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Catalytic processes often involve organometallic complexes,aims of this thesis were to
study some specific ruthenium and rhodium complexistng 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 witlparahydrog@ using timeresolved NMR methods with the

intention of measuringpy-H, addition and/or the evolution of th@-H,-derived singlet state

The photochemistry of CpRh(€&HHSIMg), (2.1), CpRh(COE[R2.2) and CpRh(COL1.8) with
DMSO PhSOMe, trimethylvinylsilane and triethylsilane was probed. The photoactivitg of
proved minimal with themain productsbeing associated with thivssof the CODligand By
contrast,2.1 and 2.2 undergothe substitution of one or both of thalkene ligands, depending
on the nature of the reacting ligand. Complex2d, CpRh(C}£HSIMg(DMSO) Z.4) and
CpRh(P*Ph)¢El,) (3.2) were deemed suitable for timeesolved studies wittp-H, 2.1 was
found to form the expected dihydride&(1) on a 50 msimescale.2.4 was also formed.1 but
its PHIP enhancement was poor and whilst did form the expected dihydride product PHIP

was not observed.

[Ru(HY(CO)(PPH(Xantphos)]5.1 was also synthesised and its reactivity towards a range of
small moleculeswhich included DMSO, CO, ethene angSH{, investigated. These studies
revealed that its B CO and PRHigands could all be lost photochemically and that the
ElFlyGiLK2a tA3FyR O%dtf R *REPAioMiKation. FiesdiGed NMR
studies @ 5.1, with p-H,, found the H addition to the intermediate to occur with a rate of the
order of 0.5 &. cis[Ru(H)(dppp)] 6.1 was also studied using tirresolved 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 equatori# nuclei.
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1)1 O0O1 AOAOET 1

1.1 Generalintroduction

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 cyclabe detection and charactésation of reaction
intermediates and any minor products or isomers is needed. Often the initial steps irasuch

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

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

The intention in this thesis was to study the reaction of rhodium and ruthenium complexes
with small molecules such as DMSQO, triethylsilane andrHnore specificallyp-H,. Complexes
containing hydride ligand(s) areommon features in catalytic proces$eand therefore
understanding how they form anwhat 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 aalsrmolecule to coordinate. The
photoactivity of the complexes was explored before studies usmsjtu photolysis with
parahydrogen were performed. The purpose of using parahydrogen was to take advantage of
the signal enhancements that parahydrogen givéth 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 rearrangeent 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 informatarross a wie variety of structural
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motifs from small organic compoungdgo organometallic complexesto complex proteins?

This property would be valuable in the study of reaction mechani&mshe detection and
characterisation of reaction intermediates. Unfortunately, NMR spectroscopy is an intrinsically
insensitive technique. The intensity of signals in anRN$pectrum depends upon a humber of

variables which are described bytation (1.1),™" *?

where N is the number of sping,is the
JeN2YIFIySGAO NI GA2Z + A&, refeksSo tHeBiredaDtBeRapptietl | y O1 Q&

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

916, (1.1)

0t 0 'Qevi —%eﬁgq( 0
The terms of notén Equation(1.1) are the number of spins, N, and the gyromagnetic raiio,
The number of spins relates to the concentration of the sample and the relative abundance of
the NMR active nuclei. The larger thieumdance of the spi#2 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 therelative 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 % abunddribés is
why *H NMR spectroscopy is associated with the greatest sensitivity. Carbon based NMR
experiments, however, are hampered by the active nucfél, having a natural abundance of
just 1.07 % and a gyromagnetic ratio approximately four timesllsmthan *H. These two

factors combine to mak&CNMR much more insensitive thad NMR.

The signal intensity can also be defined by Equdfid?) where N and N refer to the number
of h andi spins. To understand this relationship appreciaton of the principles behind NMR
spectroscopyis required NMRspectroscopyutilises the intmsic angular momentum dahe

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 quamttnumber 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 momentwyn,is given by Equatioi.3),

g KSNE Ad GKS NBRdAzOSR tflyOlQa® Qusigadiby d |
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
describa by the quantum number pwhich is a vector quantity, and as such has a direction

and magnitude. If applied magnetic field is placed along the z axis it is orijyctimeponent of

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

‘08 6 QI Q6 & & (1.2)

0 "o p 7o (1.3)

The most rotinely used nuclei, in solutichased NMR spectroscopy, have a spirargfum
number, I, equal to a % and therefotgis associated with the values, m ¥z and; Y2 Spins

align with the applied fielthecomelower in energy and those aligd in the opposite direction
increasing in energyFigure 1.1) and the size of the intrinsic magnetic vectdhe energy
difference between these two states depends on the size of the magnetic field. As you move
from smaller to larger magnets the enerdifference increases and in doing so the population
difference between theh andi 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 byhe Boltzmann distribution. However, even with large magné#ie

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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Figurel.1: Pictorial representation of the behaviour of spins ingjdght) and outside a magnetic fieldeft).

This can be quantified precisely, such that at a 9.4 Z06rMHzfor *H, there is apopulation
difference ofl in 31,000 between the two spins at 300 Kadreasinghe size of the magnet to
600 MHz or 14.1 T causesthis population differenceto increaseto 1 in 21,300 An
alternative way of viewng this effectis that on a 600 MHz spectrometgrst 0.0047 % of the
protons in asampleare obsewred rather than the 0.008% that is observed using a 400 MHz

spectrometer. This is where the intrinalty lowsensitivity of NMR spectroscopy lies.

S b
A

Boltzmann Hyperpolarised
Distribution Distribution

A

Energy

Figurel.2: Schematic to show the relative populatioiffdrence using the Boltzmann distribution of spiieft) and
the distribution obtained vith a hyperpolarisation method (right).

The intrinsic limitations of NMR spectroscopyay seem easily fixed by using larger
concentrations of analyte but this is nalways feasiblefor 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. Thilimits 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 l&el of structural information For NMR studies the molecule must have particular
characterstics, for example to comprisef atoms which have NMR activelzOf SA > So3 L
ideally | Z4. 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 assignmenits of
structure. A drawback of NMR spectroscopy is its insensitivity; improvements have been
achieved in this field usindhyperpolarisation methods. These create ABaltzmann
distributions of the spinswhich giverise to consideralyl larger population dierences. The
result of this iSNMR signals whicban beenhanced relative to the signals achieved by using

the thermal equilibrium distribution of the spinby several orders of magnitude.

1.2.2 Overview ofhyperpolarisation methods

There are now a wide rangef approachedor 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 ga. The polarised light is absorbed by the alkali metal and the spin angular
momentum of the photons is transferred to the alkali m@avalence electrons. Like nuclei,
photons of light may also have angular momentum, in this case the angular momentum has
Y 3y A G dzR*&nd #h& spid angular momentum of a specific photon is associated with a
right or left handed helx G KA OK NBI EOSKADKbLR A2HKSNE (KS
terminology originates. This polarisation can thiee transferred tothe noble gas through
collisions between the alkali metal and noble gas nuclei in a correlatetf Wag create spin

polarised nuclei which have been used tokméyperpolarised MRI measurements?
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Another hyperpolarisation mettebis 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 momentDNP takes advantage of the gyromagnetic ratio of an electron to enhance
NMR signals. It was initially developed by Abrafathand Jeffie$ Ay G KS mMdopnQad Ly Y
recent years, dissolution DNP has been develofeBissolution DNP woskby doping a liquid
sample ofthe 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 field2aKl The sample is irradiated
using low power microwaves. Thdgh 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 tmasferred into the magnet for sample acquisitithn.

Finally, parahydrogen can be used as a hyperpolarisation source. Parahydrogen is a nuclear
spin isomer of, 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 kanonuclearangular momentum which means that it
itself does not generate an NMR signal. It was proposed that the reaction between
parahydrogen and an asymmetric substratég(re 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 tweaking 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 mat take place on a faster time scale than any relaxation.
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Figurel.3: Proposed reaction which would give rise to parahydrogen enhanced prodhete H, and H are the
former p-H, protons.

1.2.3 Parahydrogen

The hyperpolarisation method utilised in this work based onparahydrogen. The two
isomeric forms of Hare para and orthohydrogen,or p-H, and o-H, respectively and were
FANRG LINPR L2 &SR 0 &he tdiffedehick betwgen thérScanvibe riddiesd Sy
examining the respective components of their wavefunctioDgiydrogen consists of two
identical spin ¥ nuclei and is classed as a fermioa.oVerall wavefunction of #ermion, such
as in dihydrogen, has to be antisymmetticThe wavefuntion consists of electronicy(),
vibrational § ), rotational { g), translational ¥ v) and nuclear spiny(s), components (Equation
(1.4)). When theseare combinedthe electronic, vibrational and translational wavefunctions
are always symmetric with respect to particle interchangencethe antisymmetrimature of
the overall wavefunction can be achieved by a suitatdenbination of the rotationaland
nuclear spin wavefunctions which can be either symmetric or antisymmeti® rotational
wavefunctio is given the quantum number When J has an even val(eg. J = 0, 2, 4 etc),
the rotational wavefunction is symmetric, whereas when J has an olde s wavefunction is
antisymmetric.The nuclear spin of dihydrogeherefore determines whether the molecule is
assigned as the ortho or para isomevhere orthohydrogen is the symmetric nuclear spin
isomer and parahydrogen is the antisymmetric nuckgain isomer Eigurel.4). As dhydrogen

is comprised of two | = ¥ hydrogen atoms, each of which canthawealues of either +¥2 ar

15 these are combined in the nuclear wavefunction.

rrrrr (1.4
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Ortho-Hydrogen ParaHydrogen

Figurel.4: Schematic representation of th@is Isomers of dihydrogeH,, orthohydrogen is depicted on the left
and parahydrogen on the right.

P aAy3 GKS h FyR I y2aldA2ya F2NJ ALAYA FEfAIYSR 6
NBEaLISOGAGSter GKSNB | NB F2dzNJhO2Wolbwgierighce y 4 2F (G KS
hji FyR ih Hine& comBirbisia@ lused to distinguisiem. Now the four

O2YOoAYylFGA2ya | NB h¢hid @ i¢ KNBSh 2iFh GKEBRShIO2YOAY I GA2Y
GAUK NBALISOG G2 LI NIAOEKO AYYIBNDKIzY IB2 MW EKS T (0 NV RX
orthohydrogen Figure1.4) and he fourth linear combinatiot" i¢i " = A a | ylhsa& YYSGiNRO
singlet state corresponds to the parahydrogen spin isomer and therefore must occupy even

rotational energy levels. The theeother spins states are consigned to the odd values Ti3.

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 forbidderas we need to changes two quantum numbers, Jtad simultaneously

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

parahydrogerform.

For an equilibrating systemhe relative proportions ofo-H, and p-H, are temperature
dependent, as depicted iffigure 1.5."* The energy difference between the lowest energy
rotational levels foro-H, and p-H, is small and at room tempetare there is sufficient energy

for odd and and evemrnergy levels to be populateaccording 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 Snce there are three spistates corresponding to orthohydrogen and just one for
parahydrogen there is approximately 75 %ipand 25 %p-H,. At lower temperatureshere is

no longer sufficient energy faheseenergy levels to be populated drthere is a population
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difference betveen J = 0 fop-H, and J = 1 foo-H,.This is reflected in a difference in relative
proportions ofo-H, and p-H, seen with a decrease in temperaturét temperatures below 77
K, p-H; is now the major isomer and below 35 H which is almost purely paradyogen can
be isolated.

100
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

Figurel.5:; Variation of thepercentage of paraand ortho-hydrogen as a function of temperaturasing the relative
proportions of ortho and para hydrogen tabulated in Gretial., 2012

There are two approachseused to generate parahydrogen. The simplestasing of a sample
under an atmosphere of Hin liquid nitrogen in the presence of a catalytst generate samples
with consisting of ~50%-H,. Alternatively p-H, can be preparedssing a closeaycle cooler to
drop the temperatureof the H, to ~20 K where 100%-H, can form. The His passedver a
suitable catalysat ~20K and thifacilitates the interconversion between the two spin isomers.
This is typically activated charcoal and iron oxidesn the gas is removed from the catalyst
and returned to room temperatureit will retain its enriched parahydrogen state for a
prolonged peiod, 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 asinglet state could be unlocked through its addition to an unsymmetrical entity. They
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suggested the hydrogenatioof an unsymmetrical alkend-igurel1.3). In the hydrogenation

product the two former Hprotons form an AX spin system, which means that the twdaqn®

are in chemically different environments and that they are coupled to one another. Ag 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 hydrogenationdpm which results

from the use of naturdy 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 thesates are governed by the selection rule

Dm=°1A ®Sd SAGKSNI h 3I2S5a ( 2This$ me@nblihére afe oG posdib h o dzli y 2
transitions which gives two doublets in the NMR spectriFigyre1.6). Whenp-H, is used

AyaaSIR 2yfte GKS hi |yR ih aGFrGSa FNB LRLzZ I §SR
population difference which equates to much larger signals in the NMR specTiene are

Ffa2 F2dzNJ fft2gSR GNlIyaAirldAaAzyas FfGK2dAK aAyoS 2y
OGN yarxdAzya Y2@S FTNRBY (GKSasS adaridasSa G2 GKS hho |y

doublets in the NMR spectrunfigurel.6).

1% p—

I\
NN A

L1 Ll
12 34 1 3

Natural Abundance H, para-H,

Figurel.6: Schematic representation of an AX spystem in a hydrogenation product using natural abundant
hydrogen (left) and parahydrogen (right). The relative populatemesignified by thickness of the lines. The arrows
represent allowed transitions and the bottom diagrams are the resultant NMBiigpom these transitions.

XLVIII



In 1987 Bowers and Weitekafipfollowed up their theoretic paper with experimental
observations of this phenomenon. Using the established hydrogenation catalyst, RRfg|(PPh
02 Af 1 Ayaz2%¥ Qith HCGhriched ® @ p-H, they studied the hydrogenation of
acrylonitrile Figue 1.7) inside an NMR spectrometdry bubbling thep-H, into the sample
using a capillary. They observed signals corresponding to the hydrogenation product,
proprionitrile, which were100-200 times larger than the thermal equilibrium signals. The
hydrogenation product, RbkPPh)y/ £ T F2NXSR GKNRdAK GKS NBI O
with p-H, was also observed, where one hydride is trans to a chloride ligand and the other
trans to a PPhy making the two hydrides chemically inequivaleRigue 1.7B). They termed

this phenomenonparahydrogenand synthesisallow dramatic enhancednuclear alignment
(PASADENAThhe 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
Hg 4y
RhCI(PPhy); o
Ho S Ny + pH, ————  ° CN
H HH
B PPh,
RhCI(PPh,) H Clum,, | w\Ha
+  p- EE— “Rh.
373 2
Ph3P/ ‘ \HB
PPh,

Figue 1.7: Reactions bserved by Bowers and Weiteka:?ﬁxA) the hydrogenation cdicrylonitrile(B) the oxidative
addition ofp-H,0 & 2 A f 1 Ay & 2.4 & re@torTacdheSpkHsprotons.

Also in 1987, the Eisenberg group also demonstrated gathydrogen could be used to
created hyperpolarised signals in NMRhe initial experiments utilised faodium trinuclear
complex, [RECLH,(CO)(PhP(CH),PPh)]*, as the hydrogenation catalyst and phenyl acetylene
as the substrateRigurel.8A). The sample was pregal and stored undeH, in liquid nitrogen
for at least 8 hours. This allows thi to be enriched with approximately 3@ p-H,. After this
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time a'H NMR spectrum was acquired at 58 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 igdid nitrogen and only adding, 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 atkd to the sample and th&éH experiment performed. This sample did give
enhancements comparable to the first. From this it can be concluded that the storidgiof

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

of H, as the para isomer and that this can hydrogenate phenyl acetylene. This process breaks
the symmetry of the formep-H, protons and allows enhanced signals in the phenyl acetylene
product to be observed. They went on to study this rhodium trinacleomplex with the
deuterated alkenes; gstyrene, ¢-propylene and gethylene?’ In each of the produs, they
obtained enhanced signals, including the symmetrical ethylene substrate. This was explained
by the concept of magnetic inequivalence due tgDHcoupling meaning the product has an

I 1 0 .3pin systemKigurel.8B).

A
H H
/ \ [Rh] A B
— H tp-H, —— 3
= Ph H
D D
B D D [Rh] D
>=< +p-H, 5
D D Ha HD
H
¢ Ph, | ° Ehz
X//llm, ‘\\\\\\\P +p-H, HA/I/”’II \\\\“\\
.
Ph o th

Figurel.8: Summary of some of the reactions reported by the Eisenberg group. A) The hydrogenation of phenyl
acetylene b){RmeHZ(CO)(Pr&P(CI—Zl)Z PPh)]*, [Rh], B) The hydrogenation of-dthylene resulting in the magnetic
Ay Slidzh @1 £ Sy (i LINIBRinaYsiem®) Ntk Kxidatiye atditidd ptH, to the iridium complex
IrXCl(dppe) where X = CN or BraHd Hrefer to the formerp-H, protons in each scheme.



The final reaction reported in the 1987 paper by EisenB&imyolved the oxidve addition of

p-H; to the iridium complex IrX(CO)(dppe), X = CN, Br. In this reaction, they observed the
stereoselectiveH, oxidative additionforming a dihydride producivhere the twohydridesare

cis to one anotherRigure1.8C). As with the earlier study by Weitekaiighey 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 pesbthat

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 cdiaeabbreviation

PHIP for this phenomenon where PHIP standp&wahydrogeninducedpolarisation. It is this

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

In the almost 30 years since these initial publications, theiebeen 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 reactfomsechanistic
organometallic chemisti} * and, more recently, as part of a ndwydrogenative process
through the use osignalamplification by reversibleexchange (SABRE)n this method, the
hyperpolarisation is passed from parahydrogen protons to a substrate via a transition metal

complex.

1.2.4 NMR Theory for Boltzmanndistribution 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 thidtimately gives rise to an NMR spectrum. To undenst

how a spectrum is obtained using a spectroscopic technique often requirenargy level
approach; with NMR spectroscopyowever, this approach is insufficient. To understand the

interactions between nuclear spin and the applied magnetic field aeditplications of the
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different pulse sequences within an NMR experiment a different approach is required. There
are number of theories which can be used. One of the more basic and readily accessible
models is the vector model. This is a geometric modelckviprovides a nomnathematical
approach to NMR spectroscopy; howeyiris really only applicable to simplésolated spin
systems and basic pulse sequences. Another model used to understand NMR theory utilises
product operators. This model can be useddive a more complete description of NMR
experiments and can be used on coupled sgimuclei as well as multiple pulse experiments.
There are other models which delve deeper into the quantum theory behind NMR
spectroscopy but this level of rignisbeyord the scope othis thesis. The vector modeés its
limitations when used to describe NMR experimebts it can be used to introduce the ideas

and terminology used by the more complex methods and as such psogideonvenient

starting point in discussirtipe theory behind NMR spectroscopy.

1.2.4.1Vector 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 exampleantbe applied tpare
offset by the advantage oit being a geometric approachAs suchit 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. Tihiggnetisation which is aligned with the z aNg, is not
detectable. Radio frequendRF) pulses are used to move thiagnetisation from the z axis

into the x or y axegyiving M, and M, magnetisation. Thisnagnetisationis detected by
wrapping a coil arouneither thex or y axis and when the precessing magnetisation cuts this

coil it induces a current which is detectabléhe rotating frame of reference is used to negate

LIl



the effect of the Larmor precession. In the rotating frame thesaare also rotating at the

Larmor frequency and thus the magnetisation appears to be stationary.

Bo

Figurel.9: Schematic to show how once the magnetisation is moved away from the z axis it precesseslheaund
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 fromi’Keeler.

The most basic NMR experiment is the ptdsguire experiment. This consists of a simalése
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 sigmas seen when the magnetisation has
been moved through 90and 270 (or multiples thereof) and the minimum signals is seen
when the magnetisation has been moved through 180 360. To know how long to apply

the RF pulse to achieve the maximum signal pése 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 theresonance signal. Since the null point,
where the minima are, r& more distinctive than the maxima, pulse lengths that should
approximately correspond to the 36@ulse length are used and once the null point is seen

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

0
‘ FID
I t D;

Figure1.10: Pulse sequence for a pulse acquire experimépulse 2 ¥ | yishappBedeither the x or y axis, in
this example it is along x, followed by a delgyandthe signal ishen observed by a free induction decay (FID)
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1.2.4.2Product Operators

The use of product operatercan provide a more comprehensive description of NMR
experiments than was possible using the vector mddelnlike the vector model, the product
operator approach can be used with systegmntaining more than one spin and systems
where the spins are coupled, this comglimay be heteroor homonuclearin 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 syskearsmany hallmarks of the vectanodel.

