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Abstract

Abstract

This thesis aims to elucidate mechanisms of palladium and iridium catalysis using
paraH.. In palladium catalysis, the debate on the nature of the active catalyststends to
focus on homogeneous palladium monomers or heterogeneous palladium nanoparticles;
intermediate palladium clusters are repeatedly overlooked. The research herein aims to
ascertain the role of such clustersin palladium catalysis . The conversion of palladium
monomers to palladium clusters has been investigated. Reacive palladium monomers
with the formula [Pd(OTf) ,(XRy),], where X = As or P, and R = aryl or alkyl, have been
synthesised. Palladium-catalysed hydrogenation reactions were the focus and the
suitability of these monomers for this study was verified by the formation of palladium
nanoparticles on addition of hydrogen gas. Nanoparticles were characterised by
transmission electron microscopy (TEM). A number of novel monohydride palladium
species formed, andwere characterised using liquid injection field desorption ionisation
mass spectrometry (LIFDI-MS), and nuclear magnetic resonance (NMR) spectrascopy,

including paraH, induced polarisation (PHIP) which is used to enhance NMR signals.

Tri-palladium cluster s with the general formula [Pd 4(XR,),]*, were characterised by
LIFDI-MS, advanced NMR spectroscopy, and single-crystal x-ray diffraction (XRD). These
species are stable. [Pg(PPh,),]** was isolated and found to be an effective catalyst for

hydrogenation r eactions and mild Suzuki-Miyaura cross-couplings.

PHIP has also been appliedinanonil a EUOT 1 OEUDPYIT wOEOOI UwUUDPOI

EOxOPiIi PEEUPOOWEaAwWUI YI UUPEOI wi RETEOT 1 z wp2
the 'H NMR signals corresponding to pyridazine a nd phthalazine . The formation of

SABREactive iridium complexes with pyridazine and phthalazine and exchange of

hydrogen and the N-heterocycle at iridium has been investigated. SABRE of the'H NMR
resonances was optimised. Thepotential to use drug derivat ives of pyridazine and
phthalazine as hyperpolarised contrast agents in magnetic resonance imaging (MRI) was
verified by successfully hyperpolarising 5 -aminophthalazine (an antifungal) and

investigating SABRE in biologically -compatible solvents.
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Introduction

1 Introduction

1.1 Catalytic Species in Palladium C atalysis

The exact nature of the active catdytic species in palladium -catalysed reactions is a

matter of significant debate." This is due to the extensive reactivity of intermediate
palladium species, which makes identifying key reaction steps challenging, even when
using modern analytical techniques. The use of palladium is ubiquitous in the field of
catalytic C-C bond formation , which has become prevalent in the academic literature.
Early mechanistic hypotheses assumed a homogeneous catalytic cycle, involving one or

two palladium atoms, typically with palladium shuttling between the 0 and Il oxidation

states as shown inFigure 1 for a general carbon coupling reaction.”® Throughout this
thesis, Schwarht z UWET I DOPUDOOU WO wi 00O0T 1 01 OUUWEOGEwWI 1 U1 Ul i C
homogeneous catalyst is one with homogeneity in its active sites, whereas a

heterogeneous catalyst is one with heterogeneity in its active sites’

R'-R [Pd]° X-R
3 1 X-R 7-X
7R R'-R X-R
Z-R'
high [Pd] high [Pd]
R' X ~ ~_—
’ Z-X
[Pd]"—R [Pd]"—R R-R
2
Z-X Z-R'
Homogeneous Clusters Heterogeneous

Dominates the field

Most Pd catalysts are
designed for this area

Little reported on the link
between homogeneous
and heterogeneous phases

Significant area with viable
and competent catalysts
available for cross-coupling

Figure 1. Simplified scheme to show a homogeneous catalytic cycle for a general carborcoupling

reaction, where X is typically a halide or triflate, Z i

s a metal or pseudo-metal (eg, boron), 1 is oxidative

addition, 2 is transmetallation (note ¢ in the Heck reaction this step is alkene insertion) ,° and 3 is reductive

elimination. The formation of heterogeneous nanopatrticles from the homogeneous molecules via an

intermediate cluster phase is also shown.

More recently, heterogeneous palladium -catalysed carbon coupling reactions have

been reported whereby catalytically -active palladium nanoparticles form viathe

aggregation of palladium monomers, *** or are synthesised separately and stabilised by
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coordinating ligands and polymers prior to their use as catalysts. **** In addition,

supported palladium, for example palladium on carbon, also finds use as a carbon-

coupling catalyst, *>*” however leaching of free palladium atoms is reported. ** It is
therefore unclear if catalysis takes place at the surface of the supported palladium or at
leached palladium monomers. The homogeneous and heterogeneous dichotomy often
leads to these two phases being treated as completely separate, however they are linked
by a cluster phase, as shown inFigure 1. There is little reported on the clusters that link

homogeneous and heterogeneous catalysis, and this thesis aims to add to this area.

The formation of palladium nanoclusters from a monometallic pre -catalyst is likely to
occur during a reaction which requires high temperatures and pressures.*® Nanoclusters

|’19

that form in such reactions can diffuse together and coalesce to form bulk metal,”™ which

is a thermodynamic minim um. This can be prevented through the use of stabilisers which
include anionic ligands such as carboxylates? bulky organic materials such as
polyvinylpyrrolidone  (PVP),** and solvents that possess high dielectric constants such as

ionic li quids* or dimethylformamide. ?* Anionic ligands stabilise nanoclusters
electrostatically, through coulombic repulsion between nanoclusters whereas bulky

organic materials stabilise nanoclusters sterically, thereby preventing two nanoclusters

from physically touching. **

Distinguishing homogeneous from h eterogeneous catalysis is difficult and not always
conclusive, hence the ongoing debate. This issue is not exclusive to carborcoupling

reactions; the mechanisms of many reactions involving palladium catalysts, including

hydrogenation reactions, are unclear* despite the availability of a wide variety of
techniques to probe them. This is due to there being no single definitive technique to
decipher the phase of the catalyst, and limited conclusions are gained from these

techniques. Furthermore, the nature of the active palladium catalyst can change with

subtle changes in reaction conditions for example changes in the solvent or the reactant?®

1.1.1 Techniques Used to Distinguish Catalytic P hase
In order to convincingly determine the phase of the active catalyst, a general method

has been reported by Finke,”® and is shown pictorially in Figure 2, however it is
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highlighted that this approach is rarely possible as the true catalyst may not be isolable or

detectable (stepl.).

Catalyst isolation
and characterisation

studies
1.
Kinetic studies with
Does the mechanism 4. Homogeneous or 2 isolated catalyst
explain all the data? Heterogeneous? - Induction period?
- Reproducibility?
3.
Quantitative

phenomenological tests
- Poisoning and recovery

Figure 2: General method to successfully distinguish between a homogeneous and heterogeneous catalyst

Conventional characterisation techniques can be used to detect active catalytic species,
however many are limited by the stability of the catalyst. Unstable catalysts are likely to
be present in very low concentrations, and cannot therefore be detected by insensiive
techniques, like nuclear magnetic resonance (NMR) spectroscopy. Although conventional
NMR spectroscopy is relatively insensitive, this issue can be overcome using

hyperpolarisation methods, which are discussed in section 1.2.

1.1.1.1 Electrospray lonisation M assSpectrometry

More sensitive technigues include electrospray ionisation mass spectrometry (ESF
MS),” which is used to detect ionic speciesformed in a relatively soft ionisation process.
Neutral species must therefore be converted to charged ions, which is commonly achieved
by protonation or deprotonation . ESFMS can be used in the positive-ion or negative-ion
mode. Most of the reported uses of ESIMS to analyse palladium chemistry have
employed a positive -ion mode,?*** however this can result in the oxidation of
palladium(0) to palladium(l). Palladium(l) is likely to ha ve a different reactivity to
palladium(0), and should therefore be avoided. For this reason, negative-ion ESI-MS is
OOUI WwExxUOxUPEUI OwUIT T wUl EVEUPOOwWOI wxEOOEEDPUOpY AwUO
the instability of palladium( -I).
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The MclIndoe group have published many reports on the successful application of
time -resolved negative-ion ESI-MS for probing palladium -catalysed reactions,
predominantly carbon -coupling reactions.*** Charged ligands, typically phosphonium
salts like the monosulfonated triphenylph osphine salt shown in Figure 3, are added to the
catalyst species to allow for their detection.* Palladium intermediates are detected by
their m/zratios and their signal intensities are monitored over the reaction time. In
addition to typical kinetic traces for starting material and product, kinetic traces for the
production and depletion of active catalytic species can be observed and give excellent
mechanistic insights. Although ESI is arelatively soft ionisation method, it is often
unsuitable for the detection of transition metal complexes with labile ligands or for

complexes that do not easily ionise. For these, liquid injection field desorption/ionisation

(LIFDI) MS is more appropriate, however this is an insensitive techni que.*

@ @ N(PPh;),
P

50,

Figure 3: [N(PPh,),l[PPh,(m-CH,SO,)].

1.1.1.2 Infrared S pectroscopy

Infrared (IR) spectroscopy is another characterisation technique that has been applied
to palladium catalyst studies **** however this suffers from sensitivity and selectivity
issues. In order to produce a signal, the bond vibration probed by infrared radiation must
induce a change in electric dipole moment.* Many bond vibrations are symmetric and
therefore IR silent, however they may be observed using Raman spectroscopy if there is a

change in polarisability as a result of the vibration. **

IR spectroscopy has been widely used to detect reaction intermediate$>** however it is
EOOOOOO0awlUI EWEOOOT UDEI ngesosdllatodsiréhpths and d&dfdeeO E U w b
high IR sensitivities, for example carbonyls or cyano groups.* These are introduced to
metal complexes of interest so that reaction intermediates that are present in low
concentrations can be detected. Gaseous probe molecules, like carbon monoxide, are also

used alongside IR spectroscopy to provide information ab out the surfaces of supported
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palladium catalysts. *** The frequencies of the vibrations in the adsorbed gas molecules
are characteristic of the catalytic site on which they are bound, for example a signal at

2090 cni* corresponds to carbon monoxide bound linearly to palladium *®which is

indicative of a low coor dinate defect site. The humber of active sites on the catalyst

surface can be calculated from such data®®

1.1.1.3 UV-Vis Spectroscopy

The formation of palladium nanocolloids in chemical reactions can be detected and
monitored by UV -vis spectroscopy. Metal nanopatrticles and colloids exhibit localised
surface plasmon resonances, which correspond to coherent oscillations of the electric field
at the particle surface.”® The colloids will therefore absorb electromagnetic radiation of a
frequency that matches the frequency of the plasmon resonance, which is typically in the
UV or visible region of the spectrum. Despite unpronounced palladium plasmon
resonance bands (due to dd interband transitions), the high sensitivity of UV -vis
spectroscopy allows for the detection of palladium nanocolloids. However, detection of
such resonance bands is difficult in the presence of stabilising ligands that absorb light in
the same region. This limits the use of UV-vis spectroscopy to identify palladium
nanocolloids. In contrast, UV -vis spectroscopy is commonly used to identify gold

nanocolloids, which have plasmon resonances with large molar absorption coefficients (~

10° mol*dmZ®m™).*°

0.7
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Absorbance

900 400 500 600 700 800
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Figure 4: Absorption of two different solutions of palladium clusters prepared from PdCI ,. Reproduced

from Gaikwad, A. V.; Rothenberg, G. Phys. Chem. Chem. Phys. 2006, 8, 3669 with permission of the PCCP

Owner Societies.
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An example of a plasmon resonance band corresponding to palladium clusters is
given in Figure 4.* The plasmon band is sensitive to the size of the palladium clusters, as

well as their chemical environment. * The Rothenberg and Reetz groups have successfully

applied time -resolved UV -vis spectroscopy to monitor the reduction of palladium(ll)

complexes and the subsequent formation of palladium clusters. *"*

1.1.1.4 Transmission Electron Microscopy

The presence of nanoclusters in a reaction mixture can be verified using transmission
electron microscopy (TEM), which is a senstive technique for the detection of
nanoclusters that are greater than 1 nm in size?**° A positive TEM result is irrefutable
evidence that nanoclusters form either during the reaction, or during TEM sample
preparation. The latter can be ruled out through the use of a control sample, in which a
stabilising polymer, for ex ample PVP, is added to the sample > Stabilising polymers
coat nanoclusters, thus influencing their size and shape as they form. Any structural
changes during TEM sample preparation are evident by differences in the size and shape
of nanoclusters that form with and without the stabilising polymer. The TEM image
shown in Figure 5is of palladium nanoparticles that formed during a C -H
functionalisation reaction. ** PVP was used to stabilise the nanoparticles during TEM

sample preparation.
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Figure 5: TEM image of nanoparticles that form during C -H bond functionalisation of benzothiazole,
with PVP added during TEM preparation. Reprinted from Baumann, C. G.; De Ornellas, S.; Reeds, J. P.; Storr,

T. E.; Williams, T. J.; Fairlamb, I. J. S. Tetrahedron 2014, 70, 6174 with permission from Elsevier.
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A negative TEM result does not disprove the formation of nanoclusters; nanoclusters

that are smaller than 1 nm cannot be detected using TEM and first-row transition metals

are often difficult to image due to poor contrast ,>* however this is not an issue with
palladium nanoclusters . As a result, TEM is a very usdul technique to characterise

nanoclusters, but ought to be used alongside other characterisation techniques and kinetic

investigations.

1.1.1.5 X-ray Absorption S pectroscopy

One less commonly used, but conclusive technique for the characteisation of
palladium nanoparticles during a reaction is x -ray absorption spectroscopy (XAS). The
use of this technique was reported by the Fairlamb group for the study of a Suzuki -
Miyaura cross-coupling reaction catalysed by PVP-stabilised palladium(0)
nanoparticles.*® The oscillations in extended x-ray absorption fine structure (EXAFS) can

be assumed to be directly proportional to the local coordination number of the probed

palladium atom. > The average first-shell palladium coordination number can therefore be
calculated from the EXAFS. Time-resolved XA S was used to measure the average first
shell palladium coordination number during the Suzuki -Miyaura cross-coupling reaction,
and the results are shown in Figure 6. There was no discernible change in the
coordination number throughout the reaction, which suggests that the nanoparticles are
very stable under the reaction conditions used and the catalyst is likely to be the

heterogeneous palladium nanopatrticles.
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Figure 6: XAS, including EXAFS, spectra of a Suzuki-Miyaura cross -coupling reaction, in which the
average local coordination number of the probed palladium atoms does not change. Reproduced from Ellis, P.
J.; Fairlamb, I. J. S.; Hackett, S. F. J.; Wilson, K.; Lee, A. F. Angew. Chem. Int. Ed. 2010, 49, 1820 with

permission from Wiley.

1.1.1.6 Kinetic S tudies
Kinetic studies play a significant role in identifying the true active catalyst in a
reaction. Sigmoidal kinetic curves, shown in red, blue, and green, in Figure 7,° are typical
of heterogeneous reactions, in which the active catalytic species are generated from the
metal species supplied. This resultsinan ODPUDEOws OET z wUDOI OQwbki 1T Ul w

produced due to the need for the catalyst to activate.

1storder _ catalyst
0.8 - Kinetics, activation
/
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Figure 7: Kinetic profiles of conventional first order kinetics (grey), autocatalysis (red), slow catalyst
activation (blue), and autoinduction (green). Reprinted with permission from Mower, M. P.; Blackmond, D.

G. J. Am. Chem. Soc. 2015, 137, 2386 copyright 2016 American Chemical Society.

Autocatalysis results in a sigmoidal curve with a large gradient and occurs when a

product of the reaction is also a reactant, thus the production of product acts to catalyse
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the reaction. An example of this is the Soai reaction;’ shown in Figure 8 (above, 1) in
which a pyrimidyl alcohol reacts with diisopropyl zinc, form ing the chiral isopropylzinc
alkoxide shown. This species catalyses the enantioselective addition of diisopropyl zinc to
a pyrimidyl aldehyde to also form the chiral isopropylzinc alcoxide. This is then

hydrolysed to form the enantiomerically pure pyrimidyl alcohol.

Zn(—< )2 /jj
S N ™S OZn
BV RN N R,

e
N/
Lorl O CO,Et
-proline
- N. _H
. HJ\/ EtO,CN=NCO,Et H’k/ N

] * CO,Et

Aroline
AL

VOCT "N™ OBt

|
Improved ¢ : N‘N'H

catalyst = éOzEt

Figure 8: The Soai reaction (above, 1), which is an example of an autocatalytic reaction, and proline -

O1 E b E GamiBatiovi of propionaldehyde (below, 2), which is an example of an autoinduced reaction .

Autoinduction results in a sigmoidal curve with a gradual incline and occurs when
the product formed in a reaction acts to increase the reactivity of the catalyst, but is not
directly involved in product production. *® An example of this is proline -O1 EPEUI EwY
amination of propionaldehyde, also shown in Figure 8 (below, 2).* In this reaction, L-
proline acts as a catalyst, however the amine product formed can react further with the L-
proline and form an improved catalyst. As a result, the reaction rate gradually increases

during the reaction, until the low concentration of propionaldehyde becomes limiting .

Non-promoted catalyst activation results in a sigmoidal curve that | ies between the
two extremes of autocatalysis and autoinduction. Evidence for the formation of palladium
colloids, either by the observation of palladium black precipitate or by TEM imaging, in

addition to the observation of sigmoidal kinetic traces provid es a strong case for
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heterogeneous catalysis®®*®* Sigmoidal kinetics are not always observed for reactions that
are catalysed heterogeneously because this shape requires specific kinetic behawaur. If
the initial nucleation step, shown in Figure 9, in which nanoclusters begin to form
proceeds with a rate constant of Q and is followed by an autocatalytic surface growth
step, during which active nanoclusters form rapidly with a rate constant of Q,***then 'Q
must be significantly small er than "Q, to produce sigmoidal kinetic traces. If, however Q
is a similar value to the rate of catalysis then a sigmoidal trace may not be detected.

Furthermore, catalyst deactivation can obscure the kinetic trace*

Q : i
o hlgh [Pd] @
monomers @ @
i

initial
nanoclusters

hlgh [Pd]
hlgh [Pd] @ active
nanoclusters

inactive Pd
precipitate

Figure 9: Simplified scheme showing the growth of nanoclusters from monomers, and their aggregation to

inactive palladium precipitate .

Additional kinetic evidence, reported to assist in distinguishing the catalytic phase, is
found in the infl uence of the palladium concentration on the reaction rate. If a reaction
was truly homogeneous, then an increase in palladium concentration would increase the

reaction rate due to the presence of more active catalytic species in solution. In several

casesa different trend is observed, where the turnover frequency (TOF, mol ,,guc mol g™t

hr™) is found to increase with lower palladium concentrations. ®° An example of this, in a

Sonogashira crosscoupling reaction, ° is shown in Figure 10.
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Figure 10: Graph showing an inverse correlation between palladium catalyst loading and TOF in the

Sonogashira cross-coupling of 4-bromoacetophenone with phenylacetylene, using the palladacycle pre-
catalysts given in the inset. Reproduced from Fairlamb, I. J. S.; Kapdi, A. R.; Lee, A. F.; Sanchez, G.; Lopez, G.;
Serrano, J. L.; Garcia, L.; Perez, J.; Perez, E. Dalton Trans. 2004, 3970 with permission of the Royal Society of

Chemistry.

The drop in TOF with larger palladium concentrations is attributed to palladium
aggregation, and the precipitation of inactive pal ladium black from the reaction mixture,
shown in Figure 90wk PET wOEaA WEOUOWEEUWEUWEwWs Ul Ul UYOD
Furthermore, reported increases in TOF with smaller palladium nanoparticle sizes®*
suggest that in these cases, catalysis occurs at the loweoordinate vertex and edge atoms
on the nanoparticle surfacest the palladium surface area is larger when smaller

nanoparticles are used.

1.1.1.7 Catalyst Poisoning

Mercury is able to poison heterogeneous' and homogeneous™**® metal complexes by
forming an amalgam with the meta | or adsorbing onto the surface of the metal. Mercury
will poison any palladium(0) catalyst that is not protected with strongly bound ligands.

As such, it is not a definitive poisoning test, however if the addition of mercury to a

reaction mixture does not affect catalysis, then the reaction mechanism is unlikely to

involve unprotected palladium(0). * If unprotected palladium(0) species are suspected to
form from the palladium pre -catalyst, then a control experiment is required to

demonstrate that the pre-catalyst does not react with mercury. Characterisation of a

heterogeneous palladium(0) amalgam by X-ray photoelectron spectroscopy (XPS):* which
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analyses the elemental compositionat the surface of the amalgam, provides further proof

for a heterogeneous palladium(0) catalyst.

Other poisons used to distinguish catalytic phase include carbon disulfide,
triphenylphosphine, thiophene, and dibenzo[a,e]cyclooctatetraene ( Figure 11),* which all
bind strongly to metal centres. Dibenzo[a,e]cyclooctatetraene binds to some, but not all,
homogeneous catalysts and has litle effect on palladium colloids and supported
palladium on carbon. ® It is promoted as a complimentary technique to be used alongside
mercury poisoning. The other listed poisons act to inhibit heterogeneous catalysts on
addition of less than one equivalent, but inhibit homogeneous catalysts on addition of
equimolar or greater amounts.* These poisons are however, limited by the experimental
conditions; higher temperatures promote their dissociation from metals. Furthermore, in
many palladium -catalysed reactions, multiple palladium species form from the pre -
catalyst used, and the amount of each species irsolution is unknown, thus the addition of

specific equivalents of poisons is impractical. As a result, such poisons are rarely used to

distinguish catalytic phase in palladium -catalysed reactions!

/
J Y
Figure 11: Dibenzo[a,e]cyclooctatetraene.

The Jones group have reported the use of crosdinked poly(vinylpyridine) ( Figure 12)
t an insoluble solid material that contains many binding sites to extract soluble,
unprotected palladium species from a reaction mixture. °** Addition of
poly(vinylpyridine) to reactions catalysed by various supported palladium complexes
resulted in complete deactivation of the catalyst.®"® This suggests that the major active
catalysts were leached palladium molecular species, rather than the supported palladium
complexes; it is argued that the crosslinked polymer is unlikely to bind to the surface of

metal nanoparticles.
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Figure 12: Polyvinylpyridine .

