligand relative to 2.1 by *H 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-H, in solution will
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reduce during the reaction, as any H, lost from the complex will no longer be enriched with the
p-H, 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 sample® 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
guantities of p-H,. Preliminary tests determined this to be less significant than the drop in the
concentration of 2.1 as replenishing the sample which fresh p-H, resulted in enhancements
comparable to the enhancements before the p-H, was refreshed rather than the
enhancements obtained when the previous p-H, 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 21,5,
component of the p-H, 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 s . This corresponds to a relaxation constant, T;,
of 1.89 + 0.18 s and in the second sample a rate constant of 1.00 + 0.09 s~* was obtained giving
a T, of 1.00 £ 0.09 s. The *H 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
T.. More significantly, the CsDg solvent used for sample 2 contained a greater amount of water
compared to sample 1 and this can reduce T, values. Both values of T, are consistent witha T;

of a metal hydrides species obtained using standard NMR methods.****
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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 + 0.03¢7053£005 5_1“.
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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 + 0.03¢ (100£ 00957t
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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
y = ¢ — mx where the gradient, m, for both samples were (3.77 + 0.15) x10™ and (4.01 +
0.24) x1072 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 H, 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.
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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 + 0.02—(3.77 £ 0.15) x107x grey region
signifies the 95% confidence limit for the fitting.
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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 + 0.03—(4.01 = 0.24) x107%x grey region
signifies the 95% confidence limit for the fitting.
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In summary

e CpRh(CH,CHSiMes)(H), 3.1 is formed with PHIP-enhanced signals following the
photochemical reaction of 2.1 with p-H, using multiple laser pulses.

e 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.

e 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.

e 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.

e Lower photoactivity of the product CpRh(CH,CHSiMe;)(H), was observed, compared to

the CpRh(CH,CHSiMej3), starting material, at 355 nm.

3.3 Photochemistry of 2.4 with p-H: - to form 3.1

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-H,. A
sample of 2.1 was prepared and 5 pL 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-H,. 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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3.4 Synthesis of [(n*-CsHs)Rh(P*Ph*)(Cz2H4)] 3.2

The synthesis of [(nS—CSHS)Rh(P*Ph)(C2H4)] 3.2, where P*Ph refers to the chiral phosphine (25,

5S) 2,5 dimethyl, 1 phenyl phospholane, is reported in the literature.® The chiral phosphine

139 140
I /

was synthesised by the procedure published by Suzuki et al*>” and Burk et al”™ 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(C,H,4),Cl], 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 *H NMR spectrum of this
product (Figure 3.19) revealed a notable amount of the bis(ethylene) complex CpRh(C,H,),, in
addition to other small impurities, which would suggest that the first part of this step did not
reach completion. The key 'H NMR features of CpRh(C,H.), are a Cp resonance at & 5.09 and
two broad doublets at & 2.90 and 1.12 (Jy4 11 Hz) for the coordinated ethene ligands.
Sublimation was used to purify the material. Prior to the sublimation the ratio of 3.1:
CpRh(C,H,) 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 [(nS—CsHs)Rh(P*Ph)(C2H4)] 3.1.
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Figure 3.19: 'H NMR spectrum of 3.2 in C¢Dg at 298 K. Green stars denote resonances associated with CoRh(C,H,),.
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3.5 NMR characterisation of 3.2

A sample of the brown oil was prepared in CsD¢ to allow for the characterisation of 3.2. In the
3p{tH} spectrum there is a doublet at & 75.0, Jpr, 203 Hz (Figure 3.20), this coupling is
consistent with a Rh' complex. A 'H-*'P 2D HMQC was used to correlate this resonance with
the proton resonances associated with the phosphine ligand. The ortho-proton was identified
at 8§ 7.68 (t 8 Hz) which simplified to a doublet with phosphorus decoupling. This resonance
showed a correlation in a *H{*'P}-'H{*'P} 2D COSY NMR spectrum to a resonance at & 7.08, a
multiplet which was shown to corresponding to both the meta and para protons of the phenyl
ring based on a later 'H-*C 2D HMQC measurement. The carbon-phosphorus couplings for
each of these carbon environments were measured in a 1D *C{*H} NMR spectrum to be 10.5,

8.7 and 2.5 Hz for the ortho, meta and para carbons respectively.

MWW

77 76 75 74 73 72 Ppm
Figure 3.20: *'p{'H} NMR spectrum of 3.2 in C¢Dg at 298 K.

The 'H-*'P HMQC spectrum was also used to identify the methyl groups on the phospholane
ligand as resonating at & 0.57 (dd, Jup 13.3, Juy 6.6 Hz) and 1.34 (dd, Jyp 18.2, Ju 7.2 Hz). A 'H-
B3¢ 2D HMQC was then used to correlate these proton resonances to the respective carbon
resonance and a 1D C{*H} NMR spectrum used to determine the carbon-phosphorus
coupling. The resonance at 6 0.57 showed a correlation to a carbon signal at 6 15.4 (s), and the

signal at 6 1.34 to carbon resonance at 6 21.6 (d, 11.8 Hz). The methyl resonance at 6 0.57 was
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assigned to position 8 and the methyl resonance at 6 1.34 to position 7 based on the literature
values for these resonances.®° The remaining resonances of the phospholane ring were
identified using 'H{*'P}-'"H{*'P} 2D COSY and NOESY NMR measurements, whilst the Cp ring
was characterised as 6y 5.09 (s), ¢ 85.9 (t, Jep 3, Jcrn 3 Hz). These observations are summarised

in Figure 3.21 and are in good agreement with the values in the literature.®

7.08,128.8
1.34,21.6
32.0, 2.29 7.08,126.9
H7-68,133.2
1.82,1.00 pZ—R
34.8
H 1.47,30.9
146,085 7,
33.9 70.57,15.4

Figure 3.21: Summary of the 'H and "*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 & 2.83 (t, 9.9, 10 Hz) and 1.30 (m) and & 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 'H-"*C HMQC
measurements identified the two protons at & 1.30 and 2.72 as being from one CH, group,
with a carbon chemical shift of 24.1 (d, Jcry 15 Hz) and the two protons at 6 1.54 and 2.83 as
belonging to a second CH, group with a carbon chemical shift of 22.4 (d, Jczn 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 'H resonances were
characterised as having coupling to phosphorus, however, when 'H{*'P} NMR spectra were
acquired the multiplicities of these resonances were unchanged suggesting they do not
containing phosphorus couplings. These couplings however are consistent with *J,, couplings
in an ethene ligand with four inequivalent protons. The )4y trans and cis couplings are of
similar magnitude (~10 Hz) whilst the small %)y geminal coupling is contained within the

broadness of the resonances. The carbon resonances for the coordinated alkene were also
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reported to couple to phosphorus, this couplings are more likely to arise from the rhodium
metal centre based on the rhodium-carbon couplings measured in Chapter 2. The full

characterisation is detailed in Table 3.2.

3.6 Photochemistry of 3.2 with Hz - to form 3.3

3.6.1 Using broadband in-situ irradiation

It is known in the literature that the CpRh(P) intermediate may activate aromatic C—H such as

those in benzene® 3% *

therefore di,-cyclohexane was chosen as to the solvent in the
following photochemical reactions with 3.2. To investigate whether 3.3 may form
photochemically from 3.2 a sample was prepared in di,-cyclohexane, which was degassed and
3 bar of H, was added. The sample was irradiated using the in-situ photolysis set up on the 400
MHz spectrometer (Experimental Section 8.3.3). The sample was irradiated for 10 minutes and
hydride resonances consistent with the expected rhodium hydride started to appear at 6 —14.1
(dd, Jurn 36.6, Jup 28.0 Hz) and —=14.9 (dd, Jurn 38.8, Jupr 28.2 Hz).° The sample was then degassed
and refilled with p-H,. In a series of proton NMR experiments, with a 45° pulse, the hydrides
did not display the expected antiphase characteristics typical of PHIP signals.’* The sample was
then photolysed for further 55 minutes and during this time the two hydride resonances grew
in intensity. In addition, a new resonance started to form in the *'P{"H} NMR spectrum (Figure
3.23), a doublet at & 85.6 (Jprn 160 Hz). The 'H and *'P resonances are consistent with the
literature values for 3.3.° In addition to this product there were many new peaks in the Cp
region of the spectrum and a broad resonance in the hydride region of the spectrum at & —

13.9. A second new phosphorus signal at & 80.8 (d, Jpr, 190 Hz) is also seen suggesting that 3.3

is not cleanly formed through the photochemical reaction of 3.2 and H,.
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Figure 3.22: Hydride region of the 'y (bottom) and Mty (top) NMR spectra at 298 K in d;,-cyclohexane following
the irradiation of 3.2 in the presence of H,.
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Figure 3.23: *p{'H} NMR spectrum at 298 K in dq,-cyclohexane of 3.3 and 3.4 formed from the irradiation of 3.2 in
the presence of H,.

3.6.2 NMR characterisation of 3.3

The defining features of the 'H NMR spectrum of 3.3 are two hydride resonances at & -14.1
and -14.9. In a 'H-*'P 2D HMQC experiment these resonances showed correlations to the
phosphorus resonance at & 85.6 (d, Jprn 160 Hz), which also shows correlations to proton
resonances at 6 0.66, 1.24, 1.91 and 2.13 which are consistent with the methyl and methine

groups adjacent to the phosphorus resonance. The two hydrides are both doublet of doublets
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with couplings constants consistent with coupling to the rhodium metal centre and to the
phosphorus of the phosphine ligand. No couplings consistent with proton-proton couplings
were observed, nor were they reported in the literature characterisation of this complex.® The
hydride resonances are reasonably sharp with linewidths of 3.5 Hz, measured at half height
with no line broadening applied. This indicates that, if there is, coupling between these two
protons it is small and could potentially be responsible for the lack of PHIP enhanced signals
since coupling between the protons in p-H, must be retained in the product for PHIP signals to
be observed.™ Proton-proton coupling is usually related to the bond angle between the two
protons,*** this could be responsible for the lack of a measureable coupling between these two

signals.

To investigate whether there is coupling between these protons a *H-'H COSY was recorded.
Using a standard COSY pulse sequence no cross peaks between the two hydrides were
observed, consistent with the proton spectrum that there is not significant coupling between
the hydrides. An alternative COSY pulse sequence was then chosen, one designed to detect
longer-range couplings, which are typically small. If there is a small coupling between these
two hydrides the use of this pulse sequence should reveal them. When a minimum delay, t, of
150 ms was employed a cross peak was observed (Figure 3.24), which confirms the existence

of a H-H coupling.
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Figure 3.24: 'H-'H cosY NMR spectrum of the hydride region following the reaction of 3.2 with H, recorded at 298 K
in di,-cyclohexane.

To measure the coupling between the two hydride resonances a series of 1D COSY
experiments were recorded with delay times which relate to scalar couplings from 1 Hz to 7 Hz
using a 1/4J relationship. The experiment was set up to irradiate the proton resonance at &
-14.1. As the time delay decreased, the intensity of this resonance reduced and the second
hydride resonance increased (Figure 3.25). The integral of the & —14.9 proton, relative to the
integral of the 5 —14.0 proton, was plotted against the scalar coupling revealing the coupling to
be approximately 2 Hz (Figure 3.26). This coupling is consistent with the value obtained for 3.1
and should be sufficient to allow for PHIP enhancements to be visible. To test this value, the *H
NMR spectrum was simulated using g-NMR (Figure 3.27) first using standard NMR methods to
determine if the 2.8 Hz coupling is consistent with the measured NMR spectrum (middle). The
PHIP-enhanced spectrum was then simulated using the same coupling constants and antiphase

resonances should be detected.
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Figure 3.26: Hydride Integral against scalar coupling Jyu.
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Figure 3.27: (top) "H NMR spectrum of 3.3 (middle) simulation of "4 NMR spectrum (bottom) simulation of "H NMR
spectrum with PHIP enhancements.

3.6.3 NMR characterisation of 3.4

The broad resonance at 6 —13.2 resolves to be a triplet with phosphorus decoupling, Jugn 22 Hz.
It also shows a correlation to the phosphorus resonance at 6 80.8 (d Jpry, 190 Hz). This complex
is associated with a cyclopentadienyl resonance at 8, 4.52, d¢ 85.1 but the characterisation of
the coordinated phospholane ligand was not possible due to significant overlap with 3.2 and
3.3 in this region of the spectrum. The triplet multiplicity in the *H{*P} NMR spectrum suggests
that the hydrides couple to two rhodium centres and the observed coupling constant is
consistent with bridging hydride ligands between two rhodium centres.”* A proposed structure

for this species is shown in Figure 3.28 although, with full characterisation not being possible,

this is speculative.
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Figure 3.28: Proposed structure of 3.4.
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3.6.4 In-situirradiation with a 355 nm light using a Nd:YAG laser

Since it was determined that there is a coupling between the two hydrides in 3.3 and that this
should be sufficient to allow PHIP enhanced spectra to be acquired, this complex was next
studied using the laser based in-situ photochemistry set up. An optically dilute sample of 3.2 in
di,-cyclohexane was prepared. The sample was then degassed and backfilled with 3 bar p-H,
and studied using the laser-based in-situ photolysis setup (Experimental Section 8.3.2). The
sample was then irradiated with single laser pulse and multiple laser pulse experiments to see
if any PHIP enhanced resonances formed. No such resonances were observed. The number of
laser pulses was then increased to account for 30 seconds irradiation and the proton and
phosphorus spectra were analysed in order to observe the reaction using standard NMR
methods. This was repeated a second time and no changes were evident. This complex was

not studied further.

It has been reported on the basis of EXSY experiments that the two hydrides are in exchange
with one another via a n’-H, intermediate.® This could provide a route to relaxation quenching
of any PHIP enhancements. A '"H-'H EXSY experiment was acquired which shows exchange
cross peaks between the two hydride resonances. Each of the separate components only have
one cross peak indicating that the couplings are retained in the exchange process confirming
that it is an intramolecular exchange process. The T, values of the hydrides were measured to
see if the dihydrogen intermediate significantly impacts on the relaxation of the hydride
magnetisation. Using an inversion recovery approach the T; values for both hydrides were

>34 This rules out

determined to be 564 = 9 and 662 + 10 ms, indicative of a dihydride species.
the exchange pathway itself from causing spin relaxation. However, if the lifetime of the initial

dihydrogen ligand during the oxidative addition process is comparable to the relaxation time of

the former singlet state, the PHIP enhancements could still be quenched. The former
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parahydrogen singlet state may also be quenched if the intermediate has a triplet ground

state.
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Figure 3.29: 'H-'H 2D EXSY NMR spectrum of 3.3 in d,-cyclohexane at 298 K using a 0.2 second mixing time.

3.7 Conclusions

[(n>-CsHs)Rh(n*-CH,CHSi(CHs)3),] 2.1 has been studied with parahydrogen using in-situ
photolysis with 355 nm light using a Nd:YAG laser coupled to a wide-bore 600 MHz
spectrometer. With multiple laser pulses at 263 K, two PHIP enhanced hydride resonances
were observed at & -13.5 which correspond to the complex [(n>-CsHs)Rh(H),(n’*-
CH,CHSI(CHs);)] 3.1 containing two chemically inequivalent hydrides. This species has
previously been observed in York following continuous irradiation with a He-Cd cw laser at 203
K using a 400 MHz spectrometer.”* The profiles of the hydride resonances were compared and
discrepancies were observed. Repeating these experiments at variable temperatures revealed

that the differences resulted from temperature effects.

It was found that with increasing number of laser pulses, the enhancements in 3.1 initially

increased with the number of laser pulses before reaching a plateau. This can be explained by
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a combination of there being more molecules of 2.1 forming 3.1 and therefore increasing the
concentration and the resulting signal of 3.1. The terms associated with p-H, relax in the same
way as regular terms in NMR spectroscopy. This relaxation begins from the moment the p-H,
adds to the metal complex and its symmetry is broken. When more laser pulses are used,
there is a longer time period for the former parahydrogen terms to relax before they are
interrogated by the NMR pulse. These two factors are in balance at the plateau where the

formation of the new product approximately matches the relaxation.

The formation of 3.1 was next studied as a function of the pump-probe delay. Two samples
were analysed, one with a sub-stoichiometric quantity of trimethylvinylsilane and a second
with a 15 fold excess of trimethylvinylsilane. These revealed that with short pump-probe
delays (<0.1 s) there is growth period this is followed by an exponential decay in the signal
enhancement reflecting the relaxation of the former parahydrogen singlet state. The time
constant for this relaxation (T;) was 1.89 + 0.18 s for the sample without an excess of
trimethylvinylsilane and 1.00 + 0.09 s with an excess of the ligand. This difference is thought to
be due to the presence of water in the sample with an excess of trimethylvinylsilane. There is

also a difference in the concentrations of 2.1 which could also contribute.

Control experiments were also performed with both samples, which revealed that whilst the
presence of trimethylvinylsilane provides some stabilisation of the starting material there is
still a significant drop in enhancement. This would also suggest that the product is less

photoactive at 355 nm than the starting material.

[(n>-CsHs)Rh(n*-CH,CHSi(CHs)3)(DMSO0)] 2.4 was also studied with parahydrogen as the DMSO
ligand was found to be photolabile in Chapter 2. A sample of 2.4 in ds-toluene was investigated
with p-H, using the same approach used with 2.1. A PHIP-enhanced hydride resonance

consistent with 3.1 was formed, however, the enhancement observed was notably less than
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when 2.1 was used as the precursor. This would suggest that DMSO would not be an

appropriate alternative precursor for the formation and study of 3.1.

In the product 3.1, the symmetry of the two hydrides is broken as a result of the
trimethylsilane substituent on the bound alkene. This effect is small and the chemical shift
difference is negligible (only 0.1 ppm at 220 K). [(nS-CSHS)Rh(P*Ph)(C2H4) 3.2 was synthesised
as it has been found to be a thermal precursor to [(n>-CsHs)Rh(H),(P*Ph)] 3.3.° The hydride
resonances in this complex were reported to have H chemical shifts of 8 —=13.71 and —14.47, a

much more significant chemical shift difference than in 3.1.

Firstly, to determine whether 3.3 can form photochemically from 3.2, an NMR sample of 3.2
was prepared in dq,-cyclohexane. This was irradiated for 55 minutes under 3 bar of H, in-situ
using broadband UV light and the expected hydride resonances were observed and a
phosphorus resonance at 6 85.6 (d, Jery 160 Hz) consistent with the reported values for 3.3.
The proton-proton coupling was not observed in the hydride resonances, nor were they
reported in the literature.® If the two hydrides do not couple to one another, it will inhibit the
observation of PHIP enhancements. Using 1D and 2D COSY methods, it was determined that
the two hydrides do exhibit a coupling to one another and that this coupling is approximately
2.0 Hz. This should be sufficient to allow PHIP enhanced spectra to be observed. This was
confirmed by simulations in g-NMR. The complex was next studied using in-situ photolysis with
355 nm of light from a Nd: YAG laser and PHIP enhanced spectra were not observed. Possible
explanations for this are the lifetime of the dihydrogen ligand during the oxidative addition

process or the electronic state of the intermediate.

A second novel product was identified; this was associated with a broad resonance at 6 —13.2
which resolved to be a triplet (Jyrn 22 Hz) following phosphorus decoupling. The NMR
characteristics are consistent with a hydrogen bridged species [{(nS-CSHS)Rh(P*Ph)(u—H)}z] 3.4

although full characterisation was not possible.
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These studies have provided considerable insight into the requirements for in-situ
photochemical reactions with parahydrogen which will be useful if further experimental
designs. The study into the formation of 3.1 from 2.1 as a function of the pump-probe delay
demonstrated that this in-situ NMR method can be used to detect the formation of thermally
unstable products. The growth period at pump-probe delays <0.1 s would indicate that this
technique could be used on reactions which occur on the subsecond or shorter timeframes.
One of the motivations for using parahydrogen with this work was to investigate whether
parahydrogen could be transfer to other ligands within the reaction products. The observation
that the T, for the 21,5, term of 3.1 is approximately one second provides a time limit for
detection. The results in this chapter have also provided insights into the requirements in
complex selection for in-situ NMR with parahydrogen detection. The study into the activity of
3.1 highlighted that the photoactivity of the product is important whilst the reaction between
3.2 and parahydrogen highlighted the lifetime of any dihydrogen transition state or

intermediate can quench any parahydrogen enhancement.
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3.8 NMR Data

Figure 3.30: Structure of 3.2 with positions labelled.

Table 3.2: NMR Characterisation for [(nS-CSHS)Rh(P*Ph)(C2H4)] 3.2

8/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)
'H  7.68(t, 2H) Jup 8, Jn 8 o-H P-(Ph)
7.08 (m, 3H) m-H & p-H P-(Ph)
5.08 (s, 5H) C:HE Cp
2.83 (t, 1H) Jun 10 'CH, C,H,
2.72 (t, 1H) Jun 10 ’CH, C,H,
2.29 (m, 1H) *CH Phosphine
1.82 (m, 1H) “CH, Phosphine
1.54 (m, 1H) CH, C,H,
1.47 (m, 1H) ®CH Phosphine
1.46 (m, 1H) °CH, Phosphine
1.34 (dd, 3H) Jup 18.2, Jyy 7.2 "CH; Phosphine
1.30 (m, 1H) ’CH, C,H,
1.00 (m, 1H) “CH, Phosphine
0.89 (m, 1H) °CH, Phosphine
0.57 (dd, 3H) Jup 13.3, )44 6.6 8CH,® Phosphine
B¢ 133.2(d) Jep 10.5 o-C P-(Ph)
128.8 (d) Jep 2.5 p-C P-(Ph)
85.9 (t) Jep 3, Jern 3 GsHs Cp
34.8 (s) *CH, Phosphine
33.9(s) >CH, Phosphine
32.0 (d) Jep 27 >CH Phosphine
30.9 (d) Jep 25 °CH Phosphine
24.1(d) Jern 15 ’CH, CoH,
22.4 (d) Jern 15 'CH, CoH,
21.6 (d) Jop 12 CH, Phosphine
15.4 (s) 8CH; Phosphine
p 75.0(d) Jorn 203 P Phosphine
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Figure 3.31: Structure of 3.3 with positions labelled.

Table 3.3:NMR Characterisation for [(nS-CSHS)Rth(P*Ph)] 3.3.

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)
'H  -14.1(dd, 1H) Jurn 28 Jup 36 H, Rh—H
-14.9 (dd, 1H) Jurn 28 Jup 38 H, Rh—H
2.13 (overlap) CH/CH; Phosphine
1.91 (overlap) CH/CH; Phosphine
1.24 (overlap) CH/CH; Phosphine
0.66 (overlap) CH/CH; Phosphine
p  84.9(d, 1P) Jorn 160 P Phosphine
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Figure 3.32: Structure of 3.4 with positions labelled.

Table 3.4: NMR Characterisation for [(nS-CSHS)Rh(P*Ph)(p-H)]Z 3.4.

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

' 4.52(s, 5H) CsHs Cp
-13.9 (m, 2H) {1y 7% Rh-H Rh-H-Rh

Bc  85.0 CsHs Cp

p  80.1(d, 2P) Jprn 190 P Phosphine
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4 Photochemistry of [(n°-CsHs)Rh(alkene);] with
phenyl methyl sulfoxide

4.1 Introduction

In Chapter 2 the reactivity of [(n°-CsHs)Rh(n?-CH,CHSi(CH;)s)2] (2.1), [(n>-CsHs)Rh(n*-CgH1a)2]
(2.2) and [(n>-CsHs)Rh(n*CgH1,)] (2.3) were investigated with DMSO. For 2.1 and 2.2 this
resulted in the loss of one of the alkene ligands and the coordination of DMSO; 2.3 however,
did not show any reactivity towards DMSO. The reactivity of the photoproduct formed from
2.1 and DMSO, [(nS-CsH5)Rh(n2—CH2CHSi(CH3)3)(DMSO)], 2.4 towards triethylsilane and
trimethylvinylsilane was then studied and its DMSO ligand was found to be labile. This
prompted the study of 2.4 with parahydrogen to investigate whether the loss of DMSO in 2.4
provided a more efficient route to the intermediate than the analogous process from 2.1. The
purpose of this study was to see whether the observations seen with DMSO are replicated
with other sulfoxides. Of particular interest was whether phenyl methyl sulfoxide coordiates to
the metal centre and if it did coordinate, would it be photolabile and how would this activity
compare to that of DMSO and the respective alkene ligands. In this Chapter, the reactivity of
2.1 and 2.2 with phenyl methyl sulfoxide is described. This sulfoxide has two different
substituents and, owing to the lone pair on the central sulfur atom, they are chiral (Figure

4.1).14

o

A B

o ¢
R' ’\’S\ /S""\'"HMR‘
R

Figure 4.1: (A) Structures of the two enantiomers of sufoxides when R#R’ (B) Phenyl methyl sulfoxide.

Chirality is generally associated with organic molecules but it is also observed in

organometallic systems. There are three types of chirality commonly associated with
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144-146 147, 148

organometallic complexes. These are centred,** planar and helical chirality as

147, 149

outlined in Figure 4.2. The combination of two chiral centres in a molecule gives rise to

diastereomers. Diastereomers are a form of structural isomers, but unlike enantiomers, they
are not mirror images of one another and consequently they can have different chemical and

physical properties. This means they are distinguishable by NMR spectroscopy.**’
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Figure 4.2: Three different types of chirality seen in organometallic systems (A) Centred chirality, (B) Planar chirality;
A+#B and (C) Helical chirality.

One further reason for looking at these systems was to create a dihydride with magnetically
distinct hydride ligands in a photoproduct containing an asymmetric sulfoxide (Figure 4.3).
Unfortunately, this proved unsuccessful and these studies will not be described further.
Nevertheless, reactivity of 2.1 and 2.2 was observed towards phenyl methyl sulfoxide and this

will be now be described.

h\s//Rl +h:2 /;h ||//R

Figure 4.3: Hypothesised reaction between sulfoxide products and H,.

4.2 Photochemistry of 2.2 with PhSOMe

First, the reaction of 2.2 and phenyl methyl sulfoxide is discussed. 2.2 contains a symmetrical

alkene and therefore only one product is expected by NMR spectroscopy (Figure 4.4). The
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impact of the asymmetric sulfoxide is likely to be observed, however, in the coordinated

cyclooctene ligand with the two CH groups being inequivalent.

=g =2

v .
i

Rh—I\
/ + PhSOMe
Figure 4.4: Proposed reaction between 2.2 and PhSOMe.
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First to check that the sulfoxide would not absorb UV light preferentially over the rhodium
complex the UV-vis spectra of 2.2 and PhSOMe were acquired in CgHg (Figure 4.5). It was found
that at wavelength of light not cut of by the glass 2.2 is a stronger absorber and therefore, a
sample containing 3.3 mg of 2.2 and was prepared 9 mg of PhSOMe. This provided a 7.4 fold
excess of the free ligand relative to the rhodium complex. This was then irradiated for 45
minutes ex-situ using a broadband UV lamp. The reaction was followed by 'H NMR
spectroscopy and a single product was formed (Figure 4.6), based on there being one new Cp
resonance at & 4.98. Characterisation by NMR spectroscopy revealed this product to be the
expected monosubstitution product CoRh(COE)(PhSOMe) 4.1 (Figure 4.4) and no evidence of
the bis sulfoxide complex, CoRh(PhSOMe),, was observed. A 'H NMR spectrum of PhSOMe was

also recorded to check for any impurities in the sulfoxide and none were detected.
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Figure 4.5: UV-Visible spectra of 3.4 mg of 2.2 and 37 mg PhSOMe, in 0.5 mL CgHs
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Figure 4.6: "H NMR spectrum of 4.1 in C¢Dg at 298 K.

In addition to the Cp resonance, there is a singlet at 5 2.64 (Figure 4.6) corresponding to three
protons suggesting that this corresponds to the methyl group of the sulfoxide. A 0.6 ppm
chemical shift difference was seen between this resonance and free PhSOMe (3, 2.03, & 43.5)
which indicates that the ligand coordinates through sulfur rather than oxygen.™' This is
corroborated by the carbon data for these resonances, in a 2D 'H-3C HMQC measurement the
bound methyl peak shows correlation to a carbon environment at 8 57.8, downfield from the

7,132

free ligand which is also in keeping with a sulfur-binding mode.’ The methyl resonance at o

2.64 shows an nOe to a proton at 6 8.08 and is consistent with the ortho position on the
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phenyl ring of the bound sulfoxide. Both the methyl resonance and the ortho proton exhibit
nOe correlations to the cyclopentadienyl ligand confirming the coordination of the sulfoxide in

the rhodium product.

Other noteworthy resonances correspond to the coordinated alkene. There are two broad
triplet resonances at 6 3.47 (Hy,) and 2.60 (Hyp); which show correlations to separate carbon
environments at & 61.3 (d Jern 15.7 Hz) and 60.4 (d Jegy 15.5 Hz) in a *H-*C HMQC spectrum.
This would suggest that these signals correspond to a bound alkene protons of the cyclooctene
ring. These two positions are now distinct from one another owing to the asymmetry on the
sulfoxide (Figure 4.7). Both Hy, and Hy, contain two 10 Hz couplings, reflecting the coupling
between themselves and to the corresponding equatorial protons of position 2 (H,, and Hy).
Using COSY and NOESY correlations H,, was identified a broad triplet of triplets at 6 2.31 with
11 Hz couplings reflecting coupling between itself and both Hy, and H,,. Smaller couplings are
hidden in the broadness of this signal. Its partner proton, H,y was identified, using correlations
in a 'H-*C HMQC, as a signal at & 1.67. In this case the multiplicity could not be determined
due to overlap with other signals. The signals associated with H,, and H,, were identified as o
2.50 and 4 1.62 using COSY and NOESY correlations. The resonance at d 2.50 is a doublet of
quartets (Juy 13, 3.5 Hz), since there is only one large coupling matching a *J coupling between
methylene protons, this proton can be assigned as H,,, leaving 6 1.62 as H,,. Overlap with
other resonances obscured the multiplicity of this resonance. These observations are
summarised in Figure 4.7. nOe correlations between the COE resonances and the ortho proton
of the sulfoxide’s phenyl resonance were also observed. In combination, these features
support the characterisation of this product as [(1n°-CsHs)Rh(n’*-CsH14)((PhS(O)Me)] 4.1, see

Figure 4.29 for the structure and Table 4.10 for the full details of its NMR characterisation.
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Figure 4.7: Assignments of the unique position on the coordinated COE ligand in 4.1 and its 'H chemical shifts.

Having characterised the product, the series of *H NMR spectra recorded during the irradiation
period were analysed using the procedure outlined in Experimental Section. The relative
amounts of 2.2 and 4.1 were plotted against the irradiation time revealing the formation of a
photostationary state comprising 60% 4.1 and 20% 2.2; approximately 20% decomposition was
observed also. The identity of the decomposition product was identified, there was a
darkening of the reaction solution and some brown precipitate was observed which would
indicate that a substance has formed which is not soluble in benzene. This process may be

modelled using relaxation kinetics and the principles of this are described in the Appendix.
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Figure 4.8: Time profile showing the changes in concentration of 2.2 and 4.1 following irradiation of 2.2 in the
presence of PhSOMe, these were fitted to Equation (4.7), the results of which are given in
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Table 2.11.