The onespin system may be described by four operatdrsE |y, Iy 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 ndie discussed further. The remainirigree
operators describe magnetisatian each of the three axes and aamalogous to theM,, M,
andM, of the vector modelAs with the vector model, the applied magnetic field is assigned as
the z axis and the rightanded coordinate system is used to assign the x and y axes,
respectively. This means thétrefers to the equilibrium magnetisation position making it

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

The mat basic NMR experiment is the pulaequire experimentRigurel.10). As covered in

the vector model, the application of an RF pulse moves the magnetisation frgnedliwith

the z axisIf) and into the xy plane where is can be observed as either |, 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 startingraepor varies as a function of

02a6'0 HKSNB ‘ A& GKS |y3aftsS 2F (GKS LizZ asS |

QX

AYyoe' 0 I a OdugllidS aSSy o8

Q)¢

(Original operator)cosf) + (New operator)sifg)
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This means that a 9Qoulse results in abf the original operator being transformed into the
new operator. This is why a 9pulse results in the largest signal in a ptésguire experiment
when the starting state i$,, Once the magnetisation has moved away from the z axis it
undergoes free precession around the z axis evolving under the resonance offset or chemical
shift W) and the time (). 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 eutsapplied). Although the
free precession occurs from the moment the pulse is appliédcan be considered
sequentially. Since this evolution occurs around the z axis any terms relating are
unaffected by this evolution. The evolution of theand I, based terms follow a predictable
pattern given byFigure1.11C which equates to the magnetisation precessing anticlockwise
around the xy plane. Using the pulse seqce inFigurel.10 and starting with the equilibrium

magnetisationl,, the final collection of terms would be

¢ ly cogqWt) + 1, sin(Wt)

A
1 -
0.5 -
w ——Original
'% ——New
S o
B ( 9 18 70 60
& Pulge angle (0) /°
-0.5 -
-1 -
B - - C -
) 4 -X z -y X
Fx it v i 1T 21
-Z - -Z X -X
fn v (= fmn Y

Figurel.11: (A) Graphic representation of how the original and new operatoyas a function of the angle of the
applied pulse. (B) The transformations with successivep@es 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 chemicalWhiind time {); (B) and (C) were
adapted from Keelef”
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The resilts from the analysis of a orgpin system strongly resemble the results from the
vector model and as suctochot 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 notrestricted to spin systems with a singleia. To demonstrate this; a twspin
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 differencen chemical shift between the two spins. These spins may lbedmuiclear,

for example two'H nuclei, or heteronuclear, for example oté 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 Xperators(Tablel.1). These two spigan belabelled ad;

andl,, or aslandS and the %2 and 2 on the various operators reflect normalisation constants
for these terms. Some of the terms are familiar from the one spins sysfelnil,, S, S andS,

which represent the ifphase operators for each of the two spins for the x,ngd & axes. In
addition to these terms there are four which represent multiple quantum coherences (shaded
green inTablel.1). Linear combinations of these operatage the zero and double quantum
terms according to Equationgl.5)-(1.8). There are also five terms which are classed as
antiphase operators (shaded greyTiablel.1)

Tablel.1: Table of the 16 combinations of the four operators for the two spersd S

| 2B S S S
wE |Y2E S S S
Iy Iy 2LS 2LS 2LS
ly | 21S. 2LS 218
I, 5 21,S 2IZSy 21,S

<

00 ? ¢O0Y ¢OY (1.5
00 g ¢O0Y ¢OY (1.6)
ARV g ¢oY ¢OY (1.7)
@O0 g ¢OY ¢OY (1.8)

LVI



A two spin system allows the analysis of the spin echo sequéigerél.12A). The spin echo

is an essential building block for many more complex NMR experindugsto its ability to
refocuschemical shiftand/or scalar coupling. The spin echo follows a pulse, or collection of
pulses in more complex experiments to generate obsdieamagnetisation. The spin echo
itself starts with a delayt, followed by a 180pulse and a second delay For the refocussing

to work, both of the delays have the same duratidrhis analysis will allow the behaviour of a
two-spin system during RF irradiation and during periods of free precession to be
demonstrated. Like the onspin systems, the two spins systems evolve as a function of the
chemical shift during free precessioermds, in addition to this they evolve as a function of
the scalar coupling, J, between the two spins, according to the schemdiguire1.12B. Both

of these effets 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.

A
90, 180,
] FID
T T :
B
X - yz y q-xz
‘ 2z ,l ‘ 2z ,l
-yz - -X XZ - -y

Figurel.12: (A) Schematic of a basic spin echo pulse sequence. (B) Schematic representation,@fefigwandl,
(right) magnetisation evolves under J cting (adapted from Keel&*ﬁ2

In this example, the starting pulse is a pulse along xsé#me as the pulsacquire experiment
which means we can use the result of the gmhcquire experiment here. Starting frohx , °

pulse generates the following terms

G ly cogWt) + I, sin(\Wit)
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Now the evolutionas a function of the&oupling needs to be considerethe ¢l, term evolves
into 2I,S and the |, term evolves into2l,S both as a function of MY there is a cosine
relationship with the original operator and sine relationship with the new opetatberefore,

at the end of first delayt, the product opeator description is as follows

¢ ly coqWit)cos( J¢) +2LS cosiMt)sin( Jg) +Ix sin(Wit)cos( Id) +24S sinWit)sin( Id)
The next step is a 180applied along the y axis. This changes the sign of eaehator
according toFigurel.11B, since it is applied along the y axis theerms do not change. The

result of thisis

G ly cogWit)cos( J¢) +21LS cosfMt)sin( Id) ¢ I sin(Wit)cos( Jd) ¢ 24,S sinfMt)sin( Jd)
A second delay period follows the 188ulse during which time the terms evolagain under
the chemical shift and scalar coupling. First, the evolution under chemical shift will be

examined, giving the following result

¢ ly coS(Wit)cos( Jd) +l cosiMt )sinWit )cos( Id) +21,S cos(Wit)sin( Jd)
+21,S cosiMt)sin@Mt)sin( Jd) ¢ Ix cosiMt )sin(Wit)cos( Jd) ¢ Iy sirf(Wt )cos( J4)
¢ 21,S cosiMt)sinWit)sin( d4) +21,S sirf(Wit)sin( Jd)
Some of these terms cancel one another out &nel trigonometric function in Equatio(i.9)
allows a simplification for the remaining terms and thereby the result from chemical shift
evolution fromthe second delay 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.

G lycos(Jd) +2LS sin( J¢)
The evolution during the second delay period as a function of scalar coupling will now be
considered usindrigurel.12B to give the terms below. Trigonometric functions may also be

used here to provide further simplifications (Equatig¢h4.0) and (1.11)).
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¢ lycos(" J¢) + 2@LS cos( J¢)sin( I¢)) ¢ Iy sirf(" I¢)
=¢qlycos(Z J¢) + 2,5 sin(Z Jd)
The same analysis can be performed on the other spin and thus the full result at the end of the

spin echo sequence is

¢ (ly+S) coS(2 I¢) + @LS +21,S) sin(Z J¢)

[ 08 WéOkp (1.9)
WED | Qdk ©EGD (1.10)
ci "Geoédki "@d (1.12)

The analysis of the spin echo sequence has allowed the behaviour of two copptedas
consequence of RF pulses and free precession to be evaluated. Like tspiorsystem, the
two-spin systems evolve as a result of the RF pulse according to the diagr&igsriel.11B

and as a function of the chemical shift during free precession accordifggtoel.11C. In
addition to this, they evolve under their scalar coupling accordingigorel.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 quarterms2LS, 2LS, 21S 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 deriveidtss, as will become apparent in Section
1.2.5 These can be created from antiphase terms using RF pulses; for examplg pal9€
applied to both spins turngLS 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 Wyigure1.11C, and combine in a known way according-tgure1.13.

The angle by which the terms evolves is dictated by the sum of the chemical Bhiitg)(for

the double gquantum terms and by the difference in the respective chemical sWift8) for

the zero quantum terms. This is because the transfdromaresults in collections of terms
which can be abbreviated by the trigonometric functions given in Equafibhg) 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 evolutiddQof
into ZQ, is shown below to demonstrate how the individual terms evolve to give this overall

result.

HEGDHEGY | B Bk DED 6 (1.12)
OEFT B | BOEGK ch 6 (1.13)
00,00, 20"
t pa J} 2Q ,[
P g OV L0 o 7

Figurel.13: Schematic representation of the evolution of double quantid@(left) and zero quantumz@Q right)
operators evolved as a function of chemical shift. Dig@gterms evolve as a function of the sum of the chemical
shifts (M+We) and theZQterms evolve as a function of the difference in chemical sWift\(\).

Worked Example

The operators whichra used to describe thEQ term are2l,S and 21,S, and these will evolve
under Wit and W¢, whereW and Ws are the chemical shift offsets for the respective spins,

using the rotations described Figurel.11C.

COY COY wu COY®DEéit ¢OYi Qtt ¢OYnéit ¢OYi Qet
COYQDEitheE it ¢OYQE igi Qet

COYi QETOE int ¢OYI "Q&ti Q&f

COYQE i thé it COYQRE i ti Qet
COYi Q&thé it ¢OYi Qeti Qet
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Grouping the terms based otheir sine and cosine values and returning the normalisation
constant ¥ to the product operators gives the following result.

Y% ¢'OY ¢OY wé igwé it +% ¢OY ¢OY i Qeti Qet

+% OY ¢OY @& iti Q&t ¢% ¢OY ¢OY i Qi¢twé it

Using Equationgl.7)and (1.8) the operators can be substituted withQ andZQ and grouping

the ZQ andZQ terms togethergenerates the following terms.
G ot idghdé it | Qi Qar GO ¢ idi Q& | QEFDE 1 1)
These can be simplified using the trigonometric identities in Equatibfg) and(1.13) to give

the final result in Equatiofi.14).

WO WE i T o0i Q¢ 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 hout the same rules apply. NMR theory using

the parahydrogen starting state will now be discus§€d.*

Parahydrogen has a pure spin state denoted'byg i 1, this is a singlet state and as such is
described asg%2(3,S + 21,S + 21,S) in product operators. These are a combination of the
longitudinal two spin order tern2l,S and ZQ (Equation(1.7)). The evolution of the singlet
statewil y2¢6 06S FylFrfteaSR F2tt26Ay3 GKS | LAt A Ol G
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,cthe
normalisation factor has been neglected from this and all subsequenysinaince the pulse

chosen in this experiment is along the x axis 2§ term is unchanged in this analysis. The
resulting terms following the analysis LS and 21,S are given below, where the observable

terms, in green, are simplified using ttégonometric identity in Equatiorfl.11). The same
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observable terms are generated fro@l,S and 2I,S only with the opposite sign to one

another, and therefore can¢®ne another out and there is no NMR signal for parahydrogen.

oY (oY

oY COY®E i— ¢COYDéEH Qe ¢OYi Q&é+ (OYiQE—
= COYQOE 4 @ ¢OYiQt— 'OY 'OY i Q@&

cOY COY®Wé i— ¢OYné+H R ¢OYiI Qaé+ ¢OYIQi—
= COYQ®¢ i— ¢OYiQeE— OY OY i @&

When parahydrogen adds to a metal comptaxther evolution is observed, provided the two
former parahydrogen protons are now irchemically or mageneticallyinequivalent
environments. This evolution occurs as a consequence of the chemical shift from between the
two protons in the product. This elution takes place around theaxis and as such th&l,S
does not evolve. Th&Q term does evolve, intQ based on the cycle described Higure
1.13 giving Equion (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 @ term is observed and
the amgitude of this term averages to zero, and only IS terms remains. The observable

operators are antphase in character and account for the characteristic -phise NMR

aA3dylfa 204SNBSR Ay tl1 Lt SELISNARYSefivihthese KSNB A a

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 igreclsronous manner and this does not
lead to the decoherence of th&Q 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 Sectiéh3.2. This has been used with a ruthenium phosphine dihydride
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complex [Ru(BJCO)(PPdx], the loss ofH, from this complex occurs during the 10 ns laser
pulse at 355 nnand the coordination of, to the reactive intermediate occurs on an >4
timescale!® This means that the parahydrogen adds as one and Zf term evolves
synchronously intZQ at a frequency which relates to the chemical shift difference between
the two former parahydrogen protons according to Equat{@ri4). 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,S, terms cancel one another out. The evolution of these terms as a
function of time is depicted ifrigurel.14, at timet = 0 the amplitude of the observable terms
from 21,S equal those from¢ZQ. At timet = t, however, the amplitude of the observable
terms, and thus signal, is givey 1ccosiMicWah)t, providedthere is time resolution between

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

1.5

o
wu
1

Amplitude
o

Time, T

O
wu
|
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-1.5 -

Figurel.14: Graphical representation of the evolution of tB&S, and¢ZQ terms as a functiowof time. The
amplitude of the2l,S, doesnot vary time and;ZQ evolves as a functioof cos{McWot.

TheZQ 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 Equatior{1.15), this results in the antiphase tern2$,S, and 2L,S. This time, however,

GKSe S@2t@S la | FdzyOilAzy 2F arAy‘ ' ® ¢KAa YSlh
term is seen with a 90pulse rather than a 45pulse. These terms will evolve following the

addition to a metal centre as a function sh(\McWg)t and this will result in the amplitudes of

LX1I



the signals in the NMR spectrum varying by the same function. For RUHPPd)s, the
chemical shift differece between the two hydride ligands was 1098 Hz and an NMR signal
oscillating as a sine function with a frequency of 1208 Hz was observed when a 9fulse

was used after a single laser pulse and an incrementing guioipe delay™’

COY ¢OY COYHé+ COYi Qe COYhé+ covi qe  G19

1.3 Activation of small molecules bymetal complexes

To unlock the potential of parahydrogen it must add to a metal centre in a pairwisaenan
a process known as bond activation. The processbf bbnd activation will now be discussed
as well as the activation of¢&l bonds since triethylsilane will be utilised in this research as a

test substrate to study the bond activation capabilitief the metal complexes.

1.3.1 HzH bond

Transition metal hydrides play important roles in many catalytic processes such as
hydrogenatior®, hydroformylatiori* and hydrosilatiof® reactions. Catalytic hydrogenation
reactions involve the transfer of two hydrogens to an unsaturated organic compauct as
those containing unsaturated carbararbon bondsas well as other functional groupsuch as
ketone, imines and amide groups. The two protons maybe transferred from a suitable organic
hydrogen donoy such as formic acid or isopropandghrough a method termed transfer
hydrogenatiori® or via the addition and activation of moleculaydrogen, H, to the metal

centre®

The HH bond of molecular hydrogen may add to a metal centre through many different
pathways®’ two of which are shown iffigurel.15. The fistisa 0 2 Y R Y ihwai®’k S & A a
*1 This method results in an uneven split of theHHbond and gives an*ldnd an H The

second is a homgtic pathway during which the bond breaks evenly and both hydrogens add
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why this route is also referred to as the oxidative addition pathway.

o-Bond Metathesis

1 H S X——H
+ / — . +
- [ 1
Ml H M=====-H M——H
Oxidative Addition
H H H
—_— el —_— /
M]  + / ~_— M ! T~ M
H \‘~|i| \H

Figurel.15: Schematic representation of thebond metathesigtop) andoxidative addition(bottom) reaction
pathways ofH,.*>**

Both pathways involve the side on coordination of dihydrogen as a transition state. In 1984
Kubaé® isolated for the first time a complex where dihydrogen has interacted with a metal
centre and redined the HH 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 hydRipsé

1.16).2%%

H H

i N e e

M----==== H—H M— M. M\; M\
H "H |:| H

5 L Compressed . .
1 . 12-coordination Elongated : . Dihydride
n'-coordination Dihydrogen Complex Dihydrogen Dihydride Complex

ydrog p ydrog Complex p

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

Figurel.16: Schematic representation of the continuum of metal dihydrogen and metal dihydride complexes,
adapted fromCrabtreé® and Devarajaret al.**

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

interaction between the mel centre and the dihydrogen ligafThis approach is analogous

to the DewarChattDuncanson modéf *® used to rationalise the coordination of double
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bonds to a medl centre. The bondinlgastwo synergic components. Firstly, theorbital of the
H¢H bond donates electron density into an empty d orbital with the appropriate symmetry.
Secondly, there is baalonation from filled d orbitals of the metal centre into the empty anti
bonding "~ orbitals on theH, ligand. Both components act to weaken thiH bond. It is
thought that the donation from the metal into the antibonding orbital is the dominant force
behind whether theH¢H bond is retained in the product. With an increase in back donation
the HcH bond begins to elongate and eventually breaks teeghe 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 stroagceptors, for example the CO
ligands in [(PP)(COIW(h>-H,)], the degree of back donation is less and theH bond is not
cleaved. With electron rich metal such as [(RERhCI] the dihydride complex is observed. This
bond activation process is also observed wigtXonds where X can be carb8rsilicor® and

boron>*
| O
O H

Figurel.17: Schematic representation of the bonding interactions between a metal centre and dihydrogen
The spectroscopic characteristics of mdigtrides and metatlihydrogen complexes are
distinctive and allow for their characterisation. TH& NMR chemical shiftef metathydrides
are, falling in the chemical shift range @0 to ¢30 outside of the range of most other proton
environments. Unfortunately metaldinydrogen species also fall in this range. There are,
however, other NMR observations that can be usedlistinguish between these two types of

ligands. The first method involves substitutingwith HD and measuring their scalar coupling.

In free HD, wbis 43.5 Hz; in a dihydrogen complex this coupling is only moderately smaller,
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typically ~25 Hz since ¢hHcD bond retains intact In a dihydride complex, however, this
coupling is less than Bz 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]; in NMR. T; refers to the spidattice relaxation
mechansm and this effect is dominated by the dipalgole interactions between adjacent
NMR active nuclei. The magnitude of these interactions is proportional to distance between
the two nuclei,ry . For a dihydrogen complex, the distance between the two protons is
shorter than in a dihydride complex and thus the dihydrogen complex has the shgktalue.
TypicalT; values are less than 160 ms for a dihydrogen complex and greater than 350 ms for a
dihydride>® *>* The specific relationship between bond length &ds given by Equatiofi.16)

where r, x refers to the distance between the two hydrogen atoms and the magnetic

frequency of the spectrometer.
ig v vapiOvr 7 (1.16)

Infrared spectroscopgan also be used to identify methydride complexes, with the §H
stretching vibrations appearing between 146300 cmi* with deformation modes observed
between 700 and 900 cth™ It is for this reason, that Infrared spectroscopy has been widely
used in the studyof transition metal hydride complexes, this research has recently been
reviewed by Procacci and PeritzBy contrast, metatlihydrogen complexes are associated
with HcH stretching modes between 2400 and 3200°cand MH stretching in the region of
1300 and 1600 o for the symmetric stretching modes and 850 and 100C'cfor the

antisymmetric>?

1.3.2 SizH bond

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

mechanism as the activation &% bonds. The §H bond is typically weaker than aH bond
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and therefore is more likely tdorm oxidative additionproduds. This observation can be
rationalised by the " orbital of the silyl bond being larger and more diffuse which makes them
more accessible to the metals filled orbitals increase the degree of back donation possible
weakening the bond. As with dihydrogeahge coupling between the two nuclei is indicative of
the binding mode. Since silicon is also a 4ginucleus, this can be measured directly from the
complex without the need for deuteration. Uncoordinated, or free, silanes typically exhibit
have a Js;0of 200 Hz, this shrinks to ~100 Hz in ehMS'r;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 includea reaction with a stable coordinatively unsaturated comptexa metal complex
which contains a coordinated alkene ligand which can become hydrogenated creating a
reactive species. Alternatively, they can be formed using a metal contipdgxcontains a
suitable thermally or photochemically labile ligand which forms a coordinatively unsaturated
intermediatein-situ which may then go on to react with the small molecule This work involves
the use of photochemistry to prepare suitable intermad& which mayundergo 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 geometres and orbitals of different symmetries whigmovide 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 routessimmerisation, ligand
substitution and bond activation reactions. There are a range of different photolabile ligands
which can be used allowing for contrasting reactivity which include alk&mésCO® *° and

hydride(s}’ ligands.

1.4.2 Time-Resolved methods

Timeresolved methods have been developed tiblow 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 deperslon the timing of both the irradiation and detection steps.
The development of lasers with ultshort pulses has greatly improved the time resolution
with pico- to femto-second (18?5 ‘W $i") reactions now being observable. There are a wide
range ofspectroscopic methods which can be used as the analytical probe which include UV
visible absorptioff and infrared spectroscopy.®® Both these methoddhave high sensitivity

and fast detetion steps and as a consequence these methods have been used to study
reactive intermediates with a short lifetimes on the order of pioo 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

1.4.3.1Photolysismethods

The use of NMR in timeesolved methods is limited owing to the poor sensitivity and slow

detection times.In-situ NMR methods have been developerbypiding much greater structural
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information on reaction intermediates than other analytical methods used in Hieselved

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

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

place. This can be achieved by directing the light down into the pnebd from the top of the
ALISOGNRYSGSNI 0421 R26y£€0 2NJ 6& RANBOGAYy3I GKS A
GKS al YLX S pBiguRrR1®)P¢c EE LI GZLIOR26YEé | LILINRI OK Kl & 06SSy
group, using 100 W Hg arc lamp with fibre optic cable as the light sétif¢e advantage of

0KS ad2L) R2oy ¢ FLIINRIFOK Aa GKFG Ad 2yfte NBIdzA NB &

not restricted to one spectrometet.

Figurel.18: Schematic representation of the twn-situ NMR ghotolysis methods (left) bottorup (adapted from
Calladineet al®® and (right) topbottom.

¢CKS -R&A@YE I LIuINE phOtécheinBtry has been used by a number of groups in
vastly varied fields. These have included the photoisomerisation of azo dyes Wwheskis

isomerisation is prompted following continuous irradiation from a argoypton mixed gas
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laser?’” Distinctive chemical shift differences between ttisandtransisomers were observed

and it was proposed that this could be used in predicting the isomer assignment & mor
complex azo dye¥.Subsequent work combined the NMR measurements with DFT calculations
allowing thecisisomers of commercial dyes to be observed and the stmattcharacteristics

of the two isomers to be identifielf More recently this technique has permitted the kinetics

of these systems to be explored in more depthThe photoinduced isomerisation of
azobenzene has also been utilised in the field of molecular switches using maecaias|
containing a number of different azobenzene linkErf-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 st{idied.
The sequential isomerigian 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
isomerswere analysed. TheE(Z E 2) 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 usingn-situ photochemistry with NMR spectroscopy have includednggitania coated

NMR tubes to study the semiconductor photocatalysed oxidation of tolughere a Xearc

lamp was used as the irradiation soufé®lainum azide complexdsavealso been studied as
potential photochemotherapeutic agerifsand the photooxidation of benzyl alcohols into the

corresponding aldehydes used as a test reaction for an LED esi#dNMR procedurée®

In York, however, the bottom up approadh being used, where modified NMR probes are
used in conjunctionvith mirrors and appropriate light sources to direct the light on to the side

of the NMR sample within the probdeead. Early work used a He:Cd cw laser with a 400 MHz
spectrometef” although this setup has since been superseded by a Nd:YAG laser coupled to a
600 MHz spectromete? The disadvantage of using this approach is that it requires holes to
be drilled into the probehead to allow the light to be directed on to the side of the sample.
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This is potentially risky and restricts the measurernsettt a single NMR probe but once the
Y2RAFAOI GA2ya KIFI@®S 06SSy YIRS |yed baw al YL S YI@&o!

tubes to allow the study of air sensitive materials and reactions involving gases quth.as

1.4.3.2Low temperature photolysis andcharacterisation

Low temperaturein-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(C{OPFR) (Figure 1.20A) was irradiated at 185 K in
cyclogntane three new species forméd Two were consistent with alkane complexes and
were characterised as CpRe(g@lkane) and CpRe(COXRalkane) 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 thel @ctivaton of the
alkane to give the corresponding alkyl hydride complex. In CpR£K&O(Figure 1.20B),
however, in-situ photolysis only resulted in the loss of N, was observed giving
CpRe(CQalkane) as the sole produttThese observations were supported by timesolved

IR measurement® 76

Figurel.19: Starting complexes for the study between rhenium biscarbonyl complexes and afRdies

Similar systms, which differ in the identity of the top ligand, have been studied. Recently
[(HEB)Re(C@)j (Figure1.20A), where HEB refers to dif-hexaethylbenzene ligand, hdéeen
studied with alkane ligands and highly fluorinated solvents, such #&&HTH.”” Irradiation in
the presence of cyclopeahe at 193 K resulted in the loss of a CO ligand and the coordination

of cyclopentane in preference over the fluorinated solvent indicating a preferencecidr C
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over F coordination. A third rhenium complex has also been studigglife1.20B) 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 Zl3ais 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
- i)\,P(O)(OEt)z

| (Et0),(0)P ‘
PN <o,
oc \ o M=Re(CO); i’
co

Figure1.20: Rherium complexes used to study the formation of alkane compléxés’®

The reactivitypetweenmetal carbonyl complexes and coordinated alkane ligands has not been
restricted to rhenium metal centres, manganese complexes have also been investigated.
CpMn(CQ)has been found to undergo CO loss when photolysed at 355 nm at 138 K

using liquid propae or butane as the solveri.The same complex has been studied towards

ethane and isopropan®.