1118 , EPUGBRUZ w3

In order to distinguish the nature of the true catalyst in a reaction, the catalytic
reactivity of a solution can be compared before and after filtering the solution in order to
remove any metal particles.” The filtrate and the filtered particles can be tested for
catalytic activity; a high activity observed in the former is evidence for homogeneous
catalysis, and a high activity in the latter is evidence for heterogeneous activity . This is by
no means a definitive test; the size of the metal particles extracted depends on the size of
the pores in the filter, and most are unable to remove nanoparticles.?* Furthermore, this

test does not account for continued generation of hanoclusters after filtration, thus

heterogeneous catalysis cannot be ruledout.”, EDUOD Uz wi b Ousetexiepsivéyul EUwWET 1 Ow
to identify leaching of soluble palladium(0) species from supported palladium catalysts.
High catalytic activity of the filtrate highlights a catalytic role for such leached palladium

species. This has been reported for many different palladium-catalysed readions, such as

Suzuki-Miyaura cross-coupling with palladium perovskites, >and Sonogashira cross

coupling with palladium nanoparticles supported on carbon and palladium zeolites. "

1119 " OOOO0OEeSz Uw3

The Collman group devised a method to distinguish homogeneous and
heterogeneous catalysts using soluble and crosdinked unsaturated polymers with olefin
moieties.” In theory, hydrogenation of such polymers will be much slower when using a
heterogeneous catalyst with respect to a homogeneous catalyst due to the lack of mobility
of the heterogeneous catalyst in the polymer region.'® This was confirmed by comparing
the yield of product and the turnover frequency of hydrogenation reactions with
monomeric and polymeric unsaturated substrates. The supported heterogeneous catalysts
exhibited much lower activity, and in some cases no activity, when hydrogenating the
polymeric substrates with respect to the monomeric substrates whereas the homogeneous
catalysts exhibited little difference in activity between monomeric or polymeric substrate
hydrogenation.® UwpPBDUT w, EPUOPUZz wUI UUOwW" OOOOEOz UwUIl UUWEE OwE
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role of leached palladium species from supported catalysts, as leached species increase the

rate of polymer hydrogenation.

1.2 Use of NMR to Detect Reaction | ntermediates

As mentioned previously, NMR spectroscopy is inherently insensitive " and rarely
used to detect unstable catalysts that arepresent in low concentration. NMR probes the
nuclear spin states that are created on exposing spinactive nuclei to a homogeneous
magnetic field. The magnetic spins of these nuclei align in different orientations with
respect to the applied magnetic field (6 ), shown in Figure 13. Those that align with the

ExxODbl Ewi Dl OEwpYAwWEUI wUODT T U0awdOOUI wUUEEOI wU

‘ —p—E
> i . ’ i
AP | Y iy | AE = yBgh/2m
S M : !
. ‘. o
>
0 Applied Magnetic Field (B)

Figure 13: The two spin states ¢ Y w E OtRthatjare created on exposing a single spin¥z system to a
homogeneous magnetic field.An increase in energy difference between the states with an increasing magnetic

field strength (the Zeeman effect)is also shown.

The signals observed in NMR spectra are caused by transitions between the spin
states, after excitation by a radio wave pulse. Transitions between states only occur when
a population difference exists; transitions occur from more populated to less populated
levels. Unfortunately, the energy difference between nuclear spin states,® given in Figure
13where| is the gyromagnetic ratioand ' OD Uw/ OEOE Oz UwE B 0W¢sH,&U wopt 6t
very small. For example, proton spin states in a 500 MHz spectrometer have an energy

difference of approximately 3.315x10% J, which equates to radio waves with a wavelength

of 0.6 m. The population difference between nuclear spin states can be calculated using

the Boltzmann equation,mgiven below, where 0 and 0 are the populations of the | orf
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spin state respectively, Q is the Boltzmann constant (1.381x1G° JK"), and "Vis the

temperature (K).

6
— Qn

When using a 500 MHz spectrometer,— is equal to 1.00008, therefore only

approximately 1 in every 10* nuclear spins is observable. This inherent insensitivity can be

improved through the use of stronger magnets but only to a point, beyond which there

are physical limits on the field strength. "’ Alternative ly, hyperpolarisation methods to
increase NMR sensitivity have been reported. These approaches increase the population
difference between nuclear spin states, known as polarisation, either using optical

pumping, dynamic nuclear polarisation (DNP), or spin isomers.

1.2.1 Optical P umping

Optical pumping is a technique in which light is used to excite electrons within a

system, to produce a large electron spin polarisation. The electron spin polarisation is

transferred, via spin exchange, to the nuclear spins of NMR-active nuclei of interest.”

Typically, electron spin polarisation is generated in alkali metal vapours as there is only

one valence electron, which simplifies the system.” Rubidium vapour is often used for

this, as the energy of infrared light required for excitatio n (794.7 nm) can be provided

using titanium sapphire lasers or high power diode lasers. "®

Circularly polarised light with a spin of +1 is used to excite the electrons in the N1/2

’S,,electronic state to the +1/2°P,,electronic state, shown in Figure 14, which then relax

DOUOwI b U1F e F1/288)\ electronic states. Any photons emitted in radiative

El EEAWEUl WEEUOUET EWEAWEWEUI I T Uwl EVwpUaxbPEEOCOawODUU
are allowed, therefore the electrons in the +1/2°S,,, electronic state cannot be excited.

Continued excitation o w O O O #/24$) Jelectuddic state leads to a polarisation build-up

into the +1/2 °S,,electronic state.
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Figure 14: Creation of electronic spin polarisation in the +1/2 °S,,electronic state of rubidium atoms,

using optical pumping .

Polarisation of the electronic spins can be transferred to the nuclear spins of noble
gases.’He and Xe are spin-1/2 nuclei and are typically used in conjunction with

polarised rubidium for NMR studies. * Polarisation transfers to the noble gas nucleivia
either binary colli sions or the formation of van der Waal complexes. The mechanism of
polarisation transfer is complex, and involves a spin -rotation interaction caused by the

magnetic fields produced by the colliding nuclei, and an isotropic hyperfine interaction

caused by the magnetic field of the noble gas nucleus®

—mwwrrrn—n—rn—n—rn—rwm -nﬂ-rrrvm'm-!'rmTrrrrn'rrrrrrn-rrn'rr
25 0 -25  [ppm] 25 0 -25  [ppm]
1 scan, 1 scan,
without optical pumping with optical pumping

Figure 15: >Xe NMR spectra of xenon gas a) populated under Boltzmann conditions, and b) polarised via
optical pumping. Reprinted from Pietrass, T. Colloids Surf. A. Physicochem. Eng. Asp. 1999, 158, 51 with

permission from Elsevier.

The resulting polarised noble gas nuclei exhibit much larger NMR signals with respect

to those populated under Boltzmann conditions. This is shown in Figure 15, where optical
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pumping has enhanced the'*Xe NMR signal by a factor of 5x10".”® Such polarised noble
gases can be used to probe surfaces or porous material8;®** including in vivo lung

imaging, * in conjunction with NMR or magnetic resonance imaging (MRI) spectroscopy.

1.2.2 DNP
As with optical pumping, DNP transfers polari sation from electron spins to nuclear
spins. The gyromagnetic ratio of an electron is 666 OOE wOEUT I UwUT EQauUT EVwOI wE wx
1.76x10'0 yra.68x16).* This results in larger energy gaps between electron spin states
(approximately 2.19x10%* J at 500 MHz), which require microwave rad iation, with a
wavelength of approximately 1 mm, for excitation. There is therefore a much larger

population difference between electron spin states, with respect to proton spin states, as

shown in Figure 16. The theoretical maximum enhancement gained by transferring the

Boltzmann spin polarisation from an electron to a proton is 660 -fold. *
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Figure 16: Comparison of the Boltzmann polarisation of an electron, 'H and **C nucleus as a function of

temperature at a magnetic field strength of 9.4 T (500 MHz).

DNP can be conducted on solids or liquids, however most liquids are cryogenically
cooled to the solid phase prior to polarisation transfer, and then rapidly dissolved into hot
steam before transportation into the NMR spectrometer. * To do this, the molecule of
interest must be stabletocryd 1 ODPEWEOOODPOT wpAwNY w* Awl Ob1 YT UwOT DU wi
applied to many biological systems including large membrane proteins. % A solvent

mixture of deuterated glycerol, d,-water, water, the molecule of interest, and a soluble

biradical polarising agent, for example TOTAPOL shown in Figure 17, is typically used.®
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This forms a glass matrix in which the biradical and molecule of interest are evenly

distributed.

Figure 17: 1-(TEMPO -4-oxy)-3-(TEMPO -4-amino)propan -2-ol (TOTAPOL) .

The nuclei and radicals strongly couple, leading to several mechanisms of polarisation

transfer from the electron spins to the nuclear spins, on microwave irradiation. These

include the solid effect, the cross effect?®® and thermal mixing. ** The cross effect
dominates when using a biradical molecule, as the two radicals are positioned close to one

another and couple with each other in addition to a nucleus, leading to the spin system

given in Figure 18.* Microwave irradiation causes the electron paramagnetic resonance

transitions shown in Figure 18, which leads to the NMR transitions shown in blue,

resulting in hyperpolarisation of specific nuclear spin states. *

m, =+1/2 m, =-1/2

‘/,7—““— My = +1/2, +1/2
A_D‘F MMy = +1/2,-1/2

Energy

mgmg, =-1/2, +1/2

OGO 22
_'".” P>

Figure 18: The cross effect mechanism of polarisation transfer from electron spins (m./m,,) to nuclear

spins (m,) on irradiation with microwaves. The electron paramagnetic resonance transitions that lead to

positive enhancements are given by solid arrows, whereas those that lead to negative enhancements are given

by dashed arrows. The NMR transitions are given by blue arrows .

The resulting NMR spectra are enhanced, as shown inFigure 19 for the aluminium
environments in mesoporous alumina. * In this case, the enhancement value was reported

to be 15fold. This example shows the versatility of DNP ¢ there are few restrictions on
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which material can be probed, providing it contains NMR -active nuclei and is not

damaged by cryogenic cooling.
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Figure 19: “’Al NMR spectra of different aluminium environments in mesoporous alumina (red) enhanced
using DNP with TOTAPOL, (black) without DNP but with magic angle spinnin g, and (blue) populated under

Boltzmann conditions. Reprinted with permission from Lee, D.; Takahashi, H.; Thankamony, A. S. L.;

Dacquin, J-P.; Bardet, M.; Lafon, O.; De Paepe, G. J. Amer. Chem. Soc. 2012, 134, 18491 copyright 2016

American Chemical Society.

1.2.3 Spin Isomers of H ydrogen

A hydrogen molecule consists of two spin -1/2 protons that are covalently bonded via
favourable bonding interactions between their electrons. When exposed to a
homogeneous magnetic field, the two spin-1/2 system shown in Figure 20is formed.

There are four possible spin alignments with the applied field + OT 1 Ul wEUIT wY YC

PYV-PYAYEl OWEOEWO ¢ 8 wEDEWF Q@D d OV H Y B kidsidsU O w
orthoH,8 w3 i IpWEYWE | WEODT 001 OV wWOPI VWEUWE wOBtisis w
paraH,.*”
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Figure 20: The four possible nuclear spin alignments of the nuclei in a molecule of hydrogen, in an applied

homogeneous magnetic field. The spinallowed NMR transitions are shown as blue arrows .
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H, from orthoH,, the total spin angular momentum and the total spin in the z direction
can be measured. As shown inTable 1, the total spin angular momentum quantum

numbers (S) can be equal to 1 or 0. S = 1 consists of the total spin in the z direction (M

YEOUI UwhOwyY wEOE wuNhOwpkT | Uvdiu®oi@®ud wy wuEEOwWI EYIT wo

Taking linear combinations of the individual wavefunctions produces the total
wavefunction that g ives rise to the measuredd value. Combining the two spin -2 nuclei
in a hydrogen molecule gives the linear combination below, where @ is the Clebsh

Gordan coefficient.
0 | @ T | o7

In the case of symmetrical spin wavefunctions, S = 1, signs are retained on
I RETEOT T wOl wOT 1 wOUEOI PGw3iT 1 wOPOI EVUWEGOED OEUD
retain their signs on exchange hence these are the symmetric combinations, which belong
to the orthoUx DOwDUOOT UG w31 1 wEOOEDPOEUDPOOWPY O NG YAYEI
UOwpd YNYOAYE! wil OEl wOT PUwWPUwUT 1 wE OU bparashidi OUD
isomer.”® As S = O,paraH, is undetectable in NMR spectroscopy, unless the symmetry of
the molecule is broken. Ortho-H,, however, possesses spin angular momentum and the

transitions shown as blue arrows in Figure 20give rise to an NMR signal.

Table 1: Total spin angular momentum (S), total spin in the z -direction (M ), Clebsch-Gordan coefficients

@AOWEOEWUI UUOUDOT wy »fEh® spin &ates in dildidgenO O U wep-

S M, a' a a al s
1 +1 1 0 0 0 Yy
1 0 0 Hibuy § Hhux H O oY HO Y
1 NL 0 0 0 1 ¢
0 0 0 Hibur § Nuy E| O PYdNO Y
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1.2.3.1 Generating Para-H,

As mentioned previously and shown in Figure 20, the singlet parastate lies at a lower
energy than the triplet orthostate. This is a consequence of the antisymmetric nature of
fermionic wavefunctions; hydrogen is a fermionic particle. Th e total wavefunction (¢ )

can be separated into independent contributions according to the Born-Oppenheimer

equation shown below, *®wheres ,+ ¢ ¢« are the electronic, vibrational,

rotational, translational, and nuclear spin contributions, respectively.

Thee ,¢ ,ande contributions are all symmetric. In orthoH,, ¢ is symmetric,
but is antisymmetric in paraH,. Ass  must be antisymmetric, ¢+  must be
antisymmetric in ortho-H, but symmetric in paraH,. Consequently, the lowest rotational
quantum numbers (J) allowed in ortho-H, and paraH, are 1 and 0, respectively, which are
the lowest odd and even J numbers.ParaH, is therefore more stable thanortho-H, because

the lowest rotational energy levels (J = 0) can be occupied.

At room temperature, in the absence of an applied magnetic field, hydrogen consists
of 75% ortho-H , and 25% paraH ,. These populations are dependent on both the applied
magnetic field®” and the temperature. As paraH, is the most thermodynamically stable

spin isomer, conversion from the orthoto the parastate is promoted at lower temperatures,
shown in Figure 21. The conversion process is spin forbidden, and is therefore a very slow
process, particularly at the low temperatures at which conversion is favoured. The
conversion is a result of the magnetic dipole moment of the nuclei in a hydrogen molecule
interacting with the magnetic fields of the neighbouring nuclei. * This process can be

accelerated with the addition of paramagnetic ions or molecules, which act as catalysts for

the conversion. Iron oxide or charcoal are typically used for this purpose. * The

paramagnetic species induce inhomogeneous magnetic fields at theortho-H, molecules,
which decouple the parallel spins and reduce the activation energy required to convert

the spins.'® At temperatures of 20 K, paraH, can be generated with a purity of ~ 99%."**
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Figure 21: Temperature dependence of the percentage of parll, present in hydrogen gas. Lowering the

temperature to 77 K results in 50% para-H,.

1.2.3.2 NMR E nhancements with Para-H,
ParaH, had found use in hydrogenation mechanistic studies when used alongside gas

chromatography (Tadros and Vaska)'®, or laser-Raman spectroscopy (Brown and

Canning)'® The use ofparaH, to increase NMR sensitivity, known as paraH,induced

polarisation (PHIP), was theorised by Weitekamp in 1986, although the effect had been

observed prior to this by Eisenberg who had mistakenly attributed it to chemically

induced DNP (another polarisation phenomenon). '*6 1 DUl OEOxz Uwx Ul EDPE UD(
experimentally in 1987 via the parahydrogenation of acrylonitrile to propionitrile, using

6 B O O b GhralyStRhGi(PPh,),]."*

ParaH,is NMR silent as there is no spin angular momentum. To produce an NMR
signal, the symmetry of the paraH, molecule must be broken, therefore it must be
transferred to an unsaturated substrate as a pair and give a product which incorporates
the hydrogen into two magnetically inequivalent environments .’ This would suggest
that unsymmetrical substrates are required, however, this is often not the case as the
binding of symmetrical substrates to the catalyst often breaks the symmetry of the sites
into which paraH, is incorporated. Furthermore, the natural abundance of the spin-1/2
carbon isotope, 3C, is 1.1% and its presence in a small fraction of the substrate molecules

results in the magnetic inequiv alence of the two sites into which paraH, can be added,

regardless of the symmetry of the substrate '
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Simple reaction models to explain the theory behind PHIP and the resulting NMR
enhancements areparahydrogenation reactions of unsaturated substrates or metal
complexes containing NMR -inactive functional groups. The parahydrogenation of

functionalised acrylonitrile to functionalised propionitrile is used as an example, shown in

Figure 22, where the R groups are NMR-inactive. '

1 o N ' H ~ N
R ~  para-H, R -

. | . catalyst H
R R RVI RHI

Figure 22: Para-hydrogenation of acrylonitrile, functionalised with NMR  -inactive groups, to form

propionitrile containing two para -H,-derived protons.

When this reaction is carried out using normal hydrogen, the spin states, given in
Figure 23, are populated under Boltzmann conditions, leading to the transitions shown.
Given that in this model the R groups are all inequivalent, the H ,-derived protons in
xUOxDOOPUUDPOI wEUI weEl | OPEEOOCawbOl gUDYEOI QUG w31 1 wYd wl
energies, leading to the four transitions shown in Figure 23, where transitions 1 and 2, and
3 and 4, are of similar energies. The corresponding'H NMR spectrum is also shown in

Figure 23, and contains two doublets.
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Figure 23: (Left) the four possible nuclear spin alignments of the H ,-derived nuclei in functionalised
propionitrile within a homogeneous high magnetic field. The spin -allowed NMR transitions are shown as

blue arrows. (Right) the corresponding *H NMR spectrum. ®®

On replacing normal hydrogen with paraH,, the polarisation from the transferred

protons will have the same nuclear spin populations as the paraH,, if paraH, transfer is

fast relative to the relaxation of the protons.'® Two different phenomena may be

observed. Parahydrogenation of the alkene inside the NMR spectrometer is known as
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paraH, and synthesis allow dramatically enhanced nuclear alignment Z(PASADENA). **
(OwUT PUWEEUI OWEOUT wUT T wYd wEOE whkigure@ DOWUUEUIT U
371 06Ul UPEEOCOaOwWDOwWUT I wWEEUI OET wOi wUl OEREUDPOOUW
ECOEwWo YwOI YI OUWEUIT wxOxUOEUI EWEOCEwWUT T wxOxUOEUD
Boltzmann distribution, resulting in large NMR enhancements. The corresponding™H
NMR spectrum is also shown in Figure 24 and contains two antiphase doublets.
Transitions 1 and 3 give rise to NMR signals in the opposite phase to transitions 2 and 4
due to their emissive, rather than absorptive, nature. Such antiphase signals are

characteristic of PASADENA.
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Figure 24: (Above) Ul O1 EUDYI wx OOEUPPYFWHROOGIUOME DI wiéaibE@BIOwW/ 2
NMR spectrum of the para-H,-derived nuclei in functionalised propionitrile displaying PASADENA
i OT EOEI O1 OUUB wep! 1 OOPAWUI Ol EUDPYIT wx OOE UD G HO'BROMRO T wUT 1 w
spectrum of the para-H,-derived nuclei in functionalised propionitrile displaying ALTADENA enhancements
Alternatively, parahydrogenation of the alkene outside of the NMR spectrometer,
followed by transfer and detection inside the NMR spect rometer is known as sadiabatic

longitudinal transport after dissociation engenders nuclear alignment Z(ALTADENA). In
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enhancements of the signals corresponding to transitions 2 and 3. The corresponding'H

NMR spectrum is also shown in Figure 24 and contains two singlets in opposite phases.

Again, transition 3 is emissive in nature whereas transition 2 is absorptive. The

observation of ALTADENA, rather than PASADENA enhancements is ¢ onsistent with a

faster rate of hydrogenation and a more reactive hydrogenation catalyst.**

PASADENA -enhanced'H NMR spectra of propionitrile , published by Weitekamp in
1987, are compared with spectra collected under Boltzmann conditions in Figure 25. In

this case, the spin system is further complicated by coupling between the paraH ,-derived
protons and the spin-1/2 protons from acrylonitrile however the characteristi ¢ antiphase

splitting of the *H NMR signals is unmistakable. Enhancement factors of up to 206fold

were reported.*®
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Figure 25: 'H NMR spectra of (a) acrylonitrile signals prior to para  -hydrogenation, (b) PASADENA -

enhanced signals corresponding to the paraH,-derived protons in propionitrile, collected immediately after
addition of para -H,, (c) acrylonitrile signals collected after relaxation of PASADENA signals, (d) simulated
PASADENA -enhanced signals corresponding to the paraH,-derived protons in propionitrile. Reprinted with

permission from Bowers, C. R.; Weitekamp, D. P. J. Amer. Chem. Soc. 1987, 109, 5541 copyright 2016 American

Chemical Society.

The same hydrogenation reaction has also been reported by Bargon in 1990, in which

PASADENA -type enhancements of propionitrile were compared using both para-enriched
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and ortho-enriched hydrogen.**° Ortho-H, also selectively populates specific spin states, as

shown in Figure 26, which leads to population differences that exceed Boltzmann

conditions and result in NMR enhancements. As orthoH,I RPUUOUwWhOwUT T wOi Ul |
EQEwpYoHO YAYEI OwUOTl 1T wUOT 1 OUI UPEEOWOE GrthcHydbau- , 1 u
1/3 those gained usingparaH , Furthermore, the enhanced signals from ortho-H, induced

polarisation (OHIP) exhibit the opposite phasing to PHIP signals as the transitions lie in

the opposite direction ¢ absorptive PHIP signals are emissive OHIP signals. This theory

was supported by the reported OHIP -enhanced NMR signals of propionit rile. **°
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Figure 260 wep+ 1 I UAwUT O1 EUPY] wx OOEUPUEUDPOOWOT wlT T wYYeHud ¢ OE (
to hydrogenate inside the spectrometer in an analogous method to PASADENA. (Right) selective polarisation
Ol wOT 1T wYYOuwd ¢ OE Oéhwsing artio«H) © tydrogerate tlitaibel the spectrometer in an

analogous method to ALTADENA .