This reaction could follow the behaviour of a single step, bimolecular, process based on the
kinetic model A described by Figure 4.9, in which case it would be associated with an
equilibrium constant, Ky, of 0.39 & 0.06 using the equilibrium concentrations (Equation (4.1)).
Or alternatively, the reaction could be zeroth order with respect to the concentration of the
sulfoxide, as was seen with 2.1 and DMSO in Section 2.5, in which case the kinetic model B

should be used instead and Kq is now (5.78 £+ 0.88) x107 using Equation (4.2).

k
CpRh(COE), + PhSOMe ——k"-.l—‘ CpRh(COE)(PhSOMe) + COE
2.2 hv -1 hv 4.1
+ COE “CpRh(COE)” + PhSOMe

Figure 4.9: Kinetic Model A for the reaction between 2.2 and PhSOMe.

_ kq _ [4.1]¢q [COE]eq =€2.2q)2.2k3 (4.1)
a k_4 [Z.Z]eq[PhSOMe]eq €41P41Kk,

K.

k
CpRh(COE), + PhSOMe _—k‘.‘l—- CpRh(COE)(PhSOMe) + COE
2.2 o hy Ty 4.1
;\ L ”n k3
+ COE CpRh(COE)

Figure 4.10: Kinetic Model A for the reaction between 2.2 and PhSOMe.

kq _ [4-1]eq [COE]eq _ €2,P; k3 (4.2)
k_4 [Z-Z]eq €41Ps1k;

Keq =

The kinetics of this process may also be analysed using the integrated rate expression Equation
(4.3), derived in the Appendix, where a is the equilibrium concentration, b is the difference in
the initial and equilibrium concentrations and k. is the observed rate constant. The growth of

4.1 and decay of 2.2 were fitted to Equation (4.3), the results of which are given in
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Table 2.11. The description of ks will depend on the kinetic model.

y = a + beKobst (4.3)
where
a=  [Aleg
b= [A]O - [A]eq
kobs=

Table 4.1: Fitting results for the changes of 2.2 and 4.1 as a function of irradiation using Equation (4.7).

a/% b /% Kops /Mol dm?s™"
[2.2] 22.0+1.9 74.7 £ 2.7 (1.97 £0.27) x107
[4.1] 63.5+£0.8 -63.4+1.6 @ (3.31+£0.33) x107

To ascertain if the reaction rate is influenced by the concentration of the sulfoxide a stock
solution containing 9 mg of 2.2 and 1.5 mL of CsDs was prepared and 9 mg of ferrocene was
added as an internal standard. This was aliquoted into three NMR tubes and the following
amounts of PhSOMe were added with the excess of ligand relative to 2.2 given in brackets: 9
mg (8.3), 18 mg (16.5) and 36 mg (33.0). These were irradiated in turn in-situ using the same
broadband UV lamp as the first experiment. Significant unidentified decomposition was
observed during the first experiment which could be due to thermal decomposition of the
products caused by the heating of the lamp. The in-situ approach uses a liquid (ethanol) light
guide to direct the light from the lamp to the sample inside the spectrometer and this distance
reduces thermal heating. '"H NMR spectra were recorded approximately every minute for 3

hours; this longer irradiation time reflects the lower power of the in-situ irradiation approach.

For each sample the '"H NMR spectra were analysed using the approach outlined in the
Experimental Section 8.4, and a photostationary state was established between 2.2 and 4.1
(Figure 4.11-Figure 4.13). At the photostationary state, there is approximately 25% 2.2 and
56% 4.1 and almost 20% decomposition in each of the samples. This would suggest that the
concentration of the sulfoxide does not affect the distribution of the complexes. The rates of

growth and decay of 2.2 and 4.1 were fitted to Equation (4.3) and the results of this are shown
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in Table 4.2. The ks values were the same across the different samples indicating that this
reaction is zero order with respect to the concentration of the sulfoxide and thus kinetic model
B is appropriate and k. is defined by Equation (4.4). Interesting, the kg, values from 2.2 and
4.1 are different. The ko for the two complexes should be the same as regardless of the
kinetic model k., for the two complexes are defined by the same components. It is plausible
that this difference is as a consequence of the observed decomposition and would suggest that

the decomposition is predominantly associated with one of the complexes.

kobs = k1 + k—l([COE]eq + [4-1]eq) (4.4)
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Figure 4.11: Time profile showing the changes in concentration of 2.2 and 4.1 following irradiation of 2.2 in the
presence of PhSOMe, these were fitted to Equation (4.7), the results of which are given in Table 2.3 (entry 1).
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Figure 4.12: Time profile showing the changes in concentration of 2.2 and 4.1 following irradiation of 2.2 in the
presence of PhSOMe, these were fitted to Equation (4.7), the results of which are given in Table 2.3 (entry 2).
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Figure 4.13: Time profile showing the changes in concentration of 2.2 and 4.1 following irradiation of 2.2 in the
presence of PhSOMe, these were fitted to Equation (4.7), the results of which are given in Table 2.3 (entry 3).

Table 4.2: The results of the fitting of the changes in concentration of 2.2 and 4.1 to Equation (4.3).

Molar

Entry  Excess a/% b /% Kops /mol ™ dm?s™*
PhSOMe
8.6 [2.2] 21.3+04 71.6+04 (2.75+0.13) x10™
[4.1] 57.8+0.2 -56.0+0.3 (3.31+0.15) x107™*

16.5 [2.2] 19.7+0.3 76.5+0.3 (2.79 £ 0.04) x10™
[4.1] 58.4+0.2 -55.5+0.3 (3.31+0.06) x107*

33 [2.2] 246104 71.0+04 (2.43+0.12) x10™
[4.1] 56.8£0.2 -55.0+0.3 (2.76 £0.12) x10™

o Uk WN -

An alternative method of determining the kinetics of this reaction involves a differential
approach where chemical exchange, including decomposition, is used in conjunction with the
Solver routine of Excel (Experimental 8.4.3). This was performed on the initial sample and
allowed the values of k; and k_; to be determined as (1.97 + 0.27) x10~ and (3.47 + 0.32) x10™
mol™ dm?® s respectively. Substituting these values into Equation gives an observed rate
constant of (2.82 + 0.15) x10~> mol™ dm® s™ and an equilibrium constant of (5.12 + 0.71) x10™
using Equation (4.1). The value for the observed rate constant is much closer to the value
obtained using the product 2.2, which would suggest that decomposition occurs via 4.1. This
was corroborated by the Solver routine fitting a rate for decomposition from 4.1 but not from

2.2 and is consistent with the other studies where this degree of decomposition was not
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observed. The equilibrium constant is within error of the value calculated based on their

concentrations, thereby validating the two approaches.

Having determined that the concentration of the sulfoxide does not influence the observed
reactivity the equilibrium constant for each of the samples were calculated using Equation
(4.2) and are given in Table 4.3. All the values of the equilibrium constant are approximately
2.5 x107* which suggests that the equilibrium 2.2 was favoured over 2.9. The expressions for
kobs and Keq can be combined in order measure k; and k_; (Equations (4.5) and (4.6)) these are
given in Table 4.4 and show that across the three samples k; and k_, are the same and in each
case k; is smaller than k_;. These rate constants can also be defined in terms of the
photochemical and thermodynamic properties (Equations (4.5) and (4.6)). The trend in rate
constants can be rationalised by the quantum vyield of 4.1 being higher than that of 2.2
meaning that PhSOMe is more readily lost than a COE or alternatively COE preferentially

coordinates to the reactive intermediate over the sulfoxide.

Table 4.3: Equilibrium constants for each of the samples.

Molar
Entry [2.2] /% [4.1] /% Excess Keg
PhSOMe
1 243+09 56.1+1.3 8.6 (2.69 +0.19) x107
2 23.0+1.0 569%1.0 16.5 (2.98 £ 0.22) x1072
3 29.1+1.0 545%1.0 33 (2.06 +0.12) x107

= KopsKeq _ Poaloler ks (4.5)
P K+ [4.1],, + [COE],,  ky[COE] + ks
kobs Py1loles 1k (4.6)
k—l =

Koq + [41]oq + [COE]oq  kz[COE] + ks
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Table 4.4: Rate constants for each of the different samples.

Molar

Entry  Excess k; /moldm3®s?  k,/moltdm?s™
PhSOMe
8.6 [2.2] | (1.57+0.11)x10°* (5.81+0.57)x10™°
[4.1] | (1.89+0.13)x10™" (7.00+ 0.66) x10™

16.5 [2.2] | (1.64+0.06)x10™* (5.52+0.35)x10°°
[4.1] | (1.94+0.08)x10™ (6.55+ 0.44) x10™

33 [2.2] | (1.25+0.10)x10™* (6.07 £ 0.54) x10°®
[4.1] | (1.42+0.10)x10™" (6.90+ 0.58) x10™

a Uk WN B

4.3 Photochemistry of 2.1 with PhSOMe

The reactivity of 2.1 towards PhSOMe was investigated. The combination of both an
asymmetric alkene and sulfoxide is predicted to give two products by NMR spectroscopy with
each product comprising two enantiomers (Figure 4.15). The Cahn-Ingold-Prelog priority rule
was used to assign the stereochemistry of the coordinated sulfoxide.®™ ' The
stereochemistry of the rhodium centre was determined by arbitrarily assigning the priority
order as CH,, Cp, CHSi and S=0 (Figure 4.14) and then using the Cahn-Ingold-Prelog rule to give

the R and S isomer.” ***

A sample containing 4.3 mg of 2.1 and 11 mg of PhSOMe was
prepared in C¢Dg. This provided a 6.7 fold excess of the sulfoxide substrate compared to the

rhodium complex. The sample was then irradiated for 90 minutes in total.

3
Cp

[

Q’"cs iH
1 H2

Figure 4.14: The arbitrarily assign priorities for the four groups coordinated to the rhodium centre.
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Figure 4.15: Possible isomers for the photoproduct 4.2. a and b are the SR and RS isomers whilst c and d are the RR
and SS isomers.

During the irradiation process, the growth of two new rhodium half sandwich species, with Cp
resonances at 6 5.07 and 5.06 (Figure 4.16), were observed. It is expected that these are
diastereomers of one another. The two products were characterised by NMR spectroscopy and

the key features of this characterisation will now be detailed.

4.2A
4.8
2.1B
428, o \ \/ 2 1A
Mo W _Jk
I I I I | I | |
8.0 ppm 5.1 ppm 2.7 2.6 ppm

Figure 4.16: 'H NMR spectrum of 4.2 in C¢Dg at 298 K.

In addition to the two Cp peaks, there are two resonances in the 'H spectrum at § 8.01 and
7.98 due to the ortho protons on the phenyl ring in each of the two products (Figure 4.16). The
proton at 6 8.01 shows an nOe to the Cp resonance at 6 5.07 and there is also an nOE between

the resonances at 6 5.06 and 7.98 indicating that the new products do contain a coordinated
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sulfoxide. Unexpectedly, there is only one signal consistent with the methyl group on the
bound sulfoxide in the *H NMR spectrum; it does however, show a correlation to two different
carbon environments in a 2D *H-*C HMQC spectrum at & 57.4 and 54.6 (Figure 4.17). This
shows that coincidentally the proton resonances in the two isomers appear at the same
chemical shift. Both of the ortho protons show an nOe to this methyl resonance confirming
that the two peaks correlate to the different isomers. Based on the size of the carbon peaks,
the peak at 6 57.4 can be assigned as part of the major isomer with the 8 5.07 Cp resonance
and the & 54.6 resonance to the minor isomer. As with 4.1, there is a large chemical shift
difference of 0.6 ppm in the proton spectrum between the free and bound ligand.** Whilst in
the carbon NMR spectrum there is a downfield shift in the carbon resonances of the bound
methyl resonances of the sulfoxide ligand.”” ** In combination, these values indicate

coordination through the central sulfur atom.

|

54 F1 [ppm]

<

T | LI | T T | LI | LI | T
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2.60 2.58 256  F2[ppm]
Figure 4.17: "H-"C HMQC NMR spectrum of 4.2 in CgDg at 298 K.

Having determined the products both contain a coordinated sulfoxide the next step was to
assign these products to the possible diastereomers. Considering the only isomers observed in
the starting complex have the trimethylsilyl substituent pointing up on the coordinated alkene,
it is assumed this will also be true in the products and therefore there are four possible

diastereomers (Figure 4.15). These may be grouped as two pairs of enantiomers. One pair has
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the trimethylsilyl substituent on the same side as the phenyl group of the sulfoxide (Figure

4.15a-b) and the second pair has it on the same side as the methyl group (Figure 4.15c-d).

Using the nOe correlations between the Cp ring and the trimethylsilyl group, and the bound
alkene resonances, the trimethylvinylsilane signals for each product were identified. Once
these resonances had been assigned, the relative orientation of the trimethylvinylsilane and
the sulfoxide could also be ascertained by nOe correlations. In the major product, 4.2A, nOes
between both H¢ (6 1.38) and the trimethylsilyl substituent (6 0.01) and the ortho proton (6
8.01) on the sulfoxide were detected (Figure 4.19). This was corroborated by an nOe between
the methyl group on the sulfoxide (6 2.55) and H, (6 2.98) on the vinylsilane (Figure 4.18 left)
and therefore can be assigned to the RS/SR diastereomers (Figure 4.15). In the minor product,
4.2B, an nOe was detected between the methyl on the sulfoxide (5 2.55) and the trimethylsilyl
(6 0.18) and thus identifies this as the isomer where these two groups are on the same side
(Figure 4.18 right) and therefore corresponds to the RR/SS isomers (Figure 4.15). An nOe
between the ortho proton on the phenyl group (6 7.98) and H; on the vinylsilane supports this
assignment (Figure 4.19). This characterisation is summarised in Table 4.11, for 4.2A and Table

4.12 for 4.2B.

2.55
2.98 Me
H
A Rh\s
2.95 H \ / 2.55
: Me
’ . ” 8.01 2.22 HY,
0
HC
1.38 2.95

Figure 4.18: Summary of H assignments for 4.2A (left) and 4.2B (right).
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Figure 4.19: 'H-"H 2D NOESY of 4.2 in C¢D at 298 K.

Having characterised the two products, the 'H NMR spectra recorded during the irradiation
process were next analysed using the method described in the Experimental 8.4. The
concentrations of each of the species relative to the initial rhodium concentration determined.
The concentrations of the two product isomers were combined allowing a comparison in the
stability and activity between 2.1 and 4.2. The changes in concentration with irradiation time
were plotted (Figure 4.20) which shows the formation of a photostationary state containing
approximately 75% of 4.2 and 15% of the starting material 2.1, approximately 10%

decomposition was observed.
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Figure 4.20: Time plot showing the change in concentrations of 2.1 and 4.2 as a function of irradiation time.
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The kinetic model for this process is given by Figure 4.21, since the reaction between 2.1 and
DMSO, and 2.2 and PhSOMe showed a zero order dependence on the sulfoxide, it is assumed
that this is the case here also. The change in concentration of 2.1 and 4.2 were fitted to
Equation (4.7) where a is the equilibrium concentration, b is the difference in initial and
equilibrium concentrations and k is the observed rate constant for the formation of the
photostationary state and defined by Equation (4.8). The equilibrium concentrations were
used to give an equilibrium constant for this reaction of 0.107 + 0.008 (Equation (4.9)). The
equilibrium constant can also be defined in terms of the thermal and photochemical
properties of the reaction (Appendix). A Keq of 0.1 would suggest that either that the sulfoxide
in 4.2 is more photolabile than the alkene in the 2.1 or that the reactive intermediate

preferentially coordinates the alkene.

. ky
CpRA(CH,CHSIMe;), + PhSOMe  ————== (,p1;(CH,CHSiMe,)(PhSOMe) + CH,CHSIMe,
2.1 H ks 4.2
\ h\f .
ks ky
+ CH,CHSiMe, “CpRh(CH,CHSiIMe,)” + PhSOMe

Figure 4.21: The simple kinetic model between 2.1 and 4.2.

y = a + beKobst (4.7)
Where
a=  [Aleg
b= [Alo—[Aleq
Kobs=  ky + k_3([CH,CHSIMes]eq + [4.2]cq) (4.8)
Koy = [4.2]¢q[CH,CHSiMes]cq _ &3 1D5 1k _ ﬁ (4.9)
[2-1]eq E42Pa2ky k4

Table 4.5: Fitting results for the changes of 2.1 and 4.2 as a function of irradiation using Equation (4.7) for each of
the sample.

a/% b /% Kops /mol ™ dm?® s™
[2.1] 14.2+0.8 85.0+1.2 (8.99 +0.35) x107
[4.2] | 752+0.7 -767+1.1 (9.76+0.40)x107
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A more complicated kinetic model is required to observe the behaviour of the two
diastereomers of 4.2 (Figure 4.22). This shows that 2.1, 4.2A and 4.2B all may undergo
photodissociation of a ligand to form the same reactive intermediate. The concentrations of
2.1, 4.2A and 4.2B were plotted against irradiation time (Figure 4.23), the photostationary
state now contains approximately 42% of the major isomer 4.2A, 33% of the minor isomer
4.1B and 15% of the starting material 2.1. The rates of change for each of rhodium species
were fitted using Equation (4.7) and are shown in Table 4.6. The ks for each of the species

reflects the individual reactions described in Figure 4.24.

CpRh(CH,CHSiMe,), + PhSOMe

2.1
k, ] hv K,
+ CH,CHSiMe .
2 3 kl ”CpRh(CHz(:HS\Me_;)” k3 + CHZCHSIM83
V \E\v
(RS/SR)-CpRh(CH,CHSiMe)(PhSOMe) —Kz"- (RR/SS)-CpRh(CH,CHSiMe)(PhSOMe)
4.2A ? 4.2B

Figure 4.22: Full kinetic model for the reaction between 2.1 and PhSOMe.
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Figure 4.23: Time plot showing the change in concentrations of 2.1, 4.2A and 4.2B as a function of irradiation time.
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Table 4.6 Fitting results for the changes of 2.1 and 4.2A and 4.2B as a function of irradiation using Equation (4.7) for
each of the sample, k., describes process A-C (labelled) in Figure 4.24.

a/% b /% Kops /mol dm?® s Kobs Reaction
[21] | 142408 850+12 (1.5+0.06)x107°  kops>’ A
[4.2A] | 41.9+05 —-42.6+0.7 (1.5£0.07)x107°  kepe B
[4.2B] | 334403 -343+0.5 (1.8+0.07)x107°  kops® C
A [VinSi] k4 [PhSOMe] k,
(RS/SR)-CpRh(CH,CHSiMe,)(PhSOMe) <=———=> CpRh(CH,CHSiMe;), ==——=>  (RR/SS)-CpRh(CH,CHSiMe,)(PhSOMe)
™ [PhSOMelk, 21 [VinSi] k; 428
’ ks, [PhSOMe] k,
(RR/SS)-CpRh(CH,CHSiMe;)(PhSOMe) <=2 (RS/SR}-CoRh(CH,CHSiMe,)(PhSOMe) === CpRh(CH,CHSiMe,),
428 ke 4.2A vinSitks 21
C
k [Vinsi] k.
(RS/SR)-CpRh(CH,CHSiMe,)(PhSOMe) <———= (RR/SS)-CpRh(CH,CHSiMe,)(PhSOMe) === CpRh(CH,CHSiMe),
son G o28 [PhsOMe] k, )1

Figure 4.24: Each of the three pathways described separately for each kg,

The equilibrium constants for each of the equilibria were calculated using both the equilibrium
concentrations and using the differential model (Experimental 8.4.3, Table 4.7). K, reflects the
equilibrium between 4.2A and 4.2B and has a value of ~0.8 showing that there is a preference
for isomer A, where the phenyl group of the sulfoxide is on the same side as the trimethylsilyl
substituent on the coordinated alkene. This could be either due to the quantum yield of 4.2B
being larger than that of 4.2A and thus the sulfoxide of 4.2B is more labile providing a more
efficient route to the intermediate. Alternatively, the difference could be attributed to there
being a thermodynamic preference for the coordination of the sulfoxide with the trimethylsilyl

substituent on the same side as the phenyl ligand.

Table 4.7: Equilibrium constant for each of the reversible steps in the kinetic model.

i Ki * Ki *%
1 (5.94+0.46)x102 (5.33+0.44) x10™>
2 0.80+0.02 0.78+0.10

3  (4.74+0.35)x10° (4.11+0.19)x107>
*based on concentrations, ** based on differential model
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4.4 Photochemistry of 2.1 with DMSO and PhSOMe

To investigate whether there is a preference for different sulfoxides, a sample containing 7 mg
of 2.1, 7.5 uL of DMSO and 15 mg of PhSOMe in C¢Ds was prepared, where both ligands were
in 5.5 fold excess relative to 2.1. The sample was then irradiated for 1 hour during which time
the growth in signals associated with 2.4, 4.2A and 4.2B were observed by ‘H NMR
spectroscopy. These spectra were analysed according to the Experimental and the relative
concentrations plotted against irradiation time. The concentrations of 4.2A and 4.2B were
combined so that the isomerisation between them does not need to be considered. A
photostationary state was achieved during this irradiation time and contains 51% 2.4, 22% 4.2
and 21% 2.1. The sample was then left for 18 days, at room temperature and protected from
ambient light, and the relative concentrations were now 66% 2.4, 13% 4.2 and 23% 2.1
demonstrating that the phenyl methyl sulfoxide is thermally labile and that there is a thermal

preference for DMSO coordination over phenyl methyl sulfoxide.

Relative Concentrations /%

T T T 1
0 1000 2000 3000 4000
Irradiation time / s
Figure 4.25: Time profile showing the reaction of 2.1 with DMSO and PhSOMe.

The kinetic model for this system is described in Figure 4.26 where each complex may undergo
photodissociation of a ligand to form the same intermediate, CpRh(CH,CHSiMej3). All three
species are in equilibrium with one another and the equilibrium constant for each step can be

calculated using the equilibrium concentrations (Equation (4.10), Figure 4.27). Note, when a
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ligand was in large excess it was not included in these calculations based on previous
observations where the rate was found to be independent of ligand concentation when the
ligand was in excees. The results of this are summarised in Table 4.8, the equilibrium between
2.4 and 4.2 lies on the side of 2.4 indicating that the quantum vyield of 4.2 is higher and
therefore the loss of PhSOMe occurs more readily than DMSO. The other explanation is that
DMSO more readily coordinates to the intermediate consistent with observation a growth in
the proportion of 2.4 and loss of 4.2 when the sample was left at room temperature and

protected from ambient light.

CpRh(CH,CHSiMes,),

2.1
H hv
K, ) ks
ky “CpRh(CH,CHSiMe;)” 3
V v\\E\f
ke .
CpRh(CH,CHSiMe;)(DMSO) T CpRh(CH,CHSiMe;)(PhSOMe)
2.4 4.2

Figure 4.26: Kinetic model for the reaction between 2.1, DMSO and PhSOMe

[C]eq [D]eq _ Ea® gk (4.10)
[A]eq [B] eq ecPckia

Keq =

ky

A+B <—— C+D
-1

Figure 4.27: Assignments for Equation (4.10)

Table 4.8: Equilibrium constant for each of the reversible steps in the kinetic model

| Ki* Ki**

1 (5.9+1.3)x107 1.52+0.11
2 0.44+0.02 0.23+0.03
3 (2.56+0.60) x107 0.38+0.04

*Excess of DMSO and PhSOMe
**Excess of DMSO, PhSOMe and CH,CHSiMe;
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Table 4.9 Fitting results for the changes of 2.1, 2.4 and 4.2 as a function of irradiation using Equation (4.7) for each
of the sample

a/% b /% Kops /mol dm?® s™ Kobs Reaction
[21] | 56+56  100.2+5.2 (5.43+0.80)x10°  kops’’ A
[2.4] | 632447 -646+44 (542+0.99)x10%  kops** B
[4.2] | 261418 -267+17 (6.33+1.01)x10*  kops™ C
A [Vinsi] k , [PhsOMe] ks
CPR(CH,CHSIMe,)(DMSO) === CpRh(CH,CHSiMe;), <=———="=  CpRh(CH,CHSiMe,)(PhSOMe)
[DMSO] k, [VinSi] k
2.4 2.1 4,2
B [DMSO] k, [PhsOMe] k,
CPRh(CH,CHSIMe;), —————> CpRh(CH,CHSiMe;)(DMS0) —————= CpRh(CH,CHSIMe,)(PhSOMe)
21 [VinSi k 24 [DMSO] k., 2.2
[PhsOMe] k
C  CoRA(CH,CHSIMes), o CpRh(CH,CHSIMes)(PhSOMe) _[DMSOT k., CpR(CH,CHSiMe,)(DMSO)
21 [Vinsi] k 5 4.2 [PhSOMe] k, 24

Figure 4.28: Each of the three pathways described separately for each kg,

The equilibrium constants K; and K, would be consistent with 2.1 being favoured in both
equilibria. This would suggest that if an excess of trimethylvinylsilane was also added, a growth
in the signals associated with 2.1 would result. To investigate this, 13 uL of trimethylvinylsilane
was added providing 4.7 fold excess of ligand relative to the total rhodium content, in addition
to a 5.0 and 5.3 fold excesses of DMSO and PhSOMe respectively. The sample was then
irradiated for an hour generating 47% 2.4, 11% 4.2 and 32% 2.1. This provides evidence that
both sulfoxides are photolabile. The equilibrium constants for each of the steps were
measured again, now the equilibrium between 2.4 and 2.1 favours 2.4 consistent with the
observation in Chapter 2. From this it can concluded that the order of reactivity across the
different ligands is DMSO, trimethylvinylsilane and phenyl methyl sulfoxide. This could reflect
the preference of the common intermediate to coordinate the respective ligands and link to
the steric effects of the different ligands. The phenyl group on PhSOMe is larger than the
methyl group of DMSO and the vinylsilane contains a bulky trimethylsilyl group. The electronic

properties of the ligands may also influence the preference for the different ligands, the exact
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nature of this interation would require further work. Alternatively, this could reflect the
photolability of the different ligand with the phenyl methyl sulfoxide being the most labile and
DMSO the least. This could also be influenced by the electronic properties of the different

ligands.

4.5 Conclusions

It has been demonstrated that both 2.2 and 2.1 will undergo a photochemical reaction when
irradiated in the presence of phenyl methyl sulfoxide. In the case of 2.2 a single product, 4.1,
forms containing a single coordinated sulfoxide ligand which is bound to the rhodium centre
through the sulfur. Using a single step, bimolecular equilibrium, the equilibrium constant was
calculated to be 0.32 + 0.02. This process was repeated using three samples from a stock
solution with incrementing amounts of phenyl methyl sulfoxide. In each sample the
equilibrium comprised of 20% 2.2 and 60% 4.1 showing that the concentration of the sulfoxide
did not influence the concentrations of 2.2 and 4.1. The relaxation kinetics for these samples
were also analysed and revealed that the equilibrium constant reduced with increasing
sulfoxide concentration which was attributed to an increase in the quantum yield with

increasing free ligand concentration.

The reactivity of 2.1 towards PhSOMe was studied next. Upon irradiation, as expected, two
products formed, these were characterised as being diastereomers of one another. Both
products were consistent with the trimethylsilyl substituent of the coordinated ligand pointing
up towards the cyclopentadienyl ligand. In the major product, 4.2A, the phenyl group of the
sulfoxide was found to be on the same side of the complex as the trimethylsilyl group, whereas
in the minor product, 4.2B, the methyl group of the sulfoxide was on the same side as the
trimethylsilyl group. The kinetics associated with this reaction were modelled using relaxation
kinetics (Appendix). The equilibrium constant between the two isomers of 4.2 was 0.34 £+ 0.03.

Indicating a preference for 4.2A, which either suggests that the sulfoxide in 4.2B is more
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photolabile owing to a higher quantum yield or the sulfoxide preferentially, coordinates in the
orientation seen in 4.2A. The contribution of both isomers were combined to analyse the
equilibrium between 4.2 and 2.1 giving an equilibrium constant of 0.77 £+ 0.06, demonstrating

that 2.1 is favoured in the equilibrium

The equilibrium constants between both 2.1 and 2.2 with PhSOMe were smaller than similar
values obtained using DMSO as the sulfoxide. To investigate their relative reactivity a sample
of 2.1 was prepared and analysed containing an excess of DMSO and PhSOMe. Following
irradiation, the major product was 2.4, indicating that coordination of DMSO is favoured over
PhSOMe. The sample was left for 18 days and the loss of 4.2 and growth of 2.4 was observed.
An excess of trimethylvinylsilane was added, the sample was irradiated for a further hour and
the conversion of 2.4 to 2.1 was observed. The equilibrium constants were measured and now
the K4 between 2.1 and 2.4 was 1.32 + 0.10 matching the value obtained in Chapter 2.5 when
equal quantities of DMSO and vinylsilane were used. The order of reactivity was found to be

PhSOMe, vinylsilane and DMSO where DMSO was the least photolabile.