1.4.3.3Coupling ofin-situ NMR and parahydrogen enhancements

In York, thesdn-situ photolysis methods have also been used to study reactions between
metal complexes and parahydrogen providing improvements in the detection of intermediates
and minor products or isomers in these systeth® The reactivity of the tungsten dinitrogen
complex, [W(N(dppe)] (Figure1.21A), was studiedvith H,.2* The two dinitrogen ligands
were demonstrated to be thermally labile at 328 K forming the tetrahydride complex,
[W(H)(dppe)}] (Figure1.21C). When the reactivity of this complex was studied using low
temperature in-situ photolysis a trihydride species was identified, corresponding to the

activation ofH, and theortho-metalationof a @H bond of the dppe ligandr{gure1.21B) and
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was proposed to be an intermediate in the formation of the tetrahydride complex. A further
product was also ideified 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 theseproducts.

\\//

P\/ /

P>X<Q <>X<

Figurel.21: (A) Starting tungsten complex (&) Products formed following irradiation of (A) th-|2.81

The reactivity of a range of ruthenium complexes have also been studied with parahydrogen.
The irradiation of Ru(C¢llpae)and RuCO)(dppe) resulted in the loss of a carbonyl ligand
followed byp-H, addition to give the corresponding RugfQO)(dpre) species where the two
hydride ligands are PHIP enhanc&iy(re1.22).58>% When this was performed with the arsine
analogue, in the resulting dihydride complex, 100 % conversidimeqf-H, encoded spin state
was observed giving a signal enhancement of 31%0®hen this study was repeated with
Fe(CQ)dppe), however, whilst the corresponding dihydride formed, it did not exhibit any
PHIP enhancement§. This observation was attributed to the electronic state of the
intermediate of the iron complex being a triplet and therefore this tamilitate 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 spimcoded state habeen retained and the enhancements

are observable.
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Figurel.22: Reaction scheme for the photochemical reaction of Ru(drpe®i®) p-H, where R is phosphine or
: 82,83
arsine

Using a related system, Ru(G@ppe)(PPY (Figurel.23A), where one CO ligand has been
replaced with a PRHigand its thermal and photochemical activity were investigatéd/hen

the complex was heated in the presence of parahydrogen the dihydride RO@®}jdppe)
formed, the same product was obtained using Ru¢@ppe) as the starting complex and
therefore it was concluded that heating resulted in the loss of as;Rigand. When
Ru(CQJ)dppe)(PPk) 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)(PRhas two isomersHigure1.23B and C) previously only complex B has
been detected. The simultaneous loss of both a CO and W& observed photochemically
when Ru(CQldppe)(PPH was irradiated in the presence of pyridine to give complekigu(e

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

replaced by two monodentate phosphine ligarfs.

(\ (\PPhZ (\Pth (\PPhZ

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

Figurel.23: (A) Ru(CQjdppe)(PP}), (B) and (C) Ru@é[):O)(dppe)(PBhand (D) Ru(Iﬁ()(ZO)(dppe)(pyridineB)5

Most recently, the combination ah-situ irradiation and parahydrogehas been used to study
Ir(HR(CO)(1)(PPM®" The dihydride complex was prepared thermally by the hydrogenation of

0KS A2RARS Fylf23dz2S 27F 3 Upar ilra@dtion @2 Yoodplex vas oL N.
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found to undergo the reductive elimination ¢, to revert back to this complex. When this
occurs in the presence @kH, with a single laser pulse and a precise Jagdime delay PHHP
enhanced signals were observed. The growth of these signals allowed the rate constant
associated withH, addition to the unsaturated species to be measured as (3.0640)x1¢

mol** dm?s*, consistent with the literature valuesalidating the method® %

PPh, PPh,

| | H hn PhsP | +p-H | ‘ H
>|r< — >|r< L >Ir<
b SH o PPh, oc ’ H
PPh, PPh,
Figurel.24: Reaction scheme for the photochemicahotionbetween Ir(H)(CO)(1)(PRh andp-Hz.87

ocC

1.5 Photochemistry of ruthenium phosphine dihydride complexes

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

Ruthenium phosphine dihydride complexes have been demonstrated to be suitable
photochemical precursors through the reductive eliminationHfand the formation of a
reactive intermediate which may undergo further reactivitythe behaviour of complexes of
the type cis[Rub(PPj}], where PP refers to a bischelating phosphine, have been extensively
studied?*** Following the reductive elimination df,, a square planar Ru(RRhtermediate
forms which is capable of activatingEX bonds for a range of substratéscluding HBpin and
ESiH or coordinating other ligands such as CO or ethdtigufel.25). These studies have
been performed with a range of different bidentate phosphinEgy(rel.26). Theactivity of
different ethytbridged phosphines was studied towartls, CO and ethen&. The resultant
reactivity was found to adhere to the following trends dfepe < dppe < depe < dmpe for the
different phosphines and ethene < CCHxfor the different substrates. This preference for
substrates was also observed when dmpm was used aschietdating phosphiné! These

studes have also extended to monodentate and tetradentate phosphine ligands.

LXXVI



Ru(H)(PMe&), was found lose a PMéigand in addition toH, forming both Ru(HjPMe) and
Ru(PMe), intermediates which underwent reactions with CO a@fgSiH*®> Ru(H)(PR), where
PR is P(CECHPPhR);, was found to undergo substitution reactions with, CO and ethenas

well as bond activation ofc® bonds of benzene and P well as the 8H bond ofESiH™®

Q
P\ |U/H

R \X
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P\R|u/“—< N P)
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Figurel.25: Reaction scheme for Ru(ZIﬂ?P).%g4
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Ph,P PPh,
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(C,Fs),P P(C,Fs),

(R,RMe-DuPHOS depe

(S.SMe-DUPHOS
Figure1.26: Examples of bidentate (PP) ligands studi&d.
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1.5.2 Ruthenium phosphine carbonyl dihydride complexes

Complexes of the type Ru@gd}O)(P)have also beentsdied extensively, where (Pnay refer

to three monodentate phosphine ligands, a combination of a m@mul bidentate ligands or a
tridentate phosphine Figurel.27). The replacement of a phosphine ligand with a CO ligand
offers the opportunity to follow the reactivity by infrared spectroscopy using theste&dching
vibration. Timeresolved infrared spectroscopy was used to follow the reductive elimination of
H, from Ru(HYXCO)(PP4): and found that the process was complete within 6 ps of the laser

pulse?’
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Figurel.27: Structural motifs for ruthenium carbonyl dihydride complexes containing (A) tim@eodentate
phosphine ligand&® (B) a monodentate and bidentate phosphine ligand and (C) a tridentate phosphine ffigand.

The use of CO potesatly provides a second photolabile ligand which could result in competing
reaction pathways with Ru(HLO)(PPH: and Ru(H)YCO)(etp), however, onlif, loss was
observed photochemicallYf: ®® Ru(H)(CO)(etp) was studied in the presence of CO, ethene and
triethylsilane to form the respective substitution or bond activation prodid&tEhe rates of
these reactions were determined and the actvif the different ligands obeyed the following
order H > ethene > CO EtSiH The magnitude of these rates suggested that the reaction
does not proceed via a solvestabilised intermediate nor an intermediate with a triplet

ground state since both ohese 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) JBe,.*° Low temperaturein-situ irradiation revealed two
further isomers of this complex as well ascgclometallated product Kigure 1.28). With

prolonged irradiation times the photochemical loss of PRfas proposed resulting in a
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Ru(H)(Hy, species when performed ngder an atmosphere of H, and
Ru(H)(CO)(IEMe,)(PPR)(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—
t Et N\
oc\ / Y N Et
Y PhsP | Ph P\
PPh,

h3P H h;P

PPhs co co
Figurel.28: Ru(H)(CO)(IEMe,)(PPRh)s isomers and cyclometallated NHC prodﬁlgct

1.6 Aims andstudies described in thisthesis

The aims of this workvere to investigate the photochemical activity different ruthenium

and rhodiumbased organometallic complexes towardsall ligands such as DMSO and
triethylsilane. Once their photoactivity habdeen demonstrated, appropriate complexe®re

then studied with parahydrogen with the intention of making tiresolved NMR
measurements. Suitable complexagere those where theresulting dihydride products
containedchemically and/or magnetically distinct hydride ligands. T¥as induced through

the inclusion of an asymmetric or chiral ligand or as a consequence of the arrangement of the
ligands in the metal complexVhen thesereactions occued 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 inistthesis is provided below:

Chapter Two The photochemistry of three half sandwich rhodium alkene complexes,
CpRhCH=CHSIiMg), 2.1, CpRh(COER.2 and CpRh(COD).3 was studied using exsitu

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 kinétigzehdiy.

Chapter ThreeThe reactivity 0f2.1 and CpRIiEH=CHSiM¢(DMSO)2.4 towards p-H, was
studied using the laser baseatsitu irradiation NMR method thereby providing two routes to
the same rhodium dihydride species CpREENW=CHSIiIMg). The reactivity of a third rhodium
complex, CpRh(P*Ph}{&) 3.2, was studied withH, initially using the broadband UV light-
situ NMR approach to establish activity towarHs. It was then studied towardp-H, using

laser initiation.

Chapter FourThe photochemical reactivity &f.1 and 2.2 towards phenyl methyl sulfoxide
(PhSOMe) wastudied. The products were characterised by NMR spectroscopy and the

reaction kinetics analysed using relaxation kinetics.

Chapter FiveThe ruthenium complexRu(H)(CO)(PP(Xantphog) 5.1 was synthesised and

its photochemical activity towards ethenes-methykpyridine, 4tert-butylpyridine, *N-
pyridine, CO, benzyl alcohol, DMSO and triethylsilane studied. Once the photoactivity of
[Ru(H)(CO)(PPHi(Xantphos)] had been established its reactivity towards these ligands in the
presence ofp-H, was studiedusing broadband UV irradiation. Subsequently it was studied

using timeresolved NMR methods with parahydrogen enhancements.

Chapter Sixcis[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 90pulse and a 45pulse and with an OPSY pulse
sequence which removebe thermal background. A related compleis[Ru(H)(dppe)] 6.2

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

scalar coupling.

Chapter SeverDetails of the experimental methods used in earlier chapter
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2.1 Introduction

This chapterreports the study of three l&lectron [h°-GHs)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 photochemidailty.
generates a cordinately unsaturated intermediatevhich 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 beloWhe intent in this research is to establish the
photochemical reactivity of the three rldium complexes using ligands which are known to

coordinate to similar systent.>" '

One of the most studiedhalf sandwich rhodium bialkene complexesis [*-GHs)Rhf*-
GH.),]*®* (Figure2.1). In 1964 Crameet al., demonstrated that the thermal displacement of

its ethylene ligands occurs at temperatures in excess of T8 They subsequently showed
that substituion by nucleophiles, such as phosphines, pyridines and other alkenes was
possible’® The thermal reactivity of pentamethylcyclopentadienyl (Cp*) analogues of these
systems have been studied by Brookhart, most commonly with trimethylvinylsilane as the
coordinaed alkene Figure2.1). When these displacement reactions were studied in different
deuterated solvents H/D exchange was observed with the solvedtitawas concluded that

the system is capable of activating theBCbonds of benzene, toluene, chlorobenzene and
acetone!® In addition, when gtbenzene was used as the solvent, deuterium ipooation

into a series of c@ubstrates such as aniline, cyclopropene, ferrocene and methyl ethers was

observed.
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Figure2.1: Structures of [i°>-GsHs)Rh%-CoHy),]™* (left) and [h*-G:Mes)Rh>-CHCHSIMg),]** (right)

These reactions could be followed by the changes in'theNMR 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 S)@&id Cp*
groups was noted® Contrasting with Cp*Rh¢B,), reactivity where only 25% deuteration was
observed after 2 hours at 7€' The difference was attributed to the vitsilane 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 thgH ond activation
properties of these complexes. These observations lggtdd the possibility of using the
displacement of vinylsilane ligands to achieve access to the unsaturated metal centres under

relatively mild conditions.

Since these initial studies, many reports have focussed on improving our understanding of
transfer tydrogenation reaction$”™ ° Some of the reported reactions are shownFRigure

2.3. These are all intramolecular transfer hydrogenation reactions where trinsferred from

the functional groups of the silane to the alkene. Using this procedure, silyl endiasily)
enamines® and 1,2diheteroatomsubstituted alkene$® have been prepared using the
appropriated precursors. This complex was also used in a cardmon bond forming
reaction where the addition of an alkene to an aromatic aldehyde or ketoneggr@ossible

and mechanistic studies were performé&d.'”’
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Figure2.2: Exampls of the transformations using &ph(CHCHSIMg), (A) vinylalkoxysilanes into silyl

enolates'®(B) vinylaminosilanes into silyl enamifand (C) the formation of 1,2 diheteroatesubstituted

alkenest®

Most recently this complex has been used to study intramobechydrogen transfer reactions

using the alkoxyvinylsilane ligan8idure 2.3A) to form the internal alkene producfigure
2.3B)!|n the active catalyst there is a bound alkoxyvinylsilane ligand and the ethoxy linker is

in close proximity to the metal centré&igure2.3C). This allowthe oxidative addition of its €

H bonds which facilitates hydrogen transfer into the vinylsilane giving the new internal alkene.
Boliget al. proposed two pathways for this process, which differ according to whether the first

C ¢H activation occurs as posk 2y h 2NJ i @ ! &S 2F RSdzi SN dzy
regioselective product which allowed them to associate the reaction with-naeBbered

metallacycle intermediateRigure2.3D).
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Figure2.3: (A) Alkoxyvinylsilane starting ligand (B) Internal alkene product (C) Structure of the rhodium complexes
with ligand (A) coordinated and (D) Structure of thsmBmbered metallacycle intermediate. Structures adapted
from Boliget al*®

The work in this chapter focusses on studies of the phatatdbal activity of related half
sandwich rhodiurralkene complexes containing a cyclopentadienyl ligand. Their
photochemical properties were originally studied using matrix isol&tidfi and in solutior?®

57. 74,100 109 10 Farly work showed that one of the coordinated alkenes is readily lost
photochemically. The reactive intermediate CpRt€ak) is formed which is capable of
coordinating a number of different substrates; infrar€d,®® ' U\.Visible spectroscogff **°

and NMR spectroscopy®” " 1 11 112 haye been used to characterise this process. The most
studied system is that of if-GHs)Rhb>GH,),]. When the incoming ligand is DMZA™ or
acetonitrile’” only monosubstitution is observe#figure2.4A), whereas with PRR"*° CcQ" 1%
and'BuNC’ the sequential substitution of both of the original alkene ligands is possfidere
2.4A-B). When CO arl@8uNC were used as the substrate, dinuclear species were also observed
with the respective ligands bridging the two metal centrEig(re2.4C)>’ The ethylene ligands

were also substituted by trialkylvinylsilanes, butadiene and cycloheXeheditionally, thel6-
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electron intermediate, CpRh{d;), was found to be capable of the oxidative addition of
Me;SiH® EtSiH® and H bonds Figure 2.4D-E)®’ The photochemical oxidative addition of

trialkylsilanes was used to develop a sibdsed migration pathway in hydrosilation

reactions™?
C
@ :
Cp L
Rh—Rh
Rh\ Rh\ / \
/ L L Cp
// '
L= DMSO, L=PPh; CO L = CO, "BuCN,
MeCN, PPh;, ‘BuCN,
CO, '‘BuCN
D

= =
/LL{/

LH = Et,SiH, LH = Et;SiH,
Me,SiH, H, Me,SiH
Figure2.4: Summary of the different products from through the photochemlcal study of CpRp¢CFigure2.1)
with different ligands, Liabelled. Adapted from Perugt al>®*"*

Subsequent research has moved towards studying complexthsdifferent alkene ligands.
Photolysing [t°>-GHs)Rhba*-CHCHSI(CHE),] at low temperatures in toluene allowed the
detection of the unstable solvent complekigure2.5A),* where one alkene is substituted by
an h*toluene group. This was not seen for H{-GHs)Rhfi>>CHCHCH),], where low

temperature photolysis in toluene only gave rise to the allyl hydride complax [(
GHs)Rh(H*-CHCHCH)] (Figure 2.5B)!** The expectedh®arene complex was, however,

observal when toluene was replaced with naphthalenEigure 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 uwdergdative addition
reactions has also been investigated with’G(CH)s)Rhf>-CHCHCH),] and triethylsilane at
room temperature!** The product, [¢°>-GHs)Rh(H)(Si(GBH)s)(h*-CHCHCH)] (Figure2.5D),
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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 r€r(SgH) bond. This
type of behaviour was also observed whem’jG;(CH)s)Rhb*CHCHC@Bu)] was photolysed

in the presence triethylsilane, diethylsilane and trimethoxysildfigure2.5D) !

R///\R“\/ X >
c@\ D QC,\? ’
R///R“\ an

Figure2.5: Summary of the product structures, only a single isomer is displayed for each of the structures. Adapted
from Duckett and Perutet al.”* " **?

This chapter extends these studies by reference to the three alkenes, trimethyitaing|s
cyclooctene and cyclooctadiene. The parent complexés;GHs)Rhb*-CHCHSI(CHE),] 2.1,
[(h®-GHs)RhE*GHy),] 2.2 and [(°>-GHs)Rhb*-GHyp)] 2.3, shown in Figure 2.6, were
synthesised and their NMR characterisation is detail€dis ligand choice will allow the
difference in mone and bidentate alkene ligand$o be investigated, as well as structural
isomerisation to be observed tbugh the presence of a symmetbyeaking trimethylsilyl
substituent.The intention of this research was to establish the photochemical activity of these
complexes through their irradiatiomx-situ in the presence of small molecules known to
coordinate to similar complexeghe small molecules of interest were trimethylvinylsilane,
DMSO and triethylsilane. Trimethylvinylsilane was chosen as a ligand it allowed the

isomeristaion of2.1 to be studiedas well asand the substitution of COE and COR2.iaand
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2.2, respectively In so doing it establishedhether their alkene ligands are photochemically
labile under the experimental conditions used here. It has been reported that vhen
GHs)Rh(GH,), was photolysed in the presence of trimethylvinylsilane the predominant species
which formed was H*-GHs)Rh(GH,)(CHCHSIMg and only through the removal of,i&, by
degassing was CpRh{CHSiMg), formed?>’ Cyclooctene iad cyclooctadiene are both liquids
with boiling points of 145C and 150 C, respectively, and therefore the removal of the
liberated alkene is not as simple as faHCwhich may impact on the distribution of the
products. The relative activity of the monodentate and bidentate ligamdsalso of interest.
Whilst DMSO and triethylsilane are common ligands used to demonstrate that a free
coordination site has been geneeatvia the detection of products containing coordinated

DMSO or triethylsilane in place of a labile ligand.

/Rh——x h———'\—-\ /Rh-————-"""'"
\/Sll\/le 2.1A / ! J

2.3

Sll‘\/1e3

\/S' e, 2.1B

Figure2.6: Structures of the three complexes to be studied in this chapter

<

2.2 Synthesis

2.2.1 [(h5-GsHs)Rh(h2-CHCHSI(CH)3)2] 2.1

The synthetic route to FC>-GHs)Rhfi>-CHCHSI(ChE),] 2.1 is shown inFigure2.7, full details

of the synthesis can be found the ExperimentalSection8.2 The first step invohe the
F2NXYIFGAZY 2F 1 NI MSNIR™ the sobdfiratedethyleweligands were
then substituted for the desired trimethylvinylsilane ligands following the literature procedure
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reported by Marciniec group in 200% The reaction time was increased from 3 hours to 21
hours to ensure complete substitution2.1 was then formed by reacting the

trimethylvinylsilane dimer with cyclopentadienyl lithidam a 324 isolated yield.

H,0/MeOH /\\ /Cl\ /\

RhCl3.3H,0 + 2CHy —5 3 Vs X/Rh\\ /Rh
Cl >//
56 %

1. 2CH,CHR, diethyl @

ether, 20h @

—h,.