PHIP enhancements are not restricted to'H nuclei - transfer of PHIP from *H to
hetero-OUE Ol PwUUDPOT ws DOUT OUPUDPYI wOUEOI Pwtrafid EOQE] E
pulse sequences has been reported for’C, *°N, *P, **Pt, *“Rh, and *Si.**'** Polarisation
transfer to these hetero-nuclei is particularly useful because of their very low natural
abundances. Where it would previously have taken thousand s of NMR scans to produce a
clear spectrum, it now takes a few hundred, and the expense of enriching the substrate

with the desired isotope is no longer present.
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1.2.3.3 Elucidating H ydro genation M echanisms using PHIP

PHIP has been used to investigate themechanism of hydrogen transfer in
hydrogenation reactions. The observation of PHIP-enhanced NMR signals that
correspond to hydrogenated products indicates that hydrogen must add in a pairwise
manner. This has been applied to investigations of the [RuUHCI(PPh,),] hydrogenation pre -
catalyst, which was previously believed to transfer hydrogen atoms from two different
hydrogen molecules.'® Parahydrogenation of dg-styrene in d,-chloroform, using this pre -

catalyst produces weak PHIP signals, indicating that some of the hydrogen is transferred

as a pair to the substratevia the [RuH ,(PPh,);] complex.

The reversibility of the oxidative addition of hydrogen to several rhodium
hydrogenation pre -catalysts, during the parahydrogenation of phenylacetylene, has also
been investigated using PHIP."** Both reversible and irreversible hydrogen addition
produce PHIP-enhanced'H NMR signals, however , reversible hydrogen addition
competes with substrate hydrogenation, leading to reductive elimination and relaxation

of paraH, to normal H ,. Reversible hydrogen addition, observed for [RhCI(PPh )],

therefore leads to weaker PHIP NMR enhancements which quickly disappear (within
approximately 10 minutes) and do not re -appear on shaking the sample to refresh the
paraH, in solution. Irreversible hydrogen addition, observed for [Rh(COD)(dppe)] *where
dppe is 1,2-bis(diphenylphosphino)ethane, produces stronger PHIP NMR enhancements
which decay over a much longer time period (approximately 110 minutes with sample
shaking). These observations were supported by previously reported research conducted
by Brown and Canning, in which the same complexes were used to hydrogenate

cyclohexene with non-equilibrium amounts of orthoand paraH, and the return to

equilibrium was measured using laser -Raman Spectroscopy:® For these studies, using
PHIP NMR spectroscopy rather than Raman spectroscopy is beneficial as the signals are

easier to observe and give direct information about the hydrogenation product.

The NMR signal enhancements that result from PHIP have led to the discovery of
low -concentration reaction intermediates that are otherwise unobservable under
Boltzmann conditions. This has been applied to homogeneous and heterogeneous
palladium -catalysed hydrogenation reactions, and several key palladium reaction

intermediates have been characterised. Many phosphine-stabilised palladium bis -triflate

70



Introduction
pre-catalysts have been reported toparahydrogenate diphenylacetylene and produce

PHIP-enhanced intermediates and products. The palladium alkyl species shown in Figure
27 are typically observed by their characteristic PASADENA -enhanced'H NMR
Ul UOOEOQET UwUT E U wo B Qbde@atidh bfithesd &pécies supparts aichtionick 8

catalytic pathway in which palladium shuttles between the Il and IV oxidation states. **°

Several palladium hydride species have also been reported, and were observed by

their diagnostic PASADENA -enhanced hydride NMR signals. **' These are shown in
Figure 28 and include a hydride -bridged di -palladium complex. This suggests a role for
both mono-palladium and multi -palladium complexes during hydrogenation reactions

and is evidence for heterogeneous catalysis.

p
R-Pa-D
H

PR ”f—ﬁ( |

PhH

Figure 27: Pallad ium alkyl intermediate species commonly observed on para-hydrogenating
diphenylacetylene with phosphine -stabilised palladium bis -triflate pre -EEOEOa U0 U8 w1 wEEDWET wl
interaction from the phenyl ring of the bound substrate which leads to a posi tively charged palladium
complex. The'H NMR spectrum shows the PASADENA signals of complex 2a, reproduced from Lopez
Serrano, J.; Duckett, S. B.; Dunne, J. P.; Godard, C.; Whitwood, A. C. Dalton Trans. 2008, 4270 with permission

of the Royal Society of Chemistry.
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Figure 28 Palladium hydride intermediates detected from their diagnostic antiphase hydride NMR

signals, also shown, during the para-hydrogenation of phenylacetylene with [Pd(OTf) ,(PEt,),]. Reprinted

with permission from Lopez-Serrano, J.; Duckett, S. B.; Lledos, A. J. Amer. Chem. Soc. 2006, 128, 9596

copyright 2016 American Chemical Society.

1.2.3.4 PHIP using Heterogeneous Catalysts

As discussed previously, PHIP is observed if two paraH, nuclei are transferred
pairwise t 0 a reactant, thus retaining their spin correlation, and if the symmetry between
the two paraH, nuclei is broken via chemical or magnetic inequivalence.'® The Horiuti -
Polanyi mechanism of hydrogenation at the surface of a heterogeneous metal catalyst'®is
given in Figure 29for the hydrogenation of ethene. Initially, hydrogen binds to the surface
of the metal via dissociative chemisorption, which is likely to randomise the hydrogen
nuclei.™*® Furthermore, there are two competing pathways, shown in Figure 29, on the

route to producing ethane. Hydrogen migration leads to hydrogenatio n and the formation

now with one hydrogen nucleus replaced with another. Dissociative chemisorption of

TaEUOTT OQwi 6000PI EwEawsT aEUOT | Pinuddiclatodsm@d OT z ubUwODPOI

quench paraH,, thus in theory heterogeneous catalystsought to be unsuitable for PHIP.
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Figure 29: Horiuti -Polanyi mechanism of the hydrogenation of a simple alkene (ethene) at the surface of a

heterogeneaus catalyst .

A successful heterogeneousPHIP catalyst must hydrogenate predominantly viaa

pairwise transfer of two paraH, nuclei. The simplest design is therefore an immaobilise d

homogeneous PHIP catalyst, and such catalysts have been reported to besuccessful**#

Koptyug et. al.reported the first heterogeneous PHIP catalyst in 2007:** which consisted

O w6 B O O atdlystidpdlised on modified silica gel (shown in  Figure 30) or

polymer beads. These heterogeneous catalysts were used tparahydrogenate styrene in

the liquid phase and propylene in the gas phase and generated both PASADENA and
ALTADENA 'H NMR signals corresponding to polarised ethylbenzene and propane.
Although leaching of the catalyst was observed in the liquid phase, a Maitli Uz wU1 UU w
confirmed that homogeneous catalysis produced negligible polarisation and

heterogeneous catalysis dominated.

Cliv. gy 1 PPhg
PhyP~ ' ~PPh,

SiO,
Figure 30: Wilkinson's catalyst immobilised on modified silica gel

Although the Horiuti -Polanyi mechanism suggests thatpara-hydrogenation at a metal
surface is unsuitable for PHIP, several unsaturated substrates have been successfully
polarised via PHIP using different heterogeneous palladium systems, including
nanoparticles and supported catalysts.'****° Therefore, with certain heterogeneous
palladium catalysts, a pairwise addition of paraH,to a reactant occurs, and is in

competition with the non -pairwise Horiuti -Polanyi mechanism. To promote pairwise
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paraH , addition, small palladium nanoparticles can be stabilised with capping ligands, **

for example glutathione (GSH), *%**°

which restrict hydrogen diffusion at the palladium
surface, shown in Figure 31, thus spin correlations are retained and pairwise hydrogen

addition is more likely.

O
HOOC
NH
cappin
Pd NPs L E = GSH NH, O
HN_ SH
COCH
para-H, para-H,
H
H
H
H
Spin correlation Spin correlation
destroyed retained

Figure 31: Capping palladium nanoparticles to promote pairwise para -H, addition .

The Duckett group have investigated the effect of nanoparticle size on the intensity of

the PHIP signals generated onparahydrogenation of methyl propiolate to methyl acrylate

shown in Figure 32.**In theory, pairwise paraH, addition should be promoted when

using smaller nanoparticles, as reaction sites are more localised?® however, the Duckett
group found no clear link between nanoparticle size and PHIP intensity. It was concluded
that the nature of the metal, nanoparticle dispersion and the nature of the support all

influenced the activity of the catalyst and the mechanism of hydrogen addition.

supported H O
NP
H— /\/ > . /
O— para-H, H o—
H

Figure 32 Para-hydrogenation of methyl propiolate to methyl acrylate using su pported nanoparticles ."**

Koptyug z group have investigated the influenc e of the palladium catalyst support on

the mechanism of hydrogen addition to propyne and propene. ** Interestingly, they f ound

that the palladium support influenced the involvement of a pairwise mechanism; a
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titanium dioxide support allowed pairwise paraH, addition to propene, whereas all other
tested supports only allowed non -pairwise addition to propene. The Koptyug group
recently reported the successful polarisation of 1-butene, 2-butene, and butane via para
hydrogenation of butyne using bulk palladium oxide. *** PHIP was only observed when
using Pd(ll) rather than Pd(0); palladium bla ck did not generate any hyperpolarised
signals. The involvement of a pairwise hydrogenation mechanism at the surface of bulk
palladium oxide is surprising, as one would expect a hon -pairwise mechanism to

dominate. The authors suggest that there may be reduced hydrogen mobility at the

catalyst surface due to strong interactions with the palladium. **°

Hyperpolarising molecules using heterogeneous, rather than homogeneous catalysts,
gives rise to potential biomedical applications. This is due to the ease of catalyst removal
which is necessary for in vivo studies as a result of the toxicity of such catalysts.
Hyperpolarised biologically -compatible molecules, such as ethanol or nontoxic gases,

have the potential to be used as sensitive contrast agents in MRI, and have been generated

using heterogeneous catalysts'****In order to be medically useful , polarised contrast
agents must transport to the area of interest in the patient prior to detection. This requires
polarisation to last several minutes which is possible through the generation of long -lived

states.

1.2.3.5 Long-lived S tates
The use of PHIP to generate hyperpolarised contrast agents for MRI is hindered by
short hyperpolarisation lifetimes, which are the result of fast longitudinal relaxation, or

small T, values associated with the paraH ,-derived protons. Such relaxation is caused by
several mechanisms, the prevalent being magnetic dipole-dipole interactions between the
nuclei of interest and the surrounding spin -active nuclei.** This can be reduced through
the replacement of the non-paraH ,-derived protons with deuterons, and there are several
reports of this method being used to successtilly lengthen T, values.****** The Koptyug
group applied this method to produce hyperpolarised ds-propane via parahydrogenation
of ds-propene using a heterogeneous Rh/TiO, solid catalyst, shown in Figure 33.*°* The T,
values of the paraH ,-derived protons increased very little; deuterat ion proved to have
little benefit in prolonging hyperpolarisation in propane. In contrast, accessing long -lived

singlet states proved beneficial with an increase in T4 to 6 s.
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Figure 33: Comparison of the T, values (blue) of the para-H,-derived protons in propane (left) and d ¢-

136

propane (right).

Much of the current research into hyperpolarisation focuses on the pol arisation of
long-OBDYI EWOUEOI EUWUxDPOWUUEUTI UOwDOwpkpi PET wx OOEUPUEUDOO
demand.®*"** This is achieved through the polarisation of singlet spin states. ParaH, is an
example of such a singlet gate, and in the absence of a spirconversion catalyst it can be
stable for several weeks™® Singlet states, likethose of paraH,, are symmetric and are
unperturbed by symmetric relaxation mechanisms, for example intramolecular dipole -
dipole relaxation. **° As a result, the lifetimes of singlet spin states can far exceed theT,
values of the nuclei. As mentioned when describing paraH,, singlet states have no spin

angular momentum and are thus NMR silent. An NMR signal from a polarised singlet

state can only be achieved by breaking the symmetry of the singlet state through chemical

and/or magnetic inequivalence, causing singlet-triplet mixing. **°

H
o) O—H
H — H
H——0O 0
H para-H,
l [Rh(COD)(dppb)][BE,] cat.
H H H H
HX 00 )H
0 o

singlet state

Figure 34: Generation of a hyperpolarised singlet state on dimethyl maleate via para -hydrogenation of

141

dimethyl acetylenedicarboxylate using a Rh catalyst, ~* where dppb is 1,4 Bis-(diphenylphosphino)butane .
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In order to form a true singlet state, a molecule must contain a pair of spin-%2 nuclei
which are positione d away from other nuclear spins to prevent relaxation, and the two

nuclei must be magnetically inequivalent so that, at specific applied magnetic field s, the
spin state can be probed'*” Dimethyl maleate is an example of this, generated via para
hydrogenation of dimethyl acetylenedicarboxylate, shown in Figure 34 The vinylic
protons are magnetically inequivalent due to weak °J,, and °J,, couplings to the methyl

protons, and this allows singlet -triplet mi xing at specific applied magnetic fields.

Singlet states are populatedvia polarisation transfer , after which polarisation storage
EOE ws Ul tgpically) achiawdd Byusimply shuttling the sample between low and high
magnetic field s, respectively."® It is also possible to store polarisation at high magnetic
fields,UUD OT WEwWs UxDOwWOOEOPOT zwxUOUI wUI aU1I OEl Owb O
prevent singlet-triplet mixing. *** The singlet state on dimethyl maleate was investigated

by the Spiess group, and a'H singlet state relaxation time (T.) of 4 minutes was reported,

which is far longer than the T, value of just 15 s*! This hyperpolarised singlet state was
also probed using MRI and several hyperpolarised images were successfully obtained 3

minutes after initial parahydrogenation. *** The storage of hyperpolarisation through the

formation of singlet states is a promising advancement towards the use of PHIP to
generate contrast agents for MRI. Longlived singlet states on heteronuclei, such as™C,

have also been reported** however, accessing longlived states on 'H nuclei can negate

the need for isotopic labelling and reduce costs.

1.2.3.6 Non-hydrog enative PHIP
Signal amplification by reversible exchange (SABRE) is a nonhydrogenative

technique which is used to transfer polarisation from paraH,to a molecule of interest

without chemically altering the molecule.*® This requires a magnetisation transfer
catalyst, which is typically an octahedral iridium complex, to which both the molecule of

interest and paraH, are able to reversibly bind. Once bound, the symmetry of the paraH -

derived hydrides is broken by chemical and/or magnetic inequivalence and polarisation

transfers from the paraH, to the substrate at low magnetic fields vialong-range J

coupling. **° A simplified overview of this is shown in Figure 35.
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Figure 35: (Above) Schematic showing polarisation (blue) transfer from para -H, to a substrate of interest
as a result of the SABRE process (Below) Extent of polarisation transfer across a metal exchange catalyst as

a result of magnetic or chemical inequivalence.*"’

When the paraH ,-derived hydrides are magnetically inequivalent, polarisation

transfers only to the ligands positioned transto them (L' in Figure 35), as these molecules

exhibit different Jcouplings to each hydride. The ligands positioned cisto the paraH ,-

derived hydrides (R *and R® do not receive any polarisation, as they couple to each

hydride ligand equally. In contrast, when the paraH ,-derived hydrides are chemically

inequivalent, polarisation transfers to the ligands positioned both trans and cisto them (L*,
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L% R'and R? as all ligands exhibit different Jcouplings to each hydride. *’ If an excess of

substrate and paraH, is used, polarisation of the substrate nuclei builds -up over time due

to exchange leading to large NMR signal enhancements.

The SABRE method was discovered by the Duckett group in 2009. Initially,
[Ir(COD)(L)(MeCN)]BF ,,”°where COD is 1,5-cyclooctadiene and L is a phosphine ligand,
were used to transfer polarisation from paraH,to N-heterocycles. The SABREactive
complexes, [Ir(H) ,(L),(sub),]BF,**® shown in Figure 36, and/or [Ir(H) ,(L)(sub),BF," where

sub is an appropriate N-heterocycle for example pyrid ine, form on addition of excess
hydrogen and substrate. The originally bound COD is hydrogenated to form cyclooctane

(COA) which can no longer ligate to the iridium.
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Figure 36: The formation of the active SABRE complex [Ir(H) ,(PR3),(py).IBF,, from [Ir(COD)(PR ,),IBF,,

on addition of hydrogen and excess pyridine (py).

The system was later improved by incorporating bulky N -heterocyclic carbenes
(NHCs) into the iridium complexes, which increases the lability of the hydrides and
substrates, and reduces the lifetime of the active iridium catalyst that forms. *** This allows
more polarised substrate to build -up in solution over a shorter time period. Typically,
[IrCI(COD)(IMes)] is used, where IMes is 1,3-bis(2,4,6trimethylphenyl) -imidazol -2-
ylidene, which forms the SABRE-active [Ir(H) ,(IMes)(sub),]Cl complex on addition of
excess hydrogen and substrate. This is shown inFigure 37, using pyridine as th e example

substrate. A comparison of the *H NMR signals corresponding to the protons on free
pyridine collected under Boltzmann conditions (blue) and the SABRE -enhanced signals
(orange) is also shown in Figure 37. There is a clear increase in NMR signal intensity after

applying the SABRE technique, with 5500-fold NMR enhancements reported for this

system."
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Figure 37: Activation of [IrCI(COD)(IMes)] with an excess of pyridine and hydrogen to form the SABRE-
active [Ir(H) ,(IMes)(py)s]Cl complex (above), and the corresponding'H SABRE NMR enhancements of the
protons in free pyridine (below) in d ,-methanol. The blue spectrum was collected under Boltzmann conditions
and has been magnified 128fold for clari ty. The orange spectrum was collected after introducing para-H, into

the NMR sample and shaking at low field prior to NMR acquisition. From Adams, R. W.; Aguilar, J. A,;
Atkinson, K. D.; Cowley, M. J.; Elliott, P. I. P.; Duckett, S. B.; Green, G. G. R.; Khazal, I. G.; Lopez-Serrano, J.;
Williamson, D. C. Science 2009, 323, 1708 with permission from AAAS.

The mechanism of pyridine and hydrogen exchange at iridium, that gives rise to
SABRE, has been investigated using a combination of experiment and density tunctional
theory (DFT).*° It was observed, using exchange spectroscopy (EXSY) NMR
measurements, that the pyridine ligand positioned transto the N-heterocyclic carbene did
not exchange on the NMR timescale, whereas those positionedtransto the hydride
ligands were observed to exchange. Pyridine exchange was found to be unaffected by a
change in pyridine concentration and is therefore dissociative , thus the first step in the
exchange mechanism is the loss of a pyridine ligand positioned transto a hydride to form

[Ir(H) ,(IMes)(py) ,]Cl. This is shown as I in Figure 38.

80



Introdu ction

Figure 38: Computed structures and freenergy diagram for pyridine and Hexchangein [Ir(H) (IMes)(py)]CI.

Reprinted with permission frm Cowley, M. J.; Adams, R. W.; Atkinson, K. D.; Cockett, M. C. R.; Duckett, S. B.;

Green, G. G. R.; Lohman, J. A. B.; Kerssebaum, R.; Kilgour, D.; Mewis, R. E. J. Amer. Chem. Soc. 2011, 133, 6134

copyright 2016 American Chemical Society.

Subsequently, a second hydrogen molecule binds to the iridium to form [Ir(H) (G-
H,)(IMes)(py).ICl, shown as Py in Figure 38. The first hydrogen molecule can then

dissociate and another pyridine molecule can take its place, reforming

[Ir(H) ,(IMes)(py) 4]Cl and allowing polarisation to build -up onto free pyridine. Hy drogen
exchange rates were observed to increase with hydrogen concentration and decrease with

pyridine concentration, which supports the proposed mechanism. **°

Although an ¢*-coordinated dihydrogen iridium intermediate has not been observed
by NMR, it is likely to be short -lived and therefore present in very low concentrations.

The observed SABRE enhancements of the pyridine resonances provide proof of this; the
T, values of ¢>-coordinated H , molecules are typically just tens of milliseconds, rather than
classical hydrides which are typically on the second timescale.***** Such fast relaxation of
G*-coordinated H , molecules could lead to the relaxation of paraH,to normal-H,,

resulting in very little signal enhancement if the species were long -lived. This is

exemplified by the reported quenching of paraH, by the long-lived
[(CsH3N(CH ,P(‘Bu),),)Ir(H ,)(H) ;]BF, complex shown in Figure 39, which lies in

equilibrium with the SABRE -active [(CsH;N(CH ,P(Bu),),)Ir(H) ,(py)]BF, complex.'**
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Figure 39: [(CsH,N(CH ,P(‘Bu),),)Ir(H ,)(H),IBF, (left) in equilibrium with

[(CsH3N(CH2P(IBU)2)2)”(H) APY)IBF, (right) .

In addition to *H nuclei, polarisation has been reported to transfer via SABRE from

paraH , to hetero-nuclei, including **C, **F, N, and *P.”******* Typically, efficient

polarisation transfer to *H nuclei occurs at low magnetic field, in the range of 50-70 G*°

At low magnetic fields, chemical shift differenc es between theparaH ,-derived hydrides

and substrate protons are smaller due to the Zeeman effect Optimum polarisation

transfer occurs at the magnetic field strength at which the chemical shift differences

146

40) match the 2], scalar coupling between the paraH ,-derived hydrides ( J,; ~ 510 Hz).