In this work | have demonstrated that PhSOMe will reaction with “CpRh(alkene)” fragments
and that this ligand is photochemically and thermally labile. In the study with 2.1 with both
DMSO and PhSOMe exhibited different activity demonstrating that changing the substitutents
on the sulfoxide can influence behaviour providing a route for tuning reactivity. The product
distribution following the reaction between 2.1 and PhSOMe showed that the asymmetric
nature of the sulfoxide can be used as a marker for chirality through the observation of

diastereomers, akin to chemical shift reagents.
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4.6 Structures and NMR Data
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Figure 4.29: Proposed structure of [(nS—CsHS)Rh(nZ—CSHM)((PhS(O)Me)] 4.1

Table 4.10: NMR Characterisationfor [(nS-CSHS

JRh(n*-CgH14)((PhS(O)Me)] 4.1

8/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

'H  8.08(d, 2H) 7.5 Ho PhSOMe
7.12 (overlap) H,and H PhSOMe
4.98 (s, 5H) CsHs Cp
3.47 (tt, 1H) Jun 10.0, 2.6 CH"™ COE
2.64 (s, 3H) CH; PhSOMe
2.60 (tt, 1H) Jun 10.0, 2.6 CH™ COE
2.50 (dqg, 1H) Jun 13.0, 3.5 CH,” COE
2.31 (brt, 2H) Jun 11.0 CH,”® COE
1.67 (overlap) CH,” COE
1.62 (overlap) CH,”® COE
1.7-1.1 (overlap) CH,* and CH," COE

13C  129.0 CHy and CH, PhSOMe
125.8 CH, PhSOMe
88.3 CsHs Cp
61.3 (d) Jern 15.7 CH™ COE
60.4 (d) Jern 15.5 CH™ COE
57.8 CH; PhSOMe
33.2 CH,* COE
31.6 CH,* COE
26.5 CH,*°"* COE
26.0 CH,*°"* COE
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Figure 4.30: Proposed structures of RS/RS-[(nS-CSHS)Rh(nZ-CHZCHSiMe3)((PhS(O)Me)] 4.2A

Table 4.11: NMR Characterisation for RS/RS-[(n’>-CsHs)Rh(1>-CH,CHSiMe;)((PhS(O)Me)] 4.2A

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)

'H  8.01(d, 2H) Jun 8.4 Ho PhSOMe
7.09 (overlap) Hn & Hp PhSOMe
5.07 (s) CsHs Cp
2.98 (d, 1H) Jun 13 Hc CH,CHSiMes
2.95 (overlap) Hg CH,CHSiMe;
2.55 (s, 3H) Me PhSOMe
1.38 (dd, 1H) Juy 11, 14 Ha CH,CHSiMes
0.01 (s, 9H) Si(CH3)3 CH,CHSiMes

Bc 1256 G PhSOMe
85.9 CsHs Cp
57.4 Me PhSOMe
43.3 CH CH,CHSiMes
38.9 CH, CH,CHSiMes
0.25 Si(CH)s CH,CHSiMe;
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Figure 4.31: Proposed structure of RR/SS-[(nS-CSHS)Rh(nZ-CHZCHSiMe3)((PhS(O)Me)] 4.2B

Table 4.12: NMR Characterisation of RR/SS-[(1>-CsHs)Rh(1-CH,CHSiMe;)((PhS(O)Me)] 4.2B

6/ppm (multiplicity, Coupling constant/Hz  Assignment Group
integration)
'H  7.98(d, 2H) Jun 8 H, PhSOMe
7.05 (overlap) Hn & Hp PhSOMe
5.06 (s, 5H) CsHs Cp
2.95 (d, 1H) Jun 13.5 Hc CH,CHSiMes
2.55 (s, 3H) Me PhSOMe
2.22 (overlap) Hg CH,CHSiMe;
2.11 (overlap) Ha CH,CHSiMe;
0.18 (s, 9H) Si(CH3)3 CH,CHSiMes
Bc 1250 Co PhSOMe
86.2 CsHs Cp
54.6 Me PhSOMe
42.5 CH CH,CHSiMes
37.0 CH, CH,CHSiMes
0.49 Si(CH)s CH,CHSiMe;
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5 Synthesis, Characterisation and Photochemistry of
[Ru(H)2(CO)(PPh3)(Xantphos)] 5.1

5.1 Introduction

This Chapter focusses on the photochemical reactivity of [Ru(H),(CO)(PPh;)(Xantphos)] 5.1,
where xantphos refers to 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene. In recent years
the use of xantphos-derived ligands has become more widespread.” ** This has included the
use of the xantphos as an additive with Ru(H),(CO)(PPh;); reactions involving the alkylation of

1.™>* This method allowed the relative

activated methylene compounds using benzyl alcoho
activity of a range of different bidentate phosphines to be examined and allowed the benefit
of xantphos as a ligand to be observed. When xantphos was used as the additive phosphine
100% conversion to product was observed within 3 hours with 0.5 mol% of the catalyst. The

related phosphine 2,2’-bis(diphenylphosphino)diphenyl ether (DPE) only achieved 8%

conversion under the same conditions.”* The combination of Ru(H),(CO)(PPhs); and xantphos

76, 155 155, 156

was subsequently used in the synthesis of 2,5-disubstituted furans, pyrroles and

nitriles.*’

The mechanism of the alkylation reaction was next studied in more detail. It had been
proposed to proceed via a hydrogen-borrowing mechanism (Figure 5.1A). To investigate this
mechanism the ruthenium xantphos complex Ru(H),(CO)(PPh;)(Xantphos) was synthesised and
its reactivity towards benzyl alcohol and a ketonitrile (Figure 5.1B) was studied, where the
ketonitrile is acting as the activated methylene source.™® The reaction was found to proceed
via the reductive elimination of H, and subsequent oxidative addition of the O—H bond of
benzyl alcohol. Benzaldehyde is formed following a 3-hydride elimination, and this goes on to
react with the ketonitrile to the internal alkene which subsequently gets hydrogenated by the

metal complex.

225



R OH R e}
M (0]
R"/\RI
MH, tBu
R R CN
R R X
R” Ru

Figure 5.1: (A) Schematic representation of hydrogen borrowing route to C—C bond formation reactions between
aromatic alcohols and activated methylene sources, an example of which is given by (B).

Xantphos is a wide bite angle phosphine having a natural bite angle of 108°, by contrast dppe
has a natural bite angle of 86°."* The experiments described so far have concerned metal
complexes with the xantphos ligand in a cis coordination mode; however, it is also capable of
trans™ ' and «K>-POP pincer coordination modes.'®*®* Ru(H),(CO)(PPh;)(Xantphos) 5.1 has
also been utilised in the hydrogenolysis of B-O-4 aryl linker in lignin where the compound in
Figure 5.2 has been used as a model reagent.’® Dehydrogenation of the alcohol gives the
corresponding ketone which after hydrogenolysis yields acetophenone and guaiacol. They
studied the mechanism of this catalytic process in more detail and observed the loss of H, from
5.1 after heating in toluene. This process also resulted in the loss of the PPh; ligand and they
proposed that a square planar intermediate “Ru(CO)(xantphos)” was formed (Figure 5.3), the
xantphos now acts as a tridentate (POP) ligand. They proposed that the dimer coordinates to

this species and dehydrogenation of the alcohol function results.

OH MeO OH OMe
0 HO
o
p
Figure 5.2: (left) Structure of the model lignin reagent, cleavage of the highlighted bond results forming

acetophenone (middle) and guaiacol (right).'**
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Figure 5.3: Proposed intermediate formed following the heating of Ru(H),(CO)(PPh;)(Xantphos) in toluene.™®

Ruthenium dihydride complexes have been long studied photochemically. This chemistry has
recently been extensively reviewed by Perutz and Procacci.> Light may promote the reductive

90, 96, 97, 99 As far as

elimination of H, and as well as the loss of other ligands within the system.
our literature searches have revealed, the photochemical activity of 5.1 has not been studied.
The photochemistry of similar complexes has been investigated (Introduction Section 1.5) and
therefore it was anticipated that 5.1 would also be photoactive. To investigate this, 5.1 was
irradiated ex-situ in the presence of different substrates which are known to coordinate to

%0, 91,9698 Once the photochemical activity of 5.1 was established it

similar ruthenium systems.
was then studied in-situ with p-H,. Recent work in York has found that in-situ photolysis can be
used to add p-H, to a suitbable photochemical precursor in a spin coherent fashion allowing
the ZQ, component of the parahydrogen singlet state (Introduction Section 1.2.5)." The
reported study used Ru(H),(CO)(PPh;); as the precursor and the parahydrogen singlet state
was observed to evolve as a function of the chemical shift difference between the two hydride

ligands. This complex bares many similarities to 5.1 therefore it was hoped that this behaviour

would also be observed in 5.1 also.

When deciding which substrates to study the photochemical activity of 5.1 a number of factors
were considered. Ethene was chosen as a substrate as the liberated H, is likely to hydrogenate

ethene and therefore H, will no longer be in solution to bind to the metal centre to reform the
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starting material and therefore products are likely to be observed even if the starting material
is favoured over the product. Whereas the pyridine derived and DMSO substrates were studies
as these ligands are known to coordinate to transition metals and through the characterisation
of the resulting products it can provide evidence as to which ligands are photolabile in the
starting complex. One of the aims of this research was to study the addition of p-H, to 5.1 and
therefore triethylsilane was included as a substrate of interest since this also contains a bond
which adds to a metal centre via an oxidative addition process and help to ascertain whether
5.1 would be a suitable candidate for a study with p-H,. Its advantage of triethylsilane over p-
H, is that the expect product is different to the starting complexes and therefore can be used
to confirm expected activity as the absence of PHIP-enhanced signals could be caused by
several factors only one of which is the hydride ligands not being lost photochemically to get

an intermediate which can add p-H..

5.2 Synthesis and NMR characterisation of 5.1

5.2.1 Synthesis of [Ru(H)2(CO)(PPhs)(Xantphos)] 5.1

The synthetic route used to prepare [Ru(H),(CO)(PPh;s)(Xantphos)] 5.1 is described in Figure
5.4. The precursor, Ru(H),(CO)(PPhs)s, was synthesised from RuCls.3H,0 using the small scale
method of Grushin with a 91.1% yield."®™ A substitution reaction was then performed to
exchange two of the PPh; ligands in Ru(H),(CO)(PPh;); to give the target complex 5.1 in a yield

of 33.7% based on ruthenium.**®
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1. PPh,, EtOH 1h A PPh,
2. KOH, 1h, RT

3. 1h, 60°C, 5h A OC\ /H

PPh,

Xantphos
Toluene
120°C, 3h

Ph
2 PgPh,

5.1
Figure 5.4: Reaction scheme for the synthesis of [Ru(H),(CO)(PPh;)(Xantphos)(CO)] 5.1.

5.2.2 NMR characterisation

An NMR sample of the product was prepared in CsDg to allow for characterisation. In the H
NMR spectrum, two diagnostic signals were seen in the hydride region at 6 —6.72 and —8.67.
The *'P{"H} NMR spectrum, however, consisted only of two clear resonances, a doublet at
58.3 (Jpp 240 Hz) and a broad singlet at 6 30.4 and a third broad resonance at & 45. The two
clear resonances integrate as 1: 1; this would suggest they both correspond to one phosphorus
each and that there is some form of fluxionality within the system obscuring the third
resonance. Similar observations have previously been made on this complex, and other similar

101, 158, 166, 167

xantphos complexes. Collectively, these studies have identified movement within

the middle ether-containing ring of the xantphos ligands (Figure 5.6).
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Figure 5.5: 'H NMR spectrum (hydride region) of 5.1 in C¢Dg at 298 K.
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Figure 5.6: Conformational changes associated with ruthenium xantphos complexes according to the literature.®
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Figure 5.7: 31P{lH} NMR spectrum of 5.1 in C¢Dg at 298 K.

A *P{"H} NMR spectrum was subsequently recorded at 203 K in dg-toluene and three sharp
resonances dominate (Figure 5.8) with the broad resonance now resolving as a doublet of 240
Hz at 8 47.6. The large phosphorus-phosphorus coupling would indicate that this corresponds
to one of the two phosphorus resonances trans to second phosphorus atom. The two
phosphorus resonances that at first glance appear at & 47.6 and 58.7 form an AB quartet as
identified by the “roofing” effect seen in the appearance of the doublets. This phenomenon is
observed when in a strong coupling regime (Figure 5.9).%” In the weak coupling regime the

coupling between resonances is considerably smaller than their chemical shift difference and a
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pair of doublets is seen (Figure 5.9). In 5.1, the chemical shift difference is 2245 Hz which is
only 9 times larger than the coupling of 240 Hz. In weakly coupled spectra, the two lines in
each doublet are separated by the scalar, J, coupling and centred around the chemical shift. In
strongly coupled spectra the doublets are still separated by the scalar coupling, however, the
chemical shift is no longer in the middle of the doublets and therefore it cannot be measured
directly (Figure 5.9). The chemical shifts are determined using Equations (5.1) and (5.2) where
Jis—(2+3)or—(1+4),Dis(3—-1)or(4—-2)andJis (2 —1) or (4 — 3) where 1-4 refer the
frequency of each of the lines.*” This analysis gives chemical shifts for P, and Pg of & 58.7 and

47.6 showing that the strong coupling effect is minor.

v =3+ D7) 51
v =3 @D ) 52

T T T T T
60 55 50 30 ppm
Figure 5.8: 31P{lH} NMR spectrum of 5.1 in dg-toluene at 203 K A denotes signals associated with minor product.
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Figure 5.9: Schematic representation of (top) strong coupling and (bottom) weak coupling.
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The *'P{"H} NMR spectrum also contains similarly distorted signals for a second product
(highlighted by A in Figure 5.8). "H{*'P} and "H NMR spectra recorded at 203 K also showed
two sets of hydride resonances (Figure 5.10). The multiplicities in both sets of resonances have
a similar appearance suggesting that they result from similar structural motifs and would be

consistent with a conformational difference in the xantphos ligand (Figure 5.6).% "

I O SN B
-6.0 -6.5 -7.0 -7.5 -8.0 -8.5 ppm
Figure 5.10: (top) "HEPY NMR spectrum and (bottom) 'H NMR spectrum of 5.1 in dg-toluene at 203 K.

The NMR characterisation of this complex in literature is limited. The phosphorus resonances
were not assigned and the details of the xantphos were not previously reported. Two
dimensional NMR spectra were acquired in order to provide full NMR characterisation of the
complex. In the *H NMR spectrum there are two singlet resonances at & 1.38 and 1.46 which
correspond to the two methyl groups on the xantphos backbone. The aromatic region is highly
complex because of the number of inequivalent aromatic ring 'H resonances all of which
couple to phosphorus. The proton resonances associated with the triphenylphosphine ligand
are easily separated from the other resonances owing to all the phenyl groups being
equivalent and yielded 'H NMR signals at & 7.69 and 6.92 since all three phenyl groups are
equivalent. In a 'H-">C HMQC spectrum the resonance at & 6.92 correlates to two carbon
environments, in a 1: 2 ratio, which is consistent overlapping the meta- and para- proton
signals. A correlation between the proton signal at & 7.69 and the phosphorus resonance at o
58.3 in a 'H-*'P 2D HMQC spectrum acquired with a coupling of 10 Hz identified this proton as

being due an ortho-proton.
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Similarly, the ortho-protons for the pendent phenyl ligands on P. were identified yielding
signals at & 7.34 and 7.25. In the 'H{*'P}-'H{*'P} 2D EXSY experiment (Figure 5.12) these
resonances were found to be linked by exchange cross peaks (0 7.34 and 7.75, 7.25 and 7.84).
There are four further exchanging pairs of protons, demonstrating that interconversion of P,
and P¢ is possible. These were assigned to the specific positions using a *"H{*'P}-'H{*'P} 2D COSY
NMR experiment as summarised in Figure 5.11. The phenyl groups pointing out of the plane

were identified through nOe correlations between these resonances and the methyl group on

the xantphos backbone at 6 1.38.

7.02
7.01 ,r’f' Ru
i, / 7.35

"

7.84 6.81

g
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7.24
6.76
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6.64

6.89
u 7.73 6.76

Figure 5.11: 'H NMR chemical shift assignments of the phenyl ligands on the xantphos ligand, left P,, right Pc.

T I T T T T I T T
8.0 7.5 7.0 F2 [ppm]
Figure 5.12: "H{*'P}-"H{*'P} 2D EXSY of 6.1 in C¢D; at 298 K.
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There are two reported mechanisms through which ligand exchange has been observed in

octahedral complexes, the first being via a nZ-HzfoIIowed by ligand rotation in the dihydrogen

85, 168 169

transition state (Figure 5.13) and the second by a trigonal twist approach (Figure 5.14).
In this complex there is exchange observed between the hydride ligand and between the two
coordinated phosphine atoms to the xantphos ligand. The exchange in the hydride resonances
shows cross peaks to separate components of other hydride resonances indicating that the
spins involved in the coupling retain their coupling during the exchange process.'® The
exchange of the aromatic protons is only observed between specific aromatic rings;
specifically, the Al ring exhibits exchange with C1 but not A2 or C2 and vice versa for A2 (for
labels see Figure 5.11). Both of these observations are consistent with an intramolecular
exchange process. The lack of exchange between the CO and PPh; ligands, however, is

inconsistent with the dihydrogen rotation followed by the rotation of the remaining ligand and

therefore the exchange process can be attributed to a trigonal twist mechanism.

Pl Pl Pl
H, 5
L oc ‘ HY i 3 \ H
OC\R|u H \Ru I rotation P>Ru |
— — - ocC
p3 | \Hz p3 | H2 / Hl
PZ PZ PZ
ligand
rotation
B %
p3 p3
NP \
H 1 H
\Ru —— P “Ru I
1/ \ 1 P27 .
H H
ocC
Cco - -

Figure 5.13: Mechanism 1 for exchange in octahedral complexes — the nZ—Hz method, adapted from Schott et. al. for
[Ru(H)(CO),(dppe)].”
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Figure 5.14: Trigonal twist mechanism."”°

The kinetics of this process can be extracted from the EXSY spectrum, due to overlap this was
only possible for the ortho protons. The relevant rows from the 2D were extracted as 1D
spectra and the peaks associated with the diagonal and exchange cross peak were integrated.
Using Equation (5.3), these allowed the exchange rate, ke, to be calculated as 1.8 s™* for the
exchange between Al and C1 and as 1.6 s for the exchange between A2 and C2. This was
repeated with the hydride resonances giving an rate of exchange of 2.4 s™. The hydride
exchange rate in Ru(H),(CO),(dppe) was reported to be 1.20 s at 306 K whilst the exchange of
the phenyl rings was measured as 1.28 s~ also at 306 K. These rates are the same order of
magnitude as the values measured for 5.1 although the exchange rates in 5.1 are slightly
faster. It is difficult to say whether this difference is within the error of the measurements or
not. The hydride exchange rates were measured in similar compounds where dppe was
replaced with PMe,Ph or PMe; the exchange rates at 350 K were just 0.77 and 0.96
respectively, notably lower than the values measure here. This would suggest that there is a
lower barrier to exchange in 5.1 compared to similar systems, possible explanations for this
are a low barrier to rotation as part of the trigonal twist mechanism or a greater degree of
bonding interactions between the two hydride ligands facilitating the exchange between the

two hydride environments.
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Figure 5.15: 'H-"H 2D EXSY NMR spectrum of 5.1 in CgDg at 298 K.

5.3 Photochemistry of 5.1 with ethene to form 5.2

The photochemistry of 5.1 was first studied with ethene. Ruthenium-phosphine dihydride
complexes, similar to 5.1, have been shown to lose H, photochemically and coordinate

ethene.gO' 92,94, 96, 98

Any liberated H, is likely to hydrogenate one equivalent of ethene based on
ruthenium and limit the back reaction to reform 5.1. An NMR sample of 5.1 and ethene was
prepared in CgDg, the UV-Vis spectrum of 5.1 is shown in Figure 5.16. 'H NMR spectra were
acquired over the course of 3 hours to determine whether 5.1 and ethene react thermally.
During this time, no changes were evident in the '"H NMR spectrum. The sample was then
irradiated, in-situ, using broadband UV light for 2 hours. After this time, there was an 80%
reduction in the intensity of the NMR resonances associated with 5.1 and the growth of new
signals consistent with a metal alkene complex present at 6 2.81 and 1.65 (Figure 5.17).

Additionally, singlets at 6 4.47 and 0.80 were detected consistent with dihydrogen and ethane
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respectively suggesting that the reductive elimination of H, has occurred during the reaction
and that some ethene has become hydrogenated. The product was then characterised by NMR

spectroscopy.
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Figure 5.16: UV-Vis spectrum of 5.1 in C¢Dg
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Figure 5.17: 1H{31P} NMR spectrum of 5.2 in C¢Dg at 298 K.

In the *'P{*H} NMR spectrum there is a peak & =5.4 consistent with free triphenylphosphine
and a single phosphorus environment associated with the product, a singlet at & 51.3. This
would suggest that PPh; has been lost from the ruthenium complex during the reaction and
xantphos is symmetrical in the product (Figure 5.18). In a 'H->'P 2D HMQC NMR experiment,
acquired with a coupling constant of 10 Hz, correlations between this phosphine resonance
and three aromatic resonances at & 8.15, 7.48 and 7.29 were observed. These are consistent

with ortho-protons, relative to the phosphorus atom, on each of the three phenyl groups.
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Integrating these resonances relative to the bound ethene signals revealed that these ortho-
protons correspond to 4: 2: 4 protons. This would suggest that the resonance at 6 7.48
corresponds to the ortho-proton on the phenyl group on the backbone of the xantphos ligand
and the other two protons the ortho-protons on the pendent phenyl groups. Using a *H{*'P}-
'H{?'P} 2D COSY NMR experiment the meta- and para-resonances for each of the phenyl

groups were assigned, these are summarised in Figure 5.19.
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Figure 5.18: >'P{"H} NMR spectrum of 5.2 in C¢Ds at 298 K.
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Figure 5.19: Assignments of the aromatic protons in 5.2.

In a "H{?'P}-"H{?'P} 2D EXSY NMR experiment exchange cross peaks were observed between
the two ethene 'H resonances indicating that interconversion between these sites is possible.
Rotation about the metal alkene bond could account for this given that only one *'P signal is
seen. Both of the ethene resonances show an nOe correlation to a proton at & 8.15 which has
already been assigned as an ortho- proton on one of the pendent aromatic rings. This would

identify this aromatic ring as pointing towards the bound alkene (Figure 5.20).
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Figure 5.20: Proposed structure of the product 5.2.

The resonances associated with the two methyl groups on the backbone of the xantphos
ligand in 5.2 are found at & 1.24 and 1.03. There is an nOe between both of these methyl
groups and the proton at 6 6.80 supporting its assignment as the para-proton of the aromatic
ring. There is also an nOe between the proton resonance at 8 6.73 and the methyl at 6 1.24,
the suggests that this resonance corresponds to Me, which points towards the xantphos ligand
and that the other methyl resonance is the methyl ligand which points away from the

xantphos ligand, Mes.

By combining these observations it can be concluded the product is consistent with the
structure depicted in Figure 5.20. In the equatorial plane, there is an ethene and a CO ligand.
Whilst the xantphos ligand is coordinated as a POP ligand with the two phosphorus atoms
being trans to one another. It is proposed that the oxygen is also coordinated based on the
formation of a hydride resonance at 6 —16.58, indicative of a hydride trans to oxygen, when
this complex is reacted with p-H, (See Section 5.8.2). In the literature there are many examples
of Xantphos coordinating as a POP ligand rather than as a bidentate ligand. A crystal structure
database search was performed to compare the number of transition metal complexes with bi-
and tri-dentate xantphos lignads (Figure 5.21) revealing 95 crystal structures containing a
tridentate xantphos-derived ligand and 177 structures containing a bidentate xantphos-
derived ligands. When this was repeated for ruthenium complexes there were 25 tridentate
xantphos ligands compared with 11 bidentate ligands demonstrating the propensity for
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xantphos ligands to have different coordination modes across similar structures. The change in

164

coordination mode has also been proposed as part of mechanistics cycles.”" Full details of this

characterisation and the full structure can be seen in Table 5.3 and Figure 5.63.

Figure 5.21: Substructures used in crystal structure database search

5.4 Photochemistry of 5.1 with pyridines

Having determined that 5.1 is photoactive, its reactivity towards 4-methyl pyridine, 4-tert-
butylpyridine and °N-pyridine was studied. First, a sample of 5.1 was prepared in C¢D¢ and 5
uL of 4-methyl pyridine added. The sample was irradiated for 3.5 hours. After this time a
product was detected that was associated with hydride resonances at 6 —7.51 (H,) and —5.97
(Hs) (Figure 5.22 top). These signals were shown to couple to one another in a *H-'H COSY
experiment which indicates that a dihydride species has formed (5.3). Both of these
resonances have a doublet of doublets of doublets multiplicity indicating that one of the
phosphorus environments has been lost. This is supported by a signal at 8 =5.4 in the *'P{"H}
NMR spectrum for free PPhs. Hy exhibits a large coupling to phosphorus indicating a trans
relationship between the two nuclei. In the corresponding 'H->'P 2D HMQC spectrum there are
correlations between these hydrides resonances and phosphorus resonances at 6 34.7 and
24.3. The phosphorus signal at & 24.3 was assigned as arising from a group trans to H, since its
correlation was observed when an 80 Hz coupling was used. 2-dimensional NMR spectra were
then acquired to locate the coordinated 4-methyl pyridine resonances that were expected in

this product but none were seen.
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Figure 5.22: 'H NMR spectrum of 5.1 following irradiation in the presence of 4-methyl pyridine (top) 4-tert-
butylpyridine (middle) and 15N-pyridine (bottom).

Since the characterisation of the product was inconclusive further studies were performed
with different pyridines. 4-tert-butylpyridine was chosen to see if the change in substitutent
would improve the binding of the pyridine to the metal centre allowing the product to form in
high concentrations. It was also hoped that the larger substituent might allow nOe correlations
to be observed. N-pyridine was chosen for the >N label as this would potentially allow N
couplings to be observed in the hydride resonances if they were significantly large enough, e.g.
a trans coupling. It would also offer the possibility of making 'H-""N HMQC measurements to
aid the characterisation of the product following a reaction with 5.1. When samples using 4-
tert-butylpyridine or N-pyridine were used in place of 4-methyl pyridine irradiation resulted
in the same product 5.3 formed in each case. Figure 5.22 shows the hydride region for each of
these samples and provides evidence for a common product. The sample containing 4-tert-
butylpyridine was prepared in ds-toluene rather than CgDs, which accounts for the small
chemical shift difference. The NMR observations associated with this product are summarised

in Figure 5.23.

241



PPh,
—7.51(ddd, 82,30, 6
'-\ | Ha ( )
Ru
pth/ | \HB— 5.97 (ddd, 26, 17, 6)
243 L

Figure 5.23: Summary of NMR characteristics of product 5.3, formed following the reaction between 5.1 and the
different pyridines; L is undefined at this stage, see Section 5.5.

5.5 Photochemistry of 5.1 with PhCH20H or CO

In 2009, Ledger et al.,”*® observed that Ru(H),(CO),(xantphos) formed via the decarbonylation
of benzyl alcohol and this was associated with hydride resonances at 6 —6.13 and -7.65 and
phosphorus resonances at 8 24.6 and 35.1 which are consistent with those of species, 5.3. To
investigate whether the product 5.3 corresponds to this dicarbonyl containing complex a
sample of 5.1 and CO was prepared in C¢Ds. It was left overnight protected from ambient light
to observe any thermal reactivity. No changes were observed in the 'H NMR spectra. It was
then irradiated for 4.5 hours and two new hydride resonances at 6 —5.96 (ddd, 26.0, 17.5, 6.5)
and —7.47 (ddd, 81.6, 30.5, 6.5) were observed. The characteristics of these signals matches
those for Ha and Hg in 5.3. In corresponding *H->'P HMQC spectra, these resonances show
correlations to phosphorus resonances at 6 24 and 35. From this it can be concluded that in
the reaction between 5.1 and pyridines the photochemical loss of CO and PPh; results and that
the liberated CO can coordinate in place of the PPh; in the axial position generating the
product Ru(H),(CO),(Xantphos) 5.3. In the *P{*H} NMR spectrum there was also a singlet peak
at & 28 consistent with the tricarbonyl complex [Ru(CO)s(Xantphos)] 5.4 which results from the
photosubstitution of H, with CO. These products were then characterised by NMR
spectroscopy. For 5.3 the aromatic resonances could not be assigned as both phosphine
resonances showed correlations to the protons with the same chemical shifts. The
assignments which could be made are summarised in Table 5.4. The full structure of 5.4 is

given in Figure 5.65 and its characterisation summarised in Table 5.5.

242



T T T T T T T T 1
-5.8-5.9-6.0 ppm -7.3-7.4-7.5 ppm
Figure 5.24: 'H NMR spectrum in CgDg at 298 K following reaction of 5.1 with CO.
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Figure 5.25: Structures of products (left) Ru(H),(CO),(Xantphos) 5.3 and (right) Ru(CO);(Xantphos) 5.4.

Ledger et. al.,** first formed 5.3 by heating 5.1 to 120 °C in toluene for 2 hours with an excess
of benzyl alcohol which acts as the source of CO. To investigate whether this process occurs
photochemically a sample of 5.1 was prepared in CsDg and 5 uL of benzyl alcohol was added.
The sample was left for 2 hours 45 minute to observe any thermal reactivity and then
irradiated for 3 hours. During this time as predicted, the resonances associated with 5.3 grew
in intensity. A minor product, 5.5, associated with a hydride resonance at § —6.22 (dd 63, 28
Hz) and phosphorus resonances at 6 36.2 and 56.5 was also seen. Alongside these signals, a

181t is

signal at grew & 9.6 in keeping with the aldehyde proposed to form during this reaction.
likely that the minor product arises from the O—H activation of benzyl alcohol but no further

characterisation was attempted. In conclusion, CO redistribution can account for the observed

product in these reactions.
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Figure 5.26: 'H NMR spectrum of 5.1 in C¢Dg at 298 K following irradiation with benzyl alcohol giving 5.3 and 5.5.

5.6 Photochemistry of 5.1 with DMSO

Next, the photochemistry of 5.1 was studied with DMSO. An NMR sample containing 5.1 and 2
uL of DMSO in CsD¢ was prepared. No thermal reaction was evident initially and the sample
was then irradiated for 3.5 hours in in-situ using broadband UV light according to the
Experimental 8.3.3. After this time six new hydride resonances appeared (Figure 5.27) and
could be grouped into three dihydride complexes by a 'H{*'P}-'H{*'P} COSY experiment.
Approximately 50% of 5.1 was retained. The proton resonances at & -5.95 and -7.49 are
consistent with 5.3, leaving two products to be characterised. Product 1, 5.6, is associated with

signals at 6 —8.10 and —10.33 and product 2, 5.7, is associated with signals at  —9.90 and —

11.22
. —6 0 ppm -7. . ppm
8.0 -8.1 -5.8 -9.9 -10.0 -10.1 -10.2 -10.3 -10.4 ppm 112

Figure 5. 27 H NMR spectrum of 5.1 and DMSO in C¢Dg at 298 K after 3.5 hours irradiation.
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Figure 5.28: "H{tP1-'H{'P} 2D COSY NMR spectrum (hydride region only) following the reaction between 5.1 and
DMSO in C¢Dg at 298 K.

The hydride resonance at & —10.33 is broad and has no distinguishing features. A '"H{*'P} NMR
spectrum was acquired and this resonance remained broad suggesting that fluxionality, rather
than overlapping scalar coupling, is responsible for the broadness. The second hydride
resonance of this species is observed at & —8.10 and has doublet of doublet of doublets
multiplicity with 81, 31 and 8 Hz couplings respectively. It simplifies into doublet (8 Hz)
following phosphorus decoupling. This is consistent with a dihydride species showing coupling
to one phosphorus atom trans to the hydride and a second cis to the hydride. Limited
information could be obtained on this product using the room temperature measurements
and, therefore, second sample was prepared in ds-toluene to allow for low temperature NMR
experiments to be acquired. Upon cooling to 253 K, the broad resonance resolved to be a
doublet of doublets of doublets with 31.5, 15.5 and 8 Hz couplings and allowed the two
phosphorus environments were identified as 6 27.1 (d, 30 Hz Pg) and 36.4 (d, 30 Hz P,) using
'H-'P 2D HMQC measurements. In addition to the expected correlations between these
phosphorus signals and their connected aromatic protons, correlations to the methyl
resonances of bound DMSO were also observed. These are associated with proton resonances
at 8 1.72 and 2.52 and carbon signals at 6 55.2 and 50.3 respectively. These carbon chemical
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132 The source of the

shifts indicate that the DMSO ligand is coordinated through its sulfur.
fluxionality in this complex was not identified, exchange was not observed between the two
hydride resonances which suggest that hydride exchange is not responsible. In 5.1, the

xantphos ligand was associated with two conformers which could interchange at room

temperature; it is feasible that this is responsible for the exchange in this product also.

o
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-8.00 pPpm -10.2 ppm
Figure 5.29: 'y (bottom) and "HEPY NMR spectra of 5.6 at 253 K in dg-toluene.