2. Li(CsHs), 1h \Rh

R=Si(CH5)5 \< %R

Figure2.7: Synthetic route used to preparmf(-CsH;Rihz-CIﬂJzCHSi(Obg)Z] 2.1
In complexes of the typelf-GR)M(h*~CHCHR)] there are 6 possiblsterecisomers which
differ according to the orientation of the alkenes. These isomers cagrdogoed into two sets
of three (igure 2.8), according to whether they can interconvert by alkene rotation.
Interconversion between the two sets ofoimers however requires the loss and-re
coordination of the alkene in a different orientation. The use of low temperature NMRinvith
situ photolysis has allowed the detection of four of these isoné#t room temperature only
two are detecte’ NMR characterisation was performed on these products (Seci8.1)
and determined that the two isomers correspond ttrans-up-up (2.1A) andcisup-up (2.1B

with the trans-up-upisomer being the major of the two.
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N

Figure2.8: Possible isomers of half sandwich complexes with two monosubstituted bound alkene ligands, adapted
from Hauptmaret al**®

2.2.2 [(h5-GsHs)Rh(h2-GsHi4)2] 2.2 and [(h5-GsHs)Rh(h4-CeHiz)] 2.3

The synthetic route to form C-GHs)RhH%GHis), 2.2 and [(°>-GHs)Rhp*GHyo)] 2.3 are

shown inFigure2.9. The first step in each synthesis is the formation of the rhodium alkene
chloride dimer from RhgBH,0. The literature methods” **®for these steps were modified to
allow the synthes to be performed in a microwavaeven The use of the microwaveven

allows shorter reaction times and less solvent to be used. The half sandwich complexes were
then formed by reacting these dimers using cyclopentadieny! lithidine prodats were then
isolated in a 6% yield for2.2 and 6®% yield for2.3, full experimental details can be found in

the Experimental, Sectid®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

R

N
-\.\
2

2.
69 %

Figure2.9: Synthetic route used to preparen-GHs)Rh*GeHya), 2.2and [h°-GHs)Rhb-GHy0)] 2.3

2.3 NMR Characterisation

2.3.1 [(h5-GsHs)Rh(h2-CHCHSI(CH)3)2] 2.1
Thechemical shifts of cyclopentadienyl ligands in complexes of the form QpMeally occur
betweend 4 and 5.5 They can be usetb determine the number of hal§andwich species
present in solution since each should & singlet (or a doublet with small coupling to rhodium
depending on the resolution). In tHél NMR spectrum .1 (Figure2.10) there are two peaks

in this region atd 5.00 and 5.04 indicating that, as expected, there are two isomers present
(Figure 2.10). These have been characterised previodsly; and the details of the
characterisation will beutlined to exemplify the methods used to characterise the products

which form through the reaction wit@.1.
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Figure2.10: 'H NMR Spectrum &.1in GDg at 298 K

-

The major isomer yields three alkene signalsl 8t84; 2.26 and0.34. The distinctive ¢0.34

peak is diagnostic of theans-up-up isomer. The couplings observed in these three peaks can
be used to assign the relative alkene proton orientatidrigire2.11). The peak atl 2.84 is a
broad doublet with a coupling of 13.5 Hz. A large prepooton coupling links protons which

are on the opposite sidefdhe double bondtrans,to one another, as would be the case for H

and R (Figure2.11). Whilst the coupling in the peak di2.26 is 11.0 Hz inditiag the coupled
protons are on the same side of the alkeng, d&hd H;, and thereforecisto one another. A
smaller coupling of 1.5 Hz is also observed corresponding a geminal coupling between the
terminal protons Hand H; this splitting is obscured byé¢ broadness of the peak dt2.84. A

2D 'H*C HMQC NMR spectrum was used to correlate these peaks to their directly bound
carbon centres and a 18C{H} NMR spectrum was used to measure the cartimdium
coupling for each of these carbon resonancese UM group was assigned &52.8 (d, drn

14.1 Hz) and the Gldroup was assigned as39.0 (d, drn13.0 Hz).

I\

Figure2.11: Assignment of thgroton environments of the coordinateimethylvinylsilane ligand
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In the corresponding 2BH"H NOESY NMR spectrum, the observation of an nOe connection
between the methyl signals of the silyl group and the Cp peaksad0 indicates that the vinyl

f A3l yRQAa aAfef a&dzs&hé dng. dusnOé inteddchioy befiveedzlid B2 ¢ | NR
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 teup-up isomer the two ligands

are arranged in the same orientation. This means tha(lebelled orange) is neven close
enough proximity to H(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 thatfH

one of the ligand can be in sufficiently close proximity tooH 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 Figure2.78). This is consistent with the literaturé.”* The full details of

NMR characterisation can be foundTiable2.14.

H

’ Si y H
P P
\ Si \H o H \ Si

Y Y

trans-up-up cis-up-up
Figure2.12: Schematic representation of the spatial arrangement of the two trimethylvinylsilane ligarndms
up-up andcisup-upisomers of2.1, Cp rings have been omitted for clarity.

The minor isomer was characterised using the same approach. This identified this product as
the cisup-up isomer. This is consistent with the literatitend the results of this analysis is

summarised imable2.15.

2.3.2 [(h5-GsHs)Rh(h2-GgH14)2] 2.2

TheH NMR spectrum o2.2 in GDs shows a singlet atl 4.85, which correlates to a carbon
resonance atd 91.1 in the 2D'H*C HMQC data set. These values are consistent with a

coordinated cyclopentadienyl ligand. There are two pseudo doublets orith measureable
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coupling each, one at 2.32 (d, J4 13 Hz) and one at 1.76 (d, 349 Hz), each accounting for
four protons, there are additionalinmeasurable smaller couplings hidden in the broadness of
these resonances. This complex has previousgntzharacterised bjH NMR spectroscopy
where the downfield doublet waseported to correspond to the vinylic protons of the
coordinated double bond, labelled, ih Figure2.14. However, it is the proton resonance @t
1.76 which shows a correlation to a carbon resonance typical of a coordinated doubledond,
65.1. Whereas the doublet at2.32 correlates to a carbon resonance with a chemical shdt of
33.5, more in keeping with a saturated carbon environment. Hi@fH} NMR spectrum
supports these assignment since the resonance &.1 exhibits a coupling to rhodium of 14.4
Hz. The resonance dt33.5, however, exhibits a much smaller coupling to rhodium of 1.3 Hz
indicating that it is not directly bound to the meteéntre. Furthermore, a second proton et
1.52 also shows a correlation to this carbon, confirming that the peakka32 is onehalf of a

pair of inequivalent Ciprotons. Both of these protons signals also couple to the CH resonance
at d 1.76 in the coresponding 2D'H-'H COSY spectrum thereby suggesting that they
correspond to the two methylene groups that are located at position Rigure2.14. The 13

Hz coupling observed in the proton resonancel 8t32 corresponds, therefore, to the geminal
coupling between Hand H.The 9 Hz coupling observed in proton peaklat76 is between

this proton and H(d 1.52), which igisrelative 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

Figure2.13: 'H Spectrum oP.2in GDg.at 298 K,risert shows resonances for this complex (integrated)
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Figure2.15: "H-"*C HMQC a2.2, in GDs at 298 K.
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Figure2.16: 'H'H COSY of the bound cyclooctene resonanc@s2ih GDg at 298 K

The remaining peaks in the proton spectrum appear as multipletd &t58 and 1.32. The
highly overlapped peak at 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. Theapeal.32
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corresponds to 8 protons. TH&-*C HMQC data shows that both of these peaks correlate to
carbon environments with chemical shifts®82.9 and 26.8 respectively (positions 3 and 4 of
Figure2.14) and confirm that the remaining Glgroups are diastereotopic. This supports the
structure depicted irFigure2.79. Details of the NMR characterisation are summarisetiaible

2.16.

2.3.3 [(h5-GsHs)Rh(h4-CeHi2)] 2.3

An NMR sample 02.3 in dstoluene was used for characterisation. fid NMR spectrum
contains four peaksHigure2.17). A singlet add 4.93 corresponding to the 5 protons of the
cyclopentadienyl ligand, a broad singletda®.94 corresponding to the 4 alkene protons of the
COD ligand (position Ejgure2.18) and two signals ad 2.20 and 1.94 for the alkyl backbone
0LRaArAdGAz2ya H YR HQOU 2F (G4KS /h5 fA3IlIYyRO®
identified using 20H*C HMQC methods. The CH=CH signa)sofGhe COD ligand have a
carbon chemical shift ofl 62.5 (d, drn14.0 Hz), while the GFHNR dzLJa 2 F (G KS

backbone (§ yield a carbon signal at 32.5. This characterisation is consistent with the

structure drawn inFigure2.80. This NMR data is summarisedriable2.17.

—JC J\ \ *’M

T T
4.95 ppm 3.95 ppm 2.25 ppm 1.95 ppm
Figure2.17: H spectrum oR.3in dg-toluene at 298 K.

H H H

Figure2.18: Unique proton and carbon environments on the coordinated COD ligand.
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2.4 Photochemistry of [(h5-GsHs)Rh(h2-CH.CHSI(CH)3)2] 2.1

There are six possible geometric isomergdf*® (Figure2.8) which can be grouped into two
setsas described earlieThe synthetic route used gave two isomers2df; the trans-up-up

(2.1A) and cisup-up (2.1B isomers. These belong itne 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. TRisown process' therefore can be

used as proobf the photochemical loss of a trimethylvinylsilane ligand and thus allow the

photochemical reactivity a2.1towards other ligands to be studied.

To investigate this, a sample containiti mg of [(>-GHs)RhHi>-CHCHSI(ChE),] 2.1 was

preparedin @ YR mMn >[ 2F OGNAYS{Keft JAifglcekcass felatyeS | RRSRX
to rhodium. The sample was then irradiated with broadband UV light and monitored

periodically by"H NMRspectroscopyExperimentaB.3.1) and the UWisible spectrum of.1is

shown inFigure2.19. After 15 minutes irradiation the ratio of the two isomers had changed

from 18.3:1 to 1.3:1 Z.1A 2.1B (Figure 2.20) demonstrating the photolability of the

vinylsilane ligand.
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Figure2.19: U\-Visible spectrum o2.1in GHs
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Figure2.20: H Spectrum in §Ds at 298 K showng peaks for protosH, in 2.1A(d 2.84) and2.1B(d 2.93).(A) prior to
photolysis; (B) after 1 minute and (C) after 15 minutes. Integrals show relative ratios of the two isomers

The series of proton spectra recorded during the irradiation process were integrated to
measure the concentrations @& 1Ato 2.1B relative to the total amount oR.1 present prior

to irradiation. The relative concentrations are plotted against irradratione, in seconds, in
Figure2.21; the full procedure is outlined in thExperimental SectioB.4. Figure2.21 shows

an initial period where the proportions &.1Aand 2.1Bchange after this a photostationar
state is establishedndicating that both2.1Aand 2.1Bare 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 rhodiumespes and is not included ihesedata. 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 spectuas also consistent
with this degree of decompositiosuggesting thathe loss of the Cp ligand has occurrétie
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 relation kinetics. The principles behind this are detailedtlie

AppendixSection9.2.
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Figure2.21: Timeprofile showing the isomerisation d.1 between thetrans-up-up (2.1A) andcisup-up (2.1B
isomers, these were fitted to Equati@B.1) the results of which are given Fable2.1

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)”

Figure2.22: Kinetic model for the transformation @& 1Ainto 2.1Bunder photochemical control, the net reaction is
given in black and the processgisen in grey

The kinetic model for this system is a first order equilibrium between two spdeiggre2.22).

The integrated rate expression for this process is given by Equ@tib” and values of, b
andk.ps Obtained accordinglyTiable2.1) wherea denotes the equilibrium concentratior(§A].q
where A i2.1Aor 2.1B), b the difference between the initial and equilibrium concentrations
([Al ¢ [Aleq) and kqps the sum of the rate constants and equate to the time it takes for the
equilibrium to be established’here 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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Uu A AA (2.1)
Where
a= [Aleq
b= [Alo g [A]eq
Kobs= kit K1

Table2.1: Fitting results for the changes 8fl1Aand2.1Bas a function of irradiation usirigquation(2.1)

al% b /% Kops /St
2.1A 52.4° 0.7 41.3° 1.2 (2.79° 0.33 X102
21B| 39.2°04  ¢34.2°0.7 (186° 0.19) x102

There two descriptions of the equilibrium constant (Equai@8)),*?> *?* the first is in terms of
the concentrations o2.1A and 2.1Bwhich givesa value of K, of 0.74° 0.02 under these
conditions It may alsdoe describeds the ratiok; to k ; which also feature in the integrated
rate expressior{fEquation (1)). Thesequationscan be combined to allow the values qfdnd

k 1 to be calculated as (067 0.15 x1G?and (1.8 ° 0.20) x16?s™* respectivelyvia Equations

(2.3) and(2.4).***
. E " 2.2)
E P!
. E + (2.3)
. . E . (2.4)

In the Appendix analysis of the rate equations for thermal and photochemical reactions was
performed. The rates of the forward and back reactionshi; photochemical process link to
the Beer Lambert law. It was demonstrated thaakdk ; of the thermal model relate to the
photochemical model according to Equatio(®5) and (2.6) where F, 4 and F, g are the
quantum yields oR.1Aand 2.1B ¥ is the molar absorption coefficient &.1, I, is the light
intensity andl is the path length. The equilibrium constant, therefore, corresponds to the ratio
of the quantum yields according tBquation(2.7).*** *?°* From the values ofkk ; and thus,

Keq It can be concluded that the quantum yield21Ais smaller than that o2.1B This means

XCIX



that 2.1Bis more efficient at forming the intermeake as a result its concentratiaelative to
2.1Ais reduced.Thermal isomerisation was not considered in this analysiwlaen asample

was left at room temperature in the absence of light for 13 wetblese wasjust 79%2.1Ato

21% 2.1B Hencethermal 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 #desence of light the system
moves towards the thermodynamic preference. The steric effassbciated with trimethylsilyl

substituentis a dominating influence on the thermodynamically preferred isomer.

E B g )R (2.6)
P B s (2.7)
¢! B s

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 paeasfor this system
were determined using a simulation within Excel as outlime the Experimental8.4.3When

this was performed, values of &ndk , were deternined to be (0.83 0.06) x1G? and (1.10°

0.07 x10° s respectively which give an equilibrium constant,, Kof 0.7 ° 0.10

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

2.5 Photochemistry of [(h3-GHs)Rh(h2-CHCHSI(CH)3)2] 2.1 with

DMSO to form2.4

There are many rhodium DMSO complexes in the literatfiré’ where coordination through
oxygen®® or sulfur®is possible. In some cases, the DMSO ligand is seen to bnidgaetal
centres by coordinating through both of these sitéslt is hypothesised that i2.1 was

photolysed in the presence of DMSO one or both of the eétmglvinylsilane ligands will be

C



replaced with DMSO. To investigate this an NMR sample containing 0.5 rhg-GH{)Rhf*-
CHCHSI(C%),] 2.1 was prepared in gtoluene and 2 pL of DMSO added to give a 20 fold
excess of DMSO relative 20l. The sample was then irradiated for a total of 20 minutes with
periodic monitoring of the reaction being made by the acquisition of appropristeNMR
spectra. Signals associated with a new rhodium species were observed. These included a new
cyclopentadiayl resonance atl 4.95 and two singlets where the methyls of the bound DMSO

are expectedd 2.41 and 2.42as shown irFigure2.23. This species wahén characterised by

NMR spectroscopy &s4.
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Figure2.23: *H NMRSpectrum of [(°>-CGsHs)Rhfi2-CHCHSI(ChH)(DMSO)PR.4in de-toluene at 298 K

The proton spectrumHKigure2.23) has a single peak, dt4.95, in the cyclopentadienyl region
indicating that a single product has formed. There are two protons, 288 (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, relativedat.95 as 5 protons. In the 2B-'H COSY NMR
spectrum these signals couple to one anothada third peak atl 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 sigdals at
2.88 and 2.55 correspahto proton resonances that share a common carbon partner, which
appears ad 37.5, while the peak ad 1.78 connects to a carbon signald42.6. Both of these

carbon resonances are doublets in tF€{H} NMR spectrum due to coupling to rhodium of

Cl



15.8and 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 Figure2.24.

5.<—-
/

Figure2.24: Assignments of the trimethylvinylsilane protocisemical 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 demonstrateligure2.25, where the structure is
viewed from below it shows thahe methyl group labelled A is on the same side as the CH
group of the vinyl silane and the methyl grogbélled 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=0O axis highlighted, this would result irbtteakingof the rhodiungDMSO
bond or alternatively the &kne could rotate and this too would result in the rupture of the

ligand rhodium bond.

.
\H/‘\ /MeA
H l_‘\_} S
| \
H | ’ Meg
Me;Si 0

Figure2.25: Schematic representation &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 Ristly,
the magnitude of the downfield shift of the proton resonance relative to free DMSO suggests

sulfur bindirg if the shift is large and oxygen binding if it is smaftein 2.4 there is a 0.7 ppm

Cll



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 upfieltt hobserved for oxygen binding and a
downfield shift for sulfur binding, relative to the free ligatd=>? In 2.4 the methyl resonances
have carbon chemical shifts df54.9 and 55.1 and are downfield shifted when compared to
free DMSO which has a chemical shiftdofi0.6. These observations confirm coordination

through the sulfur.
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2.4 2.‘3 2.2 211 2.0 l‘.9 1.‘8 1.7 116 PpPm
Figure2.26: 'H-"*C HMQC ingtoluene at 298 K showing tHe-**C correlations for the bound DMSO2r 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 depictEgjime2.81. The
NMR results are summarised irable2.18. This is consistent with the literature reactions
between these types of rhodium complexes and DM&&? This was the only product
observed and there was no evidence in thé NMR spectrum ofhe bisDMSO product

CpRh(DMSQ)
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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, usingHn both isomers, and the pratgtt, using the bound DMSO resonances, as a
function of irradiation time. The contribution of both isomers2f will be combined so that
isomerisation between the two isomeis not considered. The relative concentrations i

and 2.4 against irradiatioa time (igure 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 9294 and 4%2.1, approximately 2% decomposition

is observed over the course of theeaction. The identity of this decomposition was not

identified and no precipitation was observed in the solution.
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Figure2.27: Time profile plot showing the conversionfl into 2.4 as a function of nadiation time. These were
fitted to Equation(2.8) as perTable2.2.

Theproposedkinetic modelfor this system is bimolecular second order equilibriurigure
2.28) and the kinetics associated with such a process are outlined in ppendlix The
formation of an equilibrium betweeR.1 and 2.4 would suggest that both are complexes are
photoactive and thus this is a photostationary staBeth 2.1 and 2.4, therefore,may undergo

fAIrYyR t2aa G2 TFT2NY 0KSCHEVORID OEK My (1 BRIV SR § KB+ (1S
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react with either DMSO or vinylsilane to forg¥ or 2.1 respectively. Since the bBMSO
product was not observed, it is assumed that if trimdvinylsilane may be lost fror.4 to
F2NY GKS FTNY3IYSyd 4G/ LwKoS5a{hovéeé Al 2N GKS
pathway does not significantly contribute towards the reactivity observigte sample was
optically dilute and it is assumed thahy 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,)”

Figure2.28: Proposed lnetic model for the reaction betweed.1and2.4. The full process is described in grey and
the net reaction in black.

121123 \where a reflects

The integrated rate equation for this model is given by Equaf@is),
the equilibrium concentrations, [A} and b describes the difference in the initial and
equilibrium concentrations[A} ¢ [Ale, Where A refers to eitheR.1 or 2.4 in both cases.
Whilst kops is observed rate constant and refledtse time it takes for the equilibrium to be
achieved. It is a combination of the forward and back rate constants for the equilibrium based

on Equation(2.9).%"*2* Thechanges ir2.1 and 2.4 were fitted to Equation (2.8) and the values

obtained are summarised ifiable2.2.

U A AA (2.8)
Where
a= [Aleq
b= [AloG[Aleg
Kobs= K1 ([DMSQeq+[2 1]eq)*+ K 1([CHCHSIMgle+[2.4L0) (2.9)

Table2.2: Fitting results for the changes @fl and2.4 as a function of irradiation using Equati¢h8)

a /% b /% Kops/ Mol <t dm?® s¢*
21| 52°07  923°09 (5.67° 057 x10°
[2.4| 93.8°07 ¢91.7°1.0 (5.95°0.60 x10°
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The equilibrium constant,J§ for this photostationary state maybe defined either in terms of
the concentrations of each of the species in the equilibriomin terms of the rate constants

for the forward and back reactions Equati(10).'?*

Using the concentratiaha K, 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 coregkes. This would suggest thattag amount

of the free ligands changehe ratio of2.4and?2.1 should also. Using a smaller excess of DMSO

could result in les2.4 forming, whilst higher concentrations of DMSO could push the reaction

towards completion, with n®.1 remaining. To investigate this, a stock solution2df was

prepared in 1.35 mL als-toluene and 8 mg of ferrocene was added as an internal standard.

This wasdivided equally into three NMR tubes and the following amounts of DMSO were

added, with the excess of ligand relative2dd I3 A Sy Ay oO0NI 01 Sday modp >[ 06p dp
p >[ OMy®dHOPdP ¢KS Al YL S& 6SNB NI LIISR Ay F2Af &FK
before irradiating each in turn for 45 minutes with periodic reaction monitoring u$thbMR

spectroscopy and thgrowth in signals associated wi were observed.

c8 #(# (3R E (2.10)
¢® $- 3/ E

The formation of a photostationary state suggests tBat loses DMSO and thus can reform

2.1 following the grey pathway inFigure 2280 ¢2 G(GSaid GKAa KeLROKSaAa
GNRAYSGKEt oAyt artlyS sLa FRRSR (eRits irddidtions | YL & 02y
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 @f1were observed.

The poton spectra acquired during each sample irradiation period were analysed using the
same approach as the first sample and as detailed irExgerimental The concentrations of

2.1and 2.4 were plotted against the irradiation time iRigure2.29-Figure2.32. In each case,

CVI



the edablishment of a photostationary state is observed after an initial growth peréod

only modest differences in the equilibrium concentration®2df and 2.4 were observed in the
three samples with only DMSO as the ligand in excess. The sample witmalest excess
(5.5 fold) contained 11% &.1 and 88% oR.4 whereas the samples with 12.8 and 18.2 fold
excess contained 7 and 6% »flL and 89% and 9092.4 respectively, a small amount of
decomposition was observed in each of the samples (<B#deconposition 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 ltegesn 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 32%nd 25%

2.1, confirming the photolabilit of the DMSO ligand and showing a preference2idrover

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 @ntent prior to any irradiation,as with the previous decomposition the identity of

the decomposition product was not identified or characterised.
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Figure2.29 A plot showing the photochemical conversion2of into 2.4 as a function of irradiation time, with a 5.5
fold excess of DMSO, this was fitted to Equa{®B) and the results are shown ifable2.3 entry 1
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Figure2.30 A plot showing the photochemical conversion2of into 2.4 as a function of irradiation time, with a
12.8 fold excess of DMSO, this was fitted to Equa@d) and the results are shown Fable2.3 entry 2
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Figure2.31 A plot showing the photochemical conversion2of into 2.4 as a function of irradiatiotime, with a
18.2 fold excess of DM$this was fitted to Equatiof2.8) and the results are shown ifable2.3 entry 3
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Figure2.32: Time Plot showing the photochemical activity2of and2.4 as a function of irradiation time when
there is an excessf both DMSO and trimethylvinylsilane, this was fitted to Equaf®8) and the results are shown
in Table2.3 entry 4
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The relative compositions of each of these samples would suggest that the kinetic model
proposed inFigure2.28 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 proposeéigure2.33). The associatethtegrated rate
equationfor this model isshown inEquation(2.11) wherea is [A}q, b is [A} ¢ [Alegand A can

be 2.1 0r 2.4 accordingly andsisthe observed rate constartefined by Equatiori2.12). It is
therefore expected hat the three sample from the stock solution which only differ in the
concentration of free DMSO should all have the samevalue whilst the ksfor 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 fitte@E¢oation(2.11) and the
results of this aalysis are giveffable2.3. As expected, the values ofpdfor Entries 13 are
within experimental error of one another andpkfor Entry 4 is different confirming that the
reaction rate is zero order with respect @MSO indicating that the revised kinetic model in

Figure2.33is correct.

ky
CpRh(CH,CHSiMe;), CpRh(CH,CHSiMe;)(DMSO) + CH,CHSiMe,
2.1 K, 2.4
ka hv hv ‘
+ CH,CHSiMe, s

“CpRh(CH,CHSIMe,)”

Figure2.33: Revised kinetic model fahe reaction betweer2.1and?2.4. The full process is described in grey and
the net reaction in black.