Transfer to hetero-nuclei requires much smaller magnetic fields (mG) ****** due to the

larger differences in chemical shifts between the paraH ,-derived hydrides and substrate

hetero-nuclei.
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R\« R S )i
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An exciting future application of SABRE is the generation of polarised drug molecules
that can be used as hyperpolarised contrast agents in magnetic resonance iraging (MRI).
Although the substrates used in SABRE do not undergo hydrogenation, and are therefore
not restricted to unsaturated molecules, they are required to reversibly ligate to the
polarisation transfer catalyst. Thus far, N-heterocycles have proven o exhibit excellent

SABRE NMR enhancements, and are present in a variety of different biologically-

compatible molecules.”>****%
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N-heterocycles promise to be suitable candidates for the generation of polarised

contrast agents, however, several hurdles to in vivo studies remain. Firstly, the
optimisation of SABRE is challenging as many different variables affect the efficiency of
polarisation transfer. As SABRE requires substrate andparaH , exchange at iridium, any
variable that affects the rate of exchange will in turn affect polarisation transfer. Previous
publications have reported optimum lifetimes of SABRE -active iridium complexes, **°
which depend on the nature of the substrate and the N-heterocyclic carbene ligand used.
Changes in temperature, iridium concentration, paraH, concentration, and substrate
concentration all affect the rate of ligand exchange and therefore influence the efficiency
of polarisation transfer. 4*14¥1°%1% Additionally, the polarisation transfer time (PTT),
during which polarisation transfers from paraH, to the substrate at low field, and the
polarisation transf er field (PTF, referring to the magnetic field) also have an effect on the

efficiency of polarisation transfer. 015357

Another challenge in the use of SABRE to produce hyperpolarised contrast agents is

the need to use biologically-compatible solvents. Typically, SABRE is carried out in d,-

methanol, however, this is not biologically -compatible, therefore alternative solvents are

required. Although water is an obvious solvent choice, SABRE has not yet been shown to
work effectively in this solvent. ***** The use of ethanol, followed by dilution with water

has been successfut®**®

In order to be medically useful, after injection the polarised contrast agents must
transport to the area of interest in the patient prior to detection which requires the

polarisation to last several minutes. The T, values of polarised nuclei are dramatically
shortened in the presence of the magnetisation transfer catalyst due to exchange at
iridium. **In order to lengthen the polarisation lifetime, the T, values of substrate nuclei
can be lengthened by deactivating the magnetisation transfer catalyst. This has recently

been successfully achieved by the Duckett group, usng 1,10-phenanthroline. *** This
bidentate N-heterocycle irreversibly binds to the iridium exchange catalyst, shown in
Figure 41, by displacing the two substrate ligands that are positioned transto the hydride
ligands. The polarised substrate can no longer exchange at iridium, which for pyridine

and nicotinamide resulted in approximately 5 -fold increased T, values and polarisation
that lasted up to three minutes.*®
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Figure 41: Deactivation of [Ir(H) ,(IMes)(sub),]CI with 1,10 -phenanthroline. Sub is pyridine or

nicotinamide .

SABRE has a high potential to create hyerpolarised contrast agents for use in in vivo

MRI. If successful, it would lead to the acquisition of better resolved MR imagesin less

time, using relatively inexpensive techniques and biologically -inert chemicals.** This
would be a marked improvement on the use of DNP, which requires expensive,

specialised equipment and much longer sample preparation times.

1.3 Summary

In order to distinguish the phase of a palladium -catalysed reaction, whether it is
homogeneous or heterogeneous, the activecatalytic species must be identified. A range of
different technigues are available for the detection and characterisation of palladium
catalysts, including those present in very low concentrations. ESI-MS, IR spectroscopy,
UV -vis spectroscopy, TEM imaging, and EXAFS spectroscopy have proven to be
exceptionally useful in detecting and characterising the active palladium catalysts present
in reaction solutions, with the latter two techniques used predominantly to detect any

nanoclusters that form.

NMR spectroscopy, combined with hyperpolarisation methods, is now a viable
spectroscopic technique for the detection of low-concentration palladium intermediates.
PHIP, in particular, has been used to investigate low-concentration palladium species that
form as intermediates during the parahydrogenation of unsaturated substrates. The
relatively new technique, SABRE, is also becoming a useful hyperpolarisation method,

which has the potential to generate hyperpolarised contrast agents for MRI.

Once plausible palladium catalytic species have been identified, their catalytic activity
must be investigated. Kinetic traces are useful in determining whether the identified

catalysts are active as found, or are in fact precatalysts that require activation prior to

catalysis. The former case gives rise to typical £' order kinetic traces, whereas the latter
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gives rise to sigmoidal traces which are often suggestive of heterogeneous catalysis.
Catalyst poisoning and filtration studies can also be very useful in determin ing catalytic
phase but are often conducted alongside kinetic studies due to their frequently
inconclusive results. It is important to note that no single technique can distinguish the
phase ofa palladium -catalysed reaction, however, a combination of spectroscopic
techniques with kinetic data and phenomenological tests that all point to one phase
produces a strong argument. The Finke group has reported many catalytic studies

proving that catalysts originally thought to be homogeneous were in fact heterogen eous,

outlining the necessity for thorough experimentation prior to assigning a phase. >*%+1%51%
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1.4 Thesis Aims
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Monomers < < NPs
Q@  Clusters

Figure 42: Scheme to illustrate the equilibria between the palladium monomers, clusters, and

nanoparticles in solution during palladium catalysis

The reseach detailed in this thesis aimed to contribute to the debate on the nature of
the active catalytic species present in palladium-catalysed reactions, with a focus on
exploring the palladium cluster phase, which lies intermediate between the homogeneous
and heterogeneous phases Figure 42). This was achieved through the completion of the

objectives given below.

9 To synthesise phosphine or arsine-stabilised palladium bis -triflate complexes,
which are the monomers of interest, and to verify the formation of
nanoparticles from these monomers on addition of hydrogen (Chapter 4).

1 Toidentify and characterise palladium intermediates, including clusters that
form en-route to nanoparticles, using advanced NMR techniques (Chapter 5).

1 To examine the reactivity of isolated clusters, including photochemistry, para
hydrogenation reactions, and carbon-coupling reactions, and assess the nature

of the catalytic phase (Chapter 6).

In addition to the us e of PHIP to investigate palladium c atalysis, the SABRE technique
was explored with a view to generating contrast agents for MRI. This was achieved

through the completion of the objectives given below.

I To form an active SABRE catalyst to hyperpolarise thetwo N-heterocycles
pyridazine and phthalazine, which are common drug motifs. To investigate
the mechanism of N-heterocycle and hydrogen exchange at the iridium centre
(Chapter 2).

1 To optimise SABRE of pyridazine and phthalazine and progress towards

imaging applications (Chapter 3).

A summary of the research detailed in Chapters 2-6 is given in Chapter 7, alongside

the potential for future study.
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2 SABRE of Pyridazine and Phthalazine

SABRE is a method of transferring polarisation from paraH, to a substrate without

chemically altering the substrate.'*® Polarised biological molecules have the potential to be
used as nontoxic MRI contrast agents. These couldbe used alongsidethe gadolinium -
based agents that are currently used, which have been linked to nephrogenic systemic
fibrosis in patients with renal dysfunction. In these patients, the gadolinium is not

efficiently excreted from the body, and deposition o f free gadolinium causes fibrous
connective tissue to form.'®’ As a result, gadolinium -based contrast agents are not suitable

for patients with renal dysfunction, and replacement contrast agents are required.

2.1 Introduction to SABRE-active Complexes
(OPUPEOOaAOW2 ! 1$WPEVUWEEUUD]I EwOUUwWUUPOT WEDOD
[I(COD)(L) ,]BF,,***and [Ir(COD)(L)(MeCN)]BF ,,”****where L is a phosphine ligand. The

SABREactive complexes, [Ir(H)(L),(sub),]BF,,**® and/or [Ir(H) ,(L)(sub),]BF,,~****where
sub is substrate, form on addition of excess hydrogen and substrate. The system was
later improved by incorporating bulky N-heterocyclic carbenes (NHCSs) into the iridium
EOOx Ol R1 Ud w3-éldctoot) ddhhbind from theulyHC ligands, in comparison to the
phosphines, and weaker wracceptance® (Figure 43) increases the lability of the hydrides
and substrates, and reduces the lifetime of the active iridium catalyst that forms. **
Hyperpolarised substrate builds up more quickly, in solution, leading to improved

enhancement factors.
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an NHC (right).

Typically, SABRE is carried out using the [IrCI(COD)(IMes)] pre -catalyst shown in

Figure 44.°This is a 16electron Ir(l) complex, with a bu Iky 1,3-bis(2,4,6
87



SABRE of Pyridazine and Phthalazine

trimethylphenyl) -imidazol -2-ylidene (IMes) NHC. On addition of hydrogen and
substrate, the COD is hydrogenated to COA, and no longer ligates. The 18electron Ir(lll)
complex, also shown in Figure 44, commonly forms, which undergoes exchange with free
substrate and hydrogen in solution. On replacement of hydrogen with paraH,,
polarisation spontaneously transfers from the paraH ,-derived hydrides to the substrate

molecules via Jcoupling.

\ ", ‘”‘\‘\\\Cl ;/Ies IMes‘._IC1

\/ \ N subu,,,,“‘I ‘.“”‘\\H
r
NJ ab®” | VH
/

sub

Mes

Figure 44: The commonly used SABRE precatalyst [IrCI(COD)(IMes)] (left) and the active catalyst that

forms from it on addition of an excess of H , and substrate (right, where sub = substrate).

2.2 Substrates of | nterest

SABRE was first observed in pyridine, which reversibly coordinates to iridium
complexes through donation of the lone pair of electrons on the nitrogen atom. ** Interest
now lies in polarising substrates that are biologically -relevant, for their utilisation as MRI
contrast agents. Herein, pyridazine and phthalazine, shown in Figure 45, are the
substrates of interest, as they are found as moieties in a number of drug molecules,
including hydrazinophthalazines, which are used to treat hi gh blood pressure.**
Pyridazine and phthalazine derivatives also have antifungal, ‘" anti-HIV, **and anti-

r172,173

cance properties.

\ N
| | = pdz = phth
_~N

Figure 45: Substrates of interest: pyridazine (pdz, left), and phthalazine (phth, right).

As with pyridine, pyridazine and phthalazine can coordinate to iridium  via donation

of the lone pair of electrons on the nitrogen atom, however there are now two contiguous

nitrogen donor atoms, which leads to the possibility of ligation through one *"**° or both**
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of them. Furthermore, exchange of pyridazine and phthalazine with iridium is
complicated by the possibility of a 1,2-metallotropic shift of the ligated nitrogen, whereby
the contiguous nitrogen donor atoms shift position ( Figure 46). This was first observed in

several ruthenium porphine complexes, containing axially -bound methylated pyridazine

ligands.” More recently, a number of reports have focussed on the 1,2metallotropic

shifts of pyridazine and phthalazine -type ligands in octahedral complexes containing

177 174178180

chromium, ~** platinum, and rhenium. *”°In these reports, the mechanism of the 1,2
metallotropic shift is considered to be haptotropic in nature ( Figure 46), however, a
theoretical study on azine shifts in octahedral complexes of chromium, manganese, iron,
and cobalt, predicts that a dissociative mechanism is more probable as he transition metal
becomes more electronrich, or the ligand transto the coordination site becomes more
electron-donating. *** A haptotropic shift can occur via the formation of either two sigma

interactions (shown in Figure 46),'%%'%

or a pi interaction between the iridium and the
nitrogen donor atoms . The latter requires the N-heterocycle to shift out of plane to allow

for p orbital overlap and is uncommon in the literature.

haptotropic
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Figure 46: Possible mechanisms of the 1,2metallotropic shift exhibited by pyridazine and phthalazine

(pyridazine is shown as the example).
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2.3 Synthesis of a SABRE-active Catalyst

2.3.1 Formation of [Ir(COD)(IMes)(sub)]CI

The catalyst precursor, [IrClI(COD)(IMes)] was synthesised according to published
procedures.’®'®" Dissolution of this complex into d,-methanol gives a bright yellow
solution. Addition of excess pyridazine or phthalazine, results in an immediate colour
change to bright orange, due to the formation of [Ir(COD)(IMes)(pdz)]Cl or
[Ir(COD)(IMes)(ph th)]CI, where the chloride ligand has been displaced by the N-

heterocycle, with the chloride now acting as a counterion (Figure 47).
Cl x jCl

Y \N
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Figure 47: [Ir(COD)(IMes)(pdz)]CI (left) and [Ir(COD)(IMes)(phth)]CI (right). Proton resonances used to

follow 1,2 -metallotropic shifts are marked*.
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Figure 48 Aromatic region of the *H NMR spectrum of [Ir(COD) (IMes)(pdz)]Cl (above, free pdz signals
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253 K. Signals used to quantify shifts are marked*.
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These are 16electron Ir(l) complexes. Their '"H NMR signals are broad at room

temperature, which suggests a level of fluxionality. The "H NMR spectra are resolved on

cooling the samples to 253 K Figure 48). Line-shape analysis is used to calculate rates

from NMR spectra in which the NMR signals move to a point of coalescence.'® Slower

dynamic processes aremonitored by EXSY methods. At the low temperatures required to

resolve the '"H NMR spectra of [Ir(COD)(IMes)(sub)]Cl, the dynamic processes were too
slow to observe any line-shape coalescence. The fluxionality of these complexesvas

therefore explored using 2-D NOESY with mixing times that were incremented from 0.1

to 1 s. Exchange is observed as cross peaks in the opposite phase to nOe cross pedks.

No exchange could be observed between the bound and freeN-heterocycles on the
NMR timescale. The protons that had been chemically equivalent on the free N-
heterocycle, become inequivalent on the bound N-heterocycle. These protons were
observed to exchange due to intramolecular 1,2metallotropic shifting of the b ound N-
heterocycle. This is a haptoptropic shift, which occurs via ¢*-coordination of the N=N
bond,*”® as shown in Figure 46, rather than by dissociation of the N-heterocycle which
would lead to the formation of the 14 -electron [Ir(COD)(IMes)]CI complex, and exchange
with free N-heterocycles. The haptotropic shift is likely to proceed via a trigonal
bipyramidal transi tion state, rather than a Berry-pseudorotation, in accordance with

molecular orbital studies by Alvarez et. al'®*

The rates of the 1,2metallotropic shift were quantified by examining the exchange of
the INCHCH gy wA 86t NAWE BByl 6§ k WAwx UOUOOUwhbOweZ ( Up" .
the I'INCH oy WN 8 k kK A ulHEg@FEwl U -A- Awx UOU OO U WP OwEZ ( Up" . # A gl
Figure 47 and Figure 48). 1-D slices were taken from the 2-D NOESY spectra, and the
integrals of the diagonals and cross peaks were compared. Integral ratios of the observed
peaks were converted into the percentage abundance of each species, which was plotted
against the mixing time. Rate constants were determined by fitting first order
relationship s to these data according to the formulae below, where 6 is the integral of
the diagonal peak, 6 is the integral of the cross peak, and’Q is the rate constant of the

1,2-metallotropic shift. This is explained in detail in Appendix A , sectionA.1.1.
0 0 M o707 671 0

o) 6 M o6710Q 670
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An example plot is shown in Figure 49. In order to calculate the activation
parameters, the rates were obtained at the different temperatures given in Table 2. The

NMR sample temperature readings were compared to those calculated from the chemical

199and were found to be

shift differences between the CH, and OH methanol signals
accurate within + 0.5 K. The errors in the observed rate constants were calculated using
the Jackknife method, which is explained in detail in Appendix A , sectionA.1.2"" Rate
constants ofthe 1,2metallotropic shift of the N-heterocycle are higher in
[Ir(COD)(IMes)(phth)]CI than in [Ir(COD)(IMes)(pdz)]ClI, which suggests a smaller

energy barrier to shifting of bound phthalazine rather than pyridazine.
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Figure 49: Graph to show the transfer of polarisation from IrNC H to IrNNC H in the bound phthalazine
of [Ir(COD)(IMes)(phth)]Cl, as a result of a haptotropic shift, at 235 K.

Table 2: Rate constants calculated for the haptotropic shift of the bou nd N-heterocycle in

[Ir(COD)(IMes)(sub)]Cl, from 235 -260 K, each determined from a single analysis.

Temperature (K) Rate constants of 1,2-metallotropic shift (s ™)
[If(COD)(IMes)(pdz)ICI [Ir(COD)(IMes)(phth)]CI

235 - 0.923 £ 0.001
240 0.729 £ 0.001 1.873 £ 0.003
245 1.501 + 0.003 3.955 £ 0.003
250 3.155 £ 0.002 7.318 £ 0.004
255 5.80+0.01 13.426 £ 0.004
260 12.74 £ 0.02 =

The activation parameters for the 1,2metallotropic shifts were calculated from Eyring

plots, using the Eyring equation given, where Qs the rate constant ofthe 1,2
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metallotropic shift (s"),Q is the Boltzmann constant (1.381x10° JK%), 'Yis the gas

constant (8.314 JKmol ™), and "Yis temperature (K).

~ o d ~
o Yo .0
TN vy %5
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In this process, when atthe transition state, there is an approximately equal
probability of the substrate shifting, or returning back to its original position. For this
reason,a & was used in place ofa &, given in the Eyring equation. An example plot is
shown in Figure 50. The gradient and intercept were found using the linear regression
OxUDPOOwWPOwW$ REI Oz Uws OEOCaAaUDPUwW3OOOXxEOZ OWEOEwWUI
calculated from these values. The errors in the enthalpy and entropy of activation were
calculated using the Jackknife method.™3 1T | wW&PDEEz Uwi UI | WiVl dodida wo i
then be calculated using the formula shown below, and the error in the value calculated

according to propagation of errors , see Appendix A section A.1.4.
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Figure 50: Eyring plot to calculate the activation parameters of the 1,2 -metallotropic shift of the bound

pyridazine in [Ir(COD)(IMes)(pdz)]CI.

Table 3: Activation parameters for the haptotropic shift of the bound N -heterocycle in

[Ir(COD)(IMes)(sub)]CI.

Complex P kImol™) | 2@ moltKY) | &goox (kI mol ™)
[Ir(COD)(IMes)(pdz)]Cl 71.3+0.3 57+1 54.2 +0.4
[Ir(COD)(IMes)(phth)]Cl 66.0+0.1 43.0+0.6 53.1+0.2
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The activation parameters calculated for the 1,2metallotropic shifting of the bound N-
heterocycles in [Ir(COD)(IMes)(sub)]Cl are shown in Table 3. The enthalpy of activation is
larger for the shifting of pyridazine rather than phthalazine, suggesting that the Ir -pdz
bond is stronger than the Ir-phth bond, and more energy is required to manipulate it. The
literature p Ka values for protonated pyridazine and phthalazine are 2.33 and 3.50,
respectively.'®” Phthalazine is the stronger base, yet less energy is required to manipulate
the Ir-phth bond. The lower stability of the Ir -phth bond in the ground state presumably
leads to a longer bond, and smaller enthalpy of activation. A longer bond also leads to a
more disordered ground state, which accounts for the smaller entropy of activation of the
1,2-metallotropic shift in [Ir(COD)(IMes)(phth)]CI. According to Casarini et al
conformational processes with . 2 values that are significantly different from zero are

likely to reflect inaccuracies in data measurements, thus few conclusions ought to be

drawn from such = 2values."*OveralO O wUT | w&DEEz Uwli Ulfirtod 11 UT a wOi wEEUDY

metallotropic shift is larger for the [Ir(COD)(IMes)(pdz)]CI complex.

2.3.2 Formation of [Ir(H) »(COD)(IMes)(sub)]CI

A SABRE-active catalyst must exchange with paraH,, hence an iridium hydride
complex is required. Addition of hydrogen gas (3 bar) to cold (~ 240 K) d,-methanol
solutions of [Ir(COD)(IMes)(sub)]ClI, with an excess of substrate, resulted in an immediate
colour change from bright orange to colourless, due to the formation of
[Ir(H) ,(COD)(IMes)(sub)]Cl. *H NMR spectra of [Ir(H) ,(COD)(IMes)(pdz)]Cl contain
EPET OOUUPE wies BndNL 7069 wiich aouple to one another and correspond to
two chemically inequivalent hydride ligands ( Figure 51). Similarly, '"H NMR spectra of
[IrH) 0" . # Kp(, 1 UKpxT U1 K¢ " OuBBDaINE/BOWhERESE O1 UUWE Uwx w

correspond to two chemically inequivalent hydride lig ands (Figure 51).

As the hydrides are chemically and magnetically inequivalent, the iridium complexes
could adopt one of two possible geometries, shown for pyridazine in Figure 52. In the first
(a), one hydride is positioned transto the bound COD and the other lies transto the N-
heterocycle. In the second (b), one hydride is positionedtransto the bound COD and the

other lies transto IMes.
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Figure 51: Hydride region of "H NMR spectra corresponding to [Ir(H) ,(COD)(IMes)(pdz)]CI (above) and

[Ir(H) ,(COD)(IMes)(phth)ICI (below), at 240 K.
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Figure 52: The two possible geometric isomers of [Ir(H),(COD)(IMes)(pdz)]Cl that can form on addition

of H, to [Ir(COD)(IMes)(pdz)]CI.