PAPh,
0]
OC\RU/HA
P/ ~
B

Hg

Figure 5.30: Proposed Structure for 5.6.

The characterisation of 5.7 will now be detailed. The defining features of its NMR spectrum are

two hydride resonances, note the cross peak in the circled in Figure 5.28 is a minor product
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which contains a hydride overlapping with the & —11.22 hydride resonance. The first is
observed at 8 —9.90 and has a dddd multiplicity (71, 38, 26, 7.5 Hz) which is consistent with a
complex with three distinct phosphorus environments; two of which are cis relative to this
hydride and a third that is trans. The second hydride resonance (& —11.22) also shows coupling
to three phosphorus environments (37, 30.5, 17 Hz), in addition to the proton-proton coupling,
each of the phosphorus couplings are suggestive of a cis arrangement. It can be concluded that
in this product, the PPh; has been retained and therefore 5.7 must relate to the
photosubstitution of the CO ligand. This is confirmed by the two hydride signals showing
correlations to three phosphorus environments in a 'H-*'P 2D HMQC measurement at & 31.3
(dd 17, 18 Hz), 43.8 (dd 245, 18 Hz) and 54.7 (dd 245 17 Hz) (Figure 5.31). The 6 54.7
phosphorus resonance shows correlations to protons signals at & 7.85, 6.95 and 7.69 and these
were assigned as the ortho-, meta- and para-protons of the PPh; ligand. Due to significant
overlap in the *H NMR spectrum only some of the aromatic protons of the xantphos ligand

were identified. The resonances that could be assigned are summarised in Figure 5.32.
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Figure 5.31: "H->'P HMQC of 5.7 at 298 K in C¢Ds.
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Figure 5.32: Summary of H assignments for the xantphos ligand in 5.7.

There were also correlations between the xantphos phosphorus resonances and the methyl
resonances associated with a coordinated DMSO ligand. The phosphorus resonance at & 43.7
shows a correlation to a proton resonance at 5 1.20 (8. 50.1) and whereas the resonance at o
31.1 shows a correlation to & 2.13 (&c 54.6). A COSY correlation between these two proton
resonances corroborates that both resonances are from the same ligand. This observation
confirms the assumption that CO has been lost from 5.1 and DMSO has coordinated in the
vacant site. The carbon chemical shift of both methyl groups are downfield relative to free

DMSO indicating coordination is via the sulfur atom.***

From this information, the structure of
5.7 is proposed to be consistent with Figure 5.33. Full details of this characterisation and the
full structure can be seen in Figure 5.68 and Table 5.8. The observation of 5.7 therefore

provides support in the assighnment of 5.3 in the other studies since it demonstrate that the CO

ligand is also photolabile, in addition to the PPh; and H, ligands.
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Figure 5.33: Proposed structure for 5.7.

5.7 Photochemistry of 5.1 with Et3SiH

The photochemistry of 5.1 was next studied in the presence of triethylsilane. An NMR sample
of 5.1 was prepared in CsDg and 10 ulL of triethylsilane was added. The sample was irradiated
ex-situ for 10 minutes during which time several new hydride containing products formed
(Figure 5.34). This is reflected in the observation of a resonance at 6 —3.09, corresponding to
5.8, a triplet (Jup 24 Hz) which simplifies to a singlet following phosphorus decoupling. The
second product, 5.9, is associated with a peak at & —8.06 which is a doublet of doublets (Jyp 56,
17 Hz). This also simplifies to a singlet with phosphorus decoupling. The multiplicity shown in
both of these resonances is consistent with monohydride species which couple to two
phosphorus nuclei. Free triphenylphosphine was detected in the *'P{"H} NMR spectrum
following irradiation supporting the observation that PPh; has been lost from the products.
Finally, there are broad resonances at 6 —9.05 and —7.59 indicating a product exhibiting
fluxionality. This could be due to the > coordination of either dihydrogen or triethylsilane. It is
unclear from these measurements whether these resonances are associated with a third

product or part of the other two products.
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Figure 5.34: 'H NMR spectrum in CgDg at 298 K following 10 minutes irradiation of 5.1 in the presence of
triethylsilane.

Low-temperature measurements were performed in ds-toluene which allowed the broad
resonances to be attributed to a third product. NMR characterisation allowed the three
products to be assigned the structures shown in Figure 5.35. The minor product (only 3% of
the reaction mixture), 5.9 contains a ligand, L which is likely to be a CO ligand, liberated from
5.1 during the formation of 5.8. However, due to its weak intensity the characterisation of this
product was limited and will not be discussed further. The key features of the characterisation

of the two major products, 5.9 and 5.10, will now be detailed.
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Figure 5.35: Proposed structures for the products 5.8, 5.9 and 5.10 formed through the reaction of 5.1 with

triethylsilane, L in 5.9 is undefined.
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5.7.1 Characterisation of [Ru(H)3(Si(CH2CHz3)3)(Xantphos)] 5.10

Upon cooling to 230 K the broad resonance now, resolve as two multiplets in the '"H NMR
spectrum at 6 —7.30 and —9.12. The peak at & —7.30 (tt 16.5, 6 Hz) only contains proton-
phosphorus couplings indicative of a cis orientation, whereas the peak at 6 —9.12 is a pseudo
doublet (35 Hz) with second order couplings indicating some form of magnetic inequivalence.
These resonances became a triplet (0 —7.30 Jy4 6 Hz, Ha) and doublet (6 —9.12 J,y 6Hz, Hg) in a
'H{*'P} NMR spectrum and they integrate as 1: 2 (Figure 5.36). The observed resonances are
therefore suggestive of a trihydride species with two of the hydrides equivalent. The peak at &
—9.12 was modelled in g-NMR in order to gather more information on its couplings. The
pseudo doublet corresponds to the sum of the of the trans and cis proton-phosphorus

15, 171

couplings, (JHthrans+ JHPBcis)' Aside from the doublet feature, there are few distinguishing

features in this proton resonance. The presented couplings were determined based on their

optimal fit to the experimental peak; values of JHthranSand JHdeS of 62 and -24 Hz were

obtained with Jyy 6 Hz and Jpp 20 Hz using the manual iteration mode.
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N

-7.2 -7.3 ppm -9.1 ppm
Figure 5.36:'H (bottom) and 1H{31P} (top) NMR spectrum at 230 K in dg-toluene of 5.10.
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Figure 5.37: (top) experimental spectrum (bottom) simulated spectrum using g-NMR.
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The low temperature NMR experiments also revealed a fourth set of resonances at 6 —8.90
and —8.47 which were again characteristics of a HsP, unit. In an H{'P}:'H{*'P} EXSY
experiment, performed at 205 K on a 700 MHz spectrometer, the two hydride signals of 5.10
were found to be in exchange with these resonances. Their profiles in the 'H and 'H{*'P} NMR
spectra match those of 5.10 suggesting that the two interchanging species have the same
structural motif. It is therefore proposed that these are two conformers of one another which
differ only on the orientation of the xantphos backbone, as was also seen with 5.1 (Figure 5.6).
Exchange was also observed between the hydrides in both conformers and would explain the
broadness and temperature dependence of the hydride resonances. This exchange can be
readily explained by a mechanism similar to a 6-CAM route only without the dissociation of the
ligand.** The exchange between the hydrides of the same conformer was found to more facile
that the conformational change by comparing the size of the exchange peaks in the *H{*'P}-
'H{*'P} EXSY experiment. This indicates that the hydride exchange has a lower barrier than the

flip of the xantphos ligand.
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Figure 5.38: "H{*'P}:"H{*'P} 2D EXSY experiment at 205 K (700 MHz) of 5.10 in dg-toluene.
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In order to confirm that these are classical hydride resonances there values respective T;
values were measured using an inversion recovery method, at 200 K on a 500 MHz NMR
spectrometer. Since the T, of an nz—(H—H) bond is much smaller that the analogous oxidative
addition ligands these measurements can allow M(H), and M-nz-(Hz) systems to be
distinguished from one another.> T, values of 0.62 + 0.04 and 0.68 + 0.02 s were obtained for
H, and H,, respectively. Similar values were also obtained for the starting material, 5.1, (Hx 0.53
+ 0.03 s, Hg 0.72 + 0.02 s) and are consistent with the oxidative addition of dihydrogen and
therefore it can be concluded that 5.10 does not contain a dihydrogen ligand.> It does not

however, rule out a n’-(H-Si) ligand.
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Figure 5.39: Proposed mechanism for hydride exchange.

The magnitude of the proton-silicon coupling constant can distinguish between an n’>-(H-Si)
ligand and the oxidative addition of the Si-H bond. An 'H**Si 2D HMQC (Figure 5.40) was
acquired which showed the presence of four SiEt; containing species, in addition to free Et;SiH,
however, it did not show any correlations between these silicon signals and the hydride
resonances. This likely to be due to the phosphorus couplings making any potential cross peaks
too broad to be observed, it was not possible to decouple phosphorus during these
measurements. In the 'H and "H{*'P} NMR spectra there are no disernable silicon satellites to

allow the coupling to be measured. Both resonances are approximatley 40 Hz broad at their
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baseline, in the *H{>'P} NMR spectrum which could obscure couplings smaller than this and
would suggest that J,i5 is of the order of 20 Hz, or smaller and therefore consistent with the

oxidative addition of Et5SiH.
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Figure 5.40: 'H-2Si HMQC of 5.1 following irradiation in the presence of Et;SiH at 203 K in dg-toluene.

A 'H{'P}-H{*'P} NOESY experiment was acquired to assign the Et;Si resonances corresponding
to each of the products. Unforunately the nOe cross peaks lacked adequate resolution to
assign the hydride ligands to specfic ethyl resonances. This experiment does, however, confirm

that each of the products contain an SiEt; group.
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Figure 5.41: "H{*'P}-'H{*'P} NOESY at 205 K (700 MHz) of 5.10 in dg-toluene.

254



Finally, the NMR characteristics of the xantphos ligand were analysed. In keeping with the
proposed structure of 5.10, the two hydrides at & —7.30 and —9.12 only show correlations to
one phosphorus environment resonating at 8 32.5. This in turn shows correlations to aromatic
protons at § 6.62, 6.67 and 6.72 which would be consistent with the ortho- protons, signal

overlap restricted any further assignments from being made.

The NMR observations are summarised below:

There are metal hydride environments in 5.10 one at 6 —7.30 and —9.12.

e Thereis a second isomer is evident with hydride signals at 4 —8.90 and —8.47.

e The two isomers are present in a 4: 1 ratio and exchange between all four hydride
resonances is observed.

e In each isomer, there is one hydride which corresponds to one proton and couples to
two equivalent phosphorus environments which are cis relative to this ligand.

e The second hydride environment corresponds to two protons which are chemically
equivalent but magnetically inequivalent and also couple to two phosphorus
environments; one with a cis position, relative to the hydride ligand and a second trans
to the ligand.

e The T, measurements for hydride ligands rule out a dihydrogen ligand and no
discernible silicon satellites suggest there is no n’-(H-Si) ligand either.

e There is only one phosphorus environment at 8 32.5 associated with the major isomer

of 5.10.

Possible structures that obey these observations are given below (Figure 5.42). Complexes A
and B involve the loss of CO, in A there is a vacant site in place of the CO and in B the oxygen of
the xantphos ligand has coordinated in this site. Both of these possibilities would result in a
hydride chemical shift at a lower frequency that seen in this complex. Complex C is a 7 co-
ordinate complex and the CO ligand has been retained. There are analogous osmium based
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complex known in the literature such as Os(H);(SiMe;)(CO)(PPhs),,”’* this contains one hydride

trans to CO, 6 -8.82 (Jy» 19.4 Jung 34 Hz) and two chemical equivalent, magnetically

inequivalent hydride resonances at 6 -9.20. The couplings for this resonance were calculated

from a simulated spectrum to be J,p -29.9, Jip 39.49, JHBHB 6.2 and Jpp —20 Hz. Whilst these

couplings are not an exact match for the values simulated in 5.10 they are not dissimilar either
and could be explained through the differences in the phosphine ligand. The chemical shifts of
the hydride resonances in both complexes are consistent with one another and therefore the

structure of 5.10 is thought to resemble that of structure C (Figure 5.42).
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Figure 5.42: (A)-(C) Possible structures for the complex 5.10, (D) An analogous osmium complex.17
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5.7.2 Characterisation of [Ru(H)(CO)(Si(CH2CH3)3)(Xantphos)] 5.8

The defining feature of product 5.8 is a proton resonance at & -3.09, corresponding to a
monohydride, which is coupled to two phosphorus nuclei (Jur 23 Hz). In a *H->*P-HMQC this
proton shows a correlation to just one phosphorus environment at & 57.9 indicating that the
xantphos ligand is symmetric in the product. There are two possible options which would be
consistent with the observations (Figure 5.43). Structure A, is an analogue of 5.3, the
characteristics of the corresponding hydride resonance in 5.3 is a proton chemical shift of
-5.96 with coupling to the two phosphorus environments are 25 and 17 Hz. This is not in
keeping with the observations here. In the Section 5.8, the formation of a dihydride 5.11
containing a k>-(POP)-Xantphos ligand will be demonstrated. This has a similar structural motif
to structure B and the corresponding hydride ligand in 5.11 is observed at 5 —3.60 with a triplet

coupling to phosphorus of 25 Hz, fitting the observation here in 5.8. It is on this basis that 5.8
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has been assigned as containing a k>-(POP)-Xantphos ligand. The proton environments of this
xantphos ligand were located using 2D NMR measurements and are summarised in Figure
5.44Error! Reference source not found.. For the full structure and NMR characteristics of 5.8

please refer to Figure 5.69 and Table 5.9.

Figure 5.43: Possible structures consistent with the characteristics of 5.8

6.91
6.77
7.29
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NV VOV N,V
Figure 5.44: Summary of 'H and 'P chemical shifts of the coordinated xantphos ligand in 5.8.

5.8 Parahydrogen studies

The studies so far have demonstrated that 5.1 is photoactive with the loss of CO, PPh; and H,
being observed. The reactivity of 5.1 was next studied with parahydrogen with the different
ligands already investigated. Initial studies used the in-situ setup with a broadband UV lamp as
the light source (Experimental Section 8.3.3) to determine whether PHIP enhancements can be
observed in the photoproducts. This approach uses continuous irradiation, this means that the
elimination and addition of H, from each molecule does not occur at the same time. Since the
addition of parahydrogen to the metal centre does not occur in a time-precise manner the

decoherence of the ZQ, component results. Therefore, the '"H NMR spectra will be recorded
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using 45° pulses to interrogate the 2/,S, component of the singlet state. Once these studies
proved successful, these reactions were then be performed using the laser-based in-situ set up

which allows for time resolved measurements to be performed (Experimental Section 8.3.2).

5.8.1 Photochemistry of 5.1 with 15N-pyridine and p-H:

When 5.1 was irradiated in the presence of 4-methyl-, 4-tert-butyl- or >N-pyridine a common
product formed and characterised a [Ru(H),(CO),(Xantphos)] 5.3. By combining the irradiation
of 5.1 and “N-pyridine with parahydrogen, it was hoped that the potential signal
enhancements will allow pyridine-containing products to be observed. An NMR sample of 5.1
and N-pyridine in C¢Ds was degassed and backfilled with parahydrogen. The sample was
irradiated during the acquisition of *H and 'H{*'P} NMR spectra and PHIP enhanced NMR
signals were observed for 5.1 (Figure 5.45 A). It can therefore be concluded that the reductive
elimination of H, has occurred from 5.1 resulting in a reactive intermediate with a singlet
electronic state and thus highlights that 5.1 has, at least, some of the required characteristics

for the study into the evolution of the former parahydrogen singlet state.

NJL;u%M;mM%Ljﬁ,
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Figure 5.45: 1H{alP} (top) and "H NMR spectra of 5.1 following in-situ irradiation in the prescence of 15N—pyridine and
p-H,. Key: A 5.1, B 5.3 © new product 5.11.
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Four further PHIP enhanced hydride resonances were detected. Two of these are consistent
with 5.3 (Figure 5.45 M), the product previously observed to form through the photochemical
reaction of 5.1 in the presence of “N-pyridine. The third product 5.11 (Figure 5.45 ) yields
resonances at 6 —16.58 (td J,p 19.5, Juy 6 Hz, Ha) and & —3.60 (td Jup 25, Juy 6 Hz, Hg), are
consistent with a dihydride species with two phosphorus nuclei in a cis orientation relative to
the hydride that may be equivalent. H, is at a chemical shift consistent with a hydride trans to
an electron donating group. There are two possible sources this group, the coordination of a
pyridine group in place of the CO ligand or, alternatively, the coordination of the central
oxygen in the xantphos ligand, as observed in 5.2. ®N-pyridine was chosen over 4-methyl
pyridine or 4-tert-butyl pyridine as the source of pyridine owing to the labelled nitrogen which
will allow any trans-hydride-nitrogen couplings to be observed. In the third product only
coupling due to the phosphorus and hydride ligands was observed, suggesting that the product
does not contain a coordinated pyridine ligand trans to Ha. A 'H-*'P HMQC was recorded with
parahydrogen enhancements and both hydride ligands were found to couple to single
phosphorus environment at § 58.7 and thus shows that the xantphos ligand is symmetrical in
the product most likely in a trans coordination mode which would also be consistent with a «*-
POP xantphos ligand. This product was not detected without the use of parahydrogen

enhancements thereby limiting its characterisation.

5.8.2 Reactivity of 5.2 with p-H:

To investigate whether 5.11, the product observed in 5.8.1, contains a k>-POP ligand or a
coordinated pyridine, the reaction of 5.2 was studied with parahydrogen. A sample of 5.2 was
degassed and backfilled with 3 bar p-H,. Immediately after the addition of p-H, two PHIP
enhanced hydride ligands were detected (Figure 5.46 bottom) at —16.58 (td J,p 19.5, Jy4 5.7 Hz)
and 6 —3.60 (td Jyp 25, Juu 6 Hz, Ha) due to the same species as was observed with pyridine.

After 3 minutes only ~50% of 5.2 remained and after 30 minutes 5.11 was no longer visible in
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the equilibrium *H NMR spectrum and the reformation of 5.1 via the coordination of PPh;
followed. It can be concluded that this product contains a «*>-POP xantphos ligand (Figure 5.47)
rather than pyridine. These signals were now also observable using standard NMR methods

(Figure 5.46 top); there are other unassigned signals overlapping with the & —3.6 proton

o

T T
-3.5 Ppm -16.5 ppm

resonance.

T T
-3.5 pprm -16.5 PPm
Figure 5.46: 'H NMR spectrum after addition of p-H, to 5.2 forming 5.11 (bottom) hyperpolarised (top) standard
NMR spectra.

Figure 5.47: Proposed structure of 5.11.
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5.8.3 Photochemistry of 5.1 with PPhs

In a number of reactions discussed in this chapter, the photochemical loss of PPh; has been
observed. The reaction between 5.1 and PPh; will now be followed with p-H, to see if this

limits the formation of side products such as 5.3 or 5.11.

A sample of 5.1 and PPh; was prepared in CsD¢ to investigate whether this affects the reactivity
of 5.1. The sample prepared and pressurised with 3 bar p-H,. It was then irradiated in-situ and
'H and 'H{?'P} NMR spectra recorded during this time and PHIP-enhanced hydride resonances
for 5.1 and 5.3 were observed. The formation of 5.3 suggests that CO can compete with PPh;
for coordination in the axial position. Unlike the reaction between 5.1 and pyridine signals
associated with 5.11 were not detected which would suggest that the excess of PPh; reduces

the «* coordination mode of the xantphos ligand.
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Figure 5.48: 'y (bottom) and H{ P} (top) NMR spectra of 5.1 following irradiation in the presence of PPh; and p-H,
in C¢Dg at 298 K. Key: A 5.1, M 5.3 ® 5.11.

5.8.4 Photochemistry of 5.1 with DMSO and p-H:

An NMR sample containing 5.1 and 3 pL of DMSO was prepared in C¢Ds. It was then degassed
and pressurised with 3 bar of p-H,. The sample was irradiated and 'H{*'P} NMR spectra were
acquired during this time. These revealed hyperpolarised hydride signals for 5.1 (A), 5.3 (H)

and 5.11 (7). Interestingly, the proton resonances associated with 5.6 and 5.7 were not PHIP
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enhanced. This would suggest that their hydride ligands are not photolabile or alternatively

that the loss of DMSO is more prevalent.

.
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Figure 5.49: "H{*'P} NMR spectrum of 5.1 with DMSO and p-H,, at 298 K in C¢D¢. Key: A 5.1, l 5.3 ® 5.11.

These studies have demonstrated that 5.1 will undergo photoinduced H, reductive elimination
and that when this occurs in the presence of p-H,, PHIP enhanced hydrides may be observed

both in the starting material. Additionally, they confirmed that CO and PPh; are photolabile.

5.9 Time-Resolved parahydrogen Studies

Having demonstrated that PHIP enhanced hydride signals are observed when 5.1 is irradiated
under 3-bar p-H, further studies were performed using the laser based in-situ photolysis set up
(Experimental Section 8.3.2). This involved preparing an optically dilute sample of 5.1 in dg-
toluene under 3 bar of p-H,. At 600 MHz the chemical shift difference between the two
hydrides of 5.1 is approximately 1230 Hz. Hence, if the zero quantum coherence of the
parahydrogen singlet state is retained in the product the signal intensity of the former
parahydrogen protons should oscillate at 1230 Hz. Consequently, a single laser pulse and a 90°
RF pulse with a pump probe delay of 0.2 ms, should lead to a signal maximum in the response.
Unfortunately, no PHIP enhanced signals were observed. The pump-probe delay was therefore
varied to see if this would elicit a signal, and the experiment was repeated with a 45° pulse.
Still no PHIP enhanced spectra were obtained. The difference between these experiments and

the earlier studies, which did elicit PHIP enhanced signals for 5.1, is that this is using 355 nm of
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light versus broadband UV light. Furthermore, the earlier results were observed using

continuous irradiation and in this experiment single laser pulses were used instead.

The experiment was therefore repeated with free PPh; present to minimise the impact of
phosphine loss and PHIP was still not seen after 0.2 ms delay. However, when longer d1 delays
were used (0.1 — 0.5 seconds) and signal averaging used (Figure 5.50) a weak response was
observed (Figure 5.51). This suggests that the addition of H, occurs on a slower timescale than

would permit the coherent retention of the zero quantum coherence.
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Figure 5.50: Pulse sequence for in-situ photolysis with signal averaging.
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Figure 5.51: 'H PHIP enhanced NMR spectrum of 5.1, PPh; and p-H, in C¢Dg at 298 K following irradiation using 8
scans and a pump-probe delay of 0.5 seconds.

To improve the signal intensity phosphorus decoupling experiments were performed. To aid
the optimisation of the decoupling protocol, experiments with multiple laser pulses and a
single RF pulse were acquired to give more of the PHIP-enhanced product. Using 8 laser pulses
0.1 seconds apart and a 3 ms pump probe delay and with the phosphorus decoupling centred
at 40 ppm, two antiphase doublets were observed although one is broad (Figure 5.52 bottom).

The same experiment was repeated with an OPSY 'H NMR experiment and now only one
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antiphase peak is now observed at 6 —6.4, the broad second hydride resonance is no longer

observable (Figure 5.52 top).
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Figure 5.52: 1H{31P} PHIP NMR spectra for 5.1, PPh; and p-H, in CsDg at 298 K acquired using 8 laser pulses, 0.1
seconds apart with a pump-probe delay of 3 ms. (top) with an OPSY pulse sequence and (bottom) with a zg pulse

sequence.

Despite only being able to observe one of the hydride ligands with the OPSY experiment the
benefits from filtering out the thermal contributions are significant. This experiment was
therefore used to monitor the growth of the signal with increasing pump-probe delays. A
series of experiments were acquired using 4 NMR scans, 1 laser pulse per scan, a 30 second
delay between NMR scans to allow for complete relaxation and an incremented pump-probe
delay from 0.1 to 1.2 seconds. The hydride resonance was integrated and plotted against the
pump-probe delay (Figure 5.53), revealing that there is an initial growth period followed by a
decay. This result reflects the slow addition of p-H, to the metal centre and the subsequent
relaxation of this state and demonstrates that the addition of H, in 5.1 occurs on a slower
timescale than the evolution of the zero quantum coherence. This provides an explanation as
to why no PHIP enhanced spectra were obtained with the shorter pump-probe delays which
relates to the evolution of the former parahydrogen singlet state under the difference in

chemical shifts of the dihydride ligands.
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Figure 5.53: Hydride integral of 5.1 plotted against pump-probe delay using an OPSY pulse sequence, with 4 NMR
scans, 1 laser pulse per NMR scan and a 30 second interscan delay, grey lines denote manual fitting, solid line =
entry 1 and dashed line entry 2.

Further studies were performed on 5.1 using either, 4-tert-butylpyridine or 4-methyl pyridine,
in place of free PPh; which allowed both hydride ligands to be observed with PHIP
enhancements (Figure 5.54). In both cases, the reactivity was observed using 8 NMR scans, a
single laser pulse per NMR scan and a 10 second interscan delay. For the sample containing 4-
tert-butylpyridine the experiments were collected in series starting with a pump-probe delay
of 0.1 s and finishing with a 5 s delay. For the sample containing 4-methylpyridine, the
experiments were acquired randomly in order to reduce any systematic errors to reduce the
error in the measurements. In both samples, the 'H NMR spectra were integrated and these
integrals plotted against the pump-probe delay (Figure 5.55—Figure 5.56). These too show a
growth in signal of 5.1 followed by decay in signal due to the relaxation. The scatter in the
results with randomised data collection is less than when they were acquired sequentially;
however, there is still considerable variation. This is likely to be due to the errors in the

measurement of the integrals owing to poor signal-to-noise due to poor PHIP enhancements.
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Figure 5.54: 1H{31P} PHIP enhanced NMR spectrum of 5.1 following 8 scans with 1 laser pulse per scan witha 0.8 s
pump probe delay.
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Figure 5.55: Integral of 5.1 against pump-probe delay, from sample containing 4-tert-butylpyridine, grey lines
denote manual fitting, solid line = entry 3 and dashed line entry 4.
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Figure 5.56: Integral of 5.1 against pump-probe delay, from sample containing 4-methylpyridine, grey lines denote
manual fitting, solid line = entry 5 and dashed line entry 6.

This process can described as a two-step process where the addition of H, is followed by the
relaxation of the parahydrogen spin state which can modelled by Equation (5.4) where A is the
amplitude, k; the observed rate of addition, k, the relaxation time of the 2/,5, term and c is a

constant.’’” Due to the poorly defined curves and the errors in the measurements, it was not
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possible to fit the data precisely to Equation (5.4),*’ values of k; and k, however were manually
estimated to give the upper and lower bounds of the data. The resulting curves displayed
alongside the experimental data (grey lines) and the associated parameters are summarised in

Table 5.1. These give an estimate of the observed rate constant, k;, of between 0.3 and 0.5 s™".

/H h + p-H, /H T, H
v
—_—
Ru\H —>[Rul—>k1 Ru\H k Ru\|_I

Figure 5.57: Reaction scheme for the reaction between a dihydride species and p-H, with slow addition of H,.
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Table 5.1: Parameters obtained by manual fitting of observations to Equation (5.4) to give the upper and lower
bounds of the observed rate constant, k;.

Entry A ki/st kp/s c
1 57 0.6 1.25 3.24
50 0.35 1 3.24
33 0.5 1.5 1.65
42 0.3 2 1.65
17 0.5 2.1 1.13
20 0.3 2.5 1.13

Uk wWwN

In conclusion, 5.1 undergoes reductive elimination of H, upon irradiation at 355 nm. When
performed under 3 bar of p-H, 5.1 is reformed with spin encoded hydride ligands. This addition
was found to occur on a slower timescale than the evolution of the zero quantum coherence
and therefore the signal was dephased. As a consequence, the evolution of the parahydrogen
singlet state as a function of the difference in chemical shift could not be observed. The

addition of H, to 5.1 was found to occur with a rate on the order of 0.5 s™.

Complex 5.1 was also studied using multiple laser pulses, yielding PHIP enhanced resonances
for [Ru(H),(CO),(Xantphos)] 5.2 and [Ru(H),(CO)(i*-POP-Xantphos)] 5.11 as well as 5.1 (Figure
5.58). After a period of irradiation, the signals associated with 5.11 were visible with a single
NMR scan, a single laser pulse and short pump-probe delay suggesting that the addition of H,

in this complex would occur on a suitable time frame for coherent retention of the
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parahydrogen singlet state. At 600 MHz, the chemical shift difference between the two
hydride ligands of 5.11 is 7780 Hz. Preliminary studies showed PHIP enhanced signals with a
150 us delay and no signal at 300 us in keeping with an oscillation frequency of ~7000 Hz
(Figure 5.59). Unfortunately, 5.11 did not prove to be thermally stable and it did not form in
sufficient concentration for its oscillatory behaviour to be studied reflecting the preference for
PPh; coordination to reform 5.1. In the literature there are stable ruthenium complexes with
xantphos derived POP ligands, that may prove more successful precursors for [Ru(H)(«>-POP-

Xant)] species.
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Figure 5.58: ' PHIP NMR spectrum of 5.1, PPh; and p-H, in C¢Dg at 298K following irradiation with 32 laser pulses
at 355 nm Key: A 5.1, 5.3 @ 511,
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Figure 5.59: "H NMR spectra of 5.11 in C¢Dg at 298 K, with 1 laser pulse, 1 NMR pulse with an incrementing delay
(labelled) between them.
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5.10 Conclusions

The ruthenium dihydride complex [Ru(H),(CO)(PPhs)(Xantphos)] 5.1 was synthesised and
characterised by NMR spectroscopy. Low temperature measurements revealed fluxionality
within the coordinated xantphos backbone which was rationalised by the flipping of the
central ether containing ring on the xantphos ligand. This observation was consistent with the
literature for related systems. Exchange between the two coordination sites of the xantphos
ligand, as well as between the two hydride ligands, was also observed. The exchange process

was attributed to a trigonal twist mechanism.*®’

The photochemical activity of 5.1 was studied initially with ethene where irradiation resulted
in a single product 5.2 which contained only one phosphorus resonance. It was proposed that
this product contained a «*>-POP xantphos ligand in addition to the coordinated ethene. Its
formation demonstrated that both the hydride ligands and the triphenylphosphine ligand may

be lost photochemically.