Uu A AA (2.12)

Where

a= [Aleq

b= [Ab¢[Alkq

Kobs= ki +k i([CHCHSIMgeqt[2.4Ly) (212

CIX



Table2.3: Fitting results for the changes 8fland2.4as a function of irradiation using Equati¢h8) for each of

the samples.
Molar
Entry Excess Complex al% b /1% Kops/ Mol st dm?® st
DMSO

1 5.5 [2.9 12.9°1.0 82.8°1.6 (3.63° 0.55 x1(°
[2.4] 88.2°1.1 ¢84.3°1.9 (3.83°0.62x103
2 12.8 [2.1] 5.7° 1.3 96.6° 1.8  (2.99° 0.46 x10°
[2.4] 90.4° 1.6 ¢98.3°2.5 (3.39° 0.54 x10°
3 18.2 [2.1 6.1° 0.5 93.9° 0.9 (3.44° 0.43 x10°
[2.4] 91.2°0.9 ¢90.3°1.5 (3.85°0.57) x10°
4 17.2* [2.1 36.1° 0.8 ¢29.7°1.0 (2.16° 0.42 x10°
[2.4] 51.1° 1.6 35.0°2.0 (2.18° 0.56 x10°
*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 givenBmguation(2.14) and now does not
include the concentration of DMSO. The equilibrium constant for each of the reactions,
including the first sampléEntry 5)previously processed witBquation(2.10), were calculated
using the equilibrium concentrations of the appropriate species and are giva@able2.5.
Whilst there is small variation bewen 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 notalbligher than the other samples.

. c8 #(#(3EK E
P E

(2.13)

Table2.4: 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) x102
3 18.2 (1.2° 0.3) x10*
4 17.8* (1.9° 0.1) x10*
5 20 (6.4° 0.2) x102
6 17.8*

*Also contains 17.8 molar excess of trimethylvinylsilane
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Since ks and K, can be defined in terms of; land k,, these expressions can be combined in
order to calculate values of kand k; using Equationg2.14) and (2.15). These were used
calculate kand k, for each of the samplesTable2.5). For the three samples frorthe stock
solution with only an excess of DMSO shqwadtues which are all within error of one another
however this is not trueacross all samples for. .k The values of i indicate that at the
photostationary state there is a preference f@rl 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 trimethylvinyl&ne. If this was the case, the equilibrium constant would
simply be the ratio of two complexes and gives.gadf 1.51° 0.08. This is now over one
indicating a preference fat.4 over2.1and that k must be greater than k. In this scenario,k

and k, for a photochemical system are defined accordingetpuationg2.16) and(2.17). These
expressions suggest that for an equilibrium favourihg either the quantum vyield oR.1is
greater than that of2.4 and therefore is more efficient at forming the reactive intermediate.
Alternatively the coordination of DMSO is favoured ovéne coordination of

trimethylvinylsilane.

- Qo (2.14)
0 c8 0@ OoYQ

. Q (2.15)
0 c8 0@ 0oYQ

Table2.5: Rate constants determined usikguationg2.14) and(2.15)

Molar
Entry Excess ki/moltdm®s?  k;/moltdm® s
DMSO
1 5.5 (3.0° 0.7) x16° (6.1° 1.2 x10°
2 12.8  (2.8° 0.9) x106° (2.8° 0.7) x16°
3 18.2  (34° 2.4 x10° (2.6° 1.5) x10°
4 17.8*  (1.3° 05) x10° (6.8° 1.9) x10°
*Also contains 17.8 molar excesstomethylvinylsilane
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2.6 Photochemistry of [(h5-GHs)Rh(h2-CH.CHSI(CH)3)2] 2.1 with

EtsSiH to form2.5 and 2.6

To investigate the other properties of the reactive intermediate formed fitwas studied

with triethylsilane, which contains aghl bond that may undergo oxidative addition reactions

with similar rhodium complexeS* ** An NMR sample containing 0.5 m@°[GHs)Rhp*-

CHCHSI(CHE), 21 YR n > 27F (NASGK@thldehe, givihg a 14 lfold LINS LI NB R
excess of triethylsilane compared to the rhodium complex. The sample was then irradiated

situ using a broadband UV lamp for a total of 2 hours and the reaction followet] lYyMR

spectroscopy. Over the course of the irradiatibvo species were observedrigure 2.34)

Ff K2dz3K 2yfeé 2yS 2F (GKS&S NBYFAYSR G GKS

w»
<
pul;

trimethylvinylsilanewas 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 thé NMR spectrum after this irradiation,

suggesting that the final product is not photochemically active.

T T T
-14.0 -14.5 Ppm
Figure2.34: Hydride region of théH NMR Spectrum following photolysis21 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 resonanakeca®.2 with a
coupling to rhodium of 38.0 HFigure2.34), these feature are consistent with the known
compound [(°-GHs)Rh(H)(Si(CHCH)s),] 2.6 *** The magnitude of the coupling constant is
indicative of a Rhspecies, which arises via the oxidative addition of twgHSionds following

the loss both alkene ligands. The other product formed also contains a metal hydride moiety, a
doublet atd ¢14.6 (4rn31.5 Hz) Figure2.34). This smaller coupling is now consistent with a
RH" species and fits with a stepwise reaction betwe@rl and EtSiH and thus the
intermediate species observed is likely to corresptmd 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 irradidgtime of 10 minutes to

limit the formation of the second product. Many of the resonances associated with the
intermediate are broad in théH NMR spectrum (bottom spectruFigure2.36) 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 resone@s sharpened sufficiently to allow their multiplicity to be
resolved and 2D NMR measurements to be made. Two of the broad resonart@sratand

2.00 resolve as doublets with 14 Hz and 11 Hz couplings respectively and the third resonance,
at d 1.84, resolves to be a doublet of doublets with 14 and 11 Hz couplings. These three
resonances are shown to couple to one another in at3tH COSY spectrum; this and their
observed couplings would suggest that they belong to a coordinated trimethylilamgds
ligand. The signals dt2.00 and 2.71 are consistent with the geminal protogsait Hon the
vinylsilane ligand, which is confirmed by their correlation to the same carbon environmdnt at
38.2 in a 2D'H"C HMQC NMR spectrum. The third signatdssistent with H, these

assignments are summarised figure2.35. The hydride resonance dt¢14.6 shows an nOe
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correlation to a triplet atd 1.05and a quartet atd 0.66 which are consistent with the ethyl
groups of the silane. It also shows an nOe connection g@tHl 2.00 and a weaker nOe
connections tod 1.84 (H) and 2.71 (. Thesedata are fully consistent with the structure in

Figure2.82 and the NMR data is summarisedTiable2.19.

/N

Figure2.35: Assignments of the trimethylvinylsilane protchemical shifts

M M M m JUL‘

2. 0 ju 9 ppm -1 4 5
T
5 1 PPm 2. 0 1. 9 PPm -1 4 5

Figure2.36: 'H NMRspectrum of photoproduct following the photolysis 2fl in the presence of trlethylsilane 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 isom2&Aand 2.5B (Figure

2.37), in the same way that it broke the symmetry of the twaethyl groups of the bound
DMSO ligand i2.4. 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 [h*-GHs)Rhph>CHCHC@BuU)]*™ 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 theHSond or rotation via

an intermediate. Miese isomers themselva$o not interconvert through the rotation of the
bound alkene, although further isomers are accessible through this rotation resulting in a
product containing tharimethylsilylgroup pointing down as illustrated B\5C(Figure2.37). 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
Figure2.37: Possible isomers &.5; where R = Si(GH

Previous work in the group utilised exchange spectroscopy (EXS¥p distinguish between
the possible isomerisation routes and was able to conclude that the process was
intramoleailar 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 inublvesilyl
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, SiH bonds can be considered as coordinatingitmetal centre either in ah?
fashion, to give an Mh*H-Si) species, or alternatively it may undergo oxidative addition,
resulting in the cleavage of the¢Si bond forming a M(H)(Si) complex. In reality any position
between these two extremes is possibind the degree of cleavage is not static within a
system. This is the basis of the proposed isomerisation mechanism betvéArand 2.5B
where a RHh?H-Si) intermediate or transition state forms from eith2/5Aor 2.5B rotation
about this bond mayhen occur and generate the opposite isom@igure2.38). Exchange

cross peaks were observed between the trimethylvinylsilane resonances'ih'ld 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

PSEIPS Y s

Figure2.38: Proposed pathwajor the interconversion betwee@.5Aand2.58 R = Si(G)4, adapted fromDuckett

111,112
et al*

Further variable temperature measurements were therefore performed in order to confirm
the presence of other isoars of2.5. '"H NMR spectra were acquired at temperatures between
243 and 298 KHgure2.39) and revealed the presence of two further resonances gi4.9

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 proportibthe 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

Figure2.39: Series ofH NMR spectra, showing the hydride region only, recorded-ioldene recorded at variable
temperatures (as labelled)
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The'H NMR spectra recorded during the firsh@urs of irradiation were analysed using the
approach outlined in théexperimental8.4. The two hydride resonances were used for the
respective products and CHagip of the vinylsilane i2.1Aand 2.1Bwere used to follow the
starting material, for simplicity the contributions of the two isomers20f were combined.

The concentrations d?.1, 2.5 and 2.6 relative to the initial concentration 2.1 were plotted
aguinst irradiation time in secondgigure2.40) revealing a twestep process with the second
step, the formation of2.6, 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 obselezinature

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 consistéhtan0% 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

Figure2.40:Time profile showing the coevsion of2.1linto 2.5which then forms2.6.
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The proposed kinetic model for this reaction is outlinedrigure2.41. The first step involves

an equilbrium between2.1 and 2.5 and is followed by a second step corresponding to the
irreversible formation of2.6. This was modelled using the differential approach detailed in
ExperimentaB.4.3 through a chemical exchange model within Excel coupled with the Solver

function, allowing values ofikk ; and k to be obtained Table2.6).

ky
CpRh(CH,CHSiMe,), s=—==CpRh(H)(SiEt,)(CH,CHSiMe) CpRh(H),(SiEts),
2.1 k4 2.5 2.6
hv hv hv
7 SiEt;H i
+ CH,CHSiMe; EGH -+ CH,CHSIMe,

“CpRh(CH,CHSiMe;)” “CpRh(H)(SiEt5)”

+ SiEtH

Figure2.41: Kinetic model for the reaction &.1 with triethylsilane to form2.5and2.6; the observable reaction is
given in black ananigrey is the route to these species.

Table2.6: Relaxation constants for each step in the kinetic model for the reaction between 2.1 and triethylsilane
and the calculated equilibrium constant

k; /mol*t dm?® st k; /molt dm?® st k, /mol ¢t dm?® st Keg
(6.22° 054) x10? (8.9° 1.1) x10° (6.63° 0.62) x16° 0.71° 0.14

The values of kand k ; may be used to give the equilibrium constant for the equilibrium
between2.1 and 2.5 giving a I of 0.71 ° 0.14 using Equatior{2.18).*? If it is assumed that
the sample hadow absorbance(Appendix), theequilibrium constant relates to the molar
absorbance and quantum vyield @1 and 2.5 and the rate of the ligand addition to the
intermediae (Equation(2.19)).*** ** An equilibrium constanbf 0.71 suggests that either the
guantum yield o2.1is smaller than that o2.5, and therefore the triethylsilane ligand is more
photolabile than trimethylvinylsilane, or that trimethylvinylsilane coordination to the
intermediate occurs at a faster ratban the oxidative addition of triethylsilane. Both of these

situations would result in less of the photoprod®&®dthan 2.1in the equilibrium.

, Q (2.18)
N
; e-sQ  ¢® 8 OYQ (2.19)
6 8 Q ¢® 00YQO
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The value for kapproximately 10 times smaller than that kf;. This would suggest that the
NBRdAzOGABS StAYAYIl (GA2Y ,@HBIMé H&ursinofe regdBy tharetheI A @S

f2aa 2F OAyefaAfl W& od2 t ASRF I 6N ASMKS | G &4 &9 (O

ax

G/ LWKOs0 H 0 A9 &2NE | OGAGS (i 25thadR & a s@doydenfolachlé | y S

of triethylsilane.

2.7 Photochemistry of [(h5-GHs)Rh(h2-CH.CHSI(CH)3)(DMSO)] 2.4

with Et3SiH to form2.5,2.6 and 2.7

In Section 2.5 it was demonstrated that DMSO is photolabile imh*JGHs)Rhb*-
CHCHSI(CHt)(DMSO)R.4 by the formation of2.1 when 2.4 was irradiated with an excess of
trimethylvinylsilane. This reactivity could only be accounted for by the photochemical loss of
DMSO fronR.4. What is unknown is whethet.4 may also lose its trimethylvinylane ligand

as CpRh(DMSgQyas not observed, this could also be due to thermal instability in the product,
YR O22NRAYIFGA2Y 2F (GKS @Ay e 28470 InyeSigatéd the a/ Lw
photochemical properties a2.4F dzNJi K S NE ;Sitd @@ addefl a sarfiple @fd to result in

a 20 fold excess of the §5iH relative t®.4, in addition to 1 equivalent of GEIHSiMgand a

19 fold excess of DMSO still present from the reaction to f@rth The sample was then
photolysed for 15 minutes after wth time NMR spectroscopy indicated the formation of
three new rhodium hydride productg-igure2.34). The hydride signal at ¢14.6 has already
been shown to belong to [(>-GHs)Rh(H)(Si(GBH)s)(h>-CHCHSI(Cit)] 2.5 confirming the
photolability of DMSO. The hydride signaldat14.2 is consistent with the formation of the
double oxidative addition product H-GHs)Rh(H)(Si(CHCH)s),] 2.6. Accordngly, the third
rhodium hydride species must contain a coordinated DMSO ligand indicating tirat [(
GHs)Rh(H)(Si(GER)3)(DMS0)]2.7 has been formed and is associated with the hydride
resonance atl ¢13.45, exhibiting a 33.Hz rhodium couplingHigure2.42), 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 morted as 35.3 HZ? The coordinated DMSO ligands yielded

resonancesl 2.45 andd 2.55 consistent with the reported values.

2.5

2.6

2.7

L L L L
-13.5 -14.0 -14.5 rpm

Figure2.42: Hydride regiorof an'HNMR spectrunat 298 K following the 15 miphotolysis o2.4 and ELSiHIn dg-
toluene showing the hydride resonances B, 2.6and2.7 as labelled.

To investigate this further, triethylsilane was added to two samples containing different
concentrationsof 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
c2y il Ay SR ;S providing2a® folll iexcess 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 usehtitatively, did

not yield the required information to study this reaction in the same manner as the other
reactions in this chapter, owing t@sonanceoverlap. Signals in clear regions of th& NMR
spectrum had insufficient signéd-noise ratios forthe 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 qualitativeglure2.43). The irradiation of
2.4first yields2.5and only after 20 minutes irradiation do@s7 form, 2.6is not observed until

the sample has been irradiated for 1.5 hours. At this time the sample containsob2%.

Looking only at the Wdride-containing species the sample consists of 28%p4%2.6 and 18%
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2.7. After the sample waghen left for 15 days fairoom temperature and protected from

ambient light it consisted 0¥71%2.5, 5%2.6 and 249%2.7.

2.7 25
2.6 \
\ + 15 days
‘ 'JL'J,/V 90 min
|
” H // 7 60 min

\ 45 min

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

Figure2.43: Hydride region of théH NMR spectrum fasample 1 recorded ingtoluene at 298 K. Specttabelled
with the associated irradiation time and the tapost spectrum was recorded 15 days later showing the thermal
activity

Sample 2 was then irradiated for 1 hour and the reaction followedHbjNMR spectroscopy
(Figure2.44). Now 2.6 is observed, in addition t@.4, after 10 minutes irradiation and only
after 45 minutes irradiation i2.7 observed. After 1 hour irradiation just 24% of the initial
amount of 2.4remains. The relative amounts of the hydride species at this time were285%
11%2.6 and 4%2.7 and after 15 days at room temperature protected from ambient light there

was now 8292.5, 13%2.6and 5%2.7.
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2.6 2.5
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\ + 15 days
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e ) IR
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-13.5 -14.0 -14.5 Ppm
Figure2.44. Hydride region of théH NMR spectrum fasample 2 recorded ingtoluene at 298 K. Spectra labelled
with the associated irradiation time and the tapost 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 Figure2.45. CpRh(C}HSiIMg(DMSO0).2.4, may lose eitar DMSO or vinylsilane which,

following EtSiH addition, gives eithe2.5 or 2.7 respectively. BotH2.5 and 2.7 may lose a

fAIrYyR G2 3FSYSNI UGS (Kbé AFKOO SRR GBR S LIWKKNE dzo $ A 6 8

of all three hydride species.
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Figure2.45: Possible pathway for the formation of the three rhodithmdride species

)/Rh\s

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

1 2.5always forms first

1 With substoichiometric amounts of DMSO and no free trimethylvinylsilaré&forms
in the first 10 minutes of irradiation but not until after 1.5 hours when free DMSO and
vinylsilane are present

1 2.7forms on a slower timescale thagh5 and can form thermdy from 2.5, over the

course of 15 days.

Fromthese observation itanbe concluded that.7 is more likely to form through the loss of
trimethylvinylsilane from2.5 than from 2.4 and that the kinetic model associated with the
reactivity observed betwee2.4 and EtSiH is consistent witkigure2.46. An equilibrium is
formed between2.4and2.5. In the sample with an excess of DMSO after 1.5 hoursiatiad

there is still 53% 0.4 suggesting that DMSO coordination is favoured d¥gBiH or that
ESiH is more photolabile than DMSO in this equilibrium. A second equilibrium is proposed

between2.5and2.7. When there was a largexcess of DMSO thd&t;SiH 2.5 still dominated
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over 2.7 indicating2.5is more stable thar2.7 or DMSO is more photolabile or coordination of

Ayt aAflyS 082 Ad/ FwKe dahd RA9

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

2.7
ky
K,
ky ke

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

Figure2.46: Proposed kinetic model for the reaction 2# with triethylsilane

2.8 Photochemistry of2.2 and 2.3 with CH.CHSI(CH)s z to form 2.8,

and2.1

The photoreactivities of complexes2 and 2.3 were studied in order to provide new insights

into the reactivity ofthese systemstheir UMVis spectra are shown figure2.47 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. Thdifference betweerthe monodentate cyclooctene tthe bidentate
cyclooctadiene is expected to impact on this chemistry. To study this process two samples
were prepared and irradiated in turn as detailedTiable2.7. These reactions were monitored

by *H NMR spectroscomnd arenow discussed.

Table2.7: Sample preparation details

. Molar Irradiation
Complex Rh/mg CHCHSiMgk > | Excess time
2.2 1.0 4.5 12 1h
2.3 1.8 7.5 8 5h20
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Figure2.47: U\-Visble spectrum 02.2in GHs
4
3 -
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Figure2.48: U\-Visible spectrum 02.3in GHs

2.8.1 [(h5-GsHs)Rh(h2-GsH14)2] 2.2
The irradiation o2.2in the presence of trimethylvinylsilane resulted in new signals which can
be attributed to three rhodium half sandwich productBiqure2.49). Plotting the change in
speciation with irradiation reveals th&.2 converts first into a new photoreactive product
before evolving further into two stable species which are still observable at the end of
photolysis Figure2.52). These correspond to two isomersi which resultfrom substitution

of both of the cyclooctene ligands. The intermediate, therefore, is likely to correspoad to

complex with one cyclooctene ligand and one trimethylvinylsilane ligand.
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2.1A 2.2

2.1B

.Y

T - - - I - T T
5.1 5.0 4.9 4.8 ppm
Figure2.49: 'H NMR spectrum at 298 K2R after photolysis in the presence of trimethylvinylsilane (italuene),
the peaks associated with already characterised species are labeletlfm2.1Band2.2.

In order to characterise the intermediate this study was repeated with a fresh sample and the
irradiation halted prior to complete conversion into thésisubstituted products. The proton
spectrum now exhibits four peaks in the cyclopentadienyl region. Three of these peaks have
already been assigned to complex24A (d; 4.98,d:87.1),2.1B(dy 5.01,d: 87.2) and2.2 (dy

4.83,d-90.8), by elimination,ite peak atd 4.90 must correspond to th2.8 (Figure2.49).

In the'H'H COSY NMR spectrum there are three sets of signals for bound trimethybiysil
ligands, two sets can be attributed to the isomer2df The third set comprises three doublets

of doublets atd -0.16 (4411, 14 Hz)d 2.10 (34 1.5 Hz) andl 2.97 (34 14, 1.5 Hz) and arise

from the intermediate. Due to overlap with solvent signal thed 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 betwgemdh
assigning these protons as thétgroup and is corroborated by both of these resonances
showing correlations to a carbon signal &a#0.9 in a'H-'*C HMQC experiment. The third
proton, d ¢0.16, showed a correlation to a separate carbon resonancbat8 consistent with

the CH group ofhe 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 protgnoton couplings Figure2.50) and the arrangement of
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this ligand was confirmed by observations in tie'"H NOESY 2D NMR spectrum. The proton
at d 2.97 shows an nOe to the Cp peakdad.90 and tothe trimethyl group of the silane
substituent. This would suggest that the silane substituent is on the same side of the alkene as

the proton atd 2.97 and that they are pointing up towards the Cp ring.