On changing the N-heterocycle from pyridazine to phthalazine, the hydride signals at
higher field have a difference of only 0.03 ppm, whilst those at lower field have a
difference of ND.14 ppm. This suggests that the hydrides at lower field lie transto the N-

heterocycle (supporting geometry a) and are therefore more strongly affected by a change
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in N-heterocycle. N -optimised HMQC spectra of [Ir(H) ,(COD)(IMes)(pdz)]Cl and

[Ir(H) ,(COD)(IMes)(phth)]CI contain cross peaks between the respective hydride signals

piuh 81 N OWrEE) EandPwwU DT OEOUWPOWEOUOEwWxaAaUPEEADOTI wOUwxT Of

266.6). This further supports the hydrides at lower field being positioned transto the N-

ITUIl UGEAEOI wwnUUUT T UOOUI OWEUOUUwxT EQOUWET UP1T 1T OwlOT 1 wl
NL3.84, and\N13.87) OE wUP OWE OUOE w" . # wUDPT OEOU wmpr wk 6 Yt WEOE wK 8 Kk
visible in COSY NMR spectra, hence geometrya must form. Signals corresponding to

complexes in geometry b are not observed in any NMR spectra. The Glr-pdz axis must be

the most electron-rich and therefore most able to promote hydrogen addition across
it. *41%* Both [Ir(H) ,(COD)(IMes)(sub)]CI complexes have been fully characterised by

NMR. These data can be found in the Experimental, sectionE.3.3

On degassing the d,-methanol solutions of [Ir(H) ,(COD)(IMes)(sub)]CI containing an
excess of substrate and hydrogen, the solutions changed colour from colourless, back to

bright orange. Subsequent™H NMR spectra no longer contained any signals in the
hydride region, and the signals corresponding to [Ir(COD)(IMes)(sub)]Cl were present
once more. Oxidative addition of hydrogen to these iridium (I) complexes is clearly
reversible. Similar reversible hydrogen addition to an iridium (I) complex has been

published by Searleset. al; an iridium pyridylpyrrolide COD complex was reversibly

oxidised by hydrogen. **

2.3.3 Addition of Para-H,to [Ir(COD)(IMes)(sub )]CI

The reversibility of the oxidative addition of hydrogen to [Ir(COD)(IMes)(sub)]Cl, and
the immediate formation of [Ir(H) ,(COD)(IMes)(sub)]ClI, implied that PHIP could be
employed to observe enhanced hydride NMR resonances. ParaH, (3 bar) was added to

the d,-methanol solutions of [Ir(COD)(IMes)(sub)]ClI, which contained an excess of

substrate. The sample was shaken at 65 G for 10 seconds, and'al NMR spectrum was
immediately acquired. Dramatic PHIP -enhancements of the hydride signals were indeed

observed, and are shown for [Ir(H) ,(COD)(IMes)(pdz)]Cl in Figure 53.
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Figure 53: Hydride regions of '"H NMR spectra of [Ir(H) ,(COD)(IMes)(pdz)]Cl, comparing PHIP -enhanced

hydride signals (above) to thermal hydride signals (below, magnified 64 -fold) .

37T 1T wi aEUPET wUDT O ENDRBY Brid\u3.82)] whichltaredpdn®té thep y w
hydrides that lie transUQwUT T w" . # OwEUIl wUT EUx 1 UnNJUATEE QoW EUEIu
NL7.55), which correspond to the hydrides that lie transto the N-heterocycle. Furthermore,
the enhancement factors of the sharper hydride signals are greater than those of the
broader signals, given in Table 4. The enhanced NMR signals do not resemble typical in-
phase/antiphase PASADENA signals. The up-field signals have more in-phase character
than the down -field signals, suggesting that there is an overlap of both PASADENA and
ALTADENA signals here. When the signal magnitudes are analysed, in order to calculate
their enhancement factors, the more extensive overlapping of broader peakswill cancel
more of the NMR signal. This accounts for the apparent smaller enhancements observed

for the broader hydride signals.

NMR line widths are dependent on the T, (transverse relaxation time) and the T,

(longitudinal relaxation time) values of the state that is probed, as well as any dynamic

effects and additional unobservable couplings.

Table 4: Enhancement factors of the PHIP-enhanced'H NMR hydride signals in [Ir(H) ,(COD)(pdz)]Cl,

and [Ir(H) ,(COD)(phth)ICI.

Complex Enhancement factors
C-Ir-H N-Ir-H Total
[Ir(H) (COD)(IMes)(pdz)]CI 90 70 160
[Ir(H) ,(COD)(IMes)(phth)]CI 50 40 90
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The T, values of each hydride signal in the two complexes were investigated using
inversion recovery experiments, in which the magnetisation aligned in the Z -direction is
inverted to the ¢Z direction using a 180 ° pulse (Figure 54). The magnetisation is then
EOOOPI EwUOwWUI OER wi OUwWE wUI UwU Db Gdiréxtion BGing=ai90° Uwpk T DET wb U
x UOUI wEOEWET Ul EUI EG w3l 1 wbOUI OUPUawOi wOET O1 UBDUEUDOO

and plotted. An example plot is shown in Figure 55.

Figure 54: Vector diagram to show the transfer of magnetisation in an inversion recovery experiment.
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hydride NMR si gnals in [Ir(H) ,(COD)(IMes)(phth)]CI.

The T, values were calculated by fitting the experimental data to the formula given
EIl OOPOwPT 1 Ul wg u® 0 uwblduWB I udFAudIBEUEUDOOwWDOU] OUPUa wEd
and 0 is the magnetisation intensity PT 1 Qw9 wé wy 8 wB, valuesErE gMerrOE U1 E w
Table 5 and are typical of classical iridium hydrides. ' The associated errors wee

calculated using the Jackknife method.
0 0 p cQwn

The hydride signals at higher field have a slightly longer longitudinal relaxation time,

which contradicts their broader line widths. The values, however, do not differ
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significantly from those for the hydride signals at lower field. The difference in line shape
cannot, therefore, be attributed to relaxation effects. It is probable that the hydrides that
lie transto the N-heterocycle give a broader signal due to the 1,2metallotropic shif ting of

the N-heterocycle, which results in a change in the chemical environment of the hydride.

Table 5: Longitudinal relaxation time of the hydride "H NMR signals in [If(COD)(H) ,(pdz)]CI, and

[Ir(COD)(H) ,(phth)]ClI.

Complex Signal oy A T.(8)
[Ir(COD)(H) ,(IMes)(pdz)]Cl NL3.84 0.4252 + 0.0008
NL7.69 0.412 + 0.001
[Ir(COD)(H) ,(IMes)(phth)]CI NL3.87 0.4309 + 0.0002
NL7.55 0.4202 + 0.0002

In addition to the hydride signal enhancements, which result from PHIP, polarisation

is observed to transfer into the aromatic and vinyl regions of the *H NMR spectrum,

shown for [Ir(COD)(H) ,(IMes)(pdz)]Cl in Figure 56. This confirms the presence of}

coupling between the hydrides and the polarised ligands. / OOEUDUI EwUDT OEOU w
and 5.4 correspond to the vinylic protons of the bound COD that a re positioned both trans

and cisto the hydrides. The emissive nature of the polarised COD signals suggests that
polarisation results from a SABRElike transfer. There is no evidence of any free COD,
cyclooctene (COE) or COA signals, and corresponding EXSY spectra prove that the bound

COD is not able to reversibly accept a hydride ligand, which has been observed in related

iridium complexes. '* This is therefore a non-hydrogenative effect, whereby polarization

has transferred from the paraH ,-derived hydrides to the vinylic protons of bound COD at

low magnetic field, via Jcoupling.
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Figure 56: "H NMR spectra showing PHIP of some of the proton signals in [Ir(H) ,(COD)(IMes)(pdz)]Cl;

SABRE of protons in free and bound pyridazine (left, magnified 8 -fold), PHIP of vinylic protons in bound
COD (middle, magnified 32-fold), PHIP of hydrides (right).

/| OOEUDPUI EwUDPT OEOQUWOEUI UYT EwWET UP1 1 OwywAdA wEOE wWNS Wu
bound pyridazine or phthalazine molecules that lie transto the hydride ligands, or free
pyridazine or phthalazine molecules. Polarisation of the f ree substrate must be the result

of SABRE, and this verifies that there is exchange between bound and free substrate when

the sample is shaken outside the spectrometer.

The [Ir(H) ,(COD)(IMes)(sub)]Cl complexes are SABREactive, however, they are not

stable at temperatures above 250 K and are therefore unsuitable for MRI applications.

2.3.4 Formation of [Ir(H) »(IMes)(sub) 5|CI

Warming d,-methanol solutions of [Ir(H) ,(COD)(IMes)(sub)]CI, with an excess of
substrate and hydrogen, to 298 K for approximately one hour, resulted in a change in
colour from colourless to bright yellow due to the formation of [Ir(H) ,(IMes)(sub);]ClI,
shown in Figure 57. The [Ir(H) ,(COD)(IMes)(sub)]Cl complexes are not stable at
temperatures above 250 K, as hydrogenation of COD to COA occurs(COE signals are not
observed in '"H NMR spectra). The two vacant sites at iridium, created by the
hydrogenation of bound COD, become occupied by a further two substrate molecules.
The use of a bulkier N-heterocycle, for example quinazoline, can result in only one
additional substrate molecule occupying one of the vacant sites, with the other site

becoming occupied by a solvent molecule, thus forming [Ir(H) ,(IMes)(sub),(sol)]CI.
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Figure 57: [Ir(H) ,(IMes)(pdz)]ClI (left), and [Ir(H) ,(IMes)(phth) ;]CI (right). The proton resonances used to

quantify exchange are marked *.

This is not the case with either pyridazine or phthalazi ne, where a clean

transformation to [Ir(H) ,(IMes)(sub);]Cl is confirmed by a single diagnostic singlet

resonance in the hydride region of the '"H NMR spectra (Figure 58); the hydride ligands
are chemically equivalent. The two equatorial N-heterocycles that lie transto the hydride
ligands are also chemically equivalent, whereas the axial N-heterocycle which lies transto
the carbene is distinct. Furthermore, on binding to iridium, the symmetry of the N-
heterocycle is lost, resulting in complicated ‘*H NMR signals for the protons of the bound

N-heterocycles.

The four doublets in the *H NMR spectrum of [Ir(H) ,(IMes)(pdz)£ " OO WE Uwn wNGt |
8.75 and 8.29 have respective integral ratios of 1:2:2:1, and correspond to bound N&
1 OYPUOOOI OUUOwWOO!T WERPEOWEU Wy wuNdt | wEOEwWWd! NOuw
OUOUDPxO1 DUWEU Wy wA 8t | OwABIKIWWE @l Wi @ 8§ Wb EiY W lwdhudJ
consists of two overlapping peaks). These correspond to the bound NCHCH
1 OYPUOOOI OUUOwWOO!T WERPEOWEU WY wA 8 KWWEOE WA BKY Ouw
and equatorial arrangements of the three pyridazine ligands at iridium were further
confirmed by nOe measurements. These revealed that both the equatorial I'NCH and
I'NNC H environments interact with methyl protons of the mesityl rings in IMes that
Ul U OO E 232 and P.adwvhich confirms that the equatorial pyridazine ligands lie in

close proximity to the IMes ligand.
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Figure 58 Aromatic and hydride regions of the 'H NMR spectra of [Ir(H) ,(IMes)(pdz),]CI (above, free pdz
UPT OEOUWEUIT wE 0wy wN {IMes\phtd) & i 0dupHEA QOB @EUL @0 U aixA 0T wUDT OEOUVUWEUT wED

8.15). Signals used to quantify exchange are marked-.

The four singlets in the *H NMR spectrum of [Ir(H) ,(IMes)(phth).,¢ " OO WE Uwy why 61 WOwhy 8
9.27 and 8.60, have respective integral ratios of 1:2:2:1ral correspond to bound NC H
1 OYPUOOOI OUUOwWOO!T WERPEOWEUwy whuy 81 WWEOEwWét YOWEOE wU |
OUOUDPxOl DUWEUwy wwd Yk OwA 8 NruwE O EMCHEAvIbnnettd) UT Ux OOE wUOw
The integral ratios cannot, however, be compared due to peak overlap with free
xT UT EOE4APOl wWEUwywwWdhukdw UwWET T OUI OwUT 1T wERPEOQWEOE wi @
phthalazine ligands at iridium were further confirmed by nOe measurements which
revealed that the equatorial I'NC H and IrNNC H environments interact w ith methyl
protons of the mesityl ringsin IMesUT E UwU I UD0ODB Bnd I..92 ETHisumnfirms that the
equatorial phthalazine ligands lie in close proximity to the IMes ligand. Full NMR
characterisation of both [Ir(H) ,(IMes)(sub);]Cl complexes is given in the Experimental,

section E.3.3

In order for SABRE of pyridazine and phthalazine to operate, the reversible binding of
the N-heterocycle and hydrogen is necessary. A series of ID EXSY measurements were

used to probe exchange in [Ir(H) ,(IMes)(pdz) 4]CI and [Ir(H) ,(IMes)(phth) ;]CI, and both

ligand exchange and hydrogen loss pathways were observed. These processes were too
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slow below 280 K to be detected. The upper limit of the measurements is 325 K, which is
12 degrees below the boiling point of the methanol solvent. At this temperature, the
exchange rates were too slow to observe anydynamic effects through a change in NMR

spectral line-shape.

In the first EXSY experiments, NMR signals corresponding to the NCH environment
of the axial N-heterocyclic ligands in [Ir(H) ,(IMes)(pdz)£ " Owpy wNGt | WEOE wWéd |
[Ir(H) ,(IMes)(phth) .¢ " OQwpy whuy 8| WWEOEwWdt YAwP] Ul wxUOEIT E w
mixing times up to 1 s. No magnetization transfer was observed from these sites, and only
the irr adiated peaks appeared in the spectra. This suggests that the axial ligands remain
bound to the iridium on the NMR timescale. In contrast, when the equatorial N-

heterocyclic ligands of [Ir(H) ,(IMes)(pdz);]Cl and [Ir(H) ,(IMes)(phth) ;]CI were probed,

both ligand exchange with the free substrate, and 1,2metallotropic shifting of the
| DUEUOUDPEOwWODT ECEZUWEOUOEWODPUUOTT OwPEUWOEUIT U

observed in related systems!**®°

The rate canstants for substrate dissociation, and 1,2metallotropic shifting were
calculated at different temperatures by collecting EXSY spectra, after specified mixing
UPOTl UwpUaxPEEOOa Wl UOOwYd hhwUOwhé YwUASKI3T T wxli E
protons of equatorial pyridazine, was selectively irradiated. Exchange into free pyridazine
and shifting into bound pyridazine was measured. An EXSY spectrum showing exchange
of the equatorial pyridazine ligands in [Ir(H) ,(IMes)(pdz)]Cl is shown in Figure 59, with a
simplified schematic of the exchange process given inFigure 60. In addition, when the
hydride signal of [Ir(H) ,(IMes)(pdz)JCI E UMk 4@ was selectively irradiated, exchange
POUOWUT | wUbT OEOwi OUWEDPT aEUOT I OWEU W wK3 k Wwhk EU
[Ir(H) ,(IMes)(phth) ;]CI was examined, the peak atli9.27, which corresponds to equatorial
phthalazine protons INNC H, was probed. Both ligand dissociation and shifting of the
phthalazine binding site were evident, as was hydrogen loss on examining the hydride

signal of [Ir( H),(IMes)(phth) 5]CI.
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Figure 59: EXSY spectrum acquired with a mixing time of 0.3 s, after irradiating the equatorial IINNC H
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Figure 60: Simplified schematic of the exchange processes possible at thequatorially -bound pyridazine

in [Ir(H) ,(IMes)(pdz)]Cl.

Ratios of the integrals of the observed peaks were converted into the percentage
abundance of each species, which was plotted against the mixing time. Fitting the data for
exchange of theN-heterocycle was challenging, as an equation that accurately described
the transfer of magnetic polarisation from the irradiated bound species to the free and
shifted speciesvia exchange was required. Eleven different polarised species, including
unobservable intermediates, can form due to N-heterocycle exchange, and these are
discussed in Appendix A section A.1.6, in addition to the formulae that were used to
model their formation and depletion. Despite some papers reporting a dissociative 1,2 -
metallotropic shift m echanism of pyridazine -like N-heterocycles, our exchange data
would only fit to a model in which the 1,2 -metallotropic shift is assumed to be haptotropic

in nature. An example plot is shown in Figure 61. The errors associated with each rate

were calculated using the Jackknife procedure.™
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Figure 61: Graph to show the transfer of polarisation from IrNNC H to IrNC H in the bound pdz of

[Ir(H) ,(IMes)(pdz),]Cl as a result of a haptotropic shift, and from I'NNC H to NCH in free pdz as a result of

dissociation, at 290 K.

In order to calculate the activation parameters of the different exchange processes, the
rate constants of substrate dissociation and shifting, as well as hydrogen dissociation,
were calculated at the different temperatures given in Table 6. Eyring-Polanyi plots, given
in Appendix A, were then used to calculate the enthalpy and entropy of activation ()7'0Cf
and Y U1 Ux1 EODYI 6GaAowi UOOwWPT PET wlistOuad EEZ Owi Ul
calculated. The activation parameters for the exchange processes in [Ir(H)(IMes)(sub),]Cl

are given in Table 7.

The V'Od values reflect the Ir-N bond energies. In both complexes, the enthalpy change
on reaching the transition states for the haptotropic shift is lower than that of dissociation,
PIT DPET wOUTT1T U0UwWUT EVwOI U U wi-dbohd] rathedHanuformay) D U1 E w
break it. Phthalazine has a weaker Ir-N bond and smaller V'Od term. Consequently, the Ir-
N bond is longer and the gain in entropic freedom on reaching the transition state for both
phthalazine dissociation and shifting is less. The two effects act to compensate eaclother
and their S"Od values are similar. This is particularly noticeable in the haptotropic shift,
where the Y0 and Y'Y terms for phthalazine are lower by 16.2 kJ mol™ and 55 J K*mol™
respectively. A similar effect is also observed for the rupture of the Ir-H bonds; the V‘CSI

values are similar for both complexes.
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Table 6: Rate constants of N-heterocycle dissociation and haptotropic shifting, as well as hydrogen dissociation in [Ir(H)

single analysis.

J(IMes)(sub),]CI, from 280 ¢ 325 K each determined from a

31 Ox1 UEU| 1E0I-diditui UOEAEO] wED | 1EUT widoh WOOEPTAUDPOQ 1EUI-Widiti UOEAEOT wi EI
Z( Up( Al UAM Z( Ue( A1 UAg| Z( Ue( A1 UAf Z( Ugp( AT UA®| Z( Up( Al UAH ¢ ( Up( A1 UAg

I wy YOYKKKuwWP |\ YOYt Yt wpu Yo YNhwp w YOYNKwpuw|[ YooYt At wpy Yoyt 1t wpu
| Wk YOYNW wpyd Yo6hhkt wpu Yo vt wp w Yo hut Nwpw|[ YoYNKG Y YOYt NAwpuy
I NY YO NI+ wpy Y61 huhuY wpu Yo+ KAwpuw Yot t+twpwy YO6hNI kuwp Y 6 iKuNwp u
I Nk Yottt huhuwp i Yot W wpuw YOAYwWp w) YOKkNwpwY YOKYAWwpy Yot 1 hul wpuy
PYy~sty Yot Kl wpuw Yot t+ wpuw hud KY auy hu ué hul wp wy Y6 WhuNwp u Yot At wpuw
t Yk 6 YAt wp hud Y Wk wp w [ 6 Wt wp w) 6t Nwp wy 6| Yt wpuw hudé huy + wp w
t oy huét hvwp w 6t Nwp wy k6 huwp wy t 8 vhuwp wy hudé WK wp w hud NWwp wy
t huk KO Whiwp w oYyt wpwy - Ko Kwp wy kdYhwpuw t 6 Kt wp wy
1y Wé N+ wp w K&t Nwp wy - N6t wp wy NGO+t wpuw Kot Nwp wy
b1k - AGKA wWp wy - hut 6 Y wp w - Wo !l I wp wy

Table 7: Activation parameters for the dissociation of hydrogen, and dissociation and haptotropic shifting

of the equatorially -bound N-heterocycles in [Ir(COD)(IMes)(sub)]CI.

Process "2 (kI mol™) 2 (I K*mol™®) & (300 (kJ mol ™)

Complex [Ir(H) y(IMes)(pdz) 4] | [Ir(H) ,(IMes)(phth) 5] | [Ir(H) ,(IMes)(pdz) 4] | [Ir(H) ,(IMes)(phth) ;] [ [Ir(H) ,(IMes)(pdz) 4] | [Ir(H) ,(IMes)(phth) 4]
Sub. Dissociation 97.9+0.3 92.0+0.3 85+1 62+1 725+0.3 73.3+0.3
Haptotropic shift 94.3+0.4 78.13 £ 0.06 72+1 17.4+0.2 72.6 +£0.3 72.93 £ 0.06

H, loss 95.6 +0.2 83.6+0.1 82.4+0.8 39.8+0.4 70.9 +0.3 71.6+0.2
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Literature )v"C():f values for 1,2-metallotropic shifting of pyridazine and phthalazine -
type ligands in different octahedr al complexes vary substantially from 56-93 KJ mol*.}"4**
18 Although the }”’“Od values for the shifting of pyr idazine and phthalazine in
[Ir(H) »(IMes)(sub);]Cl lie within the literature range, a direct comparison with literature
values cannot be made due to the sensitivity of Y'd  tothe metal and the ligand
environment. To the best of our knowledge, there are no other examples of the

haptotropic shifting of pyridazine and phthalazine ligands in iridium complexes.

2.3.5 Mechanism of E xchange in [Ir(H) ,(IMes)(sub) 5]CI

To elucidate the mechanism of exchange, the influence of the substrate concentration
and hydrogen pressure on the rate of exchange was investigated. In the first mechanistic
study, the aforementioned rate constants were examined at a constant temperature (298
K), iridium concentration (5.2 mM), and free substrate concentration (8.4 mM), with
varying pr essures of hydrogen. The effect of hydrogen pressure on exchange in
[Ir(H) ,(IMes)(pdz)4]Cl is shown in Figure 62. The corresponding rate data is given in

Appendix A , sectionA.1.9

1.4 -

1.2 -
5L / o Hydrogen loss
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g 0.6 - ® Pdz Dissociation
o — B B— =
S 0.4 -
<
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Figure 62: Graph to show the effect of hydrogen pressure on exchange rate constants in

[Ir(H) ,(IMes)(pdz),]Cl.
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Table 8: Concentrations of hydrogen gas in methanol, at the experimental pressures of hydrogen shown,

at a constant temperature of 298 K.