The loss of both CO and PPh; was also observed when 5.1 was irradiated in the presence of
pyridine derived ligands through formation of the bis-carbonyl product 5.3. The identity of 5.3
was confirmed via the reaction between 5.1 and CO where the tricarbonyl product 5.4 was
also detected. It was proposed that its formation came about through the loss CO from a
second molecule of 5.1. Subsequent reactions between 5.1 and DMSO corroborated this
assumption by the substitution of CO with DMSO in 5.7. Another DMSO containing product
was observed, 5.6, where the substitution of PPh; was observed. This product yielded one
broad hydride resonance at & —10.33 which resolved to be a doublet of doublets of doublets
(Jwe 31.5 and 15.5 Hz, Jy 7.5 Hz) upon cooling to 253 K which allowed this product to be

characterised.

Following on from this study, 5.1 was studied in the presence of triethylsilane. Initial studies
showed the formation of two monohydride species, both of which showed coupling to two
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phosphorus environments, and a broad fluxional species. Low temperature characterisation
was performed revealing the broad resonance as a trihydride species contained two equivalent
hydrides which contain second ordered coupling to phosphorus and a third hydride which only
contained cis couplings to phosphorus. All of the hydrides species were determined to
correspond to the oxidative addition of the H, using T; measurements. It was not possible to
measure the hydride-silyl coupling (Jisi) to determine the whether silane has added oxidatively
to the metal centre. There are no discernible silicon satellites on the hydride resonances which
would suggest that they are contain within the broadness of the peak making it unlikely that
the silane ligand is coordinated as an n*-(Si—H) ligand. Therefore it is likely that the complex is a
novel Ru"“ species. A second set of signals were also observed with low temperature
experiments, since there is only one possible arrangements of the ligands which fits the NMR
characteristics this was postulated to be due to a similar fluxional process as was observed in

5.1. The photochemical reactivity of 5.1 with each of the ligands is summarised in Figure 5.60.

Following this, 5.1 was studied with the N-pyridine, triphenylphosphine or DMSO using
parahydrogen and in-situ photolysis with broadband irradiation. PHIP enhanced hydrides were
observed for 5.1 and 5.3 demonstrating that these species will undergo the reductive
elimination of H, following irradiation with an intermediate which has a singlet electronic
state. A new product was also observed and this was proposed to be due to [Ru(H),(CO)(«>-
POP-Xantphos)] 5.11 based on its observation in the reaction between 5.2 and p-H,. Other
species were detected with weaker signals but only limited information was obtained on them.
One possible explanation is the isomerisation of the ruthenium systems. The experiments with
5.1 and DMSO only revealed PHIP signals for common products and not the DMSO containing
products, 5.6 and 5.7 and was attributed to either the lack of H, exchange in these products or
the preferable loss of DMSO. The observations made during the parahydrogen reactions are

summarised in Figure 5.61.
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The observation in these studies that the xantphos ligand can switch between being a
bidentate and k>-POP pincer type ligand supports observations in the literature that reaction

102

mechanisms proceed via k>-POP xantphos intermediates.'® The loss of the PPh; ligand in

addition to the hydride ligands are consistent with observations seen during thermal reactions

56, 102, 173

of 5.1 and similar products. The thermal reactions proceed at high temperatures,

101, 166

typically between 343-423 K; it would be interesting to investigate whether these
reported reactions can proceed photochemically and therefore at lower temperatures.
Furthermore, if these studies were performed using parahydrogen the detection of reaction
intermediates would be an intereting prospect. Additionally, n the reaction between X and Y,

the formation of 5.1 was identified as the deactivation product it would be interesting to see if

photochemistry could be used to turn 5.1 back into a reactive species.

Finally, time-resolved experiments were performed. The intention was to study the evolution
of the former parahydrogen singlet state as a function of the chemical shift difference
between the two hydride ligands of 5.1. The addition of H, to 5.1 was found to occur on a
slower time scale than would facilitate such studies with an observed rate constant estimated
to between 0.3 and 0.5 s™. This demonstrates that this approach may be used on reactions
which take place on a subsecond timeframe. The use of in-situ photolysis with parahydrogen
provides a clearly defined starting point creating terms which can later be interrogated by a
suitable RF pulse allowing the monitioring of a reaction that takes prior to the NMR
experiment. The synchronicity of the laser and NMR spectrometer allows the advantages of
signal averaging to be used whilst retaining the time resolution between the laser pump and

NMR probe step.

When multiple laser pulse experiments were performed enhanced hydrides corresponding to
5.3 and 5.11 were also observed. The hydride resonances associated with 5.11 were observed

with single laser and NMR pulses with short pump-probe delays (in the order of microseconds)
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and preliminary results were consistent with an oscillation on a timescale of 7000 Hz in
keeping with the chemical shift difference between the two hydride resonances in 5.11. This
complex, however, proved to be thermally unstable which limited these studies. In 2014" it
was first reported that the combination of in-situ photochemistry and parahydrogen allows for
the synchronised addition of p-H, to the ruthenium centre permitting the ZQ, component of
the parahydrogen singlet state to be retained and thus its evolution as a function of the
chemical shift difference to be observed. These preliminary results would suggest that this
observation is possible in other ruthenium systems also. So far, this observation has only been
observed in systems where the addition of H, to the metal centre has occurred on a much
faster timescale than the evolution of the ZQ, component of the singlet state. It is predicted
that that if we were to observed the growth of a dihydride species as well as the oscillation it is
more likely that this will be observed when there is a large chemical shift difference between
the two hydrides and thus the oscillation occurs at a faster rate. The 7000 Hz frequency in 5.11
would fit this bill and therefore other *-POP xantphos containing complexes be interesting

targets for future work.
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Figure 5.60: Summary of the photochemical reactivity of Ru(H),(CO)(PPhs)(Xantphos) 5.1 with C,H,, DMSO,
PhCH,OH, Et5SiH, CO and “py” where py refers to 15N—pyridine, 4-methylpyridine and 4-tert-butylpyridine.
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5.11 Structures and NMR data

»
Figure 5.62: Fully labelled structure of [Ru(H),(CO)(PPhs)(Xantphos)(PPhs)] 5.1.

Table 5.2: NMR Characterisation for [Ru(H),(CO)(P-Ph;)(Xantphos)(PPh;)] 5.1.

6/ppm (multiplicity)  Coupling constant/Hz Assignment Group
'H 7.84 (br) o-HM Xantphos
7.73 (overlap) o-H* Xantphos
7.69 (br) o-H® PPh;
7.35 (t) Jyp, Hyn 8.2 0-H® Xantphos
7.24 (t) Jup, Jun 8.2 o-H Xantphos
7.02 (overlap) p-HA Xantphos
7.01 (overlap) m-H" Xantphos
6.92 (overlap) m & p-H® PPh;
6.89 (overlap) m-H"? Xantphos
6.81 (br) m-H® Xantphos
6.76 (br d) Juy 6.8 p-H Xantphos
6.64 (t) 7.2 m-H Xantphos
1.46 (s, 3H) Me”* Xantphos
1.38 (s, 3H) Me® Xantphos
—8.67* (dddd) Jup 77.1,33.4, 26.6, Juy 7 Ha Ru-H
—6.62* (dddd) Jup 36.6, 29.6, 16.1, Juyy 7 Hg Ru-H
Bc 134.6 o-c* Xantphos
133.9 o-c Xantphos
133.6 o-C% Xantphos
133.4 0-C Xantphos
132.1 o-C° PPh;
128.0 p-C° PPh;
127.2 m-C® PPh;,
3p 58.3 (d, 1P) Jpp 240 Ps PPh,
47.6 (d, 1P) Jpp 240 Pa Xantphos
30.4 (s, 1P) Pc Xantphos

*Couplings measured using g-NMR
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Figure 5.63: Structure of [Ru(C,H,)(CO)(Xantphos)] 5.2.

Table 5.3: NMR Characterisation for [Ru(C,H,)(CO)(Xantphos)] 5.2.

6/ppm (multiplicity, Coupling constant/Hz Assignment Group
integration)

H 8.15 (m, 4H) Jun 7.6 o-H® Xantphos
7.48 (m, 2H) I 7.6 o-H° Xantphos
7.29 (m, 4H) I 7.6 o-H* Xantphos
7.18 (m, 4H) 7.6 m-H® Xantphos
7.09 (m, 2H) Ju 7.6 p-HE Xantphos
6.91 (m, 2H) Jun 7.3 p-H* Xantphos
6.80 (overlap) p-HE Xantphos
6.77 (overlap) Jun 8 m-H" Xantphos
6.73 (overlap) Jun 8 m-H® Xantphos

2.79 (d, 2H) CH, C,H,

1.63 (d, 2H) CH, CH,
1.24 (s, 3H) Mex Xantphos
1.03 (s, 3H) Meg Xantphos
B¢ 133.5 o-C° Xantphos
131.7 o-C° Xantphos
131.6 o-c* Xantphos
128.9 p-C® Xantphos
128.1 m-C° Xantphos
127.6 p-c* Xantphos
125.7 m-C* Xantphos
124.9 m-C* Xantphos
124.8 p-C© Xantphos
31.0 CH,® Xantphos

30.7 CH, CoH,
21.8 CH," Xantphos
3p 51.3 (s, 2P) P Xantphos
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Figure 5.64: Structure of [Ru(H),(CO),(Xantphos)] 5.3.

Table 5.4: NMR Characterisation for [Ru(H),(CO),(Xantphos)] 5.3.

6/ppm (multiplicity) Coupling constant/Hz Assignment Group
H 7.57 (overlap) o-HM Xantphos
7.49 (overlap) o-H* Xantphos
6.76 (overlap) m-H* Xantphos
6.67 (overlap) m-H*?, 0-H®! Xantphos
6.47 (overlap) o-H" Xantphos
—7.51 (ddd) Jup 81.6, 30.5, Jy 6.5 Ha Ru—H
—5.97 (ddd) Jup 26.0, 17.5, )4y 6.5 Hg Ru—H
3p 34.9 (d) Jpp 23.6 Pa Xantphos
24.3 (d) Jpp 23.6 Pg Xantphos
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Figure 5.65: Structure of [Ru(CO);(Xantphos)] 5.4.

Table 5.5: NMR Characterisation for [Ru(CO);(Xantphos)] 5.4.

6/ppm (multiplicity) Coupling constant/Hz Assignment Group
H 7.62 (br) 0-Ha Xantphos
7.08 (d) Jun 7.8 p-Hg Xantphos
6.93 (overlap) m-Hp Xantphos
6.74 (t) Jun 7.5 m-Hg Xantphos
6.64 (t) Jandip 7.8 0-Hg Xantphos
#p 27.8 (s) P Xantphos
PAPh,
0]
ocC H
\ /
/RU\
Pg OCH,Ph
Figure 5.66: Structure of [Ru(H)(OCH,Ph)(CO)(L)(Xantphos)] 5.5.
Table 5.6: NMR Characterisation for [Ru(H)(OCH,Ph)(CO)(L)(Xantphos)] 5.5.
6/ppm (multiplicity) Coupling constant/Hz Assignment Group
H -6.22 (dd) Jup 62.8,27.7 Ru—H Ru—H
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Figure 5.67: Structure of [Ru(H),(CO)(DMSO)(Xantphos)] 5.6.

Table 5.7: NMR Characterisation for [Ru(H),(CO)(DMSO)(Xantphos)] 5.6.

6/ppm (multiplicity) Coupling constant/Hz Assignment Group
H 6.71 (overlap) o-H P* Xantphos
6.39 (overlap) o-H P® Xantphos
1.72 (s) Mex Ru-DMSO
2.52 (s) Meg Ru-DMSO

—8.10 (ddd) Jup 80.9, 30.1, Jiy 7.6 Ha Ru-H

—10.33 (ddd) Jup 31.5,15.5, ),y 7.6 Hg Ru-H
Bc 50.3 Meg Ru-DMSO
55.2 Mea Ru-DMSO
3p 27.1(d) Jep 30 Pa Xantphos
36.4 (d) Jpp 30 Pg Xantphos
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Figure 5.68: Structure of [Ru(H),(DMSO)(PPhs)(Xantphos)] 5.7.

Table 5.8: NMR Characterisation for [Ru(H),(DMSO)(PPhs)(Xantphos)] 5.7.

6/ppm (multiplicity, Coupling constant/Hz Assignment Group
integration)
H 8.00 (overlap) o-H" Pc-Xantphos
7.85 (t, 6H) Jun 8 Jup 9 o-H® PsPh;
7.76 (overlap) o-H" Pa-Xantphos
7.69 (m, 3H) p-H® PsPh;
7.53 (overlap) o-H* Pc-Xantphos
7.10 (overlap) 0-H® Pc-Xantphos
7.06 (overlap) m-H Pc-Xantphos
6.95 (overlap) m-H® PgPh;
6.95 (overlap) o-H* Pa-Xantphos
6.83 (overlap) m-H*? Pa-Xantphos
6.76 (overlap) m-H® Pc-Xantphos
6.64 (t, 2H) 7 m-HA Pa-Xantphos
6.25 (t, 2H) Yo 7 dun 7 o-HM Pa-Xantphos
2.13 (s, 3H) Meg Ru—DMSO
1.20 (s, 3H) Me, Ru-DMSO
-9.90 (dddd, 1H) Jup 71, 38, 26 Jun 7.5 Ha Ru—H
—11.22 (dddd, 1H) Jup 37,31, 17 Juu 7.5 Hs Ru—H
B¢ 50.1 Me, Ru-DMSO
54.6 Meg Ru—-DMSO
134.4 o-C? PgPh;
133.9 p-C® PgPh;
127.3 m-c* Pa-Xantphos
3p 31.3(dd, 1P) Jop 17, 18 Pc Xantphos
43.8 (dd, 1P) Jpp 245, 18 Pa Xantphos
54.7 (dd, 1P) Jpp 245, 17 Pg PPh;
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Figure 5.69: Proposed structure of [Ru(H)(SiEt;)(CO)(Xantphos)] 5.8.

Table 5.9: NMR Characterisation for Ru(H)(SiEt;)(CO)(Xantphos)] 5.8.

OC/I’I, ‘\\\\Si Et3
RUS
o\l H

PPh,

6/ppm (multiplicity) Coupling constant/Hz Assignment Group
'H 8.51 (m) Jun 7.5 o-H® Xantphos
7.95 (m) o-H* Xantphos
7.31 (t) Jundup 7.0 o-H°¢ Xantphos
7.20 (overlap) m-H® Xantphos
7.14 (overlap) m-H* Xantphos
7.07 (overlap) p-H® Xantphos
7.01 (overlap) p-H* Xantphos
-3.09 (t) Jup 23.8 H Ru-H
Bc 134.3 o-C° Xantphos
132.8 o-C* Xantphos
132.2 o-C* Xantphos
3p 57.9 (s) P Xantphos
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Figure 5.70: Structure of [Ru(H)(SiEt3)(CO)(L)(Xantphos)] 5.9.

Table 5.10: NMR Characterisation for [Ru(H)(SiEt3)(CO)(L)(Xantphos)] 5.9.
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_—H
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6/ppm (multiplicity) Coupling constant/Hz Assignment Group

H -8.06 (dd) Jup 56.4, 16 H Ru—H
#p 26.7 (br) Pa Xantphos
27.6 (br) Ps Xantphos

Hg  SiEt,
Hiae 2 Hp
T
/ "
”/,,,/
Ph,P K
Cco
0]
Figure 5.71: Structure of [Ru(H);(SiEt;)(Xantphos)] 5.10.
Table 5.11: NMR Characterisation for [Ru(H);(SiEt;)(Xantphos)] 5.10.
6/ppm (multiplicity, Coupling constant/Hz Assignment Group
integration)

H 6.72 o-H Xantphos
6.67 o-H Xantphos
6.62 o-H Xantphos

—7.30 (t) Jun 6 Hs Ru—H

-9.12 (d) Jun 6 Ha Ru—H
3p 32.5 P Xantphos
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Figure 5.72: Structure of [Ru(H),(CO)(Xantphos)] 5.11.

Table 5.12: NMR Characterisation for [Ru(H),(CO)(Xantphos)] 5.11.

6/ppm (multiplicity) Coupling constant/Hz Assignment Group
H -3.60 (td) U5 2550, 0516 Hg Ru-H
-16.58 (td) JHP 195, JHH 6 HA Ru—H
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6 Synthesis, Characterisation and Photochemistry of
cis-[Ru(H)z(dppp):z] 6.1 with parahydrogen

6.1 Introduction

One of the goals of this research was to study hydrogenation reactions using parahydrogen.
Parahydrogen is a hyperpolarisation source and can create NMR signals much larger than
would be seen with standard NMR methods. In Section 1.2.4.2 the theory of NMR is described
in terms of product operators using thermal equilibrium magnetisation. By using parahydrogen
the starting states in an NMR experiment are different and this means that the starting states
are different to those associated with thermal equilibrium magnetisation. The resulting
observations within an NMR experiment will also be different, therefore it is important to
understand the behaviour of parahydrogen during an NMR experiment in order to interpret
the observations when it is used in hydrogenation reactions There are two scenarios for
parahydrogen addition to a metal complex and these were described. The first occurs when
parahydrogen reacts slowly with a metal complex which results in the decoherence of the ZQ,
term and therefore only the 21,5, term remains.”® After excitation with an RF, pulse, this 21,5,
term gives rise to the terms 1S, and 1,5, which are responsible for the antiphase PHIP NMR

signals that are commonly seen.” %/

Owing to the sin28 relationship associated with the
creation of these terms, they have a maximum intensity when a 45° pulse is used. If a 90°

pulse were used instead, no PHIP enhanced NMR signals would be observed.

A second scenario is seen when the addition of parahydrogen to a metal complex occurs in a
time precise manner and, as such, the decoherence of the ZQ, term is not observed. The use of
in-situ photochemistry has provided a route for rigorous time control in the addition of
parahydrogen to a metal centre and thus provides a route to this second scenario.” This was
recently exemplified for the first time using Ru(H),(CO)(PPhs); and cis-[Ru(H),(dppe),]**

although it had been predicted in the original paper theorising that p-H, could be used a
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hyperpolarisation source.”* Both of these complexes lose H, during the 10 ns laser pulse and
the reactive intermediates re-add H, on a microsecond timescale. When this is performed
under a headspace of p-H,, the resultant hydride ligands retain the spin encoded p-H, spin
state. Once the symmetry of the former parahydrogen singlet state has been broken in the
product, the zero quantum term of the singlet state evolves. There are two mechanisms
through which this can occur. The first is via the introduction of chemical inequivalence (Figure
6.1A) and evolution of the zero quantum terms occurs as a function of the difference in
chemical shift between the two former parahydrogen protons. This process has been
demonstrated using RuH,(CO)(PPhs)s." Initially, the terms which result from the ZQ, and 21,5,
starting states are in balance and thus RF excitation leads to no visible signal. Subsequently,
the evolution of ZQ, changes this situation so that detectable signal results. ZQ, actually
evolves into ZQ, by a cos(Q2—Qs)t relationship and the resulting NMR signal’s amplitude will
therefore oscillate at a frequency of 1-cos(QQ—)s)t, where 1 is the time between the addition
of parahydrogen and the application of the RF pulse. The new ZQ, term also generates
observable magnetisation following excitation. These associated terms are 2/,S, and 2/,S, when
the pulse is applied along x and are maximised with a 90,° RF pulse. Their amplitude oscillates
at a frequency of sin(QQ—Q)t. By incrementing the delay between the laser pump and NMR
probe steps followed by a suitable NMR experiment, PHIP-enhanced hydride resonances with
oscillating signal intensity will result. Using a 90° pulse, the oscillatory behaviour of the ZQ,
component of the singlet state in Ru(H),(CO)(PPh;); was found to fit a sine curve with an
oscillation frequency of 1101 + 3 Hz matching the chemical shift difference of the two hydride

ligands."® A summary of this is detailed below.

e The observable terms that result from 2/,S, and ZQ, cancel one another out at time zero
meaning no signal results; however, following addition to a metal complex ZQ, evolves

into ZQ, at a frequency of (€2—Qs)r.
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e Amplitudes of NMR signals resulting from 21,5, and ZQ, are expected to oscillate at a
frequency of 1-cos(Q—Qs)t and, in 'H NMR-pulse-acquire NMR experiments, signal is
observed with sin20 relationship between signal intensity and the RF pulse angle meaning
signals are maximised with a 45° RF pulse

e Amplitudes of NMR signals resulting from ZQ, term are expected to oscillate with a
sin(QQ—-Qs)t frequency. In a 'H NMR-pulse-acquire NMR experiment there is a sin 6
relationship between signal intensity and RF pulse angle such that 90° RF pulses maximise

signal intensity.

Figure 6.1: Schematic representation of a complex with (A) two chemically inequivalent hydrides and (B) two
chemically equivalent but magnetically inequivalent hydrides.

A related situation is achieved when the two hydride ligands are in magnetically distinct but
chemically equivalent environments (Figure 6.1B) Complexes of the type cis-[Ru(H),(PP),],
where PP refers to a bidentate phosphine, have been demonstrated to undergo fast

%992 3nd therefore are candidates for

photochemical loss and subsequent recoordination of H,
this type of study. The behaviour of cis-[Ru(H),(dppe),] 6.2 was first reported and this work we
extended this study to the dppp analogue cis-[Ru(H),(dppp),] 6.1 (Figure 6.2) where dppp
refers to the bidentate phosphine 1,3-(diphenylphosphino)propane to investigate whether this
phenomenon could be extended to other complexes and to allow add to the understanding of
the theory behind this phenomenon. In these complexes the two hydride ligands are
chemically equivalent and therefore there is no chemical shift difference for them to evolve
under. However, they may evolve under scalar coupling. Multiple quantum coherences cannot
evolve under the coupling between the two spins, however, they may evolve as a function of

other couplings within the spin system. Using cis-[Ru(H),(dppe),] it was demonstrated that the

PHIP-enhanced hydride ligands evolved as a function of the difference in the scalar coupling

286



between the hydride ligands and the phosphorus ligands in the same plane as the hydride
ligands. They were found to oscillate at a rate of 83 £ 5 Hz with a sine function, using a 90°

pulse.15 This relates to Jthrans—JpH . and was consistent with the product operator analysis for

Cl

these reactions; this analysis will be discussed in due course. This work sets out to determine if
this phenomenon is observable with a different chelating phosphine, dppp rather than dppe. If
this is the case, the NMR experiment will be changed in order to examine how this changes the

NMR read out of this evolution.

6.2 Synthesis and NMR characterisation of cis-[Ru(H)2(dppp)z] 6.1

The synthetic approach used to prepare cis-[Ru(H),(dppp),] 6.1 is outlined in Figure 6.2. The
ruthenium cyclooctadiene precursor was synthesised from RuCl;.xH,0 with an isolated yield of

4.3 g, or 80.2 %, based on ruthenium.*”*

The target dihydride complex was then synthesised
from this precursor using a literature procedure.’”® This gave an isolated yield of 0.62 g of cis-

[Ru(H),(dppp).] 6.1, which gives a percent yield of 52.9 % based on ruthenium.

EtOH
RuCl;.xH,0 + COD ———> [RuCl,(COD)],
A 17n
A | PhoP
oh | NaOH
Butan-2-ol PPh,
PPh,
thP\Rlu/H
Ph,p” | H

PPh,
6.1

Figure 6.2: Synthetic route used for the synthesis of cis-[Ru(H),(dppp),] 6.1.

An NMR sample of 6.1 was then prepared in CsDg to allow characterisation. The resulting
3'P{"H} NMR spectrum (Figure 6.4) shows two triplets (Jo» 27 Hz) at & 28.3 and 33.0, consistent

with the literature values for this complex.'’””> 2D 'H-*'P HMQC correlations were used to
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assigned to the two phosphorus environments in 6.1 (Figure 6.3A) as the trans phosphorus-
hydride coupling is much larger than the cis phosphorus-hydride coupling. When a 67 Hz
coupling was used a correlation between the hydride resonance, at & —7.53, and the

phosphorus signal at  28.3 was seen, and thus this can then be assigned as Py (Figure 6.3A).

A B
PAPh, Py

PhZPB l[,,'. | “‘\\\H PM l[".Rl ““\\HA
u u

Ph,p® | Ny P | W,
PAPh, Py

Figure 6.3: (A) Labelling the different phosphorus environments in 6.1 (propyl backbone simplified by curve). (B)
Labelling of the different spins within 6.1.

Vot W s ANV A A AN o fimy AR I A g MRS b,

T T T T T T
33 31 30 29 28 ppm

32
Figure 6.4: 31P{lH} NMR spectrum of 6.1 in C¢Dg at 298 K.

The main resonance of note in the proton spectrum is the hydride resonance at 6 —7.53 (Figure
6.5 top). This is a complicated highly second order signal owing to the magnetic inequivalence
of the two hydride ligands due to their coupling to the phosphine ligands. The hydride forms
an AA’'MM’X, spin system with the phosphorus ligands, using the assignments in Figure 6.3B.
Analysis of the hydride’s NMR signal is therefore highly challenging and is detailed separately

in Section 6.2.1.
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Figure 6.5: Hydride resonance for cis-[Ru(H),(dppp),] 6.1 recorded in C¢Dg at 298 K; (top) fully coupled hydride
resonance, (middle) selective decoupling of the equatorial phosphines (Pg) and (bottom) selective decoupling of the
axial phosphines (P4).

The proton spectrum of the dppp ligand is further complicated by each of the four phenyl rings
being inequivalent, the protons on the propyl bridge being diastereotopic (Figure 6.6) and
finally, by the presence of phosphorus coupling. The dppp ligands therefore were
characterised using "H{*'P} spectra in conjunction with 2D NMR methods and the results of this
analysis can be found in Table 3.2. The coupling between the aromatic protons and the
phosphines could not be measured due to overlap with the proton-proton coupling and not all

of the resonances were full assigned due to overlap in both the proton and carbon spectrum.

3 Pa

P
B\Ru

Figure 6.6: Fragment of 6.1 showing the full dppp ligand.
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6.2.1 Analysis of the hydride AA’MM’X; spin-system

In order to ascertain some of these couplings a series of selective decoupling experiments
were performed to remove the effect of P, and Pg in turn. The decoupling of Py results in a
triplet with a coupling of 20.0 Hz, reflecting the coupling between P, and the hydrides, (Figure
6.5 middle) whilst a second order multiplet results from the decoupling of P, (Figure 6.5
bottom). Using the fully coupled spectrum the coupling constants for the AA’'MM’X, spin

systems were simulated using the manual iteration function within g-NMR.

The coupling constant between P, and the hydride ligand of 20.0 Hz obtained from the
selective decoupling experiments was used as the starting point in the simulation. During the
iteration process, it became apparent that the coupling constant was larger than 20.0 Hz and a
value of 21.6 Hz was obtained indicating that the decoupling experiments were not fully
selective. The reduced coupling is obtained is as a consequence of the P, resonance being
partially irradiated in addition to Py, is this due to the proximity of the two phosphorus
resonances. The results from the simulation are shown in Figure 6.7 and in Table 6.1. The
couplings between the phosphine ligands were also included in the fit. These were Jp 5, 200

Hz, JPAPB 27 Hz and JPBPB, 7 Hz. A pseudo doublet is observed in this hydride, and it is known that

15, 171

this corresponds to the sum of the trans and cis couplings (JHPBtrans+JHPBcis)' This was

measured as being 51.5 Hz which is in good agreement with the value calculated from the
coupling constants determined in g-NMR. Being able to determine the couplings within the
hydride resonance is important, as this will play a role in how the p-H, singlet state evolves

after its addition to the metal centre. It is important to note that cis- JHPB is set as negative in

the simulation; this is not a unique solution. If the sign for each of the couplings were reversed,

the same result would be obtained.
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Figure 6.7: Experimental (top) and simulated (bottom) hydride signal of 6.1 in CgDg at 298 K at 600 MHz.

Table 6.1: Couplings obtained using g-NMR.

Coupled Nuclei  Coupling/Hz

Jun HaHp 6.4

IPgyans  HAPW HaPw 67.0
Jpg e HaPwm Ha P -15.2
ey i HaPy Ha Py 21.6

Using a long-range ‘H-'H COSY experiment, correlations between the hydrides and both the
propyl linker protons in the dppp ligand and the ortho protons on the phenyl ligands were
detected. This demonstrates that the coupling between the hydride ligands and the dppp
ligand expands beyond the central phosphorus and adds an extra level of complexity in the
assignment of all the components of the hydride resonance. These couplings were not

included in the fitting of the hydride resonance.
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Figure 6.8: Long range 'H-"H cosy experiment of 6.1 in CgDg at 298 K.

6.3 Predicted behaviour of the former parahydrogen singlet state

The effect of this magnetic inequivalence on the evolution of the former parahydrogen singlet
state will now be discussed. The four nuclei involved in the effect can be labelled as detailed in
Figure 6.9. The two hydrides are / and S and the two phosphines R and T. The coupling
between | and R is different to the coupling between | and T; likewise, it is different to the
coupling between S and T. The coupling between the hydrides and the axial phosphines
(labelled P, in Figure 6.3A) are the same for both hydrides. This change in labelling reflects

standard NMR practice and nothing more.

Figure 6.9: Structure showing the equatorial spins labelled as / and S for the hydrides and R and T for the
phosphines, backbone and phenyl groups of the phosphine ligands have been omitted.

Since the two hydrides in 6.1 have the same chemical shift there is no chemical shift difference

for the zZQ, spin state to evolve under. While the zero quantum coherences do not evolve
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under the coupling between the two spins (/ and S), they do evolve as a function of the
couplings within the spin system. Owing to the equal coupling between the hydrides and the
axial phosphines, this evolution is limited only to those including R and T spins. The theoretical
evolution of the ZQ, as a function of J;; and Js; was analysed and is outlined below.'® 3% 176
These transformations follow the scheme outlined in Figure 1.13, which shows how the
starting zero quantum terms evolve into terms that also contained the phosphorus spins R and
T. The terms which result from this evolution can be grouped first according to those that
make up ZQ, and ZQ, (see section XX for the definitions of the zero quantum coherences) and
then according to the trigonometric identities described in Section 1.2.4 by Equations (1.12)
and (1.13). The final result is given in Equation (6.1). This procedure can be repeated for the
coupling between the hydrides and the phosphine, R and the resulting analysis demonstrates
that the ZQ terms should evolve as function of the difference in scalar coupling between the
trans phosphorus hydride coupling and the cis phosphorus hydride coupling or JPHtrans_JPHcis'
Note the 2/,S, term does not evolve under scalar coupling and thus remains unchanged during

the delay in question.™ 3> 17

T s s s
itz 218 - + 41,5, T, sin— + 21,8 -
21,8, + 21,5, 2 x xCOSZIITT yOx lenzflTT y yC052]1TT

s
—41,S,T, sin E],TT

T T T T 4
25175z 2L.S, cos =]t cos=JorT + 41,5, T, cos = Jirtsin JsrtT
e 2 2 2 2

s T T s
+41,5,T, sin E],TT cos E]ST‘L' + 21,,S,, sin E],TT sin E]STT

s s jis 4
+2I,S, cos E],TT cos EJSTT — 41,5,T, cos E],TT sin E]STT
3

. n n . n .
—41,5,T, sin E],TT cos EJSTT + 2L,S, sin E],TT sin E]STT

= T _ e (6.1)
ZQy cos > Urir = Jst)T + ZQy T, sin > Uir = Jst)T
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6.4 Testing the prediction

6.4.1 Reaction between cis-[Ru(H)2(dppp)2z] 6.1 and p-H>

The UV-Vis spectrum of 6.1 was recorded in CsD; (Figure 6.10) and an optically dilute sample of
cis-[Ru(H),(dppp),] 6.1 was prepared in C¢Dg in a Young’s tap NMR tube. This was done to
investigate whether 6.1 undergoes the expected behaviour following synchronised addition of
parahydrogen through the application of a 355 nm pulse of light from a Nd:YAG laser as
described in the Experimental Section 8.3.2. When a 3 ms delay was introduced between the
laser pulse and the 90° RF pulse a PHIP enhanced signal was observed at 6 —7.60 consistent
with the formation of 6.1 (Figure 6.11). A 3 ms delay was chosen as this should allow time for
evolution of the ZQ, component into ZQ, which can be observed with a 90° pulse whilst being
a short delay relative to relaxation of the ZQ coherences and therefore this effect should be

minimised.
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N
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Figure 6.10: UV-Vis spectrum of 6.1 in C¢Dg
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Figure 6.11: PHIP enhanced hydride resonance of 6.1 recorded in CzDg at 298 K with a 3 ms delay between the laser
pulse and a single 90° NMR pulse.