2.20 —0.16
Hg Ha
He
2.97 Sj—

Figure2.50: Assignments of the trimethylvinylsilane protons

L

b,

Ppm

Figure2.51: 'HH COSNKMRspectrum in @-toluene of photoproducts form through the reaction 2 with

trimethylvinylsilane showing the three products with bound trimethylvinylsilane ligén@iais highlighted in
A 2.1BinA and2.8in
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The resonances of note from the COE ligand are the vinylic prototh2.86 and 0.80 which
correlate to carbonresonances in theH-**C HMQC NMR spectrum dt61.6 and 68.4
respectively. In thé*C{H} NMR spectrum both of these resonances exhibited a coupling to
rhodium of ~14 which corresponds to a rhodium coordinated alkene. fit-4d NOESY
spectrum the proton resonances show an nOe correlation with dhgd.16 proton on the
vinylsilane ligand confirming the assumption that the product contains both a cyclooctene and
trimethylvinylsilane ligand. The proposed structure of this prodsatlepicted inFigure2.85

and the details of the NMR characterisation are summarisédlie2.22.

Having fully assigned the proton spectrum, the series of spectra recordadgdghotolysis
were reanalysed to extract more information. The percent of each species relative to the initial
concentraton of 2.2 were calculated and then plotted against the irradiation tintég(re
2.52). The profiles of the different rhodium complexes as a functibinradiation time suggest

that the loss of COE ligands occurs in a stese 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 thesti After 4 minutes irradiatior2.8 reached a maximum
concentration of 27%, relative to the initial concentration of rhodium whilst a photostationary
state was achieved after 20 minutes there is 1ZD®8remaining in addition to 48% & 1Aand

41% of2.1B. Further irradiation did not improve these conversions.
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Figure2.52: Time profile showing the change in concentratmfi2.2, 2.8, 2.1/Aand2.1Bas a function of irradiation
time.

The kinetic model which describes the reaction2d? with trimethylvinylsilane is shown in
Figure2.53. Firstly the product?.8, is formed reversiblfrom 2.2. These two species share the
O2YY2y NBIFOGABS AyilSNRg&RAbrinsSdepéndingwol whethed theg | y F
COE or vinylsilane coordinates. The produsty @ | f a2 € 2a$S [/ JCASIMgE2 T2 NJ
which also may coordinate COE or \silghe to either reform2.8 or form one of the two

isomers oR.1. There are four reversible steps connectihg, 2.8, 2.1Aand2.1B To fit each of

these would be challenging. The equilibrium betw@ehAand2.1Bhas already been analysed

in Section2.4. The ratio of2.1B to 2.1A at the photostationary state is 0.86 0.08!%
consistent with the K, value obtained in Sectioh.4. Combining the contributions of these two

isomers offers a simplification to the complex kinetic model for this system. The new model
(Figure2.54) now just contains two reversible steps which are described by the rate constants

k]_, k(-'l, k2 and &2.
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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

Figure2.53: Kinetic Model to describe the reaction &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

Figure2.54: Simplified kinetic model to describe the formation2i from 2.2via2.8

A differential approach was used to model the relaxation kinetics for the simplified kinetic
model Experimental8.4.3. Values for each of the te& constants were obtainedT@ble2.8)

and the corresponding equilibrium constants, Were calculated using Equati¢h21)."%* K, is
approximatelyl showing little difference in the activity @.2 and 2.8, whereas Kis 156 °

0.14, reflecting a difference in activity betweehl and 2.8, If it is assumed that this sample
was suitably optically dilut€Appendiy, the equilibrium constant can be csidered as a
combination of the quantum yields and molar absorption coefficient3.8tnd2.1in addition

to the energetics associated with ligand coordinatidrvalue of K, greater than one would
indicate that the quantum yield d2.8is greater tharthat of 2.1 and thus2.8is 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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Figure2.55: Time profile showing the change in concentratmf2.2, 2.8and2.1as a function of irradiation time.
The lines show the results of the fitting in Excel.

Table2.8: 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/mol“dm’s?t  ki/moldm*st K
1 (7.70° 0.53) x10% (7.%4° 1.37)x10° 0.98° 0.12
2 (1.21° 0.09 x1G* (7.79° 0.80 x16* 156° 0.14

Q (2.20)

¢ 6ET Ul ORIgAEHRA (2.21)
G #/ %  RgB gE

2.8.2 [(h5-GsHs)Rh(h4-GsHi2)] 2.3

A much longer irradiation time was required far3 compared with2.2 and 2.1 reflecting
lower photoactivity of this system. During this time, two products formeentified as2.1A

and 2.1B based on their'H NMRcharacteristics Rigure 2.56). However, despite the much
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longer irradiation time, the major component was s2ilBwhich accounts for 74% of the it

rhodium content.

2.3

2.1A
— \‘*"_-"‘_"‘—__———-—

T T T T T T
5.05 5.00 4.95 4.90 4.85 Ppm

Figure2.56: Cp Region of proton spectrum following 4.5 hours photolysis, labelled with known complexes

The relative concentrations for each species were calculated and then plottathsag
irradiation time; showing much slower changes in the speciation than previously Begemg
2.57). The final ratio o2.1Bto 2.1Awas 0.83: 1which is consistent with the ratio of these two
isomers when they were prepared frothl and 2.2 via a photochemical process. The kinetic
model for this reaction is depicted igure2.58. Through the loss of the COD ligahdAor
2.1Bcan be formed and these two complexes may interconvert betwessrh other It is likely

that the loss of COD occurs stepwise via the breakage of one of the rh@ziibalkene bond
NB & dzf GAYy h*/Ay5 ¢ a8 WEWXKAOSEad ¢KAA YIFEe NBO22NRAYIFGS GK
or trimethylvinylsilane resulting in the intermediate CpRRCOD)(C}¥HSIMg). It is likely

that this this due to the bidentate nature of the COD lidamhich means that the C=C bond
remains close to the metal centre following the breaking of the maliekne bond. As a
consequence of this the recoordination of the second COD alkene is favoured over
coordination of a vinylsilane solutio8ince the intemediate is not observed, it would suggest
that it is only present in solution for short periods of time and in low concentration.réhigt

could also be rationalised by the trimethylvinylsilane ligand being more photolabile than the

COD ligand drivinghe back reaction towards reform the starting material in preference over
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the formation of2.1 based on the assumption of low absortz& as outlined in the gpendix

but this is unlikely given the earlier studies

100 <
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Figure2.57: Time profile showing the change in concentrata®.3, 2.1Aand2.1Bas 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

Figure2.58: Kinetic Model for the reaction of 2.3 with trimethylvinylsilane to 2.1A and 2.1B; the intermediate
CpRHﬁz—COD)(CfCHSng) 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 shdviguire

2.59. The two isomers d2.1 are combined, this meanthat 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 describe@ in th
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Experimentaland the results of this are shown ihable 2.9. The calculated equilibrium

122this shows that at the

corstant from this fitting is 0.1% 0.02mol di® using Equatior2.22),
equilibrium position2.3 is considerably more favoured thahl This contrasts with the
behaviour seen by i2.2 and reflects the need for a much longer irradiation time wWaI3
when conpared to2.2. The equilibrium constant may be considered in terms of the ratio of
quantum yields. A value for the equilibrium constant of 0.1 mofdreflects the quantum

yield for the 2.3 being smaller than that of.1. It also indicates that there is amnergetic

preference for COD coordination over trimethylvinylsilane.

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

Figure2.59: Simplified kinetic model of reaction betwe@i3 and trimethylvinylsilane
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Figure2.60: Time profile showing the change in concentrat@fr2.3and2.1as a function of irradiation time. The
lines show the results of the fitting in Excel.

® 600 o (2.22)
® 06 '®oYa @«

Table2.9: Relaxation constants for the simplified kinetic model and calculated equilibrium constgnt, K

ky/mol?dm®s®  ky/moltdm®st  Keq/mol dm?.
(3.14° 0.14)x1¢°  (2.95° 0.42)x10*  0.11° 0.02
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2.9 Photochemistry of2.2 and 2.3 with DMSOgz to form 2.9

Having determined that the alkene ligands 2r2 and 2.3 are photolabile; their reactivity
towards DMSO was investigated. SincgS{D)CBis readily available, a neat solvent reaction
can be undertaken to probe thieehaviour of the COD ligand 213. Additionally the potential

to form the bisDMSO complex Hf-GHs)Rh(DMSQ), which has not previously been
observed, reflects an interestingrospect. To study this process the following samples were
prepared in g-toluene, unless otherwise stated, and then irradiated for the given amount of

time (
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Table2.11). The reactions were monitored byd NMR spectroscopy and the observations

during this process will now be discussed.

Table2.10: Sample prepartéon details

Entry Complex Rh/mg 5a{ h «k Excess Irradiation time
1 2.2 0.5 5 59 15m
2 2.2 1.6 14 4.7 30m
3 2.3 0.3 3.5 42 3.5h
4 2.3 0.4 7 70 5h
5 2.3 14 5 14 42h
6 2.3 ~0.5 500 42h

*3bar b RRS R FDMSOA Y R

2.9.1 [(h5-GsHs)Rh(n2-CsHi4)2] 2.2

The proton NMR spectra showed the growth of peaks indicative of free cyclooctene and a
rhodium containing photoproduc®.9. This product yields a new cyclopentadienyl peakl at
4.84. There is also a singlet@®.49, which integrates to six protons if tlegclopentadienyl

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 signatl &5.8 suggesting that the DMSO is
coordinated through the sulfur in the same way as in com@e” *** A doublet atd 3.00
correlates to a carbon resonance &69.5 which indicates that this resonance corresponds to

a coordinated alkene, confirmed through the detection of a 16 Hz rhodiarbon coupling in

the *C{H} NMR spectrum. Thé#+'H COSYMR spectrum correlated this resonance to its
adjacent methylene pup atd 2.46 and 1.65d: 33.2). The resonance dt2.46 is a doublet of
guartets with just one large coupling;(13.5 Hz) corresponding to the geminal couplingt$o
partner atd 1.65, therefore it must berans relative to the alkene proton afl 3.00 as this
arrangement is more in keeping with the 3.5 ¢truplingof the quartet, this is quartet owing
coupling to Hand H @lso with ~3.5 Hz coupling constants. The protonl 8t00 is a pseudo

doublet with a large coupling ofJ9.5 Hz between Hand H, in acisarrangement, its smaller
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coupling to H is hidden in the broadness of the resonance. The remaining positions on the

cyclooctene ring overlap with one another and free COE at betwide&0 and 1.65.

D S

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

Figure2.61: 'H NMR Spectrum &.2with DMSO in gitoluene at 298 K after 15 minutes irradiation

Figure2.62: Summary of théH assignments of the coordinated cyclooctene ligand.

Usirg the signal atlH ® by = LINCR, (mnBdythe Birfylet aty2.49, for the bound DMSO in
2.9, the change in concentrations @2 and 2.9 during the irradiation period and these were
plotted against the irradiation time Higure 2.63). Revealing that the formation of a
photostationary state after an initial growth period. This equilibrium comprised of 90200f
and 4% 62.2, decomposition amounting to 6% walksoobserved. There was no evidence of
the bisDMSO product, CpRh(DMSOlhe identity of the decomposition was not identified
and no precipitate was observed in solution, the total integral for the Cp regioneoN¥R
spectrum before and after irradiation was consistent with this observation and therefore the
loss of the Cp ligand could be responsible for the decomposition. If CpRh(Ptt®O)not
form due to the instability of the CpRh(DMSO) fragment this coutilige a route for

decomposition.
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Figure2.63: Time profile; showing growth &f.9and decay o2.2 using the sampléom entry 1in Table2.10. The
lines reflect the fitting described in
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Table2.11 (entry 1)

One kinetic model which can be used to describe this systensiimple one step, bimolecular
equilibrium Figure2.64) whose kinetics obeyhe principles outlined in the Appendibn this

model 2.2 and 2.9 undergo photochemical ligand loss to give a common intermediate

d/ LWIKSV ¢ @ ¢ KS | aOMSY dorfpleR stiggestk at ihelldss of COE &6

IAPS a/ LWwKo5a{hvoé¢ R2Sa y20G &A 29 NAeiequlihfidnt & AY

122

constant, K, for this reaction is given bi¢quation(2.23)" which gives a { value for this

sample as 0.2% 0.06.

CpRh(COE), + DMSO

2.2 k.,

kg hv hv |(3

+ COE + DMSO
“CpRh(COE)”

CpRh(COE)(DMSO) + COE
2.9

Figure2.64: Kinetic Model for the transformation ¢f.2into 2.9

Y (8,800 (2.23)
o G& ;00 "Y0

In Section2.5, it was observed that the reaction betweénl and DMSO was independent of
DMSO concentration. To investigatdether this was the case with.2 also, a second sample
was prepared (entry 2Table2.10) containing a smaller excess of DMSO. This sample was
prepared in same manneas the first. The change in concentration of the two rhodium species
as a function of irradiation time is depicted Figure2.65. 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 0.19.01 This wold 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.
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Figure2.65: Time profile; showing growth of compl@® and decay of compleX.2 using the sample frorentry 2 in
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Table2.10. The lines reflect the fitting described in



Table2.11 (entry 2)

The change in the concentrations of the rhodium complexes during the irradiation were fitted
to exponential curves according to Equatig®.24)'** ' where a is the equilibrium
concentration, b is the change in concentration angl Is the time for the equilibrium to be
reached. This equation was derived usiataxation kinetics for the model describedkigure

2.64. The resulof this fitting, for both samples, is given in
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Table2.11. Since the observed rate constanf,skand the equilibrium constant,.Krelates to

the rates of the two steps in this process the values,@&ridk ; can be calculated (

Table2.12) *** Assuming the sample is optically dilute and has dsorbancethe equilibrium
constant relates to the ratio of the quantum yieJdsd molar absorption coefficienas well as

the energetics associated with coordination of the ligands to the intermediate (Equation
(2.25)).%> 1#°> The values of kand k ; can also be expressed in terms of the photochemical
properties (Equatior{8.1) and (8.2)) showing that krelates to the quantum yield 2.1 and

the rate of DMSO addition to thatermediate andk ; the quantum yield and addition of COE

to the intermediate. The values of Kk ; and K,suggest thaeither the quantum yield o2.2is
notably smaller than that 02.9 or cyclooctene preferentially coordinates to the intermediate

or acombination of the two effects.

U A AA (2.24)

where

a= [Aleq

b= [A]O C [A]eq

kobs=  ki([DMSO+[2.2}) + ke([OQOHeq*+[2.9Lk)

(¢ 0L YO - 8 STQ

o Q¥ g0 (2.26)
Q600 QOD YU

o g 3 Q (2.27)
OO0 QOD "YU
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Table2.11 Fitting results for the changes 8f2and2.9as a function of irradiation using Equati(24) for each of

the samples.
Molar
Entry excess al% b /1% Kops/ Mol t dm?® s*
DMSO

1 60 [2.2] | 49+11 91.8+1.4 (5.91+ (44 x10°
[2.9] | 89.1+0.9 1885+1.2 (7.25%+049) x10°
2 5 [2.2] | 17.3+3.6 845+3.4 (1.37+0.8)x10°
[2.9 | 77.9+35 181.8+3.5 (1.65+ (24)x10°

Table2.12: Rate constants and calculated equilibrium constagt, K

Molar
Entry excess kJ/moldm®s®  k,/mol® dm?’s* Keg
DMSO
1 60  (4.48° 0.76)x102  0.189° 0.068  0.25° 0.06
2 5 (1.87° 043) x10? 0.101° 0.024 0.19° 0.01

2.9.2 [(h5-GsHs)Rh(h4-GsH12)] 2.3

An NMR sample was prepared and irradiated according to EntryTabie2.10. After 3.5

hours irradiation there were very few changes to the proton spectrum; two very small signals
at d 4.80 andd 2.45 were observed. These are in the right parts of the spectfom
coordinated Cp and DMSO ligands in these types of complEigpar€2.66), however due to

their weak intensity it is difficult to assign these geawith any confidence. The other change

to the proton spectrum is seen in thd 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 ad 5.81 (449 Hz) and a broad resonancedd.54 fFigure2.66). These

were also seen following the photolysis of this complex with trimethylvinylsilane whicidw

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 CHRH{OD) type species.
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Figure2.66: "H NMR spectrum d.3in dg-tolueneat 298 Kfollowing irradiation

To investigate this reaction further, a sample was prepared and 3 paasiadded (Entry 4
Table2.10) on the basis that this could hydrogenate the COD ligand to COE, allowing it to
coordinate in arh? fashion leaving a vacant site for DMSO to bind, and/or hydrogenate the
COD ligand to cyclooctarwhich could potentially provide a route to the formation ofi¥
GHs)Rh(DMSQ). 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 atl 1.44 in keeping with a cycloalkane such as cyclooctane suggesting

some COD was hydrogenat&a.

The study oR.3 with trimethylvinylsilane occurred at a slower pace than witB, taking this

into account this reaction was then studied over a longer timescale (42 hours). Two samples
were preparedpne of which was prepared in nea¢-BMSO and the other ingdoluene with a

14 fold excess of DMSO (Entries 5 anthble2.10). During the irradiation time, degradan

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) waoe 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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2.10Photochemistry of2.2 and 2.3 with EtzSH z to form 2.10, and2.6

Many important reactions involving organometallic complexes with small organic compounds
relates to their ability to activate seemingly inert bonds such gbl€ B¢H* or SgH™
Triethylsilane was chosen as a test substrate to determine whether these complexes can
activatesuchbonds. To investigate this process, NMR sampl&s2dind2.3 were prepared in

dg-toluene according tdable2.13.

Table2.13: Sample preparation details

Entry Complex Rhing { At Iy Excess Irradiation time
1 2.2 0.6 5 19 20m
2 2.3 0.75 10 23 2h

2.10.1 [(h5-GsHs)Rh(h2-GsH14)2] 2.2

'H NMR spectra recorded during irradiation20 with EtSiH showed the growth of two RH
species Figure2.67). The first species to form corresponded to a hydridel §15.02 (Jrn33

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

consistent with theknown [(°-GHs)Rh(H)(Si(CECH)s)2] 2.6.
2.10

2.6

"

T T T T
-14.0 -14.5 -15.0 ppm

Figure2.67: Hydride Region of théH Spectrum at 298 K after 32.5 minute irradiatior2&in the presence of
triethylsilane indg-toluene.

Like2.5, many resonances associated wiH Oare broad Figure2.68). Cooling the sample to
270 K allowed the multiplicities of these resonances to be resodnd 2D NMR experiments

were acquired to allow foR.10to be characterised. The key features of this characterisation
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are two resonances a 2.91 and 2.44. At room temperature these peaks are broad with no
distinguishing features, cooling resolves bofttthese 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 fluznality is due to the chemical exchange, this could be through the same
mechanism as was seen 2rb (Figure2.69). Unlike2.5, in 2.10this exchange wuld 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 la&R 4%  lrofaRon af €16 S{H bond results in these

two position being different in the two extremes and gives rise to the fluxionali®.i0. In

2.10, rotation of the COE ligand would also give the same exchange. The proposed structure

and the associated NMR @tacterisation data are found fRigure2.87 and Table2.24.

M

T T T T T
3.0 2.8 2.6 2.4 2.2 ppm

Figure2.68: H NMR spectrum dt.10in dg-toluene (top) at 298 K (bottom) at 270 K
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Figure2.69: Proposed route to chemical exchange in the COE protons in the pradifct

The series of proton spectra acquired during the photolysis were analysed and used to
measure the conversion of tha2 into the two products, these were then plotted against the
photolysis time Figure2.70). 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.
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Figure2.70: Time profile following the reaction &.2 with triethylsilane
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The kinetic model which describes this reaction is givefrigure 2.71, starting with the
reversible formation o2.10from 2.2, where the formation 62.6 from 2.10indicates that this
product is photoactive. The third step involves the reactio®.aDwith a second triethylsilane

to form 2.6 which has been demonstrated not to be photoactive and thus forms irreversibly.
Using a relaxation kinetics afgach the kinetics of this reaction can be evaluafEdcalculate

the equilibrium constant for this step the relative relaxation constants for each of the steps in
the kinetic model with fitted using the process describedtlie Experimental Once the
concentrations of the ligands were taken into accquhts resulted in values of kand k; of
(9.63° 042) x10? and (8.3 ° 0.72) x16% mol* dm® s'which gives an equilibrium constant of

1.17 ° 0.15 using Equatior(2.18).** The value of kcalculated was (3.78 0.22) x106° mol™*

dm®s™,
ky
CpRh(COE), + EtSiH -T—‘CpRh(H)(SiEtg)(COE) + COE .
2.2 ' 210 |, + COE
hV h\f 2 . o . ”
\COE 7 CH,CHSIMe, + Et3SiH CpRh(H)(SiEts)
“CpRh(COE)”
CpRh(H),(SiEt;), + COE
2.6
Figure2.71: Kinetic Model for the reaction betweeh2 and triethylsilane
In this kinetic modeR.10and2.24 K N | O2YY2y NBIFOGAGS FNIIYSyid:

formed by the photochemical loss of COE frégh2 and the reductive elimination of
triethylsilane from2.10. An equilibrium constant of 1 would suggest that there is an equal
preference for this fragm& to coordinate COE or oxidatively add the silane and/or the
fragment is formed at comparable rate from eith2i2 or 2.10. As predicted the value ot ks
smaller than that of kand k4, in fact it more than 20 times smaller than them. The reactive

fragment that is formed in order to genera®6A & d/ LIwWwKD | O @R GA &4 F2NX¥ SR

(@]
(07

of COE fronR2.10. Since kis much smaller than kit would suggest that the COE is less

photolabile from2.10than silane is.
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2.10.2 [(h5-CsHs)Rh(h4-GsHi2)] 2.3

Thephotolysis of2.3with EtSiH resulted in two hydride resonances in tleNMR spectra at

d ¢14.19 andg15.06 Figure2.72), both of these resonances display coupling to one rhodium
centre. The coupling seen in tlie¢14.19 peak was 38 Hz; this is consistent with thé Rh
specie2.6. Whereas the other hydridext d ¢15.06 has a 33 Hz which is more consistent with

a RH'species, such ashftGHs)Rh(H)(Si(GBH)(h%-GHy,)]. This would be the first time in this
research that a stable product which has the COD ligand coordinatedhffashion has been
detected, however, this can only be postulated since this species is only ever present in very

low concentrationslimiting its characterisation.