H, pressure (bar) Concentration of H , (mM)
0.445 1.47 £ 0.06
1.032 34+0.1
1.515 5.0+0.2
2.000 6.6 +0.3
2.495 8.2+0.3
2.990 9.9+0.4

The concentrations of hydrogen gas dissolved in methanol at the pressures studied

are given in Table 8. These were calculated using theliterature values published by
Kriiger et al™® A study by Michels et. al.demonstrated that the solubility of hydrogen

increases linearly with pressure, in the regime used,”® and therefore the concentrations

can simply be scaledaccording to the pressure used.

At the lower hydrogen pressures used, the concentration of hydrogen in solution is
less than the concentration of iridium, which is limiting the formation of
[Ir(H) ,(IMes)(sub);]Cl, and therefore inhibiting the observed rate of hydrogen loss from
this complex. As expected, an increase in the hydrogen pressure results in an increased
rate of hydrogen dissociation; a higher concentration of hydrogen in solution promotes

formation of [Ir(H) ,(IMes)(sub),]Cl, which in turn promotes hydrogen dissociation. As the

hydrogen concentration in solution increases beyond the concentration of iridium (> 1.5
bar of hydrogen), the rate of hydrogen loss plateaus; the concentration of hydrogen is no
longer the lim iting factor in hydrogen loss. Interestingly, dissociation and haptotropic
shifting of the N-heterocycle are entirely independent of the hydrogen pressure, which

suggests that they are independent of hydrogen exchange.

In the second mechanistic study, the rate constants were examned at a constant
temperature (285 K), iridium concentration (5.2 mM), and hydrogen pressure (3 bar), with
varying concentrations of substrate. The corresponding rate data is given in Appendix A ,

section A.1.1Q The effect of aubstrate concentration on exchange in [Ir(H) ,(IMes)(pdz) ;]Cl

is shown in Figure 63. The correlations are mirrored in [Ir(H) ,(IMes)(phth) ;]CI.
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Figure 63: Graph to show the effect of substrate concentration on exchange rate constants in

[Ir(H) ,(IMes)(pdz),]Cl.

Remarkably, the rate of hydrogen loss is inhibited by an increase in the concentration
of free N-heterocycle in sdution. This suggests that hydrogen loss occurs after
dissociation or shifting of the N-heterocycle. DFT predictions for hydrogen exchange in
the related pyridine system, [Ir(H) ,(IMes)(py)]Cl, propose the involvement of a
dihydrogen -dihydride intermediate , [Ir(H) ,(G*-H)(IMes)(py),]CI.**° To form this, a
pyridine ligand must first dissociate from [Ir(H) ,(IMes)(py),]Cl, forming
[Ir(H) ,(IMes)(py) ,(sol)]CI, where sol is a stabilisng solvent molecule. A second hydrogen
molecule then binds, displacing the solvent molecule, and then exchangeswith the first
hydrogen molecule. ExcessN-heterocycle inhibits the formation of [Ir(H) (G-
H,)(IMes)(sub),]Cl, as][Ir(H) ,(IMes)(sub),(sol)]CI can reform [Ir(H) ,(IMes)(sub);]CI by

reaction with the N-heterocycle.

Both the 1,2metallotropic shifti ng and dissociation of the N-heterocycle are
independent of the concentration of N-heterocycle in solution. All of the free substrate
concentrations used were in excess of the iridium concentration, hence the free substrate

concentration is not a limiting factor in N-heterocycle exchange.

The likely mechanism of substrate and hydrogen exchange is shown for
[Ir(H) ,(IMes)(pdz),]CI (A) in Figure 64. Intermediates [Ir(H) ,(IMes)(pdz) ,(sol)]CI (B) and
[Ir(H) ,($*-H ,)(IMes)(pdz) ,JCI (C) are short-lived, with unobservable NMR signals, thus it

can be assumed that their concentrations in solution do not change. Steadystate
principles can be applied to derive a rate law for the formation of C, which is a key step to

hydrogen loss. This is shown below.
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Figure 64: The substrate and hydrogen exchange mechanism in [Ir(H)(IMes)(pdz),]CI.
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A rate law for the formation of C is shown below. The full derivation of this is given in
Appendix A, sectionA.1.11 The formation of C, and therefore the rate of hydrogen loss, is
proportional to the concentration of hydrogen, which reflects the increase in the observed
rate of hydrogen loss with pressure, shown in Figure 62. The concentration of C is
inversely proportional to the concentration of free pyridazine in solution, which reflects
the inhibition of hydrogen loss with increasing concentration of N-heterocycle, shown in

Figure 63.

Qo6 0
P Oanqa
A plot of the reciprocal observed rate of hydrogen loss, as a function of free substrate
concentration, is shown in Figure 65and supports this rate law. Interestingly, hydrogen
loss is inhibited to a greater extentby an increase in pyridazine concentration, rather than

phthalazine, despite phthalazine being the more basic substrate.

110



SABRE of Pyridazine and Phthalazine

40 -+
35 -
30 -
25
20 -
15 - * pdz

10 e phth

1/k,,s Hydrogen Loss

0 T T T T T T 1
0 20 40 60 80 100 120 140

[Free Sub] (mM)

Figure 65: Graph to show the inversely proportional relationship between the observed rate of hydrogen

loss, and the concentration of free substrate in solution in [Ir(H) ,(IMes)(pdz),]ClI (pdz), and

[Ir(H) ,(IMes)(phth) JCI (phth).

2.3.6 Competition Studies b etween Pyridazine and Phthalazine
To compare the reactivity of the iridium complexes that form with pyridazine an d
phthalazine, a d,-methanol solution was prepared that contained approximately equal

amounts of pyridazine and phthalazine (6.73 equivalents of phthalazine and 6.16
equivalents of pyridazine, measured by NMR). The [Ir(COD)(IMes)(pdz)]Cl and
[Ir(COD)(IMes)(phth)]CI compl exes formed immediately, in a 1:3.71 ratio. When corrected
for the slightly unequal proportions, this rat io becomes 13.40. As these two complexes are
in equilibrium, the )”"Od value of this equilibrium can be calculated u sing the formula

shown below, where 0 is the equilibrium constant (taken as the ratio of the two

complexes), 'Yis the gas constant (8.314 J&mol™), and "Yis the temperature (K).
o d
YO Y'Y 8

o d
YO  for the conversion of [Ir(COD)(IMes )(pdz)]CI to [Ir(COD)(IMes)(phth)]Cl is
calculated to be N2.44 KJ mol'. The iridium complex with phthalazine is more stable than

the pyridazine analogue, which reflects the more basic nature of phthalazine. ***

Addition of hydrogen, at 240 K, results in the formation of
[Ir(COD)(H) ,(IMes)(pdz)]Cl and [Ir(COD)(H) ,(IMes)(phth)]Cl in a ratio of 1:3.21

respectively, measured using the hydride signals in the '"H NMR spectrum shown in

o d .
Figure 66. YO is equal to N2.33 kJ mot".
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Figure 66: Hydride regions of ‘"H NMR spectra of [Ir(H) ,(COD)(IMes)(sub)]Cl, comparing PHIP -enhanced

signals (above) with thermal signals (below, magnified 64 -I OOE 8 w31 1 wOE IN3I8®andNEYIS®O E O U wE U wy w

correspond to [Ir(H) (COD)(IMes)gpx | UT A¢ " OWEOE wUT 1 MESHEQKDT. 10 aottéspotEd U wE U wy w

[Ir(H) ,(COD)(IMes)(pdz)]CI.

On replacing hydrogen with paraH ,, the PHIP enhancements produced by this
sample (atd N17.55 for[Ir(COD)(H) ,(IMes)(phth)]Cl and NL7.69for
[Ir(COD)(H) ,(IMes)(pdz)]Cl) are shown in Figure 66, and are 37.3fold and 49.8-fold,
respectively. The paraH ,concentration in solution is constant, and
[Ir(COD)(H) ,(IMes)(phth)]Cl is in a greater abundance (x 3.71). The rate ofparaH,
addition to [Ir(COD)(H) ,(IMes)(phth)]Cl must therefore be slower than the rate of
addition to [Ir(COD)(H) ,(IMes)(pdz)]Cl, leading to proportionally smaller hydride

enhancements, assuming their relaxations are equal.

Warming the solution up to 298 K resulted in the formation of the six iridium species
shown in Figure 67. Due to overlapping NMR signals, these complexes have not been
fully characterised, howev er, their hydride NMR signals are diagnostic ( Figure 68). The
U b OwU b O TNAI1WdnddEL 38emelpresent in a ratio of 1:0.18, and correspond to

speciesd and a respectively, which have already been fully characterised (see

Experimental section E.3.30 w3 1 | wEE ED UD OO ENWIB endN21B® ddd piebebtU wE U wy w

in a ratio of 0.90:0.20with respect to d, and must correspond to speciesc and f

respectively, as the hydride ligands in these species are chemically equivalent. As all
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previous work has shown that phthalazine binds preferentially over pyridazine, it can be
Ul EUOOEEOQCaAWEUUUOI ENuLE éotesdorids toudpeziesBd@hl Eulub W E O wiE
N21.34 corresponds to species. In addition to these singlets, four doublets are also
x Ul Ul OR1uwENIWLLR M1.25, and\N21.30. COSY NMR spectra contain cross peaks
ET Obpl 1 QwOT 1 NelB o128 (), =8 wpand the signal) w BN % andN\21.30
(44 = 8.0). The two species are present in a ratio of 0.44:0.3W;jth respect to d. Itis

therefore likely that the former correspond to species e and the latter correspond to

speciesb.
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Figure 67: Thesix [Ir(H) ,(IMes)(sub),]Cl complexes that form with an excess of both free pdz and free phth

in solution.
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Figure 68: Hydride region of the *H NMR spectrum of [Ir(H) ,(IMes)(sub),], where sub = a combination of

pdz or phth, resulti ng in the six complexes shown in Figure 67

On replacing hydrogen with paraH,, shaking the sample at ~ 65 G, and immediately

collecting a *H NMR spectrum, dramatic signal enhancements of free pyridazine and

phthalazine were observed as a result of SABRE The enhancement factor of the signals

113



SABRE of Pyridazine and Phthalazine

corresponding to the orthoprotons of free phthalazine and pyridazine are 68 -fold and 200-
fold respectively. Despite the greater abundance ofd and c with respect to aand f, and
thus more bound phthalazine relative t o pyridazine, the enhancements of the signals
corresponding to free phthalazine are significantly lower than those corresponding to free
pyridazine. This observation reflects the slower addition of paraH, to binding sites that lie
transto phthalazine, and the slightly larger f"Od for phthalazine dissociation, relat ive to

pyridazine dissociation (Table 7).

2.4 Conclusion

The SABRE active catalysts [Ir(H),(IMes)(sub),]Cl, where sub is pyridazine or
phthalazine, have been synthesised according to the route shown in Figure 69. This
involved the immediate displacement of the chloride by the N-heterocycle to form
[Ir(COD)(IMes)(sub)]Cl, followed by the oxidative addition of hydrogen over the C -Ir-pdz
axis to selectively form the isomer of [Ir(H) ,(COD)(IMes)(sub)]Cl shown in Figure 69.
These complexes were stable at temperatures below 250 K, and their NMR signals could
be fully assigned. This is the first example of the complete NMR characterisation of such

SABREactive intermediates. On replacement of the hydrides with paraH ,-derived

hydrides, PHIP was observed in the '"H NMR signals corresponding to the hydrides as
well as the bound N-heterocycle and COD. No PHIP signals were observed for the second
isomer shown in Figure 52, thus there is no evidence that this forms. Finally,

hydrogenation of the COD at temperatures above 250 K formed [Ir(H) ,(IMes)(sub),]Cl,

and COA.

Due to the more basic nature of phthalazine relative to pyridazine, *?it binds
preferentially to all of these iridium complexes and forms more stable complexes than
with pyridazine. As a result, the rate of hydrogen addition to [Ir(COD)(IMes)(pdz)]Cl is
faster than to [Ir(COD)(IMes)(phth)]Cl, and the rate of hydrogen additi on to binding sites
that lie transto pyridazine is faster than to binding sites that lie transto phthalazine. It is
therefore likely that under the same conditions, pyridazine will become more polarised
via SABRE than phthalazine, and its corresponding NMR signals will be enhanced to a

greater degree.

114



SABRE of Pyridazine and Phthalazine

Cl
\ 'I’r,‘ ‘\\\\\Cl ex. de \ 'l’f., ‘\\\\pdz—|
'Ir"\ e "Ir"‘\
\/ IMes \/ IMes
ex. H2
<250 K
Mes | Mes |C1
pdzu,,, I‘ wH >250 K pdzu,, | wH
I g
pdz” | ( e | N
pdz COA %

Figure 69: Synthetic pathway for the formation of the SABRE -active catalysts, showing
[Ir(H) ,(IMes)(pdz),]Cl as the example.

Both pyridazine and phthalazine undergo a haptotropic shift on the NMR timescale,
the rates of which were analysed in the two temperature -stable complexes,
[Ir(COD)(IMes)(sub)]Cl and [Ir(H) ,(IMes)(sub),]CI. To the best of our knowledge, there
are no other examples of the haptotropic shifting of pyridazine and phthalazine ligands in
iridium complexes , and the effect of such a process on SABRE has not previously been

energies of activation.

The bound pyridazine or bound phth alazine, in [Ir(H) ,(COD)(IMes)(sub)]CI and
[Ir(H) »(IMes)(sub);]Cl exchange with the free substrate in solution. The bound hydrides
also exchange with free hydrogen in solution. This results in both complexes being
SABREactive, however, it was only possibl e to analyse the substrate and hydrogen

exchange in the temperature-stable [Ir(H) ,(IMes)(sub),]Cl. Substrate shifting and

dissociation in this complex were found to be independent of the concentration of
hydrogen and free substrate in solution. As with the haptotropic shift, dissociation of both
dissociation, however, was found to be directly proportional to the concentration of
hydrogen, and inversely proportional to the concentration of free substrate. This suggests
that hydrogen dissociation proceeds after perturbation of the Ir -N bond (either by
substrate dissociation or by a haptotropic shift), and the subsequent addition of a second

hydrogen molecule.
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Both [Ir(H) ,(IMes)(sub),]Cl complexes promise to be useful as SABRE catalysts for the
hyperpolarisation of pyridazine and phthalazine. These N-heterocyclesare found as
moieties in a number of drug molecules that could potentially be used as hyperpolarised
MRI contrast agents. Optimisation of the enhancements of the proton NMR signals of free
pyridazine and phthalazine, and their potential use as hyperpolarised MRI contrast

agents is explored in Chapter 3.
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3 Optimising SABRE of Pyridazine and

Phthalazine

Optimising SABRE catalysis is essential for imaging applications so that large signals
can be observed using minimal hyperpolarised agent. This reduces the possibility of
negative symptoms in patients which result from contrast agent metabolism.*** SABRE
levels fluctuate according to a number of variables. As the enhancements are the result of
reversible paraH, and substrate exchange at an iridium centre,ligand exchange rates play
a significant role in controlling enhancement levels. As discussed in Chapter 2, xchange

rates are dependent on the temperature,the concentration of catalyst, the ratio of catalyst

to substrate, and the pressure of hydrogen.**>*4%*°

IMes—] cl +/- pdz Mes 1€} +/- para-H, H IMes c
PdZ un i I : \\\H +/‘ CD}OD D3CDOII,I“ | “\\H +/' CD}OD }I/I““"' | \\\\H
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Figure 70: Mechanism of pyridazine and hydrogen exchange in d-methanol solutions of
[Ir(H) ,(IMes)(pdz),]Cl containing excess pyridazine and hydrogen. The same exchange mechanism is true for

phthalazine exchange

The mechanism of exchange of pyridazine or phthalazine and hydrogen at the iridium
centre in the [Ir(H) ,(IMes)(sub),]CI catalysts was elucidated in the previous chapter and is
shown in Figure 70. Hydrogen dissociation occurs after dissociation of the N-heterocycle,
and is therefore inhibited by higher ratios of N-heterocycle:catalyst. Both higher hydrogen
pressures and lower catalyst concentrations result in a larger ratio of hydrogen :catalyst in

solution, thereby increasing the rate of hydrogen exchange. If faster hydrogen exchange
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leads to larger SABRE enhancements then lowemN-heterocycle ratios, lower catalyst
concentrations, and higher hydrogen pressures will be favoured. Similarly, higher
temperatures lead to faster N-heterocycle and hydrogen exchange, and may be favoured if

faster exchange leads to larger signal enhancements.

Polarisation transfer from the paraH ,-derived hydrides to the protons on the N-
heterocycle occursvia long-range “J,, scalar coupling at low magnetic fields (~ 65

G).*"*91%3 The extent of polarisation transfer is dependent on the strength of the magnetic

field. Surprisingly, the field strength that leads to optimum polarisation transfer is

dictated by the %], scalar coupling between the paraH ,-derived hydrides (J,,), shown in
Figure 70, and not the long-range “J,; scalar coupling between the hydrides and the N-

heterocycle protons.**® Lowering the magnetic field strength results in smaller chemical
shift differences between NMR signals due to the Zeeman effect, discussed in Chapter 1.
Optimum polarisation transfer occurs at the magnetic field strength a t which the chemical
shift differences between the paraH ,-derived hydrides and the protons on the N-

I 1 Ul UOE a)anatchuhg 2.y scalar coupling between the paraH ,-derived hydrides

(d4), shown in Figure 70.*°

Herein, all of the aforementioned variables will be investigated in order to optimise

SABRE of pyridazine and phthalazine.

3.1 SABRE-active Complexes

Formation of SABRE-active complexes for the transfer of polarisation from paraH,to

pyridazine and phthalazine, viathe route shown in Figure 71, was discussed in the

previous chapter. Although the intermediate [Ir(H) ,(COD)(IMes)(sub)]Cl complexes

(where sub is pyridazine or phthalazine) are SABRE-active, they are not stable at

temperatures above 250 K, and are therefore not suitableas catalysts for this process
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Figure 71: Synthetic pathway for the formation of the SABRE -active catalysts, showing

[Ir(H) ,(IMes)(pdz),]Cl as the example.

To test SABREIin d,-methanol solutions of [Ir(H) ,(IMes)(sub);]Cl, containing excess
substrate (7 equivalents), the hydrogen in solution was replaced with paraH,. The
solutions were then shaken at low magnetic field for 10 seconds, and a'H NMR spectrum

was immediately acquired. Dramatic signal enhancements of the ‘*H NMR resonances that
correspond to both the bound (*) and free N-heterocycles(*) were observed. This is shown

for [Ir(H) ,(IMes)(pdz);]Clin Figure 72and [Ir(H) ,(IMes)(phth)4]Cl in Figure 73.

BE L

10 9 8 7 6 5 4 3 2 1 ppm -21.5 ppm

Figure 72 "H NMR spectra of [Ir(H) ,(IMes)(pdz),]CI, comparing thermal signals (above) with SABRE -

enhanced signals (below).
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Figure 73: "H NMR spectra of [Ir(H) ,(IMes)(phth) j]CI, comparing thermal signals (above) with SABRE -

enhanced signals (below).

SABRE-enhanced spectra of [Ir(H),(IMes)(pd z),]CI (Figure 72) show enhanced
emissive signals corresponding to free pyridazine in solution (NC HE U wy wN 8 HlatlOw- " ' "
“ WA dAAAOWE U wb Fo6ubdipkridanihe@igrals) @NCOHEEOWW@ y, wN 8 HEOQwe - -
8.75). Enhancement factors of the two proton resonances of free pyridazine differ
considerably; enhancement factors of the NCH resonance are consistently larger than

those of the NCHCH resonance.

SABRE-enhanced spectra of [Ir(H),(IMes)(phth) ;]CI (Figure 73) also show enhanced

emissive signals, which correspond to free phthalazine in solution (NCHE U wy wNd t KOw

NCHCCHE U wy wWwd | hCuE U wr wiwé' vy A OwE U ubeundpbthaatine] dUEUOUDEOOa
signals (INNCH E U wy why GHuE @Qwnf WNS I"t A6 ws OT EQET O1 OUwi EEUOUUWOI
resonances of free phthalazine also differconsiderably; enhancement factors of the NCH

resonance are consistently larger than those of the NCHCH and NCHCCHC H

resonances.

Enhanced absorptive signals corresponding to the paraH ,-derived hydride signals
([Ir(H),(IMes)(pdz) ¢ " O UNELBO, fir@d),(IMes)(phth) .¢ " O uNELA6),and dissolved
lAaEUOT T OwhbOwUOOUUDPOOwWm wKE k WAWEUT WEOUOWOEUT UYIT EB w(
enhancements, efficient polarisation transfer from the paraH ,-derived hydrides, across

the iridium catalyst, to the N-heterocycle is desirable. If this is the case, polarisation of the
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hydride ligands will be minimal, resulting in hydride signals with small enhancement

factors.

3.2 J-couplings in Pyridazine and P hthalazine

During SABRE, polarisation transfers from the paraH ,-derived hydrides to the
substrate protons via long-range Jcoupling. Unpublished work, in the Duckett group, on
SABRE of pyridine using [Ir(H) ,(IMes)(py)]Cl has revealed that at 65 G (the optimum
polarisation transfer field for this substrate) the majori ty of polarisation transfers via“J,,
scalar coupling into the orthoprotons of the N-heterocycle. Polarisation can then transfer
from the orthoprotons to the metaand paraprotons via 1, or *J,; couplings. When the

orthoand paraprotons are replaced with deuterium, which is not polarised via SABRE
under the conditions used, the level of polarisation that transfers into the metaprotons
reduces to 18 of the original level. Furthermore, on replacing the orthoand metaprotons
with deuterium the level of polarisation that transfers into the paraprotons reduces to

0.3% of the original level. These data are given in Figure 74.

H N H H N H D N D D N D
4.3 5.8 Ny N
= A = =
H H D D H H D D
3.4 0.6
H D D H
5.4 0.016

Figure 74: The percentage level of polarisation in the ortho, meta, and para protons of pyridine and its

deuterated analogues, after SABRE with [Ir(H) ,(IMes)(py)s]Cl and 1 equivalent of pyridine. Courtesy of Ryan

Mewis .