Interestingly the profile of the hydride resonance is considerably less complex than the hydride
profile obtained without the use of parahydrogen (Figure 6.5). Now, rather than the
complicated second order splitting pattern, the hydride has the form of an antiphase doublet

of triplets of doublets. The largest doublet coupling is 81.0 Hz and relates to Jow, e

referring to the equatorial phosphine ligands. The triplet (21.7 Hz) reflects the coupling
between the hydrides and the axial phosphines and finally the doublet is the coupling between
the two hydrides (7 Hz). These values are consistent with those obtained using g-NMR. One of
the advantages of using parahydrogen is that it allows the sign of Juy coupling to be
determined. If the antiphase doublet corresponding to J,y is down-up, it signals that the
coupling is negative, or as in the case here the doublet is up-down which denotes a positive
coupling. This information could not be gleaned from the Boltzmann distribution hydride

resonance. Furthermore, by combining the observed coupling for Jthrans and JPHcis from the

hyperpolarised signal and the thermal signal the separate couplings can be solved using

simultaneous equations. This gives values of Jom, . and Jpn, of 66.3 and -14.8 Hz respectively,

consistent with the simulated values.
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6.4.2 Validating the protocol

It has been determined that 6.1 will lose H, photochemically and forms a product which
displays PHIP enhancements. Since we observed signal with a 90° pulse, the reaction must
retain, at least some, coherent behaviour in the xy plane. Before probing this further, it is
important to quantify the reproducibility of the result. In this reaction, parahydrogen is the
limiting reagent; for the PHIP induced signal to yield the same signal strength the
parahydrogen in solution needs to be replenished. It is therefore necessary to see how many
experiments can be performed before the sample needed to be shaken to replenish the
parahydrogen. A series of pump-probe experiments with a delay of 3 ms were performed with
a delay of 30 seconds between each measurement to allow for the complete relaxation of the
product. Each of these spectra were integrated and measured as a percentage of the initial
signal intensity and were then plotted against repeat number (Figure 6.12). This shows that
there is a steady drop in the observed signal with each repeat experiment. In order to monitor
the evolution of these terms a large number of experiments will be required. A balance needs
to be struck between running as many experiments as possible for each shake whilst still
obtaining enhancements comparable to the first experiment of each shake. After five
measurements, the recorded signal intensity is approximately 90% of the first experiment. It
was decided that this was the limit on an acceptable drop in signal intensity; therefore, the
series with incrementing laser-pump, NMR-probe delay will be run in groups of 5 experiments
before the sample is shaken. Subsequent studies showed that shaking the sample results in

signals with comparable enhancements between different shakes.
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Figure 6.12: Signal intensity of 6.1 with each repeat measurement without shaking the sample.

6.4.3 Probing the evolution of ZQ,

A series of experiments were then performed where the pump probe delay was sequentially
increased from 0 s to 0.120 s in 0.001 s increments. Every five experiments the sample was
shaken. These experiments were processed using the command fmc, this removes the phase
encoding to allow for easy integration. The integrals of the hyperpolarised hydride resonances
were plotted against the pump-probe delay (Figure 6.13). An oscillation is clearly visible with a

frequency of 162 Hz. This is approximately double oy en The alternative approach to

integrating antiphase peaks is to integrate each of the components separately and subtract the
negative (grey) components from the positive (green) components (Figure 6.15). When this

approach was used, the resulting oscillation frequency was now 81 Hz (Figure 6.14).

0.3}
0.6/ %*ﬂl a#ﬁ
TR L8
U

0 0.02 0.04 0.06 0.08 0.1 0.12
Laser Delay /s

Integral /farb u.

Figure 6.13: Hydride signal integral of 6.1 versus laser pump-NMR probe delay. Integral measured using magnitude
calculated spectra.

297



15 4

=
o v o
* | !
>
. ®

Integral /108 a.rb u.

'
wl
L

-10 T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12
laser delay /s

Figure 6.14: Hydride signal integral of 6.1 versus laser pump-NMR probe delay. Integral measured by integrating
each of the components of the hydride individually and summing according to Figure 6.15. Grey line represents
fitting in Matlab to Equation (6.2) performed by Meghan Halse.

Figure 6.15: Schematic to demonstrate how the antiphase hydride signal was processed the up (green) components
were added to the down (grey) components.

It has been demonstrated that the former parahydrogen singlet state evolves as a function of

the difference in the scalar coupling between JPHtrans_JPHcis' where P refers to the equatorial

phosphine, Py, from ZQ, to ZQ,. As detailed earlier, there is a cosine relationship in the
contribution from ZQ, and a sine relationship with ZQ,. Furthermore, it was shown that the
21,S, and ZQ, terms evolve into observable magnetisation as a consequence of an RF pulse, 6,
by sin26 whereas ZQ, evolves as a function of sinB. The use of a 90° pulse, therefore, only
interrogates the ZQ, coherence and that the signal intensity can be fitted to the sine curve
described by Equation (6.2). A refers to the amplitude of the signal, dv the oscillation
frequency, T the delay time and the exponential term is to account for the relaxation of the
terms and this is given by T,,q and c is a constant relating to the offset of the signals
amplitude. This was fitted in Matlab, in conjunction with Meghan Halse who developed the
code, (see grey line Figure 6.14) and the values below were obtained. The important
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parameters in this are the oscillation frequency, dv, which was measured as 81.1 + 0.1 Hz, and

the relaxation constant for the ZQ coherences, T,q Which was measured as 84 + 8 ms.

-t 6.2
S = Asin(2mévt)e T2z + ¢ (6.2)

A =(9.5+0.5) x10°
SV =81.1+0.1 Hz
T220=84+8ms
c=(0.7+0.1) x10®

6.4.4 Converting the 1D profile into a 2D map

The series of 1D data sets will now be converted in a 2D map where the second dimension
reveals the ZQ, evolution. A simplistic view of 2D NMR method involves four sequential steps;
preparation, evolution, mixing and detection.' ** '’° The initial preparation step converts the
equilibrium magnetisation into transverse magnetisation by the application of an RF pulse. An
evolution period follows the pulse and during this time the spins precess freely. Further
encoding through additional pulses and evolution prior to data storage follows allowing spins
which interact to be identified. The duration of the evolution period is incremented in a series
of individual experiments to form the 2D map (Figure 6.16). This resembles the process
performed here (Figure 6.16B) where the laser pulse acts as the preparation step. By
combining these data sets into the 2D set and Fourier Transforming them in the second
dimension, cross peaks should result reflecting the frequency of the evolution. The details of
this process are outlined in full in the Experimental Section 8.4.4 and the result of this can be
seen in Figure 6.17, which shows cross peaks at + 81 Hz. Since there is almost no peak at 0 the
difference between the two cross peaks is 162 Hz, it was this frequency which was measured

when the amplitude was calculated in magnitude mode.

90° 90° B ho 90°

FID FID
T g T

299



Figure 6.16: Schematic representations of (A) a simple 2D NMR pulse sequence and (B) the laser initiated pulse
sequence.
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Figure 6.17: Two-dimensional pump-probe NMR spectra of 6.1 where F1 (vertical) dimension relates to the
evolution of scalar coupling during the laser delay, t.

6.5 Removing the thermal background

Whilst the evolutions with the previous experiments were observed using the hyperpolarised
spin state of parahydrogen, weaker thermal magnetisation is also observed. A pulse sequence

k*” that removes this thermal magnetisation, retaining only those

has been developed in Yor
terms, which result from the former singlet state. This approach is referred to as Only
Parahydrogen Spectroscopy (OPSY) and is achieved by applying a double or zero quantum

178 A schematic of

coherence filters, d-OPSY and z-OPSY respectively prior to data collection.
this pulse sequence, with the laser initiation step included, is shown in Figure 6.18. In this

work, only the d-OPSY protocol was used and thus the z-OPSY will not be discussed further.
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Figure 6.18: Schematic representation of the OPSY pulse sequence with laser initiation.

6.5.1 Analytical analysis of observable magnetisation using OPSY NMR

methods

The theory of OPSY has been reported previously’”® but this focussed on the asynchronous
addition of H, to the metal complex resulting in the decoherence of the ZQ, term. The
theoretical description of OPSY will now be described in the situation where the ZQ, term is
coherently retained.™ ** *’® "8 Following the laser initiation step and during the first delay, ,
the ZQ, term evolves into ZQ, as a function of the difference in scalar coupling between the
trans and cis phosphorus-hydride couplings (AJ) in the same manner as already discussed
therefore the analysis will start with this solution. The next step in the pulse sequence is a 90°
pulse applied along x and the results of this are shown below in Equations (6.3)-(6.5). There is a
delay period following this pulse. To see the evolution of the magnetisation during this delay
the 21S, and 21,5, terms need to be described in terms of zero and double quantum
coherences. The equations for DQ, and ZQ, in Section 1.2.4 can be combined to give
expressions which describe 21,5, and 21,5, according to Equations (6.6) and (6.7). These
expressions can then be substituted for 21,5, and 2/,S, in Equations (6.3)-(6.4) to give Equation
(6.8). Since the gradients in this pulse sequence selectively retains the double quantum
coherences, the analysis from here will only focus on the DQ coherences. These evolve during

the delay according to the sum of the couplings XJ or Jo, , Heu  to give Equation (6.9),

following the 90,° pulse the DQ, coherence is converted into observable magnetisation
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(highlighted in green). The observed evolution of magnetisation is therefore predicted to occur

as a function of 1-cos (tAJt) during the laser pump-NMR probe delay.

90°I, 90°S,
21,S, — —> 21,5, (6.3)

90°I, 90°S,
(2LSy + 21,S,) cos(MAJT) —> — (21, S, + 21,S,) cos(nAJt)  (6.4)

90°I, 90°S,
(2LSy + 21,S,) sin(mAJt) — — (21,5, + 21,S,) sin(nAjt)  (6.5)

21,.S, = DQy + ZQ,, (6.6)

21,,S, = DQy — ZQ, (6.7)

21,,S,, + 21,,Sy cos(mAJT) = (DQx — ZQy) + (DQx + ZQy) cos(mAJ7)

=Z7Q,(1+ cos(mAJt)) — DQ, (1 — cos(mAJT)) (6.8)
E]ITTIZE]ITTSZ
—DQ, (1 — cos(mAJ1)) CHEEN SN

—DQ,(1 — cos(mAJ1)) cos(nZ]T) — DQ, (1 — cos(mAJ1)) sin(mZ/7) (6.9)

= —(2L:Sy — 21,,5,))(1 — cos(mA]1)) cos(mZ]t) — (2L.S, + 21,5,)(1

— cos(mAJ1)) sin(nZ] )

—(21,S, — 21,5,)(1 — cos(mAJ1)) cos(mE]T)
90°ly 905y (6.10)

—(21,8, + 21,,5,)(1 — cos(wAJ7)) sin(mZ/7)

6.5.2 Testing the hypothesised evolution

In order to investigate the behaviour in an OPSY experiment an optically dilute sample of cis-
[Ru(H),(dppp).] 6.1 was prepared in C¢Dgs and pressurised with 3 bar of p-H,. An OPSY based

experiment was first recorded with a pump-probe delay of 6 ms and the resulting "H NMR
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spectrum is shown in Figure 6.19. The only signal in the spectrum is the PHIP enhanced

dihydride resonance confirming that removal of the thermal background is possible.
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Figure 6.19: 'H OPSY NMR spectrum of 6.1 in CzDg at 298 K with a pump-probe delay of 6 ms.

A series of experiments were then recorded where the laser pump-probe delay was
incremented from 0.0005 s to 0.1360 s in 0.0005 s steps. This time, ten experiments were
possible between shaking the sample. This reflects subtle differences between samples such as
concentration of 6.1 as well as the pressure and percentage of p-H,.The first two experiments
in each batch of 10 were repeats of the last two experiments from the previous batch to check
that the results were reproducible. The series of experiments were performed over several
days and the headspace of p-H, was periodically replaced with fresh p-H, because of the
number of experiments that were acquired. Between each experiment, there was 30 second
delay to ensure complete relaxation prior to the next measurement. System checks were also
required after each shake and therefore the time associated with each measurement is not

adequately represented by time of the NMR experiment alone. Periodically, fresh
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parahydrogen was also required and the time constraints associated with this limited the
number of parahydrogen refills which could be performed on one day. This introduces
variability in the measurements, which relate to the exact alignment of the laser, the shimming
of the sample and the signal enhancement from the parahydrogen. The effect of these factors
was considered using control experiments acquired at the start of each session with a set
pump-probe delay. The measurements were then normalised against these control
experiments and it is these values which were plotted against the pump-probe delay (Figure
6.20).
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Figure 6.20: Hydride signal integral of 6.1 versus laser pump-NMR probe delay using an OPSY pulse sequence. Grey
line represents fitting in Matlab to Equation (6.11) performed by Meghan Halse.

Figure 6.20 shows that the observed signal oscillates as the pump-probe delay is increased.
This oscillation fits to a decaying 1—cosine curve, Equation (6.11), as predicted by the analytical
analysis of the OPSY pulse sequence in Section 6.5.1 and shown in Figure 6.20 as the grey line.
The two components of the cosine curve have different relaxation terms; T 5,5, that relates to
the 21,5, component and T, that relates to the zero quantum coherence. The value of Ty, is
longer than that of T,;q 325 = 43 ms compared to 83 £ 6 ms since the 2/,5, term does not
evolve during the delay period like the ZQ, term does. This evolution provides a route to
relaxation and hence why the 2/,S, component has a longer relaxation time than the ZQ,. The
frequency of the oscillations was measured as 81.5 + 0.1 Hz consistent with the difference in

trans and cis phosphorus-hydride couplings as predicted by the theory.
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¢ ot (6.11)
S = A(e Tizizsz — cos(2mdv)e T220) + ¢

A=111+0.04

0v=81.5+0.1Hz

T1,2|ZSZ =325+43 ms

Tz,zq =83+6ms

c=0.10£0.05
As with the previous study, the series of 1D data sets can be converted into a 2D map showing
the evolution of the 2/,S, and ZQ, components in the second dimension and is shown in Figure
6.21. Unlike the 2D map from the 90° 'H experiment, in addition to the cross peaks at + 81 Hz

there is a peak at zero which reflects the fact that the 21,5, term does not evolve during the

experiments.
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Figure 6.21: 2D NMR spectrum of 6.1, which shows the observed evolution of 6.1 during the OPSY experiment in
the F1 dimension.

6.6 45° pulse

The experiments so far have interrogated either the ZQ, or ZQ, terms separately. A simple 45°

pulse allows the simultaneous observation of signals derived from both components at the
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same time. To understand how the detected response can be analysed to tease out these

separate evolutions, the concept of phase needs to be introduced.

The Fourier transformation of a free induction decay (FID) in NMR creates the spectrum. The
resulting spectrum has a real and imaginary component with the real being absorptive (Figure
6.22A) and associated with the trace we analyse, whilst the imaginary part is dispersive (Figure
6.22B) in character and often overlooked. However, in most NMR spectra (Figure 6.22C), the
idea of phase is known through the introduction of a phase correction which acts to separate
out these two components. Mathematically, the signal is described by the expression in
Equation (6.12) prior to the FID and Equation (6.13) afterwards, where Aw refers to the
frequency offset of the resonance whilst A and D refer to absorptive and dispersive functions

respectively.’®

)
e #Jyf—

Figure 6.22: Schematic representation of a (A) Real signal, (B) Imaginary signal and (C) a signal with components of

both.
S(t) = cos(2t) + i sin(0Nt) (6.12)
S(w) = A(Aw) — i D(Aw) (6.13)

The real and the absorptive components are 90° out of phase relative to one another. If we
consider the I, term, it is 90° out of phase with respect to the /, term. Therefore the real
spectrum would reflect /, terms and the imaginary the /,, or vice versa. When we now examine
the effect of a 45° pulse on our PHIP enhanced hydride, we expect the pulse to create 21,5, and

21,5, terms from 21,5, and ZQ, and 21,5, and 21,S, from zQ,">** "% 7
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In order to illustrate this a sample of 6.1 was prepared in CsD¢, degassed and backfilled with 3
bar of p-H, and an experiment with a 45° pulse after a 0.0045 s pump-probe delay was
acquired. The resulting hydride resonance was phased to give the real (A) and imaginary (B)
components of the hydride of 6.1 as shown in Figure 6.23. The different behaviour in these
components is seen through the change in appearance across the multiplet. In the real
component both halves of the large doublet have the same orientation whereas in the

imaginary part the two halves have the opposite orientation to one another.

T T T T T T T T T T
-7.4-7.5-7.6 ppm -7.4-7.5-7.6 ppm

Figure 6.23: PHIP enhanced hydride spectrum for 6.1 in C¢Dg at 298 K using a 45° pulse and a 4.5 ms pump probe
delay; (A) shows the real component of the spectrum and (B) the imaginary.

A series of experiments with pump probe delays spanning from 0.0005 s to 0.1765 s, these
were acquired over three days and appropriate controls were performed to allow for
comparison and normalisation. These experiments were performed in groups of ten using the
same approach as described in Section 6.5.2. To tease out the information from both the real
and imaginary components of the spectrum each experiment was processed twice. First the
real component (ZQ,) was analysed. Each component of the multiplet was integrated
separately and summed according to the schematic in Figure 6.24A. The phase was changed by
90° and the process repeated for the imaginary (ZQ,) component of the spectrum (Figure
6.24B). The result of this analysis then plotted against the pump-probe delay and the expected

behaviour observed (Figure 6.25 and Figure 6.26).
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Figure 6.24: Schematic of the hydride resonance to show how the individual components get combined in the (A)
real component and (B) the imaginary component of the spectrum. The green peaks are subtracted from grey.
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Figure 6.25: Time evolution of the 6.1 hydride resonance as a function of the pump-probe delay. Integrated

according to Figure 6.24A to give the evolution of 2/,S, and ZQ,. Grey line shows fitting in Origin to Equation (6.14).
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S = A(e T121282 — cos(2mbv)e TZZQ) +c

A=159+04

0L =82.2+0.1Hz
T125, =351+ 25 ms
T220=75x3 ms
c=-14+04
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Figure 6.26: Time evolution of the 6.1 hydride resonance as a function of the pump-probe delay. Integrated
according to Figure 6.24B to give the evolution of ZQ, Grey line shows fitting in Origin to Equation (6.15).

e 6.15
S = Asin(2ndvt)e T22Q + ¢ ( )

A=9.7+0.1

ov=81.5+0.1Hz

Ty20=80+x2ms

¢ =0.0038+0.0252
The oscillations in Figure 6.25 and Figure 6.26 were fitted to decaying cosine and sine curves
respectively in Origin using Equations (6.14) and (6.15). The associated parameters extracted
from the fitting are listed below the equations. The oscillation frequency matches the
difference in the trans and cis phosphine-hydride coupling. The exponential decay component
relates to relaxation. The relaxation of the zero quantum coherence was determined to be 75
+ 3 ms in the real component and 80 = 2 ms in the imaginary and therefore is consistent with
the values determined in the 90° pulse and OPSY studies. Likewise, a relaxation time of 351 +
25 ms was obtained for the 21,5, term in agreement with the earlier value. | have therefore
illustrated three separate methods to observe the evolution of the former parahydrogen
singlet state using PHIP enhanced ‘H NMR spectra of 6.1. These studies have yielded the same

physical parameters and hence it can be concluded that we can be confident that the method

of analysis is correct.
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6.7 31P{1H} NMR hyperpolarisation as a function of time

6.7.1 cis-[Ru(H)2(dppp)z] 6.1

All of the experiments so far have focussed on the detection of a hydride resonance. In 6.1 the
axial phosphines are chemically and magnetically equivalent but the equatorial phosphines,
like the hydride ligands, are in chemically equivalent but magnetically inequivalent
environments. The transfer of the parahydrogen polarisation from the hydride ligands to the
equatorial *'P nuclei should therefore be possible.”> These signals are predicted to oscillate

according to the difference in scalar coupling also.

The phosphorus nuclei couple to the pendent phenyl groups and the propyl backbone of the
dppp ligand in addition to the coupling to the hydride ligands. The evolution under this
coupling would complicate the evolution however, it can be removed through the selective
decoupling the aromatic and alkyl regions of the proton spectrum whilst retaining the coupling
due to the hydride resonances. This was achieved by using the waltz64 decoupler sequence
centred at § 5 in the 'H spectrum and appears to have simplified the spectrum. The axial
phosphine resonance now resembles a quintet-type multiplet due to coupling to both
equatorial phosphines (Jpp 27 Hz) and both hydride ligands (Jpy 21.7 Hz). The equatorial
phosphine resonance now displays second order characteristics similar to that of the hydride
resonance (Figure 6.27). Having begun to optimise the decoupling using the thermal spectrum
the settings were then used to record a hyperpolarised *'P{*H}, experiment. In the 'H NMR
spectrum the coupling network is more clearly defined in the hyperpolarised signal compared
to the thermal as different states get populated. It is anticipated that couplings in the
hyperpolarised *'P spectrum would also be more clearly defined and this would aid in
optimising the selective decoupling of the hydride resonances. Unfortunately, the resulting
spectrum shows very poor enhancements even with a pump-probe delay consistent with an

oscillation maximum limiting its use in the optimisation of the decoupling. Furthermore, this
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would also inhibit the observation of the evolution of the former parahydrogen singlet state

due to poor signal-to-noise.

T T T T T T
33.5 33.0 Pprm 28.5 28.0 ppm

Figure 6.27: >'P{"H}.., of 6.1 in C¢D; at 298 K.

6.7.2 cis-[Ru(H)z(dppe)z] 6.2

A similar complex, cis-[Ru(H),(dppe),] 6.2, where dppe refers to
bis(diphenylphosphino)ethane, is used in the alignment of the laser and has previously been
studied by the methods described in this Chapter." The hydride in this complex resonates at &
—8.6; it was also hoped that this 1 ppm shift in the hydride resonance would improve the
selectivity of the decoupling. The optimum decoupling parameters for this complex were
achieved using the waltz64 decoupling sequence centred at 6 4 (Figure 6.28 top). A PHIP
enhanced spectrum was also obtained with these parameters (Figure 6.28 bottom). The profile
is now similar to the PHIP enhanced hydride. The laser pump-probe delay was then
incremented to follow the oscillation of the zero quantum coherences. These were combined
into a 2D spectrum (Figure 6.29) which shows two cross peaks at + 83.9 Hz consistent with the

difference in the scalar coupling in this complex.™
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Figure 6.28: 31P{lH}5e| of 6.2 in CgDg at 298 K (top) thermal spectrum (bottom) hyperpolarised.
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Figure 6.29: 2D map showing the evolution of the parahydrogen singlet state in the equatorial phosphine signal.

6.8 Conclusion

In this Chapter cis-[Ru(H),(dppp),] 6.1 was synthesised using the literature procedure.

The two hydride

ligands are chemically equivalent but magnetically

174, 175

inequivalent.

Consequently, when 6.1 is formed with parahydrogen as the source of the hydride ligands, the

symmetry of the former parahydrogen singlet state is broken and this can unlock the potential

signal enhancements.
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The use of in-situ photochemistry with NMR detection has allowed parahydrogen to add to
suitable organometallic precursors in a time precise and synchronous fashion allowing for the
retention and subsequent evolution of the zero quantum coherence of the parahydrogen
singlet state. Suitable systems have a photolabile ligand which is lost during the laser pulse,
react with dihydrogen on a time scale faster than the decoherence of the zero quantum
component of the former parahydrogen singlet state and, in the dihydride product, contain
the former parahydrogen protons in chemical and/or magnetically distinct environments. It
was proposed that 6.1 would be a suitable complex based on its similarities to cis-
[Ru(H),(dppe).] which has already been successfully studied using this approach. Using a
modified NMR pulse sequence to allow for the pulsing of the laser and a 90° 'H NMR pulse it
was demonstrated that 6.1 is suitable for these studies since the 90° pulse interrogates solely

the ZQ, component of the singlet state. This is only possible if decoherence has not occurred.

Having ascertained that 6.1 was suitable it was next studied with three different '"H NMR
experiments using a 90° pulse, an OPSY pulse sequence and finally a 45° pulse. How the
former singlet state is expect to evolve under the respective pulse sequences was analysed
and revealed that each of the terms was expected to evolve based on the difference in the

scalar coupling between the equatorial phosphines trans and cis to the hydride ligands, Jp;, -

trans
Jon, - The 90° pulse was expected to reveal the evolution of the ZQ, component based on a
sine function. Whilst the OPSY pulse sequence should interrogate a combination of the
longitudinal two spin order term, 21,5, and ZQ, based on a 1—cosine function. The 45° pulse
NMR experiment however was expected to give all of these terms in one experiment with the

21,5, and ZQ, component in the real spectrum and ZQ, in the imaginary spectrum.

Each experiment was analysed in turn, revealing oscillating signals which matched the
theoretical predictions. These were then fitted to appropriate decaying sine and 1—cosine

curves. The results of this are summarised in Table 6.3. An oscillation frequency of
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approximately 81 Hz was observed in each case and the relaxation of each of the components
were measured as 80.5 + 6 ms for the zero quantum coherence terms and 338 + 37 ms for the
21,S, components. The 21,5, has a longer relaxation time as it does not evolve under scalar

coupling.

Table 6.2: Summary of oscillatory behaviour of 6.1 with different pulse sequences.

Entry  Expt Term(s) Frequency, 80 /Hz Tyq /ms  Tys, /Ms

1 90° ZQ, 81.1+0.1 84+8
2 OPSY 21,5, ZQ, 81.5+0.1 83+6 325+43
3 45° 21,5, 2Q, 82.2+0.1 75+3 351+25
4 45° 2Q, 81.5+0.1 80+2

The hydride resonance in 6.1 is highly second ordered which means its couplings could not be
readily measured from its "H NMR spectrum. The coupling constants were simulated in g-NMR
and were summarised in Table 6.1 and the difference in scalar couplings was predicted to be
82.2 Hz. The hyperpolarised hydride resonance is considerably simpler than the corresponding
thermal spectrum and now resembles a doublet of triplets of doublets. The largest doublet

corresponds to Jey, _ —Jpn_ (81.0 Hz), whilst the triplet is as a result of the coupling to the axial

phosphine ligands and the smaller doublet is the hydride-hydride coupling. Although many of
the couplings could not be measured from the thermal spectrum, it does contain a doublet

splitting due to Jpy, +Jpy . Which was measured as 51.5 Hz. By combining these two terms the
trans CIs

specific values for the trans and cis components were measured to be 66.3 and -14.8 Hz

respectively.

The transfer of polarisation onto the *'P nuclei of the dppp ligands in the equatorial position
was investigated next using selective decoupling experiments so that only the coupling
between the phosphines and hydrides were retained. This was first performed on the thermal
spectrum, but unfortunately the enhancements observed in the hyperpolarised *'P spectrum
were poor, which meant that this complex was unsuitable for this study as there was

inadequate signal detected. An analogous complex cis-[Ru(dppe),H,] 6.2 was used instead. As
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well as offering larger enhancements than 6.1, the chemical shift of the hydride ligands is at o
—8.60 which gives a greater chemical shift difference between the hydrides and the alkyl
protons of the dppe ligand which can aid the selective decoupling experiments. The evolution

of the former parahydrogen singlet state was observed at 83.9 Hz consistent with Jem,,, en

for this complex.

In conclusion, in this work | have validated the theory behind the evolution of the ZQ,
component of p-H, in a second chemically equivalent but magnetically inequivalent system.
These studies were extended to include using OPSY measurements to observe the evolution
with the thermal components of the spectrum removed and also to observe the transfer of

polarisation on to the equatorial *'P atoms where the singlet state also evolves according to

Jpty,n~IPHG. One of the goals of this research has been to use parahydrogen to study rates of
reactions, whilst the addition of parahydrogen to 6.1 and 6.2 occur on a faster timescale than
can be studied using this method, an understanding of how the former singlet state evolves
following synchronised addition to a metal complex will be crucial in moving towards time-

resolved measurements.
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6.9 NMR data
Table 6.3: NMR Characterisation of cis-[Ru(H),(dppp),] 6.1.