2.6

—

cnmropriimrinnd W Sttt Jl

I I I I
-14.0 -14.5 -15.0 pPpm
Figure2.72: Hydride region at 298 K following the reactior2o8 with triethylsilane indg-toluene.

The proton spectra were analysed and the results of this are showigime2.73. This shows

a slow growth of thedouble oxidation product and a steady very low leveR% only) of the

other product. After 2 hours irradiation there was 17.3%2dfand 1.3% of.11in addition to

81.4% starting material. This reaction was modelled using a chemical exchange mechanism
based on the kinetic model iRigure2.74 this gave values of;kk ; and k of (5.61° 0.56)

x10%, (1.43° 0.21) x10° and (7.19° 0.45) x10° respectively. Unlik€.1 and 2.2, the rate of

the first oxidative addition is comparable to that of the second, to gi¥e The overall activity

is notably reduced when compared 1 and 2.2, since the starting material is the major

species after 2 hag irradiation.
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Figure2.73: Time profile following the reaction &.3with triethylsilane

—

8000

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

+ Et,SiH

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

Figure2.74: Kinetic Model for the reaction of CpRh(COD) wiiggthylsilane

2.11 Conclusions

CpRh(C}CHSIMg), 2.1, CpRh(COER.2 and CpRh(CO@.3 have been synthesised via the
reaction of the analogous rhodium chloride dimers with cyclopentadienyl lithium. Corgdex
was synthesised as two isometsans-up-up (2.1A) andcisup-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 of2.1in the presence of trimethylvinylsilane revealed that isomerisation between
2.1Aand 2.1Bcould be achieved photochemically. Irradiation resulted in the formation of a
photostationary state which was analysed by relaxation kinetics asdcated with a K
value of 0.74 0.02 indicating that there is a preference for ttrans-up-upisomer,2.1Aover
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the cisup-upisomer2.1B This was rationalised to reflect the difference in the quantum yields
of the two isomers. From this study it ddube concluded that, under these reaction
conditions, a trimethylvinylsilane ligand could be lost photochemically. This spurred further

studies with DMSO and triethylsilane.

The reaction betweer2.1 and DMSO gave rise to a single product identified asgoe
CpRh(C}HSiIMg(DMSO0)2.4 where the DMSO ligand coordinates via its sulfur atom. This
reaction also formed a photostationary state. The initial sample contained24&mnd 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 remction
independent of DMSO concentration and &, Kalue of ~0.1 were measured. An excess of
trimethylvinylsilane was added to a sample2f and DMSO and following irradiation there
was a growth in signal associated wili. At the end of the irradiation peod 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 propertie&.dfand2.4.

The photoreactivity o2.1 and2.4towards triethylsilanavas then investigated, resulting in the
formation of CpRh(H)(SHHICHCHSIMg) 2.5, CpRh(H}SIE%), 2.6 and CpRh(H)(SEHDMSO)

2.7. From the reaction betweef.1 and EtSiH it was determined tha&.5 forms on route to

the formation of2.6 and that theformation of2.6 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 oR.5. To investigate the formation &.5, 2.6 and 2.7 from 2.4 two
samples wre prepared with different excesses of DMSO. These studies revealed®.that
forms slower thar2.5 and on a similar timescale to the formation 26 when an excess of

DMSO was used and slower still without an excess of the ligand. From this it wasdednclu
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that 2.7 formed through the loss of trimethylvinylsilane fra&5 and subsequent coordination

of DMSO rather than fror@.4 directly.

The reactivity of2.2 and 2.3 towards trimethylvinylsilane was also studied to determine
whether the COE or COD ligarale photochemically labile. WitB.2, three products were
observed,2.1A 2.1Band 2.8, which was identified as CpRh(COE)CEEiMg). This process
was analysed using relaxation kinetics which determined the equilibrium constant for the first

equilibriumto be 0.8 ° 0.12and the second equilibrium 165 0.14 which demonstrates that

SAGKSNI GKS AYGSNXYSRAIFIGS &/ LWKO/ h9voé KlFa y2 LINBT
coordination or that the quantum vyields oR.2 and 2.8 are similar. In contrast,
G/ LIWECHISIMgD ¢ R2Sa KIF @S || LINBFSNBYyOS F2NJ GKS @GAyef aa

for 2.8is greater than that o2.1. The reaction betweef.3 and trimethylvinylsilane, however,

only resulted in the formation a2.1Aand2.1Band these fomed on a muclslower 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 photaaivity of 2.2 and 2.3, they were next studied with DMSO and
triethylsilane. The reaction betweeh2 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 ard 0.19° 0.01 for samples containing 60 and 5 fold excesses of DMSO respectively. This
would suggest that either the quantum yield 20 is greater than that o2.2 or that there is

an energetic preference for COE coordination. The reaction bet&ezand EtSiH resulted in

the stepwise substitution of the COE ligands with silyl hydride ligands to give
CpRhH(SIB(COER.10and 2.6, with the second step occurring on a slower timescale than the
first. No reaction betweer2.3 and DMSO was observed, everthwliong irradiation times and

using neat ¢DMSO, and only limited activity towards&H was observed. The major species
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after two hours irradiation wag.3 and approximately 17% &.6 and trace amounts (<2%) of

a RH'species were detected hypothesised as being CpRhi)(BTEZOD).

It can therefore be concluded that th&esence of a bidentate alkene 213 heavily influences

its activity. This is thought to be due to the close proximity of the liberated alkenestm#tal
centre following its losgrom 2.3, making its recoordination favoured over substitution with
another ligand. Only productshich corresponded to the loss of the COD ligand formed in any
appreciable concentration. The reactivity 2fL and 2.2 is smilar; both may lose their alkene
ligands in a stepwise manner to give meaad bis substitution products. Their reactions with
DMSO revealed some differences in their activity, however, @ithexhibit a concentration
dependence in its which was 1t seen in2.2. The reactivity of these starting complexes are

summarised irFigure2.75-Figure2.77.

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 morand bissubstitution of the atenes observed
depending on the substrate. The cyclooctene and cyclooctadiene dimers were both
synthesised using a microwavareparation allowing reduced reaction times and lower
volumes of solvent. This preparation is notable simpler than the correspgndigthod used

2 adeyikKSara / NIHYGON2.2hAaLbédnishdn toeadt i A similar way

to CpRh(&H,),, COE could therefore be a viable alternative toykthe in other complexes
also. This research has also demonstrated that DMSO haodolabilie ligand, further

investigations into this as a photolabile ligand would be of interest.
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2.12 Structures and NMRdata

\Rh-———\ }lh-————\/R He / SiMes
\//R 2.1A \//R 2.1B HC

Figure2.78: Structure oftrans-up-up-[(h®-GsHs)Rhfi>-CHCHSI(Ck),] 2.1A(left) andcisup-up-[(h>-CH)Rhp*
CHCHSI(Chk).] 2.1B(middle), labelled positions on vinylsilane ligand (right)

Table2.14: NMR Characterisation for the major isommns-upup—[(hS-QH5)thZ-CI-§CHSi(Obb)ﬂ 2.1A

1 K LJLIY 0 Y dz Coupling constant/Hz Assignment Group

integration)
'H  5.00 (d, 5H) Jirr0.6 GHs GHs
2.84 (br.d, 2H) J13.5 He CH=CHSI(C}
2.26 (dd, 2H) J11.0,1.5 He CH=CHSI(C}
¢ 0.34 (dd 2H) J13.,11.0 Ha CH=CHSI(C}
0.07 (s, 18H) (Hy)s CH=CHSI(C
¥c  87.3(d) Jrnd.0 GHs GHs
39.0 (d) Jrn13.0 aH, CH=CHSI(Cj#
52.8 (d) krnld.l CcH CH=CHSI(Cj#
0.41 (s) (CHs)s CH=CHSI(C}}

Table2.15: NMR Characterisation for the minor ison@sup-up-[(h>-GHs)Rhfr>>~CHCHSI(C#k),] 2.1B

1 K LJLIY 06 Y d:z Coupling constant/Hz Assignment Group

integration)
'H  5.04(d, 5H) Jirr0.6 GHs GHs
2.93 (dd, 2H) J114.0, 2.5 He CH=CHSI(CH}
1.55 (dd, 2H) J111.0, 2.0 Hs CH=CHSI(CH}
0.71 (dd 2H) J114.0,11.0 Ha CH=CHSI(CH}
0.10 (s, 18H) Si(Ck)s CH=CHSI(CH}
¥c  87.5(d) JFrn3.9 GHs GHs
43.0 (d) Frrl3.1 tH, CH=CHSI(C}
49.4 (d) JFrn14.0 H CH=CHSI(C}
0.49 (s) SiCHs)s CH=CHSI(C}
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Figure2.79: Structure of [1°>-GHs)Rh*GyHya)s] 2.2.

Table2.16 NMR Characterisation of{{-G;Hs)Rhb*GsHy.)5] 2.2

1 K LJLIY 0 Y d:z Coupling constant/Hz Assignment Group
integration)

'H  4.85 (s, 5H) GHs GHs
2.32 (d, 4H) Jul3 H COE
1.76 (d, 4H) Jn9 H COE
1.58 (m 12H total) H & H COE
1.52 (m 12H total) H' @ COE
1.32 (m 8H) H&H® COE
“C  91.1(d) trn3.7 Ghs GHs
65.1 (d) Frnld.4 c COE
33.5 (d) Jrnl.3 c COE
32.9 (d) Jrnl.3 (o COE
26.8 (s) c COE
\
Rh---..__-_-__\ 1
£
- 2
2
2.3
Figure2.80: Structure of [6°>-GsHs)Rhb*-GHy0)] 2.3.
Table2.17: NMR Characterisation of{{-GsHs)Rhf*-GsHi2)] 2.3
1 K LILIJY O Y dz Coupling constant/Hz Assignment Group
integration)
'"H  4.93 (s, 5H) GHs GHs
3.94 (s, 4H) cH COD
2.20 (m, 4H) (QH)? COD
1.94 (dd, 4H) Ji18.5, 16.0 (Qh)" @ COD
“C  86.7(d) trn3.7 Ghs GHs
62.5 (d) JFrn14.0 CH COoD
32.5(s) CH, COoD
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Figure2.81: Photoproduct [h°-GsHs)Rhfi>-CHCHSI(CHE)(SO(CH),)] 2.4

Table2.18: NMR Characterisation for thenftG;Hs)Rhb*-CHCHSI(CHE)(SO(CH),)] 2.4

1 K LJLIY 0 Y dz Coupling constant/Hz Assignment Group
integration)
'H  4.95 (s, 5H) GHs GHs
2.88 (dd, 1H) J12.5, 14.0 Hc CH=CHSI(C
2.55 (dd, 1H) J12.5,11.0 Hs CH=CHSI(C
2.42 (s, 3H) (@H,)° DMSO
2.41 (s, 3H) ()" DMSO
1.78 (ddd, 1H) Jn11.0,14.0kn1.5  Ha CH=CHSI(C}
0.16 (s, 9H) Si(Ck)s CH=CHSI(C}
¥c  86.2(d) Jrnd.2 GHs GHs
55.1 (d) Jrn3.0 (QH)° DMSO
54.9 (d) Jrn3.0 (QH)F DMSO
42.6 (d) Jrn16.6 H CH=CHSI(C
37.5(d) JFrn15.8 tH, CH=CHSI(C
0.54 SiCHs)s CH=CHSI(C}
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Figure2.82: Photoproduct [h°-GsHs)Rh(H)(Si(GIEH)3) (h*~CHCHSI(CHk)] 2.5

Table2.19: NMR Characterisatiofor the [(h5—CSH5)Rh(H)(Si(CZEtH;)g)(hz-CI-kCHSi(Q)g)] 2.5at 283 K

1 K LJLIY 0 Y dz Coupling constant/Hz Assignment Group
integration)

'H  5.06 (s, 5H) GHs GHs
2.71 (d, 1H) J14.0 He CH=CHSI(C}
2.00 (d, 1H) Jn11.0 He CH=CHSI(C}
1.84 (dd, 1H) el it Ha CH=CHSI(C
1.05 (t, 9H) s Si(CHCH)3
0.66 (g, 6H) G Si(CHCH)s
0.07 (s, 9H) Si(Ck)s CH=CHSI(Cjj
-14.6 (d, 1H) el 5 H RhcH

BC 886 GHs GHs
41.7 CH CH=CHSI(C
38.2 CH, CH=CHSI(C
10.6 CH, Si(CHCH)3
9.4 H, Si(CECH);
0.1 SiCHs)s CH=CHSI(C}
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Figure2.83: Photoproduct [h5-C5H5)Rh(H)(Si(CI§CI-§)3)2] 2.6

Table2.20: NMRCharacterisation for the l['(B-CJ-Hs)Rh(H)(Si(CIECI-!;)g)Q] 2.6

1 K LIJLIY 0 Y dz Coupling constant/Hz Assignment Group
integration)

'H  5.01(d, 5H) JknH0.6 GHs GHs
1.04 (overlap) CH Si(CHCH)3
0.77 (q, 4H) Ji18.9 CH Si(CHCH)3
¢14.2 (d, 2H) Jirn38 H RhcH
BCc 87.0 GHs GHs
13.7 CH Si(CHCH);
8.9 CH Si(CHCH)s
4, / Rh\\si/\
——-—5\\ " \
0
2.7
Figure2.84: Photoproduct [(15-C‘5H5)Rh(H)(Si(QH:I—g)g)(SD(CH)Z)] 2.7
Table2.21: NMR Characterisation for thdﬁ-CSHs)Rh(H)(Si(CZEtI-g)g)(DMSO)]ZJ
1 K LILIY O Y dz Coupling constant/Hz Assignment Group
integration)
'H  4.97 (s, 5H) GHs GHs
2.45 (s, 3H) (He)s DMSO
1.30 (overlap) (05 SIEg
0.94 (overlap) CH, SIEg
¢13.45 (d, 1H) 33.7 RhgH RhcH
B¥c 877 GHs GHs
58.4 (G)a DMSO
58.1 (Gh)e DMSO
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Figure2.85: Photoproduct [6°-GsHe)Rhb%CHya) (h-CHCHSI(CHE)] 2.8

Table2.22: NMR Characterisation for thehf-G;Hs)Rhpr*-GeHya) (W*-CHCHSI(C)] 2.8

i{nt‘;gl;ilt_ii:) Coupling constant/Hz Assignment Group

4.90 (s, 5H) GHs GHs

2.97 (dd, 2H) 315, 14 H° CH=CHSI(C

2.55 (t 1H) Ilyil(© cH COE

2.20(overlap) Jn1.5, 11 H CH=CHSI(C}
'H  2.10 (overlap) H, COE

1.50 (overlap) CH, COE

0.80 (overlap) cH" @ COE

0.17 (s, 9H) (Hh)s CH=CHSI(C

¢0.16 (dd 2H) Jnll, 14 H CH=CHSI(C

89.4 (d) Jncd.0 GHs GHs

68.4 (d) Rncl4.0 o COE

61.6 (d) Jknc13.5 cH" COE

50.8 (d) Jncl4.0 - CH=CHSI(C
e 40.9(d) Jncl4.0 tH, CH=CHSI(C

33.4 (s) tH, COE

32.9 (s) tH, COE

32.7 (s) tH, COE

32.6 () tH, COE

0.15 (s) (QHa)s CH=CHSI(Cj
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Figure2.86: Photoproduct [t°-GsHs)Rhf%-GsHy2)(SO(CH),)] 2.9

Table2.23: NMR Characterisation fdth®>-GsHs)Rhp*-GsHi0) (SO(CH),)] 2.9

1 K LIJLIY 06 Y d:z Coupling constant/Hz Assignment Group
integration)

'H  4.84 (s, 5H) GHs GHs
3.00 (dm, 2H) Jn9.5 H COE
2.49 (s, 6H) CHs DMSO
2.46 (dqg, 2H) J+13.5, 3.5 H COE
1.65 (overlap) H COE
1.50 (overlap) H® /H* COE

13C 87.2 Frn3.7 GHs GHs
59.5 Jrrl6.0 c COE
55.8 tHs DMSO
33.2 C COE
26.0 cict COE
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Figure2.87: Photoproduct [h*-GsHs)Rh(H)(Si(GIBH)s) (h*GeHhia)] 2.10

Table2.24: NMR Characterisation for thenf-G;Hs)Rh(H)(Si(GIEH)3)(h*GeHya)] 2.10at 270 K

1 K LILIY O Y dz Coupling constant/Hz Assignment Group
integration)

H

lSC

4.99 (s, 5H) GHs GHs
2.91 (brt, 1H) Jn9.5 cH COE
2.45 (brt, 1H) J19.5 cH" COE
2.24 (dd, 1H) Jn13.8, 2 (o2 5 COE
2.16 (br d, 1H) 1,138 (07 A COE
1.56 (overlap) 2 COE
1.47(overlap (05 COE
1.10 (t, 9H) J8 Si(CHH,)s Silane
0.74 (g, 6H) NI Si(GLCH); Silane
¢15.00 (d;'H) Enu33.5 H Rh¢ H
90.1 GHs GHs
61.7 C'H COE
58.4 CH COE
33.6 CH, COE
33.1 C'H, COE
10.7 SiCH.CH)3 Silane
9.4 Si(CHHs)3 Silane
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3.1 Introduction

This chapter concerns the reactivity of half sandwich rhodium complexediffine reaction

2F / LIQWEOBKPAPSHLIQ NBTSNE (G2 | Oedf 2HJ8asii RASy&t
been studied using complexes with a range of different coordinated alkene ligands. In York, a
number of these systems have been studipceviously using low temperaturein-situ
irradiation.”* **% 3 One of the complexes studied was CpRH{z andwhenit was irradiated

in dg-toluene at 203 Kin the presence oF, the solvent complex GRh(GH,)(h*-toluene) was
detected(Figure3.1A). However, wen the related dinuclear species fdsH;) Rh(GH,).]» was

used instead, in addition to the solvent complex, a hydride bridged species was observed
(Figure3.1B). When thisreaction was repeated using CpRh{CHSiMg), (2.1), with extended
irradiation the analogue bridged hydride product was detect@dth short irradiation times

using the paraspin isomer of H, (p-H,), a PHIP enhanced dihydride species,
CpRIHL(CHCHSIMg) (Figure 3.1) was detected providing the first NMR spectrum of a
CpRh),(alkene)moiety.”* A number of similar dihydride species have been detectette

this time %

@ A@

o Htyy,, R h

yd Rh\/ % ///R“N\’ ~ e

Figure3.1: Structures of three products observed following low temperatursitu irradiation.”*

The specific complexes described in this chapter are shoviigime3.2. They include f(-

GHs)Rhb*-CHCHSI(ChE),] 2.1 and [(°>-GHs)Rhp>-CHCHSI(CHE)(DMSO)R.4 which provide
G2 NRdziSa (2 (KB-Gi)RMB-CHOASI(SHIYESTRIS intdinSediatedwas
expected to activate the ¢H bond ofp-H, giving adihydride comjex with chemically
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inequivalent hydride ligands due to the trimethylsilane substituent on the bound alkEme.
rationale behind studyin@.1 with parahydrogen was primarily to determine whether the use
of parahydrogen and laser irradiation would allowethate of H addition to the 16electron
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 CpRhgHOHCHVIe;).”* The analogous CpRh(H)(Si@lkene)
was found to be involved in a hydrosilatipathway and it was found to undergo reactivity
with a range of ligands including ethene, DMSO and sildfiétswould be interesting to see if
this similar activity was replicated in the dihydride analogue. Furthermore, Brookhasl.
observed that following prolonged heating at 140 of Cp*Rh(GEHSiMg), in cyclohexane
resulted in products consistent witthe Q;Si activation of the trimethylvinylsilane ligand and
the subsequent formation of trans 1,2-bis(trimethylsilane)ethene and 1,1
bis(trimethylsilane)ethené® It would be interesting to detenine if these products could
formed photochemically and whether their formation be probed through the use of
parahydrogen.2.4 was included in this study as the DMSO ligand was also found to be
photolabile and how readily this ligand is lost, in comparitm the vinylsilane ir2.1, was of

interest.

= = =
2 Va0 E

w,
f'l i,
14

Figure3.2: Structures oR.1, 2.4and3.2.

Thereported photoactivity of half sandwich rhodium complexssot restricted to bisilkenes
ascomplexes of the type CpRh(L)(alkene) also undergo loss of the bound.alkeneesulting

16 electron intermediatéCpRh(l§)may again ndergo further reaction witt2-electron donor
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ligandsand the oxidative addition ain X¢Y bond. Tie thermal and photohemical reactivity of
CpRh(R:)(GH,) complexes (Figure 3.3) have been studied extensively using different
coordinating phosphines and with a range of substrafBiee third complex studied in the
chapter is [1°>.GHs)Rh(P*Ph)(&)] 3.2 (Figure3.2). As in2.1 it contains acoordinated
photolabile alkeneand a second ligan@hich breaks the symmetry of the hydrides in any
potential dihydride product. I2.1it is the asymmetry of the coordinated alkene which breaks
the symmetry in the resultant hydride ligands contrastin 3.2it is the chirality of phosphine,
P*Ph, where P*Phefers to (2R, 5R) 2,5 dimethykphenyl phospholane, which makes the two
hydrides distinct from one anothe©ne 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 resotveéfrom 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 Introduction Sectior..2.5

=
\ Ph4'5
Rh
~
Hyf// 4%7

PR = P*Phi
Figure3.3: Structure ofCpRh(Rs)(GH,), the startingcomplex in many of these studies

The early work by the Perutz group used the Ritgalogue of this complex and followed its
reactivity using matrix isolation and solutichasedproduct studies They discoveredn a
matrix that there were two competing photochemical processpbptosubstitutionand C¢H
bond activationof the liberated alkeneRigure3.4A)? In CO and Nmatrices the loss of the
ethylene ligand was obserdeand the coordination okither CO andN, respectivelywas
observed Figure3.4B).? These products were characteriseby IR spectroscopy. The cqiex

was next studied in a toluene gladsThe sample was irradiated at & for 8 hours before
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being warmed to 203 K for characiation by 'H and *P{"H} NMR spectroscopy. The
distinguishing features were a phosphorus signal 48.9 which has a coupling to rhodium of
156.1 HZ A coupling constant of this magnitude is consistent with & &recies indicating
that an oxidative addition process has occurred. A hydride resonantel8.52 (dd, 441.6,
Jirn31.5 Hz)supports this observation. Futharacterisation revealethis product to bethe
vinyl hydride complexHRigure3.4A). Warming this sample to 253 K results in the complete
conversion back to the stiing material suggesting the vinyl hydride product is not thermally

stable®

Figure3.4: Structures othe photoproducts formedvhen CpRh(PMg(GH,) is irradiated in a matrixadapted from
Bellet al?