Polarisation transfer from the paraH ,-derived hydrides into the orthoprotons of a

substrate occurs whilst the substrate is bound to the iridium. *°*If the lifetime of the
complex allows, polarisation can also transfer from the orthoprotons to the other protons

of the substrate whilst bound. However, the T, values of bound substrate protons are
shorter than unbound substrate protons (~ 27.5 s for free pyridine and 3.6 sfor

bound),*****therefore longer complex lifetimes lead to faster relaxation of the

polarisation, and this is disadvantageous.
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If the complex lifetime is shorter, polarisation transfer from the orthoprotons to the
other protons of the substrate is likely to occur after dissociation of the substrate. To better
understand the enhancement levels in the individual proton resonances of dissociated
pyridazine and phthalazine, the Jcouplings between these resonances are regired. Both

N-heterocycles exhibit C,, symmetry and as a result contain sets of two protons that are
chemically equivalent, but magnetically inequivalent. This gives rise to second -order
coupling constants. To calculate the coupling constants, the magnet nside the NMR
spectrometer must be well-shimmed in order to resolve the splitting patterns in the ‘H

NMR spectra.

Tax. X
AFCOSN
In [T T
AN L

Figure 75: The four different coupling constants between the protons of pyridazine.

In pyri dazine there are two chemically distinct proton resonances and both couple to
each other. Both first and second order couplings give rise to four different coupling

constants between the protons of pyridazine,0 k0 ,0 kU0 ,0 ,and0 shown

in Figure 750 wb 1 PET wi DY! wUPUIT wUOOWE Ow 277zwUxO0OPUUDPOT wxEUU

proton resonances in pyridazine are identical and are shown fOU wO0T | wUDT OEOWE U wy wA 8 A A

(NCHCH) in Figure 76.

371 w EODPOUOODE O wédinsysténuhas beeh agved ibyoMtConnellet.
al”®® who use 1,%difluoroethylene as their example molecule. There are 10 distinct,
allowed transition UwET OP1T 1T OwU0T T wUxPDOWUUEUT UwOi wEOuw
labelled in Figure 76. Transitions 1 and 2, 9 and 6, 7 and 12, and 3 and 4, ar®o similar in
energy to be distinguished from one another. McConnell et. al.found a similar apparent

degeneracy in their NMR spectra of 1,1-difluoroethylene.
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ppm
Figure 76: 'H NMR resonance corresponding to NCHCH of free pyridazine.

The energies of the nuclear spin transitions are related to the coupling constants as

shown in the formulae below. See Appendix A section A.2.1for their derivation.

PTT w 0 0

The transition frequency differences are calculated by simply measuring the
difference, in Hz, between their NMR resonances. The above formulae can then be solved

simultaneously to give the desired coupling constants. A full d escription of this is also

given in Appendix A sectionA.2.1

Table 9: The four coupling constants between the protons of pyridazine.

Coupling Constant | Frequency (Hz)
L. 1.35
L_ 8.35
L. 5.22
L, 1.73
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The four coupling constants between the protons of pyridazine are given in Table 9.
Predictably, as the number of bonds between the protons increasesthe coupling
EOOUUEOUUWET EUI EUI w3T 1T wOEUT T UODWEOUXxODOT wOT 1 UI T OUI
EUI wEOOOI EUI EwEawUT Ul 1| WEOOEUOWEOGEWUT T wUOEOOI ULDLwWEOU

which are connected by five bonds. Polarisation from the paraH ,-derived hydrides most

Figure 77: The five different coupling constants between the protons of phthalazine .

In phthalazine there are three chemically distinct proton resonances, which are also
magnetically inequivalent due to second -order couplings. The NCH x UOU OO wUT UOOEDET wEUuw
Nkt wpEOUUI Ux OOEDPOIT Ridu@ diry dxiibiisth GrivaillisplitiBgpE043 Hzw D O w
shown in Figure 78. This is due to coupling to the NCHCCH x UOUOOU wwp, z wEOE w, w
respectively) and is shownas0  k 0 in Figure 77. The NCHCCH proton resonance at
n wWé hul wb U eypeOnultipler but,algo exhibits small splittings of 0.43 Hz due to
0  couplings. The NCHCCHCH x UOUOOwU]l UOOEOGET wEVDwy wwdy!l wi T PEPUU
splitting pattern, shown in Figure 78, due to the four couplings, 0 k0 ,0 kv

0 ,and0 ,shown in Figure 77. There are no visible couplings to the NCH protons.

T
9.56 ppm 8.03 8.02 8.01 8.00 ppm

Figure 78 "H NMR resonances corresponding to NCH (left), and NCHCCHCH (right) of free phthalazine.
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Akin to pyridazine, the transitions in the NCHCCHC HUIT UOOEOET woOi wxT1 UT E
WYl OwbkPl Ul wOUT EwWUOWEEOEUOEUT wlOT 1T wi-slethumBid Ux OD

is fully explained in Appendix A , and the values are given in Table 10.

Table 10: The five coupling constants between the protons of phthalazine.

Coupling Constant | Frequency (Hz)
Uy o 0.43
L y 0.7
L 7.05
L, 10.48
Ly 1.16

Again, as the number of bonds between the protons increases, the coupling constants
decrease. The largest coupling constant is between protons A and M, which are connected
EawUOl Ul 1 uEOOEUOWEOEwWUT T wUOEOOI UVDWEOUXxODPOT wl R
connected by five bonds. This small coupling of 0.43 Hz is all that connects the first and
second rings of phthalazine to allow polarisation transfer. The polarisation that transfers
fromthe paraH,E1 UDPYIl Ewli aEUPETI UwlUOwxUOUOBWwlr IEOQB W7 7 |
resulting in consistently larger enhancements of the NCH protons of free phthalazine, and

almost negligible enhancements on the NCHCCH and NCHCCHC H protons of the

second ring.

3.3 Effect of Exchange Rates on SABRE

As previously discussed, exchange rates are dependent on the temperature,
concentration of catalyst, ratio of catalyst to substrate, and pressure of hydrogen. The
effect of these variables on the observed rate constants of hydrogen lossN-heterocycle
dissociation, and N-heterocycle haptotropic shifting has been thoroughly explored in

Chapter 2. Herein, the effect of these variables on SABRE levels is explored.

3.3.1 Temperature

In a typical complex, an increase in temperature results in an increased rate of
hydr ogen and substrate exchange. Previous studies on SABRE enhancements of pyridine
in d,-methanol solutions of [Ir(H) ,(IMes)(py)s]Cl, have shown an optimum rate of
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exchange at 274K, above which enhancement levels decrease?***° This plateau reflects
the optimum lifetime of the SABRE catalyst. At lower temperatures, the slower exchange
rates reduce the amount of polarised pyridine that builds -up in solution. At higher
temperatures, the faster exchange rates prevent efficient pohrisation transfer from the

polarised hydrides to the pyridine.

The optimum temperature for SABRE differs depending on the iridium exchange
catalyst used, however, the optimum lifetime of the SABRE catalyst has also been shown

to vary between 2 and 6 s (calculated as the inverse of twice the rate of pyridine
dissociation).™ Optimum catalyst lifetimes correspond to the inverse of the spin mixing
frequency,**which is in turn proportional to ——, where 0 is the long-range *1,, scalar
coupling between the paraH ,-derived hydrides and the orthoprotons on the substrate. A
method to determine these “,, scalar couplings has recently been reported by Eshuiset.

al?* The “1,, coupling between the hydrides and orthoprotons of pyridine in
[Ir(H) ,(IMes)(MeCN)(py) ,]Cl was reported to be 1.13 Hz, which corresponds to an

optimum catalyst lifetime of approximately 2.3 s. Although this is optimised for a

different, asymmetric SABRE catalyst, it is similar to the optimum lifetime of

[Ir(H) (IMes)(py) j|CI which is reported to be 2 s at 274 K**°

SABRE of the free pyridazine and phthalazine in d,-methanol solutions of
[Ir(H) ,(IMes)(pdz)4]Cl and [Ir(H) ,(IMes)(phth) j]Cl, containing 3 bar of paraH ,, was
investigated at temperatures ranging from 273 to 323 K. The results are shown inFigure
79 and Figure 80and tabulated data with errors are in Appendix A , sectionA.2.2 They
reveal that for both pyridazine and phthalazine, there is a continuous growth in
hyperpolarisation level with increase in temperature up to 323 K, which is the safety limit

in these measurements.
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Temperature (K)
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Figure 79: Graph to show the effect of temperature on SABRE of free pdz in g-methanol, using the

[Ir(H) ,(IMes)(pdz),]Cl exchangecatalyst, with 12.3 mM free pdz.
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Figure 80: Graph to show the effect of temperature on SABRE of free phth in d,-methanol, using the

[Ir(H) ,(IMes)(phth) ;]CI exchange catalyst, with 14.1 mM free phth.

The lifetimes of the [Ir(H) ,(IMes)(pdz),]Cl and [Ir(H ),(IMes)(phth) ;]CI SABRE catalysts
are calculated to be 0.05 and 0.08 s, at 323 K. As the enhancements are yet to reach a
plateau at this temperature, the optimum complex lifetimes must be shorter than those
reported for pyridine. This is likely to be due to the higher probability of the N-
heterocycles undergoing a haptotropic shift (~ 55%), instead of dissociating to form free
N-heterocycle (~ 486), at these temperatures.Although the lifetime of the complex has
technically terminated on perturbation of the Ir -N bond, a haptotropic shift allows further
polarisation transfer into the second orthoproton (Figure 81). Without a haptotropic shift,
the secondorthoproton would receive very little polarisation directly from the polarised
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hydrides, and the small 0  couplings (equal to 1.35 Hz for pyridazine and negligible for
phthalazine) would limit further polarisation transfer between the orthoprotons. The
haptotropic shift is therefore beneficial to SABRE of pyridazine and phthalazine as it
allows more polarisation t o transfer to the protons of both N-heterocycles. Hgptotropic

shifting lowers the optimum lifetime of these SABRE catalysts relative to

[Ir(H) (IMes)(py) 4] CI.

H
Ha--
N
Z \ Mes", cl . / I/\] IMes cl
| | haptotropic N l
\N/N"’I:,.,Ir..\\‘\H:“] shift "'l"'-.Ir_.u\\I—I “]
g e JHH
1 sz/ |\H-’ H pdz/ l\H
pdz . .

Figure 81: Further polarisation transfer from the para -H,-derived hydrides to the ortho protons of

pyridazine following a haptotropic shift. The same may also occur with phthalazine .

Furthermore, the long-range “1,, couplings between the hydrides and orthoprotons of
pyridazine and phthalazine in these SABRE-active catalysts are unlikely to be identical to
those reported for the pyridine analogue. Eshuis et. al.reported “1,, values that varied
from 0.61 Hz to 1.26 Hz for [Ir(H) ,(IMes)(MeCN)(sub) ,]CI complexes, where sub was
equal to various N-heterocycles but not pyridazine or phthalazine. The method used by

Eshuis et. al, to determine “1,, values, involved collecting Jmodulated NMR spectra

205

using SEPP (selective excitation of polarisation using PASADENA)“™ pulse sequences at

low temperatures (268 K), where substrate dissociation rates were minimal and hydride T,
values were suitably long.** The modulation of the NMR signal intensity as a function of
the long-range “J,,, values could be isolated from the modulations caused by the %1,
values, therefore this method could potentially be adapted to find the “J,, values in the
[Ir(H) ,(IMes)(sub),]Cl complexes. Unfortunately, the equipment needed to acquire such

data at low temperatures using an NMR flow system '**is not currently available to us.

The correlations of the pyridazine and phthalazine *H NMR signal intensities as a
function of temperature, appear to be linear. The gradients of the slopes fall with distance
from the nitrogen ligation site. In pyridazine the gradients are N7.7 for NCH, and NB.7 for

NCHC H, and for phthalazin e they are N4.3 for NCH, ND.7 for NCHCCH, and ND.3 for
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NCHCCHC H. This change mirrors the efficiency of their polarisation; at the polarisation

transfer field used (65 G), transfer of polarisation into the remote protons in pyridazine
and phthalazine occurs mainly via*J,, and “J,; scalar couplings to the NCH protons. The

gradients shown for the pyridazine signals are larger than those for phthalazine due to

the greater exchange rate sensitivity to temperature, discussed inChapter 2, section 2.3.4

Temperature (K)
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Figure 82: Graph to show the effect of temperature on SABRE of free pdz in g-methanol, using the

[Ir(H) ,(IMes)(pdz),]Cl exchange catalyst, with 75.1 mM free pdz.

A comparison of the plots in Figure 79 and Figure 82reveals a drop in the sensitivity

of pyridazine *H NMR signal enhancements with temperature as the substrate excess
increases. The gradient of the slope corresponding to enhancements of the NG signal
falls from N7.7 toN6.6. This observation can be rationalised by the fall in hydrogen
exchange rates with an increase inN-heterocycle concentration, which is also discussed in

Chapter 2, section 2.3.5

3.3.2 Concentration of N-heterocycle

The hydrogen exchange rates decrease with an increase in the concentration oN-
heterocycle whereas dissociation and haptotropic shifting of the N-heterocycle are
independent of N-heterocycle concentration. Previous studies on SABRE enhancements of
pyridine in d,-methanol solutions of [Ir(H) ,(IMes)(py);]Cl, have shown a drop in

enhancement levels as the concentration of pyridine increases, although the effect differs

depending on the iridium exchange catalyst used. ™

SABRE of the free pyridazine and phthalazine in d,-methanol solutions of

[Ir(H) ,(IMes)(pdz),]Cl and [Ir(H) ,(IMes)(phth) ;]CI (5.2 mM), containing 3 bar of paraH,,
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was investigated at 298 K,with N-heterocycle concentrations that varied from 17 to 122
mM. As with pyridine, enhancement factors of both the pyridazine and phthalazine
proton resonances decrease as thé&l-heterocycle concentration increases, shown for
pyridazine in Figure 83 and phthalazine in Figure 84, with tabulated data and errors
given in Appendix A , sectionA.2.3 This decrease inenhancement factorsis likely to be
the result of slower hydrogen dissociation . At higher N-heterocycle concentrations, the

amount of catalyst and paraH, in solution also becomes limiting and this may also

contribute to the decrease in enhancement levels.

[Free Pyridazine] (mM)
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0 _—— T g T 2 T g )
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Figure 83: Graph to show the effect of pdz concentration on SABRE of free pdz in d,-methanol, using the

[Ir(H) ,(IMes)(pdz),]Cl exchange catalyst.
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Figure 84: Graph to show the effect of phth concentration on SABRE of free phth in d ,-methanol, using

the [Ir(H) ,(IMes)(phth) ;]CI exchange catalyst.
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The rate of hydrogen loss is consistently slower than the sum of the rates of the N-
heterocycle shift and N-heterocycle dissociation; hydrogen loss occurs after perturbation
of the Ir-N bond of the N-heterocycle, as shown in Figure 70. As the rate of hydrogen loss

slows, the frequency of oxidative addition of paraH , to the iridium centreis reduced

therefore less polarisation is available to the bound N-heterocycles despite their
dissociation rates remaining constant. A small excess ofN-heterocycle (~ 5 equivalents) is
optimum for SABRE. This is also beneficial for imaging applications, as minimal

hyperpolarised contrast agent is desirable.
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Figure 85: Graph to show the linear correlation between the N-heterocycle concentration and the

reciprocal of the SABRE enhancements of free Nheterocycle.

A plot of the reciprocal enhancement factors as a function of the concentration of N-
heterocycle shows a linear correlation to a point (approximately 80 mM), after which the
enhancements tails off due to nuclear spin dilution, i.e. there is too much excess substrate

so enhancements become limited by the amount of catalyst andparaH, present. This

linear correlation mirrors the correlation between the reciprocal rate of hydrogen loss and
the free substrate concentration, discussed inChapter 2 section 2.3.5 and highlights the

importance of fast rates of hydrogen exchange at the iridium centre for SABRE.

3.3.3 Catalyst Concentration

The effect of N-heterocycle concentration on SABREenhancements has been
rigorously studied however , the enhancementsobserved with different concentrations of

SABRE catalyst also differ. Previous studies on SABRE enhancements of pyridine ind,-
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methanol solutions of [I r(H) ,(IMes)(py) ;]JCI have shown large proton enhancements at low
catalyst concentrations, due to a higher proportion of paraH ,:.catalyst in solution.
However, these enhancements sharply drop on lowering the catalyst concentration below

2.5 mM, as the catalyst concentration now limits SABRE .**°

The concentration of [Ir(H) ,(IMes)(pdz) ;]Cl, with 4.07 equivalents of free pyridazine
in solution, was lowered by repeatedly taking aliquots and diluting with known
guantities of d,-methanol. In this way, the ratio of complex:free pyridazine remained
constant, but their concentrations were reduced. The resulting enhancements and signat
to-noise ratios (SNRs) are given inFigure 86. Again, tabulated data with errors are given

in Appendix A , sedion A.2.4
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Figure 86: Graph to show the enhancement factors and SNRs (which have been divided by 100) of the

proton resonances of free pyridazine, as a function of [Ir(H) ,(IMes)(pdz),]Cl concentration.

Hyperpolarisation levels increase considerably, as the sample becomes less

concentrated, due to a greater ratio of paraH ,:[Ir(H) ,(IMes)(pdz),]ClI in solution. The
mechanism of pyridazine and hydrogen exchange in [Ir(H) ,(IMes)(pdz);]Cl is shown in
Figure 70. From this mechanism, a formula was derived in Chapter 2 section 2.3.5 for the
concentration of intermediate C, [Ir(H) ,(¢>-H,)(IMes)(pdz) ;JCI, which is a key intermediate
required for SABRE:
nNQo6 o

" T ang
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The formation of C is promoted at higher concentrations of paraH,, thus SABRE
enhancements are larger when theratio of paraH.:[Ir(H) ,(IMes)(pdz),]Cl is higher. This
effect tails off at lower concentrations, however, where the concentration of
[Ir(H) ,(IMes)(pdz) ;]Cl becomes the limiting factor. As the above formula shows, the
formation of C is also promoted at higher concentrations of A, [Ir(H) ,(IMes)(pdz);]Cl. The

results presented herediffer from those published us ing pyridine, where optimum

enhancements were achieved using a [Ir(H),(IMes)(py) ;]CI concentration of 5 mM, below

which enhancement factors quickly dropped. **°In this case, a metal concentration of 2.8
mM is optimal, with the maximum total enhancement observed for pyridazine being
1278fold. This is a huge improvement on the 511-fold enhancement observed with no
dilution. The repercussions are that a more dilute catalyst and substrate solution leads to

far better enhancements, which is very beneficial for in vivo studies.

Usually, the SNR associated with a given resonance is proportional to concentration.
Here, however, the SNR is linked to both the concentration and the SABRE level. There
was no obvious change in the detected signal strength of the proton resonances in
pyridazine for samples lying between 2.8 mM and 6.2 mM. There is therefore no benefit to
working at higher concentrations, even if there is an abundance of available substrate,

since the fall in SABRE level offsets the gain in signal.

3.4 Effect of Polarisati on Transfer Field on SABRE

As discussed earlier, optimum polar isation transfer occurs at the magnetic field

strength at which the chemical shift differences between the paraH ,-derived hydrides and
the protons on the N-heterocycle match the ], scalar coupling between the paraH ,-
derived hydrides. **° The chemical shift differences are dependent on thestrength of the
magnetic field experienced by the SABRE-active complex during polarisation

transfer.*****® Chemical shift differences . ) are larger in stronger magnetic fields as a
result of the Zeeman effect, illustrated both in Figure 87 and in the equation given below,
where] is the operating frequency (MHz), [ is the gyromagnetic ratio (MHzT %), and 6 is

206

the applied magnetic field strength (T) .

133



Optimising SABRE of Pyridazine and Phthalazine
At high -field, for example inside a 500 MHz spectrometer, the field strength is equal to
A OKY Y wé& 6 w ) (1Bd ppr) is Bopdl t& B50Q0 Hz, which is far from the value
of 21,,, estimated to be approximately 5-10 Hz.****** QwOOP1 UwOET QL8P EwI DI OEUOW, »
reduced, and is equal to approximately 8 Hz at 65 G, thus 65 G is often found to be the
optimum polarisation transfer field for proton polarisation. *%'** Polarisation transfer to
heteronuclei requires even lower magnetic fields, for example the chemical shift
differences between 'H and **C nuclei inside a 500 MHz spectrometer are equal to
approximately 374 MHz. To reduce this difference to 5-10 Hz, magnetic fields in the order
of mG have to be used™***E OE wUT 1 wUEOx Ol wUl gUPUI UwUIT D1 OEPOT wi UOO
field.

ortho protons of N-
heterocycle

para-H,-derived
hydrides

heteronuclei of N-
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| | |
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Figure 87: Diagram to show the increase in energy difference, and thus chemical shift difference with

increasing magnetic field for two spin % nuclei.

Previous research by Diickeret. al*®” has investigated the effect of the N-heterocycle
structure on the relationship between polarisation transfer field (PTF) and enhancemert.
It was observed that the shape of plots of proton enhancement as a function of PTF were
only weakly dependent on the structure of the N-heterocycle, but very strongly

dependent on the J,, scalarcoupling between the paraH ,-derived hydrides and the

closest substrate proton. Substrates, like pyridine and pyrazole, with a “J,, coupling

between the hydrides and the orthosubstrate protons exhibit similar relationships

between the PTF and the enhancement factors, whereas substrates like 3;5

dimethylpyrazole, with a °1,, coupling, exhibit different relationships and require

stronger PTFs for optimum polarisation transfer. **®
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3.4.1 Spin States in Pyridazine and P hthalazine

The different longitudinal spin states generated by SABRE of pyridazine and
phthalazine can be selectively probeE wUO U D OT ugara g OEOVOUEOx az wap. /
protocol, where only PHIP -derived signals are observed and thermal signals are
suppressed.*® For pyridazine, longitudinal spin states generated by SABRE are
exemplified by four one -spin order combinations ('O, O, O, O ), four two -spin order
combinations (‘0°0, 00, "00, 00 ), two three-spin order combinations ("O 00,
“0"0"0) and one four-spin order term ("O'0 00 ), seeFigure 75. In phthalazine, the
coupling between the first and second rings is negligible (0.43 Hz), and the two rings can
be considered as separate coupling systems. There are six ongpin order combinations
(0,0,0,"0,"0,"0), four two -spin order combinations ("O'0,"0"0 ,"00, 00 ), two
three-spin order combinations ("O OO0, "'O0"0"0 ) and one four-spin order term
(0000 ), seeFigure 77. Further details of the experimental methods used for magnetic

state interrogation can be found in Appendix A , sectionA.2.5

3.4.2 Effect of Polarisation Transfer Field on SABRE of Select Spin

States of Pyridazine and P hthalazine

Thus far, the variables investigated have affected the exchange rates, which have in
turn affected signal enhancements of all spin states, unselectively. Each spin state lies at a
different energy, which is dependent on the magnetic field strength applied (seeFigure
87). A change in the magnetic field experienced by the iridium exchange catalyst during
polarisation transfer, from the paraH ,-derived hy drides to the N-heterocycle, will
therefore change the relative energies of the spin states and influence their degree of

polarisation.