6/ppm (multiplicity) Coupling constant/Hz  Assignment  Group

'H  8.26(m) 7,4 Ho Pa-(CeHs)a1
7.16 (dd) Jun 8,7 Hn Pa-(CsHs)a1
7.06 (overlap) H, Pa-(CeHs)a1
8.01 (m) 7,4 Ho Pa-(CeHs)az
6.81 (t) Jin 7 i Pa-(CeHs)az
6.76 (d) Jan 7 Hp Pa-(CeHs)az
7.91 (1) Jin 8, 8 Ho Pg-(CeHs)a1
6.93 (t) hn7,7 Hm Pe-(CeHs)s1
6.97 (d) Juu 7 Hp Pg-(CsHs)s1
7.15 (overlap) Jyy 13.5, 6.5 Ho Pg-(CsHs)s2
7.20 (overlap)* Jun 3 Hem Pe-(CeHs)s2
7.20 (overlap)* Ho Pe-(CeHs)s2
2.54 (dt) Juw 12 'CH, Pa-(CH;)s-Ps
1.22 (brt) Jun 12.0,6 'CH, Pa-(CH;)5-Ps
1.64 (m) v 1208 ’CH, Pa-(CH;)s-Pg
1.47 (q) ’CH, Pa-(CH;)s-Psg
2.05 (dd) °CH, Pa-(CH;)s-Psg
1.98 (t) *CH, Pa-(CH;)s-Psg
~7.60 (m) Ru-H Ru-(H),

Bc 1328 Co Pa~(CeHs)as
128.5 Cm Pa-(CsHs)a
128 (overlap) Co Pa-(CeHs)a1
133.9 G Pa-(CeHs)az
128.0 Cm Pa-(CsHs)az
129.0 Co Pa-(CeHs)az
136.3 Co Pg-(CsHs)s1
127.8 Cm Pg-(CeHs)s1
127.1 Cp Pg-(CeHs)s1
132.6 Co Pg-(CeHs)s2
128 (overlap)* Cm Pg-(CeHs)s2
128 (overlap)* Co Pg-(CsHs)s2
25.6 'CH, Pa-(CH,)3-Pg
20.5 ’CH, Pa-(CH,)3-Pg
33.0 °CH, Pa-(CH,)s-Pg

p 330 (t) Jpp27.0 Pa dppp
28.3 (t) Jpp 27.0 Ps dppp

Note: the coupling of the aromatic protons was obtained from *H{*'P} spectra due and hence

Jou couplings were not measured; *Due to overlap in both 'H and *C dimensions these

resonances could not be assigned fully
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7 Conclusions and Future Work

7.1 Half sandwich rhodium complexes

The photochemistry of a series half sandwich rhodium alkene complexes was studied in this
thesis. Four complexes were synthesised for this purposed. The reactivity of 2.1, 2.2 and 2.3
towards triethylsilane and trimethylvinylsilane was studied. These studies revealed a
difference in activity between the two n>-(alkene) containing complexes and the n*-(COD)
variant 2.3. The reactivity of 2.3 was limited to the loss of both alkene groups of the COD
ligand forming 2.1A and B when reacted with trimethylvinylsilane and 2.6 when reacted with
triethylsilane. The stepwise loss of the COE ligands was observed with 2.2 and hence in these
reactions the monosubstitution products could be characterised. The reaction of 2.1 and 2.2
with DMSO only led to monosubstitution products, with the DMSO ligand coordinated through
sulfur. No reactivity was observed between 2.3 and DMSO. This supports the assumption that
CpRh(DMSO), does not form. The reactivity of 2.1 and 2.2 was consistent with the reported
chemistry of similar systems. This is particularly interesting for 2.2 owing to its similarities to
the analogous ethene complex whilst the the synthetic preparation of the bis-COE dimer is
simpler than the bis-ethene dimer and in the half sandwich complex the alkene ligands are not

susceptible to being lost when vacuum is applied.

Further reactions were performed between 2.1 and 2.2 and phenyl methyl sulfoxide. This
asymmetric sulfoxide gave rise to two products with 2.1 as the starting complex which were
characterised as diastereomers owing to the chirality of the metal centre and the sulfoxide.
Only a single product was formed with 2.2 as the precursor, owing to the symmetry of the
alkene. Competition studies performed between 2.1 and DMSO, PhSOMe and
trimethylvinylsilane revealed that the product containing DMSO is most favoured and PhSOMe
products are the least favoured demonstrating that the choice of sulfoxide can influence the

product distribution which could allow for reactivity to be tuned.
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In these studies 2.1 and 2.4 were determined to be suitable precursors for the time-resolved
studies with parahydrogen. These complexes provide two different routes, DMSO or
vinylsilane loss, to the same reactive intermediate that is known to form the dihydride 3.1.”
Both complexes were found to capable of forming 3.1 with PHIP enhanced hydride signals
being detected following in-situ irradiation with 355 nm light. The enhancements from 2.4,
however, were poorer than those from 2.1. Further studies, therefore, were only performed
using 2.1 as the precursor. Variable temperature measurements revealed a temperature
dependence in the hydride chemical shifts. This was attributed to a process wherein the two
hydride environments exchange sites. The signals associated with 3.1 could only observed with
multiple laser pulses which limited the time-resolution of these measurements. Nevertheless,
studies where the time from the last laser pulse and the NMR experiment was incremented
were undertaken. From these studies, it can be concluded that the dihydride complex forms
on timescales of the order of 50 ms. The 21,5, spin state of the parahydrogen derived protons
was found to have a lifetime of 1-2 seconds. This shows that the technique can be used to

measure the rates of reactions on a much quicker timescale than standard NMR methods.

A third rhodium half sandwich complex, 3.2, was studied with H,, this complex is known to lose
its coordinated alkene under irradiation and has previously been demonstrated to form a
dihydride complex when heated with NaBH, in toluene/ethanol.® The intention in this work
was to determine if the dihydride could form photochemically through the reaction of 3.2 with
H,, and if this process could be studied with parahydrogen. Reactions of 3.2 and H, did indeed
result in the formation of the expected dihydride (3.3) and a second product proposed to have
a dinuclear-hydride-bridged structure. The dihydride, 3.3, did not give rise to PHIP enhanced
hydrides; possible explanations for this included the absence of proton-proton couplings in the
'H NMR spectrum and the exchange of the hydride resonances via a dihydrogen complex.
Investigations into these possible explanations ruled out both them as the hydride-hydride

coupling was demonstrating using COSY measurements and estimated to be ~2 Hz. Simulations
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using g-NMR suggested that with this coupling PHIP enhanced signals should still be visible.
The hydride resonances were found to have T;’s of ~0.6 s in keeping with a dihydride species
and therefore should not quench the enhancements. The lifetime of the initial dihydrogen

complex as part of the oxidation product was postulated as reason for the lack of PHIP.

7.2 Ruthenium dihydride complexes

The photoactivity of ruthenium dihydride complexes is well known and it is proposed that
these might provide an alternative group of complexes suitable for time-resolved NMR
measurements with parahydrogen. Literature searches revealed that only the thermal activity
of Ru(H),(CO)(PPhs)(Xantphos) 5.1 had been studied previously. Similar ruthenium dihydride
complexes have been found to be photochemically active. To determine whether this was also
the case for 5.1, it was irradiated in the presence of ethene, CO, benzyl alcohol, DMSO and
triethylsilane. This revealed that the hydride, PPh; and CO ligands were all photolabile and
some products were formed by the loss of more than one of these ligands. A change in
coordination mode of the xantphos ligand from «’-PP to «*-POP motif was also observed in
5.2, 5.8 and 5.11. These results demonstrate the extensive and varied photochemical
properties of 5.1 which are dependent on the choice of free ligand, this 5.1 has suitable
reactivity and thereby making it a promising candidate for time-resolved measurements using

parahydrogen.

It has recently been demonstrated that in-situ photolysis provides a route for the coherent
retention of the zero quantum component of the parahydrogen singlet state in the dihydride
product. This zero quantum component then evolves according to the chemical shift difference
of the parahydrogen protons and/or the differences in their scalar coupling which could be
observed using appropriate NMR experiments. Two ruthenium dihydride complexes were

studied; 5.1 and cis-[Ru(H),(dppp),] 6.1. 5.1 contains two chemically and magnetically
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inequivalent hydride ligands and 6.1 contains two chemically equivalent but magnetically
inequivalent hydride ligands. It was expected that the 355 nm laser pulse would result in the
reductive elimination of H, and that a molecule of p-H, would add in its place. It was expected
that by incrementing the time between this addition and the NMR experiment a signal

oscillating at the difference in chemical shift or scalar coupling would result.

The addition of p-H, to 5.1 was found to occur on a timescale that evolution of the zero
guantum coherence and therefore the dephasing of this term is seen. It was possible,
however, to see the growth in the enhanced signals associated with 5.1 in a time-resolved
manner. Whilst these measurements were hampered by poor signal-to-noise, despite the use
of parahydrogen, it was possible to conclude that the addition of H, occurs on a timescale of
the order of 0.5 s™. 6.1 however, was found to be suitable and a PHIP enhanced signal
oscillating at a frequency of 81 Hz was observed, consistent with the difference in the trans
and cis couplings between the hydrides and the equatorial phosphines. By changing the
specifics of the NMR experiment the different components of the singlet state could be probed
either individually or in combination. The 21,S, term was found to relax with a T; of ~300 ms

and the ZQ terms with a T; of 80 ms.

In conclusion, a wealth of varying photochemical activity has been observed with rhodium half
sandwich and ruthenium dihydride complexes. The reactivity of 5.1 proved highly varied
making it a promising candidate for further photochemical studies. A number of complexes
with photolabile alkenes, DMSO and hydride ligands have been demonstrated to be suitable
precursors for reactions with parahydrogen. The addition of parahydrogen to appropriate
reaction intermediates has been demonstrated to occur, on varying timescales, from very
short, in the case of 6.1, to longer timescales on the order of 50 ms in 3.1 and 0.5 s in 5.1. In
the very short case, this allowed the coherent retention of the zero quantum coherence

originating from the parahydrogen singlet state.
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7.3 Future work

e The primary goal in this research was to develop a time-resolved NMR method that could
be used to follow the evolution of a chemical reaction on a faster timescale than is
currently possible. This would benefit from the wealth of structural information that NMR
can give in comparison to other analytical methods. This goal still stands and the future
work focuses on routes towards this goal.

e One of the requirements of this time-resolved approach is the presence of a photolabile
ligand. In this research, the photolability of DMSO was highlighted and it would be
interesting to investigate the scope of this photoactivity across a range of different
complexes and sulfoxide ligands in the future.

e Following from the observation that COE is photolabile in 2.2 it would be interesting to
investigate how its reactivity compares to ethene in complexes of the type
CpRh(L)(alkene), where L is a phosphine. Previous studies have suggested that CpRhL can
activate C—H bonds where the iridium analogue forms a vinyl hydride from the ethene
ligand. It would be interesting to study the relative stability and quantum yields between
ethene and COE complexes and also extend these studies to compare the activity of
rhodium and iridium.

e The study into the reactivity of half sandwich rhodium complexes revealed limited activity
with parahydrogen. One fo the explanations for this was the difference in the
photoactivity between the Rh' starting material and the Rh" product. It would be
interesting to investigate whether using a dihydride as the starting material gives a more
promising result as this would allow the sample conditions to be optimised for the species
to be followed making it more likely that the rate of its formation can be monitored.

e The observation that in-situ NMR methods can be used to observe the evolution of the
parahydrogen singlet state is fascinating and extending these studies further is a future
aim. 5.1 looked to be a promising candidate for these studies as hyperpolarised signals

321



322

were observed with a single laser pulse and single NMR scans. The downside to this
complex was that 5.11 was not particularly stable. There are many ruthenium complexes
contained POP-Xantphos ligands that would be interesting to study using this approach.
Furthermore, the advantage of the xantphos ligand is its chelating behaviour, other
similar multichelating lignads would also be of interest, for example Si-O-P-Xantphos
derived ligand."”®

The complexes which undergo the above behaviour so far have been predominantly
ruthenium dihydride systems. It would be interesting to extend these studies to metals
beyond ruthenium. Requirements for these complexes are: they are photoactive at 355
nm, contain a photolabile ligand with limited thermal activity, have a singlet electronic
structure and form a dihydride complex, rather than a dihydrogen complex, following the
reaction with parahydrogen.

The photochemistry of 5.1 was found to be extensively varied. It would be interesting to
see if this diverse behaviour is observed with other ruthenium xantphos complexes and to
look at a wider variety of substrates with these complexes.

It would also be interesting to investigate whether some of the thermal reactions
performed using 5.1 could be replicated with light rather than the high temperatures
currently required and whether the use of parahydrogen could provide further insights
into the reaction mechanisms.

It has been reported that in some systems the formation of Ru(H),(Xantphos) complexes

166,180 1+ would be interesting to see whether the use of light to induce

inhibits reactivity.
the reductive elimination of the hydride ligands would limit this deactivation pathway

and/or whether using photochemistry the dihydride complex could become active. One

example of this is seen in the amination of alcohols.



8 Experimental

8.1 General experimental

8.1.1 Solvent and reagents

All operations were performed under a N, atmosphere using standard Schlenk and vacuum

lines and glove boxes under an inert atmosphere.

Deuterated solvents (C¢Dg, ds-toluene and di,-cyclohexane) were dried by stirring over sodium

and distilled under high vacuum into small ampoules stored under N, in a glove box.

Analytical/reagent grade solvents (butan-2-ol, dichloromethane (DCM), diethyl ether, ethanol,
isopropanol, and methanol) were obtained from Fisher Scientific and used without further
purification. Acetone, diethyl ether, ethanol, heptane, hexane, pentane, tetrahydrafuran (THF)
and toluene were either acquired from an Innovative Technologies anhydrous solvent
engineering system or distilled using an appropriate dying method and stored under nitrogen

in flame-dried ampoules.

Ethene, carbon monoxide, hydrogen, nitrogen and liquid nitrogen were supplied from BOC

gases.

Hydrated ruthenium and rhodium trichloride, RuCl;.3H,0 and RhCl;.3H,0 were purchased
from precious metals online. Trimethylvinylsilane and lithium cyclopentadienyl and phenyl
phosphine were bought from Alfa Aesar. Cyclooctene (COE), 1,5 cis-cis-cyclooctadiene (COD),
phenyllithium in diethyl ether, triphenylphosphine, dimethylsulfoxide (DMSO), 4-methyl
pyridine, triethylsilane, N-pyridine, 4-tert-butylpyridine, 4,5-Bis(diphenylphosphino)-9,9-
dimethylxanthene (xantphos) and ferrocene were all purchased from Sigma Aldrich. (2R,5R)-
2,5 hexanediol was bought from TClI, 1,3-Bis(diphenylphosphino)propane (dppp) was bought

from Acros organics, phenyl methyl sulfoxide (PhSOMe) was bought from Fluka, and methyl
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benzene sulfinate (PhSO(OMe)) was purchased from Fluorochem. All chemicals were used
without further purification. Phenyl phosphine and lithium cyclopentadienyl were all stored in

a glove box and trimethylvinylsilane phenyl methyl sulfoxide were stored in the fridge.

8.1.2 NMR spectroscopy

NMR data was collected using a three Bruker, Avance 11l 400 (*H 400.13 MHz, *C 100.62 MHz
and *'P 162 MHz), a Bruker, Avance Il HD 500 (*H 500.13 /IMHz, **C 125.77 MHz, *'P 202.46
MHz and *°Si 99.36 MHz), a Bruker, Avance Il 600 (*H 600.12 MHz, *C 150.91 MHz and *'P
242.93 MHz) and a Bruker Avance Il 700 MHz (*H 700.13 MHz, *C 176.05 MHz *'P 283.43 MHz

and °Si 139.10 MHz).

NMR data was acquired using Topspin versions 1.3, 2.1, 2.3, 3.2.6 and 3.5.5 depending on the
instrument and any upgrades which were available during the course of this research. NMR
data was processed using Topspin 2.1 initially, then Topspin 3.1 and 3.5.5 following upgrades.

The Topspin plot editor was used to prepare spectra for presentation.

'H and C NMR spectra were reference relative to residual solvent resonances®> benzene &y
7.15 and &; 128.4, toluene oy 2.09 and d¢ 20.4, cyclohexane &y 1.38 and ¢ 128.4, chloroform

Oy 7.26 and 6 77.2 and DMSO &y 2.50 and &¢ 39.5.

8.1.3 UV-Visible spectrometry

UV-Visible spectra were recorded in a 1 mm cuvette between 250 and 1100 nm using a

Thermo Scientific Evolution Array UV-Visible Spectrophotometer and VisionCollect software.

8.2 Synthesis

8.2.1 Synthesis of [{Rh(C2H4)2(u-Cl)}2]114

RhCl;.xH,0 (1.96 g, 9.37 mmol) was added to a large Schlenk tube and dissolved in 3 mL water
and 50 mL ethanol giving a dark red solution. A large round bottom flask was attached to the

324



top of the Schlenk tube and the solution was degassed using a freeze/thaw approach with
liquid nitrogen and warm water. The Schlenk tube was backfilled with ethylene and left stirring
at room temperature for 2-3 days. After this time a yellow precipitate formed. The reaction
solution was transferred into a clean Schlenk and the solid was dried under vacuum and then
isolated. The reaction solution was then returned to the large Schlenk tube with the round
bottom flask acting as a cap, it was degassed and then placed under an ethylene atmosphere
and left stirring for a further 20 hours. After this time, further precipitate formed which was
isolated in the same manner as the first batch of product. The product was stored in a Schlenk

tube under an atmosphere of ethylene. Total yield 1.014 g, 56%.

8.2.2 Synthesis of [{Rh(n?-CH2CHSi(CH3)3)2(u-C)}2]115 and [(n°-

CsHs)Rh(n2-CH2CHSi(CH3)3)2]5 2.1

[{Rh(C3H4)2(-Cl)},] (0.330 g, 0.85 mmol) and trimethylvinylsilane were added to a Schlenk tube
under an inert atmosphere and were then dissolved in 12 mL dry diethyl ether. The solution
was stirred vigorously at room temperature for 20 hours. After this time lithium
cyclopentadienyl (0.123 g, 2.01 mmol) was added to the reaction mixture, without any
purification or isolation of the vinylsilane dimer. The solution was stirred for a further hour,
after this time the solvent was removed under vacuum and the product extracted into 3 x 10
mL dry pentane to give a yellow oil. This was recrystallised using a minimum amount of dry
acetone and dried under vacuum at 195 K using a dry ice and acetone bath. Yield 0.195 g, 31%

Characterisation summarised in Table 2.14 and Table 2.15.

8.2.3 Synthesis of [{Rh(n2-CsH14)2(u-Cl)}2]17

RhCl;.xH,0 (0.544 g, 2.60 mmol) was added to a large microwave vessel and dissolved in 11 mL
3:1 degassed isopropanol/water mixture under an inert atmosphere giving a dark red solution.

To this solution cyclooctene (1.5 mL, 11.52 mmol) was added. The microwave tube cap was
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crimped closed and was then heated in the microwave at 70 °C for a total of 25 minutes. After
this time precipitate had begun to form, the solution was left for 2 days at room temperature
during which time more precipitate formed. The reaction solution was then transferred into a
Schlenk tube to allow for purification. The solvent was removed by cannula filtration and the
remaining solid was washed with dry ethanol (3 x 10 mL) and then dried under vacuum. Yield

545 mg, 58%.

8.2.4 Synthesis of [(n*-CsHs)Rh(n2-CsH14)2]> 2.2

[{Rh(CgH14)2(u-Ch)},] (0.440 g, 0.61 mmol) and cyclopentadienyl lithium (0.11 g, 1.53 mmol)
were added to a Schlenk tube in the glove box and were then dissolved in 20 mL dry
tetrahydrafuran. The solution was stirred at room temperature for 1 hour under an inert
atmosphere. After this time the solvent was removed under vacuum and the product
extracted into dry pentane (3 x 20 mL) to give a yellow oil. This was recrystallised using a
minimum amount of dry acetone and dried under vacuum at 195 K using a dry ice and acetone
bath. Yield 0.325 g, 69% Characterisation detailed in Section 2.3.2 and summarised in Table

2.16.

8.2.5 Synthesis of [{Rh(n*-CsH12)(u-Cl)}2] 23

RhCl;.xH,0 (0.100 g, 0.48 mmol) was added to a microwave tube and dissolved in 1 mL 5: 1
degassed ethanol/water mixture under an inert atmosphere to give a dark red solution and
0.15 mL cyclooctadiene (1.22 mmol) was added. The cap for the microwave tube was crimped
closed and the tube was placed in the microwave where it was heated for a total of 15 minutes
at 88 °C, after which time precipitated formed. The product was washed with hexane (3 x 5

mL) and then 5 mL of methanol and then left to dry. Yield 60 mg, 50%.
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8.2.6 Synthesis of [(n5-CsHs)Rh(n*-CsH14)2]5 2.3

[{Rh(CgH1,)(-Cl)},] (0.104 g, 0.21 mmol) and cyclopentadienyl lithium (0.035 g, 0.49 mmol)
were prepared in 10 mL dry THF and left stirring for 1 hour in a Schlenk tube ,under an inert
atmosphere, at room temperature. The solvent was then removed under vacuum and the
product extracted into dry hexane (3 x 10 mL) and then left to dry giving a pale yellow solid.

Yield 70 mg, 60% Characterisation detailed in Section 2.3.3 and summarised in Table 2.17.

8.2.7 Synthesis of (2R-5R)-2,5 hexanediol bismesylate13?

(2R, 5R)-2,5 Hexanediol (508.5 mg, 4.3 mmol) was dissolved in dichloromethane (DCM, 12.5
mL) in a Schlenk tube to this 2 mL triethylamine (14.3 mmol) was added. The Schlenk tube was
then placed in an ice bath and mesyl chloride (0.8 mL, 10.3 mmol) was added resulting in a
colour change from clear to yellow. The Schlenk tube was then returned to room temperature
and left stirring for 4 hours. After this time, a further 10 mL of DCM was added and the
reaction mixture was transferred to a separating funnel. 10 mL of a 1M HCI solution was then
added to neutralise the reaction. The mixture was allowed to settle and the organic layer was
collected. The organic layer was then washed with 10 mL of brine, the mixture was allowed to
settle and the organic layer was once again collected, it was then dried using magnesium
sulfate. The solution was then filtered into a Schlenk tube and the solvent removed under
vacuum giving a colourless oil. (Yield 850 mg, 72%) ‘H NMR (500.13 MHz, CDCl;) & 4.80-4.90
(2H, m CH?), 3.00 (6H, s, CHs"), 1.70-1.80 (4H, m, CH,’), 1.42 (6H, d 6Hz, CH,'). *C NMR (125.76

MHz, CDCl;) & 79.0 (C?), 38.6 (C*), 31.0 (C?), 21.1 (CY).
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Figure 8.1: Structure of (2R-5R)-2,5 hexanediol bismesylate.

8.2.8 Synthesis of (25, 55) 2,5 dimethyl, 1-phenyl phospholanel40

Phenyl phosphine (550mg, 5.0 mmol) was dissolved in 15 mL dry diethyl ether in a Schlenk
tube in a glove box. It was then placed under argon on a Schlenk line and placed in a dry
ice/acetone bath. Phenyl lithium in diethyl ether (6.6 mL, 7.2 mmol) was placed in a second
Schlenk tube under Ar and was added dropwise by cannula into the phenyl phosphine solution,
this resulted in a colour change from clear to orange and then to yellow. After the addition,
the reaction mixture was removed from the ice bath and returned to room temperature and
the solution stirred under an inert atmosphere for 1 hour. After this time the Schlenk tube was
placed in a dry ice/acetone bath and (25-5S)-2,5 hexanediol bismesylate (850 mg, 3 mmol),
dissolved in 5 mL dry THF in a separate Schlenk tube, was added dropwise into the reaction
flask. It was then returned to room temperature and left stirring over the weekend, 65 hours.
The solvent was then removed under vacuum and the product extracted using dry heptane (3
x 15 mL) in a yield of 520 mg or 80% based on hexanediol bismesylate. "H NMR (500.13 MHz,
CeDe) 8 7.45 (dd 8, 2 Hz, orthoH), 7.20 (t 8 Hz, metaH), 7.11 (d 6Hz, paraH), 2.52 (m, °CH). 2.08
(m, 3CH), 2.06 (m, °CH,), 1.73 (m, “CH,), 1.37 (m, °CH,), 1.27 (dd, Jpy 18.7, Jus 7.2 Hz, 'CHs),
1.13(m, *CH,), 0.78 (dd, Jpy 10.6, Jyy 7.1 Hz, 3CH5). *C NMR (125.76 MHz, C¢D¢) & 128.5 (meta),
128.0 (para), 127.0 (ortho), 36.8 (*°CH,), 35.2 (*CH), 34.9 (°CH), 20.9 ('CHs), 15.2 (%CHs). *'P

NMR (202.46 MHz, C¢D¢) 69.8. LIFDI MS: 192.11.
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Figure 8.2: Structure of (2S, 5S) 2,5 dimethyl, 1 phenyl phospholane.

8.2.9 Synthesis of [(n°-CsHs)Rh(P*Ph)(C2H4)] 3.26

[Rh(CyH4)5(p-Cl)]; (128 mg, 0.33 mmol) and (2S, 5S) 2,5 dimethyl, 1 phenyl phospholane (127
mg, 0.66 mmol) were separately dissolved in 5 mL dry THF each in Schlenk tubes. The
phospholane was added dropwise to the rhodium solution and it was left stirring at room
temperature for 20 minutes. Lithium cyclopentadienyl (47 mg, 0.66 mmol) was then added and
the reaction was left stirring for a further hour. After this time, the solvent was removed under
vacuum and the product was extracted into dry hexane (3 x 10 mL). The 'H NMR spectrum
showed there to be 42% of [(n>-CsHs)Rh(C,Ha),]. To try to purify the product, a sublimation was
performed using a cold finger. A yellow precipitate formed on the finger this was washed off
into a vial with hexane. The remaining solid was checked by NMR and contained 37% of [(n’-

CsHs)Rh(C,H4),]. Characterisation detailed in Section 3.5 and summarised in Table 3.2.

8.2.10 Synthesis of [Ru(H)2(CO)(PPhsz)3]165

RuCl3.3H,0 (0.232 g, 0.89 mmol) was dissolved in 65 mL ethanol in a 100 mL 3 necked round
bottom flask fitted with a reflux condenser and purged with N,. The solution was heated under
reflux under N, for 10 minutes and triphenylphosphine (PPh;, 1.01 g, 3.85 mmol) was added
and the solution stirred under reflux for a further hour during which time a dark brown
precipitate formed. The solution was cooled to room temperature and KOH added (0.22 g,

3.92 mmol) and the solution stirred vigorously for 1 hour and a green solution resulted. The
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solution was heated to 60 °C for 1 hour and refluxed for a further 5 hours, during this time the
solution turned from green to yellow and a pale yellow precipitate formed. The solution was
then cooled to room temperature to allow for purification and the solution was filtered and
the resulting solid washed with 20 mL of ethanol, 20 ml of deionised water and a further 20 mL
of ethanol. A pale yellow solid resulted in a yield of 742 mg or 91% based on ruthenium. NMR
characterisation: *H NMR (500.13 MHz, C¢D¢) & 7.83 (Pg-0-H), 7.47 (Pa-0-H), 7.31 (Pg-m-H), 7.00

(Pa-m-H), 6.90 (Pa-p-H), 6.84 (Pg-p-H), —6.47 (1H, tdd, Jup, 30.4, Jup_ 15.2, Juy 6.6 Hz, Hg), -8.31
(1H, dtd, Jup, 74.6, Jup, 28.7, Juy 6.6 Hz, Ha). *'P NMR (162.00 MHz, CsDg) 8 57.4 (2P, d, Jpp 17 Hz,

P), 45.3 (1P, t, Jpp 17 Hz, Pg).

PAPh,
OC\R|U/HA
pthB/ | \HB
PAPh;

Figure 8.3: Structure of Ru(H),(CO)(PPhs;)s.

8.2.11 Synthesis of [Ru(H)2(CO)(PPhs)(Xantphos)]1>¢ 5.1

[Ru(H),(CO)(PPh3);] (0.70g, 0.76 mmol) was dissolved in dry and degassed toluene in a 3
necked 100 mL round bottom flask in a glove box and suba sealed under nitrogen and 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene (xantphos, 0.55 g, 0.92 mmol). A reflux
condenser was attached to round bottomed flask and the system purged with nitrogen. The
solution was heated to 120 °C for 3 hours. The solution was then transferred into a Schlenk
tube by cannulation and the solvent was removed under vacuum, a brown oily residue
resulted. This was washed with ethanol (3 x 20 mL), pentane (30 mL) and a further 2 x 20 mL of
ethanol to give an off-white solid. The solid was extracted into toluene (20 mL) and

recrystallised from hexane (10 mL) to give the product in a 250 mg isolated yield, which gave a
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34% vyield based on ruthenium. The characterisation of this complex is described in Section

5.2.2 and summarised in Table 5.1.

8.2.12 Synthesis of [Ru(COD)CI]2174

RuCl;.xH,0 (4.01 g, 19 mmol), 1,5-cyclooctadiene (5 mL, 40 mmol) and ethanol (40 mL) were
added to a 250 mL round bottom flask fitted with a reflux condenser. The solution was heated
to 80 °C and left under reflux with stirring for 17 hours. During this time a brown precipitate
formed. The solution was left to return to room temperature and the solution filtered. The

product was washed with diethyl ether and left to dry. Yield 4.33 g, 80%.

8.2.13 Synthesis of [cis-Ru(H)z(dppp)z] 6.1175

[RuCl,(COD)], (0.355 g, 1.25 mmol), Ph,P(CH,);PPh; (dppp, 1.03 g, 2.5 mmol) and NaOH (1.05 g,
26.3 mmol) were dissolved in butan-2-ol (80 mL) in a Schlenk flask, the solution was degassed
and placed under an argon atmosphere. The solution was then stirred and heated to 80 °C for
2 hours resulting in a yellow solution. After this time the solution was returned to room
temperature and degassed water (100 mL) was added, the solution was stirred for 1 hour.
After this time, stirring was stopped and the solution separated into two layers. The aqueous
layer removed by cannula filtration. The remained solution was dried under vacuum to give a
yellow solid. This was extracted into dry toluene (3 x 20 mL) and recrystallised from dry hexane
(10 mL). Yield 0.62 g, 53% Characterisation detailed in Section 6.2 and summarised in Table

6.3.

8.2.14 Parahydrogen preparation

Parahydrogen was prepared by passing H, with thermal equilibrium spin distribution over a
Fe,0s/charcoal catalyst as temperatures in the region of 30 K. This facilitated the conversion
from ortho- to para- hydrogen, at these temperatures H, gas which is approximately 97 % p-H,

may be isolated,™" the exact composition will vary from one day to the next. In the absence of
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a paramagnetic species and once this gas has returned to room temperature it will retain this

proportion of p-H,.
8.3 Photolysis Methods

8.3.1 External UV photolysis set up

For the ex-situ photochemical studies an Oriel 200 W Hg-Xe arc lamp was used providing a
source of broadband UV light. A 5 cm water filter was used to minimise any heating of the
sample and thus limit any thermal reactivity. The sample was kept in the NMR spinner and
placed in a clamp (Figure 8.4) this was to ensure that the sample was always the same distance
from the lamp and that the solution experienced the same amount of irradiation. The lamp

was left to warm up for at least 20 minutes prior to any photolysis.

Water filter

Clamp
UV lamp

Figure 8.4: Schematic representation of the ex-situ irradiation set up.

8.3.2 In-situ photochemistry setup (laser)

The in-situ photochemistry setup in York is performed on a Bruker Avance widebore 600 MHz
spectrometer using a BBO probe for data acquisition. The light source was a pulse Nd:YAG
laser (Continuum Surelite Il) fitted with a frequency tripling crystal (output wavelength 355
nm). Operating conditions were typically; flash lamp voltage 1.49 kV, in the internally triggered
mode a 10 Hz repetition rate was used with a Q-switch delay increased from the standard to

320 ps yielding a laser power of 75 mW, In the externally triggered mode a Q-switch delay of
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150 pus delivering a single laser pulse with an energy of 29.8 m).¥ . In internally triggered mode
a purpose-written program was used to control the firing of the laser pulse. A warm up shot is
triggered first before the fire shot, this sequence was repeat with a variable time delay in
experiments with specified laser pulses. Following this the NMR pulse sequence is initiated
after a set time delay (t). This contained a 140 us delay relating to the intrinsic time delay
between sending the fire signal from the spectrometer and the laser firing. The precision of
this delay between the laser and RF pulses is controlled by the 200 ns clock of the

spectrometer.