The activity of CpRh(PMEGH,) has also been studieth different aromatic solvents. In
benzene, the loss of ethylene and activatioha G;H bondof benzeneto give thephenyl
hydride product inFigure3.5A occurs® In hexafluorobenzene, howey, coordination of the
arene viaan h? interaction resulted Figure3.5B)2 They proposed that tkicorresponds to an
intermediateon the pathway tooxidative addition, a similar observation has been made with
the analogous Cp* rhodium complex€$Further studies were performed with using tolugne
this time at room temperature. A rhodium hydride complexwas formed which was
determined to be thdolyl hydride complexRigure3.5C) formed by the €H activation of one

of the methyl protons of toluené Irradiation at 213 K gava mixture of the tolyl, vinyl and

benzyl hydride complexes
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Figure3.5: Products formed after UV irradiation @pRh(PMgGH,) in the indicatedarene, adapted fom? 2,

The photochemistry of the PRtanalogue, CpRh(PBtGH,), has also been studied. In
hexafluorobenzene, like with the PMeomplexes the resulting product contained an’-GsF;
ligard in place of the ethylen@igure3.6A).*® This was not the @, howeverwhen partially
fluorinated aryl ligands we used, withpentafluorobenzengyielding theC;H bond activation
product CpRh(PBI{{GF;)H (Figure3.6B). The NMR defining featuresf this product beinga
hydride resonance in théH spectrum atd ¢11.50 (dd, wkn 21.6, Js 43.9 Hz) and three
separate fluorine resonance consistent with theortho, meta and para positions of a

coordinated areneA similarobservation was made with 1-@fluorobenzengFigure3.6C).

= = =

h Rh
™~ ~, | ~, |
Pth/ //\ Phsp/ " thp/ jH
I | I

Figure3.6: Typical poducts formedafter thethe reacton of CpRh(PRJ{GH,) with a fluorinated arengadapted

from Heatonet al**®

More recently, thereaction of3.2 with pinacolborane (HBpinhas been studied A chiral
phosphine was chosen in this study as in introduces a second chiral elemigret ¢xidative
addition product resulting in products thatre diastereomers of one another, enablitigeir
detection by'HNMR spectrosopy and thus allowinthe stereoselectivity of the reaction to be

investigated.The resulting diastereomers (A anddB}jhe productare shown irFigure3.7. 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 vaoaance at ¢13.6
and B with a hydrideesonanceat d ¢14.3 bothappearas doublets of doublets wit ;- of 30
Hz and wkn 0f 35 Hz.These hydride resonances were shown tteioonvert on the NMR
timescale The use of*P{'H} EXSY measurements and doping with triphenylphosphine
demonstrated that exchange occurred twatut the loss of the phosphinand therefore a

mechanism incorporating la®-(B¢H) containingintermediate was proposed.

&

Ph "
/Rh\”"'Bpin
H

", 3.2 \ @

Ph\ /RhQ”H
Bpin
B

.,
“,
%,
Y%

Figure3.7: Reaction schematic for the photoinitiated reaction of CpRh(P*BH){@vith HBpin. Adapted from
Campian et J).

In addition to studying the activity of these Bpin products they separately synthesised the
dihydride compleCpRh(H)P*Ph)]3.3 from 3.2 using NaBHin toluene/ethanol. The two
hydride ligands were observed dt¢13.71 (dd, 4kn36.1, J4p27.8 Hz) andl ¢14.47 (dd, wkn
37.9, 4p28.0 Hz). Thetoo were found to interconvert on the NMR timescaléa aproposed

dihydrogen intermediate.

<@ @

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

“,

s,
K4 K4

Figure3.8: Synthesis ofCpRh(H)YP*Ph)]3.3.
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3.2 Photochemistry of2.1 with p-H> z to form 3.1

Previous work in York of(h>-GHs)Rhb*>-CHCHSIMg),] 2.1 has shown that when it is
photolysed in the presence @fH, the replacementof one of the trimethylvinylsilane ligands
by H, is possiblé (Figure3.9). TheRH' product has two chemially inequivalent hydride
resonancest d ¢13.43 andg13.37 ppm, bothof whichexhibit a coupling to rhodium of 25.3
Hz (Figure3.10b). Thisstudywas performed at 213 K with continuous irradiatimesitu, using

a 325 nm 25 mW H€d cw laser as the radiation sournteconjunction withto a 400 MHz
spectromeer.” Since this time thén-situ photochemistry seup at York hashangedo usea
Nd:YAG laser coupled with a 600 MHz spectrom®&ynchronisation betweetthe light
source and NMR spectromethas allowedor precise time delays between the irradiation and
detection steps Additionally, it has permiéd control over the number and frequency of the
laser pulsesThe PHIP enhanced hydride obtained with the cw laser reflects a PHIP/PASADENA
experiment and it is the longitudinal twepin order term(2L,S) which is detected. The
synchronicity in the neweapproach offers the possibility of coherently retaining tA€

coherence also as detailedlimroduction Sectiori.2.5and Chapter6.

@ hv @

—_— +
R + p-H, R

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

Figure3.9: Reaction scheme for the photochemical additiorpeti, to 2.1.

An optically dilute NMR sample @f1 was therefore prepared indg-toluene and 20> [of
trimethylvinylsilane addedAn excess of the alkene ligand is used because during the reaction
the trimethylvinylsilane may become hydrogenat&tihen this occurs, the ligand is no longer
able to coordinate to the metal centre with theame degree of stabilisation compared to the
alkene. This provides a route for the decomposition of the starting matetial.sample was

degassed and backfilled wihbar ofp-H,. The sample wathen irradiatedin-situ at 263 K as
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described in theExperimental Sectio8.3.2 Initially the OPSY protocol was employed in
conjunction with a single laser pulse and a series of ppngbe delays. This approach wdu
be predicted to allow the initiaZQ terms evolution to be monitored (se€hapter6) if

sufficient signato-noise was available. No signal was seen.

Whenthe number of laser pulses prior to the NMR experiment iwaseaseda PHIPenhanced
signalwas seen at ¢135 (Figure3.10A labelled as 263 )XThese laser pulses were separated
by 0.2 seconds. Surprisingliietprofile of the hydride peak does not resemblatheported in

the literature.”* Analysis revealed that a combination of the size of magnet, 400 vs 600 MHz,
and temperature effects operatedhe experiment was repeated at 298, 240 and 220 K and

the resulting hydridesesonancesre shownin Figure3.10A.

'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

Figure3.10: Hydride resonance .1 as a function of temperaturea)hydride resonance recorded on a 600 MHz
spectrometer indg-tolueneat the temperatures labelletl) hydride resonance in Godasgd. al”*recorded on a 400
MHz spectrometer img-tolueneat 213 K.

Both hydrides couple to the Bttentre as well as onanother forming an ABX spin system.
Typical values of.d,in a RH' spin system lién the region 0f25-30 Hz,whilst the splitting
between A and Bis 2-6 Hz Simulations of the chemical shift differences of the two hydrides
and the respective couplingsere simulated for each of the different temperatures githe
manual iteration mode in-IMR. The results of this fitting are shownRigure3.11. Due to

the broacdhess 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 spextrdemonstrated
by comparing the simulations with and without line broadening applieidure3.11). 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 consttre summarised ifiable3.1 and
show that the chemical shift difference increases from 0.01 ppm at 298 K to 0.10 ppm at 220 K

and that Jrnis approximately 26 Hz dn}yis approximately 3 Hz.

Table3.1: Fitted chemical shift differences and coupling constants for the PHIP enhanced hydi8gatofariable
temperatures.

Temperature /K  Dd/ppm  Jre/Hz  Jw/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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Figure3.11: Comparison of the experimenthidride peaks (top) and fitted peaks (middle and bottom) at the temperatures labelled; middle includes liderbinmato match to
experimental and bottom spectra have no line broadening applied



Having shown tha®.1 forms [(h*>-GHs) R{HL(h>-CHCHSI(C##t)] 3.1 when photolysed in the
presence ofp-H, the behaviour of this rhodium dihydride species was studied further. The
PHIPenhanced signal was only observed with multiple laser pulses. In addition to the increase
in the amount of irradiation the sampis exposed to it also increases the time from the initial
photolysis and the NMR experiment. If the additionHpfoccurs slowly, it could be that it is

this longer timdrame from the initial laser pulse, allowing the dihydride time to form, that is
resporsible for the enhanced signals being observed with multiple laser pulses. To investigate
this, a series of experiments with one laser pulse and a pprope delay that relates to the
duration of the irradiation were performed. The first delay used wass@dnds, 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. Thisestgghat it is the additiondfradiation,

rather than time that enables thadihydride 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 ByBriments 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 geesed in magnitude modewing to the
antiphase nature of the PHIP signals andghgnalto-noise ratio of theesonancewas plotted
aganst the number of laser pulse¢Figure 3.12). This revealsan initial increase in
enhancement with more laser pulsédlowed by a platealbbetween 32 and 64 laser pulsdsa

these experiments, we are in the asynchronous addition ofapgidrogen regime and
therefore only the2l,S term is coherently retained in the product. From the moment the

has added to the metal centr¢his spin encoded state begins to relax back to the Boltzmann
distribution and the possible enhancement reduaexordingly.With the larger number of

laser pulses there is a traddf between the higher enhancements due to more product
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forming and lower enhancements due tthe relaxation of the parahydrogerderived spin

states

40 -
30 *

20

Signal: Noise /a.u.

10 i

0 T T T T T T T T T T T T T T 1

10 20 30 40 50 60 70
Number of Laser pulses

Figure3.12: Plot showing the relationship between the number of laser putsessignatto-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 samp®lofvas prepared irdg-
toluene and 3.5nL of trimethyVinylsilane was added. Using tHel NMR spectrumit was
determined that there wasa substoichiometric quantity ofvinylsilane relative to2.1,
therefore a large degree of decompaosition of the stamtj materialmay be observedA second
sampk, therefore, was also prepared with=9[of trimethylvinylsilane whichiepresented a 15

fold exces®f ligand relative t®2.1by *HNMR spectroscopy.

To investigate the variation of the observed hydride enhaneeihas a function of the pumyp

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 enhanceaamts than the 0.2 s delagjnce there is a shorter time

for relaxation to occur in between laser pulseékhere are a number ofariablesto be
considered during the course of this study. Firstly, the proportiorp-6%, in solution will
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reduceduring thereaction,as anyH, 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 satnpled therefore there will be

a localisearea of product in the active region of the NMR spectrum whilst the reactive
precursor will be outside of this regiolhe amount of the2.1 will also reduce as a function of
the irradiation; this reduces the possible enhancement observable. To managehgables

the experiments will be run in pairs; the first experiment will haveet pumpprobe delay of

0.5 msto act as a controhnd the second experiment will have a variabkday. After the
second experimentthe sample will be shakenThis will acount for the change in the
concentration of2.1 during the irradiation periocndany drops in enhancement due to lower
guantities ofp-H,. Preliminary tests determined this to be less significant than the drop in the
concentration of2.1 as replenishinghe sample which fresip-H, resulted in enhancements
comparable to the enhancements before thp-H, was refreshed rather than the
enhancements obtained when the previopsH, was addedWhilst 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 purmobe delay from 0.025 s up to 7 s. Theserave
processed in magnitude mode and the integral from the variable delay normalised against its
control experiment. These were then plotted against the pdonpbe delay Figure3.13). This
shows that there is possibly an initial growth period during the first 0.05 s followed by an
exponentid decay in the enhancement. Tleecond samplethe sample with an excess of
trimethylvinylsilane was studied using the same appecbaTo investigate whether the initial
growth period is real smaller increments in the pwupyobe delay will be used during this
time. The normalised integrals atken plotted against the pumyprobe delay inFigure3.14,

which shows the same initial rise during the shorter delay times followed by a decay in
enhancement. It would suggest that during this tithe dihydride complex is still forming. The
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decay after thisgrowth is due to the relaxation of théerms resulting from the2l,S

component of thep-H, singlet stateas described b¥figure3.15. 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 0.830.05 §*. Ths correspondgo arelaxation constantT,

of 1.89° 0.18 s and in the second sample a rate constant of 1.009 §' was obtained giving

aT, of 1.00° 0.09 s.The'H NMR spectra for the two samples were compared to rationalise

this difference. Sample 1 hadl@ver conentration of 2.1; this could cause small variation in

T;. More significantly, th&xDs solvent used for sample 2 contained a greater amount of water

compared to sample 1 and this can redugezalues.Both values off; are consistent with &;

of a metal hydrides species obtained using standard NMR mefficdis
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Figure3.13: Plot showing thenormalised hydride enhancement as a function of the pyonpbe delay after 32
laser pulses 0.1 seconds apart. Insert shows an expansion fe0t14@o highlight the initial growth period:he
decay of the enhancement was fittéd an exponential decayy 0.07° 0.03 + 1.00 0.035053" 055t
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Figure3.14: Plot showing the normalised hydride enhancement as a function of the panoipe delay after 32
laser pulses 0.1 seconds apart. Insert showsxgransion for t =0.14 to highlight the initial growth periodhe
decay of the enhancement was fitted to an exponential decay y =°00083 + 0.95 0.03¢-00° 009§t
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Figure3.15: Reactionscheme showinghe process describeid Figure3.13 and Figure3.14.

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
charge in the enhancement with irradiation time to be observed. These were plotted against
the experiment numberRigure3.16 -Figure3.17). In both samples there is a steep drop off the

in the enhancement observedhese were fitted using a linear regression with the equation

® @ & cowhere the gradient, m, for both samplesere (3.77° 0.15)x10” and (4.01°
0.24)x10% 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
highlighted inFigure3.16 and Figure3.17 by the shaded area and shows that the sample with

the excess trimethylvinylsine has greater scatter than the sample without the excess. From
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this, we can conclude thathe product is relatively stable over the time course of this study
and thus does not lose ;Hhermally to give afragment, which can react with the free
trimethylvinylsilane in solution to reform the starting materiahd hence why there is no real
difference between the two sample$hisalsosuggests that the product is less photoactate
355 nmthan the starting material and therefore the dihydride cannot@éitly be replaced

with fresh parahydrogen.
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Figure3.16: Plot showing the enhancements of the control experimeaga function of the repeat number
normalised against the enhancement of the first experiméiittedy = 1.05° 0.02(3.77° 0.15)xld”2x grey region
signifies the 95% confidence limit for the fitting.
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Figure3.17: Plot showing the enhancements of the control experimeaga function of the repeat number
normalised against the enhancement of the first experiméiittedy = 0.94° 0.03¢(4.01° 0.24)x1d°2x grey region
signifies the 95% confidence limit fbre fitting.
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In summary

1 CpRh(CKHSIMg(H), 3.1 is formed with PHHenhanced signals following the
photochemical reaction a.1 with p-H, using multiple laser pulses.

1 The two hydride ligands are chemigalifferent and form two ABX hydride resonances
which exhibit a temperature dependence in the chemical shift difference in the two
hydride ligands.

1 The observedPHIPenhanced signals initially increase in intensity with an increasing
number of laser pulsedfter 32 laser pulsea plakau is reached whethe relaxation
of the parahydrogerderived states balance out the higher levels of irradiation.

1 The relaxation time for the enhanddwydride resonance is 1.89 s in one measurement
and 1.00 s according to a second measuremeititere the two samples diffeckin
their concentration of free trimethylvinylsilan@he difference in the relaxation times
was attributed to the presence of water in the second sample.

1 Lower photoactivity of the product CpRh(fHiSiMe)(H)} was observedgcompared to

the CpRh(C}CHSIiM), starting materialat 355 nm.

3.3 Photochemistry of2.4 with p-H> z to form 3.1

In Chapter2, it was demonstrated that DMSO may be lost photochemically f2ahand that
this generated the same reactive intermediate 228. To investigate whethethe lossDMSO
from 2.4 providesmore efficient generation of this intermediat@.4 wasstudied withp-H,. A
sample of2.1was prepared and 5 [of DMSO added; the sample was irradiageekitu for 10
minutes which allowed the formation &.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 dpasat wi
pump probe delg of 0.5 ms and a PH¥hhanced hydridesignal for3.1 was observed The
enhancement was compared to samples2t and found to bewere considerably smaller

than when2.1was used as the precursor. For théason,it was not pursued further.
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3.4 Synthesis off( h5-GHs)Rh(P*Ph+)(C2Hs4)] 3.2

The synthesis d{h>-GHs)Rh(P*Ph)(&,)] 3.2, where P*Ph refers to the chiral phosphine (2S,
5S) 2,5 dimethyl, 1 phenyl phosphog, is reported in the literatur@ The chiral phosphine
was synthesisedby the procedure published by Suzuéi al**® and Burket af**® which is
outlined inFigure3.18. The first step involves the mesylation of (2R,-88)hexanediol which
gaveA as a colourless oil in Z2yield. Avasthen reacted withphenyllithum to give the target
phospholae in 8@ yield.The phosphine was then added [Rh(GH,).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 warepared by reacting the rhodium dimer with lithium
cyclopentadienyl and resulteéh a dark brown oil as the product. ‘A NMR spectrum of this
product Figure3.19) revealed a notable amount of the bis(ethylene) complex CpRECIN
addition to other small impurities, which would suggest that the firatt of this stepdid not
reach completion. The ke NMR features of CpRBKG), are a Cp resonance dt5.09 anl
two broad doublets atd 2.90 and 1.12 (¢ 11 Hz) for the coordinatedthene ligands
Sublimation was used to purify the material. Prior to the sublimation the ratid3.af
CpRh(gH,) was 1: 0.85 bunfter the sublimation the ratiat was onlyl: 0.75 indicating that
only a relatively small amount of the bisethylene complex was remoMedethelessthis

sample vas used in subsequent studies.

181



OMs

NEts, DCM
%
3h, RT
-’n‘A}J
Ms  72%
B
PhLi,
Diethylether “A” THF g
—b..
1h, RT 72h RT P*Ph
30%
/P\ /P\
H H Li Li
C

—_—

\ 1. 2P*Ph, THF \
%\ C'\ /\ 20m, RT Ph th//
\\< / \// 2.Li(CsHs), 1h \p/

' -mum"m

Figure3.18: Synthetic route to forn{(h5-CjH5)Rh(PPh)(C§H4)] 3.1
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Figure3.19: HNMR spectrum 08.2in GDg at 298 K. Green stars denote resonances associated with GpRh(C
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3.5 NMRcharacterisation of 3.2

A sample othe brown oilwas prepared irGDs to allow forthe characterisatiorof 3.2. In the
3pf'H} spectrum there is a doublet a 75.0, Jgn 203 Hz(Figure 3.20), this coupling is
consistent with a Ritompex. A™H-3'P 2D HMQC was used to correlate this resonance with
the proton resonances associated with the phosphine ligand. The -qnbimn wasidentified

at d 7.68 (t 8Hz) which simplified to a doublet with phosphorus decoupling. This resonance
showed a correlation in &H{**P-"H{>'P} 2D COSWMR spectrum to a resonance at7.08 a
multiplet which was shown to corresponding to both timeta and para protons ofthe pheryl

ring based on dater 'H-*C 2D HMQGQmeasurement The carbosphosphorus couplings for
each of these carbon environments were meastuirea 1D “*G*H} NMRspectrum to be 10.5,

8.7 and 2.5 Hz for thertho, metaand paracarbonsrespectively

MWW

77 76 75 74 73 72 pPpm
Figure3.20: *'P{"H} NMR spectrum o3.2in GDs at 298 K

The'H->P HMQCspectrumwas also used to identify the methyl groups on the phospholane
ligand agesonating atd 0.57 (dd, Jp13.3, 31 6.6 Hz) and 1.34 (dd,p1L8.2, 3, 7.2 Hz). AH-
%C 2D HMQC wathen used to correlate these proton resonances to the respective carbon
resonance and a 1B°Q'H} NMR spectrum used to determine the carbposphorus
coupling. The resonance d0.57 shaved a correlation to a carbon signaléi5.4 (s)andthe

signal atd 1.34 to carbon resonance dt21.6 (d, 11.8 HzJhe methyl resonance at 0.57was
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assigned tgosition 8 and the methylesonanceat d 1.34 toposition 7based on the literature
valles for these resonancésThe remainingresonancesof the phospholane ring were
identified using*H{**P-'H{3'P} 2D COSY and NOBSMWR measurementswhilst the Cp ring
was characterised a$;5.09 (s)d:85.9 (t, dp3, Ern3 Hz). These observations are summarised

in Figure3.21and are in good agreement with the values in the literatbire.

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

Figure3.21: Summary of théH and**C NMR chemical shifts for the coordinated phospholane ligaB®jiCp and
ethene ligands omitted.

Finally, the coordinated ethylene ligand was identifiedyadding two pairs of exchanging
protons atd 2.83(t, 9.9, 10 Hzand 1.30(m) andd 2.72 (t 9.7, 9.9 Hzpand 1.54(m). The
chirality of the phosphine accounts for there beifoyir separate resoances.A *H-**CHMQC
measurementddentified the two protons atd 1.30 and 2.72 as beingom one CH group,

with a carbon chemical shift of 24.1 (dr4L5 Hz) and the two protons at1.54 and 2.83 as
belonging to a second Gldroup with a carbon chemical shift of 22.4 (dzrnd5 Hz).The
chemical shifts and multiplicities of these resonances are in agreement with the literature
characterisationhowever the assignments of the couplings are not. fHeesonances were
characteised as having colipg to phosphorus, however, whet{*'P} NMR spectra were
acquired the multiplicities of these resonances were unchanged suggesting they do not
containing phosphorus couplingEhese couplings however are consistent willy couplings

in an ethene ligand with four inequivalent protons. Thk, trans and cis couplings are of
similar magnitude (~10 Hz) whilst the sm&lly geminal coupling is contained within the

broadness of the resonance$he carbon resonances for the coordinatedteme were also
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