The laser beam was directed to the base of the spectrometer onto an adjustable mirror which
directed the laser beam up into the spectrometer onto a second fixed mirror held in a collar on
the probe which allows the light to be directed through a hole in the probe and onto the side
of the sample (Figure 8.5). The adjustable mirror underneath the spectrometer is to allow the
fine-tuning of the laser alignment to be performed. There are two nylon rods attached the
mirror amount which allows for the alignment to be optimised. The laser alignment is
optimised using parahydrogen enhancements. An optically dilute sample of cis-[Ru(dppe),H,],
where dppe refers to 1,2-bis(diphenylphosphino)ethane, was prepared in CsD¢. This was
degassed by three cycles of freeze-pump-thaw and back filled with 3 bar of p-H,. The sample
was shaken and placed in the spectrometer. Using real time scanning (gs mode) with a pulse
sequence modified to pulse the laser and a short d1 time 'H spectra were acquired. These
show the enhancements of the dihydride complex, the nylon rods were moved to find the
position which gives the largest enhancement of this dihydride. This reflects more of the laser
light being hitting the sample as a consequence of a better alignment of the laser. The sample
was shaken and a record of this enhancement made to allow comparisons of the

enhancements/alignment from one day to the next.
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Figure 8.5: Schematic of the in-situ laser irradiation inside an NMR spectrometer.

8.3.3 In-situ photochemistry Setup (UV lamp)

One of the in-situ photochemistry set up in York uses Oriel 200 W Hg-Xe arc lamp which
provides a source of broadband UV light. An adaptor was attached to the lamp to allow an
ethanol liquid light guide cable to be connected to the lamp. This cable is used to direct the
light inside the NMR spectrometer and on to a mirror held in a collar on the probe head. This
mirror reflects the light through a hole in the probe head and onto the side of the NMR

sample.
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Light guide
cable uv
lamp

Figure 8.6: Schematic of the in-situ laser irradiation inside an NMR spectrometer.

8.4 Data processing

8.4.1 Determining concentrations by NMR

The concentrations of the starting materials and any products which formed following
photolysis were determined using 'H NMR spectroscopy. To use the proton spectra
quantitatively they were acquired using a 30° pulse and a 30 second relaxation delay (d1) this
was to allow complete relaxation of the magnetisation before the next pulse. The spectra were
then integrated using defined integrals regions for each of the species and a reference peak.
The reference peak allows comparison between the different spectra accounting for any
variation between them. The residual protio solvent peak or an internal standard, ferrocene,
were used. The following procedure was then used to convert these integrations into relative

concentrations:

1. Divide the integrations by the number of protons to give Inty

2. Divide Inty, by the integration for the reference peak (Int,)
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3. Divide each Int. by the sum of Int,. at t=0 (prior to photolysis) and x 100 to give as a
percentage of the initial rhodium content.
4. The errors in these measurements were estimated using the standard deviations
during the equilibria for that approximate concentration
e <5% conversion, a 20% error was assumed
e 5-15% conversion, a 10% error was used
e 15-25% conversion, a 5% error was used

e >25% conversion, a 3% error was used

8.4.2 Determining equilibrium constants using Origin

The percent of each species relative to the initial rhodium content were plotted against the
irradiation time in seconds. For the kinetic models which consists of two complexes in
equilibrium as depicted in Figure 8.7, the concentration of the metal complexes were fitted to
Equation (8.1) where ks is the relaxation constant for the equilibrium and is described by the
expression Kops = ky([M]+[L])+k,([L']+[M’]). The equilibrium constant for these reactions can be
calculated using the equilibrium concentrations of each species in equilibrium using Equation
(8.2). The experimentally determined ko,s and Keq can be combined to give values of k; and k,
using Equations (8.3) and (8.4).

ky
CpRh(Alkene), +L == == CpRh(alkene)(L) + Alkene

ks
M M’ U

Figure 8.7: Generic Kinetic Model showing two metal complexes, M and M’, in equilibrium through the substitution
of ligands Land L.

[M]; = [M]eq + ([M]o — [M]egq)e ™ Fobst (8.1)

Ky _ [MeqlLleq 82)
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K. Kops (8.3)
~ K(IM] + [L]) + [M'] +[L']

kobs (84)

8.4.3 Determining rate constants using Excel

The Excel simulation package uses a differential rate approach and its methodology will now
be illustrated using a first order equilibrium between A and B (Figure 8.8). The concentrations
of A and B were measured as percentages of the initial concentrations and tabulated in Excel
with the total irradiation time in seconds. A series of simulated data is then obtained based on
an appropriate kinetic model, according to the general Equation (8.5), where dt is the time
increment(s), t is the time (s), [A],, is the concentration of A at time t (%), Zkjossa is the sum of all
rate constants which result in the loss of A and 2kg.ina is sum the rate constants which results in
the gain of A and [Prod] are the concentrations of any products formed. For the model in
Figure 8.8, the rate of formation of A is given by kgx and loss of A by kas. The simulated data
can therefore be calculated using Equations (8.6) and (8.7) with a time increment of 0.2 s. The
Solver function in Excel changes the values of kag and kga, to minimise the sum of the squares
of differences between the calculated and experimental data, for n experimental observations.

kAB

A m/]7——> B

kBA

Figure 8.8: Generic kinetic model for a first order equilibrium.

[Ale = [Ale—qr — dtCkiossa) [Ale—ae + dtE(kgaina[Prod])e—a¢ (8.5)
[Al¢ = [Alt—02 — 0.2(kap)([Alt=0.2) + 0.2(kga) ([Bl¢-0.2) (8.6)
[Bly = [B]t—0.2 — 0.2(kga)([Bli—02) + 0.2(kap)([Alt-0.2) (8.7)
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The errors in these measurements were determined using the jack-knife/bootstrap approach
where each experimental point is removed in turn and the values of ksg and kg, are fitted using
the Solver routine giving n — 1 observations. The error is calculated using the following

procedure:

e (Calculate the average values of kas and kga Using the whole set of data
e Calculate the values of kag and kga for all the permutations using n — 1 observations
e (Calculate the standard deviation, SD, for these values of kxg and kga

e Calculate the standard error, SE, using the SD and number of points, n

o _ 5D
v

e (Calculate the 95% confidence interval, Cl, using the SE and student t value

CI = SE X tvalue

8.4.4 Creatinga 2D map

A blank 2D dataset was acquired using the timestore pulse sequence with the following

parameters:

e The number of data points and sweep width of the NMR spectrum must be the 1D *H
NMR spectrum

e The number of increments in the 2D data set must be greater than or equal to the
number of 1D to be included

e The increment delay, IN_F, must correspond to the step size used when incrementing

the pump probe delay

Having created the blank data set the 'H NMR spectra were added to it using the command
fidtoser and the following information added if the NMR spectra to be added were in
sequential datasets. If this was not the case, wser was used to manual insert each individual 1D

dataset into the appropriate slot of the 2D data set.
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9 Appendix 1: Relaxation and Photochemical
Kinetics

9.1 Introduction

Relaxation kinetics describes a process where the equilibrium position is perturbed by an
external factor. The system adjusts accordingly and a second equilibrium is reached (Figure
9.1)."® The most common routes for perturbation are by changing the temperature or the
pressure of the system and this causes a jump in the concentration of one of the species in the
equilibrium, hence why these are also known as temperature/pressure jump experiments. The
system may also be perturbed by an increase in the concentration of a ligand, this is commonly
seen in enzymatic systems, or, as is the case in this research, through the use of UV light.
Regardless of the method used to perturb the system the analysis is the same. This has the
advantage that, providing the kinetic model is known, the expression that determines the rate
of relaxation and thus the rate constants for the reactions has already been solved and these
results will now be exemplified. In this analysis, it is assumed that the perturbation is small
allowing the simpler definitions of the relaxation kinetics to be used."”**** It should also be
noted that with UV light there is a second perturbation of the system when the light is
switched off. Some assumptions about these relative rates of the equilibria need to be made.
Primarily, that the rate of the thermal equilibrium, once the light has been switched off, takes
place on a much slower timescale than the photochemical equilibrium step and thus the

photochemical equilibrium can be treated separately.

Concentration

v

time
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Figure 9.1: Schematic to demonstrate relaxation kinetics, the dashed lines signify the point at which the system is
perturbed.

9.2 First Order Equilibrium

9.2.1 Thermal Reaction

The simplest system involves two species, often two isomers, in equilibrium with one another
(Figure 9.2). The rate of the forward reaction, A going to B, is given by k; and the reverse
reaction by k_;. The rate equations for the A and B can be written as per Equations (9.1) and

(9.2).

ky

A

ks

Figure 9.2: Kinetic Model for a 2 component, 1 step reversible reaction.

~BA - k) -

d|B .
O ) + k5] &2

Once the system is at equilibrium, both of these rate equations will equal zero and the two
rate equations will also equal one another. This means that they can be combined to give
expressions for the equilibrium constant, K.,. As shown below, this can be expressed either, in
terms of the rate constants for the two processes or by the concentrations of the species in

122

equilibrium, Equation (9.3).

k1 [A]eq - k—1[B]eq = _k1[A]eq + k—l[B]eq

2kq [A]eq = Zk—l[B]eq

[Bleg _ ki (03
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The kinetics of such a system can also be studied using an integrated rate approach and the
integrated rate expressions (9.4) and (9.5) were obtained, following the perturbation of the

system.'”!

[A] = [Aleq + ([Alo — [Aloq)e~ Kt (9:4)

[B] = [Bleg + ([Blo — [Bleg)e~(atk-vt (9.5)
These comply with the equationy =a + be™ which can be readily modelled using the graphical
packages such as Origin or Sigmaplot. This also means that there are two observable terms
which relate to k; and k_; and therefore these expressions can be combined in order to

calculate the rate constants using Equations (9.6) and (9.7), where ko, is defined by Equation

(9.8)."*
_ kobsKeq (9-6)
Y K+ 1
k.= kobs (9.7)
-1 = 5, . 4
Koq +1
kops = k1 +k_1 (9.8)

Derivation of the Integrated Rate Expressions

The change in the concentrations, x, of A and B at any point in time compared to the
equilibrium concentration can be described by Equations (9.9) and (9.10) these can be
rearranged and used in Equation (9.1) to substitute for [A]; and [B]; to give Equation (9.11). At
the new equilibrium position, the rate of change in A matches the rate of change in B,
mathematically, this is described by Equation (9.13) and therefore the terms containing [Ale,
and [B]eg, in Equation (9.12) cancel one another out, leaving just (k; + k_y)x. This can then be

integrated with respect to x to give Equation (9.14), substituting the x terms with Equation
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(9.9) gives the rate equation (9.15) which is easily rearranged to give Equation (9.4). The same

procedure can be used to obtain the rate expression for B.

x = [A]¢ — [Aleq (9.9)
—x = [B]t — [Bleg (9.10)
dlA 9.11
_% = kl([A]eq + X) - k—l([B]eq - x) ( )
d[A d 9.12
_% = _d—f = kq[Aleq + kix — k_1[Bleg + k_qx (9.12)
ki[Aleq = k-1[Bleq (9.13)
dx 3
_E - klx + k_lx - (k1 + k—l)x
X

- lng = (k1 + k_l)t
x = xoe(—(k1+k—1)t) (9.14)
[A] = [A]eq = ([Alo — [A]eq)etath-D (9.15)

9.2.2 Photochemical reaction

The kinetics for a photochemical reaction requires a different approach. The concentrations of
the photoactive species depend on the Beer-Lambert law (9.16) and the quantum yield, @, of
the species. The rate equations for the changes in concentration are now given by the

12 .
> When these two isomers are

expressions in (9.17) and (9.18) based on the work by Hippler.
in equilibrium the two expressions can be combined to give an expression begins to describe

the equilibrium in Equation (9.19), note the |, terms cancel one another out

I
loglOTO = ecl (9.16)

dlA
__c[i_t] = Paly — ply = Paly(1 — e 4 -y, (1 — =011

(9.17)
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d[B 9.18
—% = Qplg—Pyly = Ppl,(1— e 281BI) — D 1, (1 — e~8al4ll) (9-18)
At equilibrium: d[A] B d|[B]
dt  dt
and CI)AIA = CDBIB
(1 —e2slBly @, (9.19)

(1—e—2aldlly ~ @y
We now consider the situation corresponding to low absorbance.

Low absorbance

If the sample is optically dilute, it has low absorbance and g[A]l and €[B]l are small and
therefore the exponential term can be simplified since e™ tends towards 1 — x. For isomers

formed by different orientation of the vinylsilane, we also assume that €, and €z are equal to €.

-g[A]l -€[B]l

This means that e and e tend towards 1 - €[A]l and 1 - g[B]l and these terms can be
substituted into Equation (9.19) to give Equation (9.20). The expression for K., now resembles
its thermal equivalent (Equation (9.3)).

(1-1—(=¢[BI) _ 4
(1—1— (—e[A]D) g

[B (9.20)

Keqz—z

[

S[®

[—

Making the same approximations and integrating between times 0 and t, we obtain the rate of
loss of A and the rate of formation of B. Note to distinguish the equilibrium concentrations
under photochemical conditions from the thermal situation previously described [Y]pss is used

in place of [Y],, where PSS stands for photostationary state.

a1a] (9.21)
T: —CDAIOSA[A]{:I-I_CI)BIO‘SB[B]tl
4[B] (9.22)
7 = —CI)BIogB[B]tl + CDAIOSA[A]tl
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During the reaction, the concentrations of [A] and [B] change by x, where x is defined by the

equations below:

x = [A]; — [Alpss
—x = [B]; — [Blpss

d[A]

T —(Paloea)(x + [Alpss) + (Pploepl)([Blpss — x)

d[A] _dx

i dr —x(Dyloeql + Pplyegl) — Pylyey[Alpssl + Pplyep[Blpssl

(9.23)

(9.24)

(9.25)

At equilibrium, a photostationary state is formed and the rate of the formed and back

reactions are equal and x is zero. This can be substituted into Equation (9.25) giving an

expression only in terms of x.

—®yloe4[Alpssl + Pplyeg[Blpssl = 0

dx
E = —X(CDAIOSAI + CDBIOEBI)

Integrate with respect to x

X
- lnx_ = (CDAIOEAZ + CDBIOEBl)t
0

x = xoe(_(q)AIogAH'q)BlosBl)t)

Can now substitute x with Equation (9.23).

[A]; = [Alpss + ([Alo — [A]pss)e Fobst
[Bls = [Blpss + ([Blo — [Blpss)e Fobst

kops = Ioel(P4 + Pp)

(9.26)

(9.27)

The photoreaction is first order in [A], — [A] pssand the apparent rate constant is

l,el(Py + Pp)
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Determination of rate constants under photochemical conditions

Both kops and Keq relate to the rates of the reaction and allowing expressions for @, and ®g to
be obtained and can relate the measured values of k; and k, to the photochemical properties

of the reactants.

kops = Iogl((DA + CDB)

Py
K, =-Z
eq ¢B
Py = PpKeq _ Py
Pp =—
Keq
Dy
kops = Ioel(P4 + K_)
eq
Keqkobs
Iyel = ((DAKeq + Dy)
b, = Keqkobs
A7 (Keq + Dlgel
kops = Iogl((pBKeq + ®p)
kob
ool = PeKea t D)
b, = kobs
BT (Ko + Dlgel
k1 = ¢AIO‘€Z k—l = d)Blogl

Limitations

The exact quantum yields cannot be determined exactly from these measurements due to

nature of the experiments. Firstly, the measurements were made using broadband UV light
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which means a wide range of wavelengths are used and therefore individual processes cannot
be separated out. The samples were irradiated within the NMR tube, since these are cylindrical
the path length is not uniform across the sample and the solution experiences different

degrees of irradiation depending on its location within the tube.

If the assumption of low absorbance is not true, this adds further limitations. The Beer-
Lambert law assumes a linear dependence between the path length and the absorbance
(Figure 9.3). If solution had high absorbance, the path length associated with 90% absorbance
is shorter. Therefore the light irradiation a smaller proportion of the sample and reduces the

reactive region of the sample resulting in longer reaction times.

Absorbance

[ ’[‘ff\l\.

Path length /mm

Figure 9.3: Schematic representation path length against absorbance and implication this has on absorbance in an
NMR tube.

9.3 Bimolecular Second Order Equilibrium

9.3.1 Thermal relaxation kinetics

This approach can be readily extended to other kinetic models. The natural next step is to
move to a second order equilibrium (Figure 9.2). Like the first model, this includes just one
reversible step, this time however there are four species in equilibrium. This situation typically
arises in substitution reactions. Each component of the rate equation is now bimolecular. They
can however be treated in the same manner as the first model which gives a description of K,

where it can be determined using the equilibrium concentrations of all four species in
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equilibrium using the expression in Equation (4.10).'*

These rate equations can be converted
into integrated expressions using the same approach as with first order system to give

Equations (9.31) and (9.32) where ko, is defined by Equation (9.33).'*

k;

A+B C+D

ke

Figure 9.4: Kinetic Model for a four component bimolecular reversible reaction

d .
LA kel - ks (c)(p) 1528

d[c .
~B i + ko) 1929
K. = [C]eq[D]eq _ ﬁ (9.30)

“ [A]eq [B]eq k—2

[A] = [A]eq + ([4]o — [A]eq)e_kObst (9.31)
[C] = [C]eq + ([Clo — [C]eq)e_kObst (9.32)
kobs = ko ([A] + [B]) + k_([C] + [D]) (9.33)

Derivation of Rate Equation

[A]: = [A]eq - X [Bl: = [B]eq - X
[C]l: = [C]eq +x [C]e = [C]eq + x
dlA
—% = k;[A][B] — k_[C][D]
d[A]
_7 = kz([A]eq - x)([B]eq - x) - k—z([c]eq + x)([D]eq + x)

= kZ[A]eq[B]eq - k—Z[C]eq[D]eq - x(kz([A]eq + [B]eq) + k—z([c]eq + [D]eq) + (kz - k—z)xz

At Equilibrium d[A]

dt

dx

E = x(kz([A]eq + [B]eq) + k—Z([C]eq + [D]eq) + (kZ - k—Z)xz
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—lnxi - (kZ([A]eq + [B]eq) + k—Z([C]eq + [D]eQ)) t
0

The x*term is neglected as it is assumed that if x is small, x> will be negligible in comparison to
X.

Calculation of Rate Constants

In this scenario there are also two observable constants which are related to the values of ks

and k, and therefore the observed rate constant and the equilibrium constant can be used to

determine the rate constants k, and k_, using Equations (9.34) and (9.35).**

k. = kobsKeq (9-34)
" Keq([A] + [B]) + [C] + [D]
k—z kobs (9-35)

" KeqUAI + [B]) + [C] + [D]

9.3.2 Photochemical Kinetics

In terms of a photochemical reaction the net reaction is the same as the thermal reaction
(Figure 9.5), however, for this analysis it needs to be broken down further (Figure 9.6). For the
substitution to occur, photoinduced ligand lost must occur, creating a reactive intermediate
which can react with the free ligand to form the product. The reaction rates can be written as
Equations (9.36)-(9.37), which incorporates the Beer Lambert law, to determine the

concentration of A followed by a thermal step.'”

Similarly, the rate of formation of the
intermediate can be described. Using the steady state approximation, the concentration of the
intermediate can be expressed in terms of the photochemical and thermal parameters

(Equation (9.38)). The photochemical components of the intermediate have not been

substituted with the Beer-Lambert law only for simplicity.

A+B /——= C+D

hv

Figure 9.5: Net reaction for a four component bimolecular reversible photochemical reaction.
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hv ky[B]
A = = | = = C
ks[D] hv

Figure 9.6: Kinetic Model for a four component bimolecular reversible photochemical reaction via an intermediate I.

B s~ D) = @l (1 — o) oy © %
—%?=%k—mmm=¢mu—rMWy«mmq‘””
—% = —®yl, + k3[D][I] — Pl + ky[B][I] = 0
k(D] + kg [BI[I] = ®p1, + P
Dyl + Pele (9.38)

U = BT+ I D]

This equation for [I] can be substituted into the rate equations.

d[4] Dyly + el
~ar - $ala—kslDl (k4[B] + k3[D]>

_ ®41,(ky[B] + ks[D]) — k3[D](Puly + Pclc)
k4[B] + k3[D]

_ Dylpky[B] + @ylak3[D] — Pylaks[D] — Pclcks[D]
k4[B] + k3[D]

d[A] _ k4[B]P4l, — k3[D]Pclc
at k4[B] + k3[D]

d[A]  ky[Bl®,lo(1 — e=al4Il) — 3 [D]d Lo (1 — e#clClh)  (9.39)
dt k4[B] + k3[D]

—M = Ol — k4[3]<

DOyl + Dl )
dt

ka[B] + k3[D]]

_ Oclc(ky[B] + ky[D]) — ky[Bl(P4ly + Pclc)
k4[B] + k3[D]

d[C] _ k3[D]®clc — ky[B]P,l,
dt k4[B] + k3[D]]

d[C] _ k3[D]®clp(1 — el — ky[B] D,y (1 — e~4l4ly  (9.40)
dt k4[B] + k3[D]
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Low Absorbance

By assuming that the sample is optically dilute, these rate expressions can be simplified. Since
they will have low absorbance and therefore es[A]l and &c[C]l are small and thus the
exponential term can be simplified since e™ tends towards 1 — x. These terms can be

substituted into Equations (9.39) and (9.40).

dlA] _ ka[B1®alo(1 — (1 — ea[A]D) — k3[D]Pclo(1 — (1 — &c[CTD)

dt k4[B] + k3[D]
_d[A] _ ka[B]®uloga[A]l = k3[D]Pcloec[CL (9.41)

dt k4[B] + k3[D]
_d[C] _ k3[D]®cloec[ClL = ky[BlPaloea[All (9.42)

at k4[B] + k3[D]

At the equilibrium position, the rate of change in A and the rate of change in C are equal and
both equal zero. Equations (9.41) and (9.42) can be combined in order to give the equilibrium
constant, K., (Equation (9.43)).

k4[Bl®4loes[All — ks3[D]Pclpec[CI _ k3[D]®cloec[Cll — ky[BlDylnes[A]l
k4[B] + k3[D] k4[B] + k3[D]

2k4[B]®4loes[A]l = 2k3[D]Pclpec[C]1

_ &®aky _ [C]ID] (9.43)
1 gcDcks  [A][B]

Integrated Rate Equations

The integrated rate equations can be determined using the differential rate expressions

assuming the sample has low absorbance, (Equations (9.41) and (9.42)). If the change in
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concentrations of each of the components is denoted by x the concentrations of A and C at
time,t, are given below, where PSS stands for photostationary state and refers to an

equilibrium from a photochemical reaction

[A]; = [Alpss — x [C] = [Clpss + x
[Blt = [Blpss —x [D]; = [D]pss + x
a= c=

~ k4[B] + k3[D] ~ k4[B] + k3[D]
These can then be substituted into the rate expression, the photochemical properties are

substituted with a and c for clarity.

dlA
_% = a([Alpss — x)([Blpss — x) — c([Clpss + x)([D]pss + x)

= a[A]pss[Blpss — ax([Alpss + [Blpss) — c[Clpss[D]pss — cx([Clpss + [D]pss) + (a

— 0)x?

At the equilibrium position, the rate of change in concentrations is zero and therefore offering
a simplification to the rate expression. Furthermore, if is it assumed that the change in

concentration, x, is small the x* terms would be negligible and thus can be ignored.

a[Alpss[Blpss — c[Clpss[D]pss =0

The rate expression now is given by the following equation, which can be integrated with
respect to x from t = 0 to t = t, resulting in Equation (9.44). Substituting x the concentrations of
A and C gives the integrated rate equations for A and C as Equations (9.45) and (9.46) where

kobs is defined by Equation (9.47).

d[A] _dx

- == —ax([Alpss + [Blpss) — cx([Clpss — [Dlpss)
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td t
_f 7x B f a([Alpss + [Blpss) + c([Clpss — [Dlpss) dt
0 0

- lni = (a[Alpss + c[Clpss)t (3.44)
X0
[A] = [Alpss + ([A]o — [Alpss)e Fovst (9.45)
[C] = [Clpss + ([Clo — [Clpss)e Fovst (9.46)
_( DPaealplky Dreclylks (9.47)
kons = (rar s err) Q41+ 18D + (s ) 061 + 0D

Determination of rate constants under photochemical conditions

Both kops and K, relate to the rates of the reaction and allowing expressions for @, and @ to
be obtained and can relate the measured values of k;, and k_, to the photochemical properties

of the reactants.

_ EaPyky
- ecPcks

EaPaky = ecPcksKeq o Doks = SAIq()AkA}
eq

eaD4ky
Keq

kobs = Iol(kaPaa([A] + [B]) + (IC1+[DpD)
Keqkobs

A ea®Pakq(Keq([A] + [B]) + [C] + [D])

_ Keqkobs(kB[D] + k4[B])
A7 Igleaks(Koq([4] + [B]) + [C] + [D])

kops = Iol(ecPck3Keq([A] + [B]) + k3 Pcec([C] + [D]))

kobs

A ec®cks(Keq([A] + [B]) + [C] + [D])

b, = kobs(k3[D]+k4[B])
¢ = Tolecks(Keq (IA] + [B]) + [C] + [D])
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2 = 15101 + kalB] K2 = 1oID] + kylB]

9.4 First and Second Order Equilibrim

Similar observations can be made when one step in the equilibrium is first order and the other

step is second order (Figure 9.7 and Figure 9.8).

ks

A C+D

ks

Figure 9.7: Net reaction for a 3 component reaction, first order in the forward direction and second order in the
back reaction.

hv k;
A = = | = = C
ke[D] hv

Figure 9.8: Kinetic model for the reversible photochemical reaction via an intermediate, I.

Thermal relaxation kinetics

Using the same analysis as described for the previous equilibrium the results for a mixed

equilibrium under thermal control is given below.

d[A .
—% = ks[A] - k_s[C][D] (5.48)

d[C .
S8 et + k(o) 1949
K. = [C]eq[D]eq _ ﬁ (9.50)

“ [A]eq k—5

[4] = [A]eq + ([A]o — [A]eq)e_k"bst (9.51)
[C] = [Cleq + ([Clo — [Cleq)eForst (9.52)
kops = ks + k_s([C] + [D]) (9.53)

Photochemical Kinetics
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Under photochemical conditions the equilibrium is now described by the equations below.

dlA] _ kylo(1 — e*alAly — ke [D]d ]y (1 — e~#clClly (9.54)

dt ks + kg[D]
d[C] _ ke[D]PcIp(1 — el — k, [y (1 — e~al4l (9.55)
T ks + kg[D]

These equations can then be used to calculated the equilibrium constant (Equation (9.56)), this
has assumed that the sample has low absorbance therefore €,[A]l and €¢[C]l are small and thus

the exponential term can be simplified since e™ tends towards 1 — x.

e ec®@cks B [A]

Under photochemical control, the integrated rate expressions still match Equations (9.51) and

(9.52) however the equation for k. is now Equation (9.57).

(9.57)

¢A€A10lk7 CDCSCIOlk6
kops = ( ) (

D]+ &,/ T\ D1 + k7> (¢l +1p])

The equations for Keq and kops can be combined to calculate the rate constants ks and k_s which

are given by the equations below.

_ (pAlolSAk7 _ (DCIOIECkG
5~ ke[D] + k, " ke[D] + k;
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Complex Structures and Numbering

Chapter Two
\Rh————-\ \Rh——-—\/sn\ne3 \Rh.__fb_\
\//S [\gtefA \//Sime3 2.1B / %
@\ @ SiMe
VA an\
3 \ 2.4

355



Chapter Three
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Chapter Five
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Chapter Six

PPh, PPh,
thp\|/H PhZP\Ru/H
Ru N

Pphz k/PPhZ
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Abbreviations

1D one-dimensional

2D two-dimensional

A bond length, 10™° m

o chemical shift /ppm

pL microlitre

Q chemical shift

o-CAM o-complex assisted metathesis
Y wavefunction

Bo applied magnetic field

br broad

COoD 1,5- cis-cis-cyclooctadiene

COE cyclooctene

COSsY correlation spectroscopy

Cp cyclopentadienyl

Cp’ cyclopentadienyl derived ligand
Cp* pentamethylcyclopentadienyl
cw continuous wave

d doublet

DCM dichloromethane

depe 1,2-bis(diethylphosphino)ethane
dfepe 1,2-bis(bis(pentafluoroethyl)phosphino)ethane
DFT density function theory

dm decimetre, 0.1 m

dmpm 1,2-bis(dimethylphosphino)methane
DMSO dimethylsulfoxide
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dpae 1,2-bis(diphenylarsenio)ethane

DPE Bis(2-diphenylphosphinophenyl)ether
dppe 1,2-bis(diphenylphosphino)ethane

dppp 1,3-bis(diphenylphosphino)propane

DQ double quantum

DuPHOS 1,2-Bis[2,5-dimethylphospholano]lbenzene
Et ethyl

etp PhP(CH,CH,PPh,),)

EXSY exchange spectroscopy

FID free induction decay

HBpin pinacolborane

HEB hexaethylbenzene

HMQC heteronuclear multiple quantum correlation spectroscopy
Hz Hertz

'Pr iso-propyl

IR Infrared

J coupling constant /Hz

K Kelvin

Keq equilibrium constant

LIFDI liquid injection field desorption ionisation
m meta

M bulk magnetisation

Me methy

mg milligram

MHz megahertz

min minutes
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m)J

mol

ms

mW

Nd:YAG

NMR

nOe

NOESY

OPSY

p

PASADENA

p-H,

Ph

PHIP

P*Ph

PP

PP,

ppm

PR3

PSS

Py

RF

SABRE

millijoule

mole

milliseconds

milliwatt

neodymium-doped yttrium aluminium garnet
nuclear magnetic resonance

nuclear overhausser effect

nuclear overhausser effect spectroscopy
ortho

only parahydrogen spectroscopy

para

parahydrogen and synthesis allow dramatic enhanced nuclear alignment
parahydrogen

phenyl

parahydrogen induced polarisation

(2R, 5R) 2,5 dimethyl, 1-phenyl phospholane
a bidentate phosphine

a tridentate phosphine

parts per million

a monodentate phosphine

photostationary state

pyridine

radio frequency

seconds

singlet

signal amplication by reversible exchange
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SD standard deviation

SE standard error

T Tesla

T longitudinal relaxation time
‘Bu tert-butyl

THF tetrahydrafuran

uv ultraviolet

2Q zero quantum
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