A flow system was used to investigate the influence of the PTF on the SABRE
enhancement levels in specific spin statesof pyridazine and phthalazine. ** For this, d,-
methanol solutions of [Ir(H) ,(IMes)(sub),]ClI, containing ~ 5 equivalents of free N-
1T Ul UOGEAEOI whpi Ul wOUT EGw3T 1 w/ 3%wl BRx1 UDI OEI EwE
field =~ 0.5 G) to 140 G in 10 G intervals. If an enhancement maximum was apparentthe
magnetic fields around the position of the maximum were investigated to find the true
maximum. Calculations of enhancements for each probed state are explained in detail in

Appendix A , sectionA.2.6.
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Figure 88: Effect of the polarisation transfer field on the SABRE signal enhancements of the NCH (above)

and NCHCH (below) proton resonances of pyridazine.

The influence of the PTF on the single quantum signal enhancements of the NCH and
NCHC H protons of free pyridazine are shown in Figure 88. Both signals exhibit optimised
signal enhancements at 65 G, which is typical of suchN-heterocycles*"*****¥?°" The total
signal enhancements for the single quantum states are also maximised at 65 G, shown in
Figure 89. The single quantum states give rise to the most signaland their optimisation
takes preference for imaging applications. Sighal enhancementsin pyridazine are

therefore optimised with a PTF of 65 G.
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Figure 89: Effect of the polarisation transfer field on the SABRE signal enhancements of select spin states
of pyridazine, where SQ = single quantum, DQ = double quantum, TQ = triple quantum, QQ = quadruple

quantum.

Interestingly, SABRE enhancements of the double, triple, and quadruple quantum
states of pyridazine are optimised with different PTFs as these states are preferentially
populated at different fields . Producing a theoretical model of polarisation transfer to the
different states of pyridazine at different magnetic fields is complex, and requires the
inclusion of the two hydrides of the SABRE -active complex, in addition to the four
protons of bound pyridazine. Thi s is beyond the scope of this thesis. Threespin and four -

spin theoretical models that include the paraH ,-derived hydrides and one or two ortho

substrate protons have been reported*®?'%'* |n these models, the effect of the PTF on the
resulting single quantum states are considered, however, higher-order terms are not
included. When using a flow system , the polarised sample experiences a range of
different magnetic fields as it is shuttled from the fixed magnetic field in the reaction
chamber, into the NMR spectrometer. This has not yet been accounted for in any of the
existing theoretical SABRE models and further complicates comparisons of experimental

data with theory.

The signal enhancements ofthe double, triple, and quadruple quantum states are
much smaller due to their smaller populations. The double quantum transition s give
optimum enhancements at 40 G, with a second smaller maximum at 70 G.The double
quantum NCHC H state (OO ), shown in Figure 90, exhibits a similar profile to that of the
total double quantum transitions, howeve r optimum enhancements are at 50 G, with a
second smaller maximum at 100 G. The triple quantum transitions give optimum signal

enhancements at 120 G, with a smaller maximum at 4050 G, and the quadruple quantum
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transitions give optimum signal enhancements of almost equal intensity at 50 and 120 G.
Interestingly, the NMR signal resulting from these higher order terms is minimised at 65

G, which is the field used to optimise single quantum NMR signals.

Enhancement Factor

Magnetic Field Strength (G)

Figure 90: Effect of the polarisation transfer field on the SABRE signal enhancements of select spin states

of pyridazine, where DQ = double quantum, TQ = triple quantum, QQ = quadruple quantum.

The effect of the PTF on the single quantum signal enhancements of the NCH,
NCHCCH, and NCHCCHC H proton resonances of phthalazine are shown in Figure 91.
As with pyridazine, all the proton resonances exhibit similar profiles, with m aximum
signal enhancements obtained at 65 G. The total signal enhancements for the single
quantum states are also maximised at 65 G, shown inFigure 92, and give rise to the most

signal.

The enhancement factors of the individual proton resonances of phthalazine decrease
dramatically on going from the first ring (NC H) to the second ring (NCHCCH,
NCHCCHC H, also shown in Figure 93), due to the weak coupling between the rings (0.43
Hz). This limited polarisation transfer resulted in no observable *H NMR signals for the

triple quantum and quadruple quantu m states.
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Figure 91: Effect of the polarisation transfer field on the SABRE signal enhancements of the NCH (above),

NCHCCH (middle), and NCHCCHCH (below) proton resonances of phthalazine.
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Figure 92: Effect of the polarisation transfer field on the SABRE signal enhancements of select spin states

of phthalazine, where SQ = single quantum, DQ = double quantum.
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Unlike pyridazine, the signal enhancements of the double quantum transitions in
phthalazine were also optimised at 65 G. As expected, the signal resulting from these
transitions was mainly observed in the NCHCC H and NCHCCHC H proton resonances.

Akin to pyridazine, signal enhancements in phthalazine are optimised with a PTF of 65 G.
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Figure 93: Effect of the polarisation transfer field on the SABRE signal enhancements of select spin states

of phthalazine, where DQ = double quantum.

The higher order transitions of pyridazine are affected differently by the PTF. This
interesting observation has not yet been reported for any other substrates, and highlights

the significance of the PTF when probing specific spin states using SABRE.

3.5 Effect of polarisation T ransfer Time on SABRE

Intuitively, the time during which  excessparaH, and N-heterocycle exchange with the

iridium exchange catalyst influences the level of polarisation transferred to the N-

heterocycle, and thus the enhancement factors. Increasing thepolarisation transfer time

heterocycle to polarise, as shown inFigure 94. As the polarisation transfer time is
increased, the enhancement factors increase. Longitudinal relaxation of theN-heterocycle
protons counteracts the increasing enhancement levels, which coxsequently plateau at a

maximum.
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H
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Figure 94: Scheme showing the increase in pyridazine polarisation with longer PTTs .

Previous studies on the effect of the paraH , bubbling time on enhancements in
nicotinamide revealed an increase in the rate of polarisation build -up for higher -order
spin states!® This was observed qualitatively by comparing plots of enhancement factor s
as a function of PTT. The smaller levels of polarisation reached for the higher-order spin
states was attributed to their shorter T, values, although smaller spin state populations

will likely have played an additional role.

As before, a flow system was used to investigate the influence of the PTT on the
SABRE enhancement levels in specificspin states of pyridazine and phthalazine. *** For
this, d,-methanol solutions of [Ir(H) ,(IMes)(sub),]Cl, containing ~ 5 equivalents of free N-
heterocycle were used. The optimum PTFs were used to probe the different spin states, in

order to achieve the best enhancement levels. TheparaH , bubbling time was increased

from 1.25to 7.5 s in 1.25 s intervals, and then increased from 7.5 to 30 sin 2.5 s intervals.

By 30 s, there was no discernible increase in the enhancement factors.

The enhancement factors were then plotted as a function of ime, and the data was
fitted according to the formula given, to calculate the observed rate of polarisation build -
up (Q ), where 6 is the concentration of hyperpolarised substrate at time t (s), and 6
is the concentration of hyperpolarised substrate at equilibrium. The derivation of this
formula is described in Appendix A, sectionA.2.7. The™Q values reflect both the rates of

polarisation build -up and the rates of polarisation relaxation ( T, values).
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0 0 W
In order to calculate the rate of polarisation build -up ('Q, the T, values are required.
Unfortunately, it has not been possible to measure the spin-lattice relaxation of every
probed state in pyridazine and phthalazine. The T, values of the "ORO, and single
quantum states in pyridazine, however, have been calculated in addition to the "OHO HO,
and single quantum states in phthalazine, using the inversion -recovery method which
was discussed in Chapter 2. The conditions used for the T, experiments replicated those
used to investigate paraH , bubbling times (~ 5 equivalents of free N-heterocycle with 3
bar of hydrogen). Plots of the change in magnetisation as a function of delay time for the

states probed in pyridazine are shown in Figure 95.
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of specific spin states in pyridazine.
T, values for the higher-order spin states could not be calculated due to insufficient
signal-to-noise, however reported T, values for select double quantum states in
nicotinamide are much shorter than the values for the single quantum states as a result of

the larger number of nuclear spins involved. *** It can be assumed that the same principle

applies to the spin states in pyridazine and phthalazine.
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The effect of the PTT on the enhancement factors of the different proton resonances of
pyridazine are shown in Figure 96, with the observed rate constants of polarisation build -
up given in Table 11. Tabulated data and graphs are given in Appendix A , sectionA.2.8
The calculated T, values are included, and were used to calculate the true rate constants of

polarisation build -up. The errors in these values were calculated using the Jackknife

method.**
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Figure 96: Plot of enhancement factors of the NCH and NCHCH proton resonances of pyridazine

(selectively irradiated), as a function of polarisation transfer time.

Table 11: The observed rate constants, and true rate constants, for the build-up of polarisation, with

polarisation transfer time, into specific spin states of pyridazine.

Magnetic state _ | polarisation T, (s) __ polarisation
build -up (s build -up (s
NCH (K, §) 0.249 +0.007 | 7.613+0.001| 0.380 + 0.007
NCHCH (E, E) 0.122 #0.005 6.697 + 0.001| 0.271 + 0.005
NCHCH DQ (EE) 0.177 + 0.005 - -
sQ(k k., kE &) 0.207+ 0.007 7.118 +0.001| 0.347 + 0.007
DQ(EE, EE, EE EE) 0.213+ 0.006 - -
TQ (K KK, EEE) 0.268 + 0.007 - -
QQ(EEEE) 0.244 + 0.005 - -

Polarisation builds -up more quickly into the O state (0.249 8 or 0.380 §)) than in the
‘O state (0.122 8 or 0.271 s'); the NCH proton is closer to the ligating nitrogen, hence
polarisation transfer into this proton via Jcoupling is more facile than into the NCHC H
proton, which occurs via transfer from the NC H proton. The single quantum terms are

comprised of the “O and "O terms, hence the observed rate of polarisation build-up into
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the single quantum terms (0.207s™" or 0.347s") lies in between the observed rates for the
"Oand "O terms. Although it appears, from the Q@ values, that polarisation into the

higher-order states proceeds at a similar rate as the single quantum states, thd, values

are likely to be much shorter for the higher -order states'® therefore the true Qvalues are

likely to be much faster.

The effect of the PTT on the enhancement factors ofthe different proton resonances of
phthalazine are shown in Figure 97, with the observed rate constants of polarisation

build -up given in Table 12. The calculated T, values are included, and were used to
calculate the true rate constants of polarisation build -up. The errors were calculated using

the Jackknife method. ***
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Figure 97: Plot of enhancement factors of the NCH, NCHCCH, and NCHCCHCH proton resonances of

phthalazine (selectively irradiated), as a function of polarisation tr  ansfer time.

Table 12: The observed rate constants, and true rate constants, for the build-up of polarisation, with

polarisation transfer time, into specific spin states of phthalazine.
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Magnetic state 4 polarisation T,(s)
build -up (s?) build -up (s
NCH (&, §) 0.292 + 0.006 5.335+0.001 | 0.477 +0.006
NCHCCH (B, B ) 0.240 + 0.006 | 4.0375+0.0009| 0.488 + 0.006
NCHCCHCH (&, §) 0.201 + 0.003 3.615 + 0.001 0.477 + 0.003
SQ(k k., & &) 0.28 + 0.01 4.1523 +0.0007|  0.52 +0.01
DQ(E K ,EE, EE EE) 0.32 £ 0.01 - -
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As with pyridazine, polarisation builds up more quickly on the protons that lie closer
to the ligating nitrogen atom; Q decreases in the order of O >"0 >"0. This suggests that
the NCHCCH and NCHCCHC H protons are polarised via transfer from the NC H proton,

rather than directly from the paraH ,-derived dihydrides. Once again, the observed rate of
polarisation build -up into the single quantum terms (0.28 s™) lies in between the observed
rates for the 'O, "O,and "O terms. Unlike pyridazine, the rate of build -up, when including

the T, values, does not follow the same trend. In this case, the rate is greatest for the single

quantum states (0.52 &), and polarisation is transferred into "O (0.488 §) more quickly

than both "O and "0(0.477 $).

Interestingly, the rate of polarisation build -up into pyridazine is slower than into
phthalazine, despite enhancements of pyridazine being consistently larger than those of
phthalazine. As the exchange rates of both pyridazine and phthalazine are comparable at
room temperature, the larger enhancements are likely the result of faster hydrogen
addition to binding sites positioned transto pyridazine, and stronger Jcoupling between
the paraH ,-derived hydrides and the NC H protons of pyridazine. This is consistent with
the predicted shorter Ir-N bond length in [Ir(H) ,(IMes)(pdz)]ClI, rather than
[Ir(H) ,(IMes)(phth) ;]CI. The T, values of the single quantum states of pyridazine are also

longer than those of phthalazine, which allows more time for polarisation to build -up.

The enhancement factors of all spin states in both pyridazine and phthalazine plateau

after bubbling paraH, into solution for approximately 20 s. SABRE is therefore optimised

with a PTT/ shaking time of 20 s.

3.6 Steps Towards Imaging A pplications

In order to demonstrate the applicability of hyperpolarised pyridazine and
phthalazine as MRI contrast agents, several oneshot hyperpolarised images were
collected and compared with their thermally -equilibrated images, which required 512
averages for an observable signal Figure 98). The pulse sequences used to collect these

images are outlined in the Experimental. The samples used containedd,-methanol
solutions of [Ir(H) ,(IMes)(sub),]Cl, with ~ 5 equivalents of free N-heterocycle, and 3 bar of
paraH.. It is clear, when qualitatively comparing the images, that the signal levels in the

hyperpolarised samples far exceed those in the thermally -equilibrated samples.

145



Optimising SABRE of Pyridazine and Phthalazine
Furthermore, the time required to collect the hyperpolarised images was a mere 260 ms,

whereas several hours were required to collect the thermal images. This is over 6 orders of

magnitude longer.
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Figure 98 Hyperpolarised one-shot images of pyridazine (upper left) and phthalazine
(lower left) in d ,-methanol solutions containing [Ir(H) ,(IMes)(sub),]CI with ~ 5 equivalents
of free substrate. Each image is compared with its thermally -equilibrated image (right),

which was collected using 512 averages.

Table 13: The SNRs of oneshot images of hyperpolarised pyridazine and phthalazine, and the ratio of

these to the SNRs of thermally -equilibrated solutions collected using 512 averages.

Complex SNR SNR (hyperpolarised)/
(hyperpolarised) SNR (thermal)
[Ir(H) ,(IMes)(pdz) ,4CI 185 1100
[Ir(H) ,(IMes)(phth) 4]CI 72 229

In order to quantitatively compare signal levels, five one -shot hyperpolarised images
were collected, and their SNRs averaged. The resulting values are given inTable 13. The

average SNR of the image of hyperpolarised pyridazine is more than double that of

hyperpolarised phthalazine. The SNR improvement is considerable for both substrates,

although the improvement in SNR using pyridazine is almost an ord er of magnitude
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better than with phthalazine. Both substrates display promising signal levels, suggesting

that drug derivatives could potentially be used as hyperpolarised contrast agents.

To test this possibility, the optimum conditions used to hyperpolar ise pyridazine and

phthalazine were applied to 5-aminophthalazine, shown in Figure 99, which has

N
_N

NH,

antifungal properties. >

Figure 99: 5-aminophthalazine .

The resulting hyperpolarised proton resonances of 5-aminophthalazine are shown in
Figure 100, and were enhanced by a factor of 506fold, which is a very promising
preliminary result. Functionalisation of the remote ring of phthalazine does not prevent
polarisation transfer to the NC H protons and, as these protons exhibit the strongestJ}

coupling to the paraH ,-derived hydrides, they are the most enhanced signals. This is

significant, as the NCH signals in an assortment of such functionalised phthalazines could

potentially be enhanced using this method. These types of molecules exhibit antibacterial

213217

properties, and could be used as hyperpolarised contrast agents.

3.6.1.1 Biologically -compatible Solvents

A substantial challenge in the use of SABRE to produce hyperpolarised contrast
agents is the need to use a biologicallycompatible solvent. Methanol is not biologically -
compatible, therefore alternatives are required. Water is the most obvious solvent choice

161182\vhich is

however SABRE has not yet been shown towork effectively in this solvent,
most likely due to the limited solubility of hydrogen in water. #® Alternatively, ethanol -

water mixtur es are biocompatible, and the use of ethanol, followed by dilution with water

has been reported to be feasible'***4*?

Samples containing ds-ethanol solutions of [Ir(H) ,(IMes)(sub);]Cl, with paraH, (3 bar)
and excess pyridazine or phthalazine were prepared. Prelimi nary results reveal superior
SABRE inethanol, with the total pyridazine signal enhancement being approximately 400
fold (9.62-fold excess, 60 mM free pyridazine) which is 33% more enhancedthan in

methanol. For phthalazine, the total signal enhancement was 4806fold (2.12-fold excess,
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13.2 mM free phthalazine) which is 20% more enhanced than in methanol. Unfortunately,
when the optimum conditions used to hyperpolarise pyridazine and phthalazine were
applied to 5-aminophthalazine in ds-ethanol, rather than d,-methanol, negligible
polarisation transferred to the proton resonances of 5-aminophthalazine. The SABRE-
enhanced'H NMR spectra of 5-aminophthalazine in d,-methanol and ds-ethanol are
compared in Figure 100 The spectral signals corresponding to the protons on the iridium
exchange catalyst are complicated due to the loss of G, symmetry when incorporating an
amino group into the 5 -position of phthalazine. This is particularly noticeable in the
hydride regions, which contain multiple overlapping signals. The two nitrogen binding
centres in 5-aminophthalazine are chemically inequivalent, which results in a minimum of

six iridium complexes p resent in solution.

.
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Figure 100 "H NMR spectra of [Ir(H) ,(IMes)(5-aminophth ),|CI, comparing SABRE-enhancedsignals in

d,-methanol (above) with SABRE -enhanced signalsin d-ethanol (below).

Although the hydride NMR resonances are enhanced to a similar degree in both d,-
methanol and de-ethanol, the polarisation does not transfer from the hydrides, to the
proton resonances of the bound 5aminopthalazine in ds-ethanol. As hydrogen is reported
to be more soluble in ethanol,** and the Jcoupling between the hydrides and the

substrate protons should be independent of the solvent, the lack of polarisation transfer in

ds-ethanol is likely to be the result of different rates of 5-aminophthalazine and hydrogen

exchange. These can be optimised using different temperatures and concentrations, as

already shown for pyridazine and phthalazine. The T, values of spin-1/2 nuclei are

solvent specific and can differ significantly when dissolved in etha nol rather than
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methanol.* Polarisation of 5-aminopthalazine may be shorter-lived in ds-ethanol. In

addition, the viscosity of ethanol is higher than methanol, **°and may prevent hydrogen
dissolution duringt I 1 ws UT EOI WEOEWEUOxz wOl UT OEwWEI UEUDPEI

limited flow as a result of increased capillary action.

3.7 Conclusion

The complexes [Ir(H) ,(IMes)(sub),]Cl, where sub is pyridazine or phthalazine, are

effective SABRE catalysts for the hyperpolarisation of pyridazine and phthalazine. The

efficiency of polarisation transfer from the paraH ,-derived hydrides to the protons of the

N-heterocycles is dependent on a number of variables, which have been optimised herein.

The rates of substrate ard hydrogen exchange affect the lifetime of the polarisation
transfer catalyst, thus a change in temperature, N-heterocycle concentration, and/or
catalyst concentration affects the enhancement levels. Enhancement factors were
optimised at 323 K,with 5 equi valents of N-heterocycle with respect to
[Ir(H) ,(IMes)(sub);]Cl, and between 2.8 mM to 6.2 mM of [Ir(H) ,(IMes)(sub);]Cl. It should
ETl wOOUI EwUT ECwUT T ws Ox U e Sifetwlitit ®red udibgO U UT wOl wi
pressurised samples in methanol. The enhancements, however, do not reach a plateau at
this temperature, and higher temperatures are likely to give better enhancements. The
optimum complex lifetimes appear to be shorter than those reported for pyridine , which
reflects the greater probability of the N-heterocycles undergoing a haptotropic shift

instead of dissociation, and the different Jcoupling networks that are present.

The efficiency of polarisation transfer from paraH, to the N-heterocycle depends on

the Jcoupling between the paraH ,-derived hydrides and the protons of the substrate, and

“®which is dependent on the PTF.****° Polarisation

the diff erence in their chemical shifts,
transfer into the proton resonances of both pyridazine and phthalazine was optimised
using a PTF of 65 G and a PTT of 20 s. In the case of pyridazine, the enhancements of
different ma gnetic spin states were optimised using different magnetic field strengths,
however the enhancements from single quantum transitions, which are of interest when

forming long -lived singlet states, were optimal at 65 G.

In Chapter 2, the rate of hydrogen addition to binding sites positioned transto

pyridazine was found to be faster than to binding sites positioned transto phthalazine. It
149



Optimising SABRE of Pyridazine and Phthalazine

was therefore predicted that under the same conditions, pyridazine would be
hyperpolarised to a greater extent, via SABRE, than phthalazine. This has been confirmed
- the total signal enhancementsof the proton resonances in pyridazine are consistently
larger than those in phthalazine. This may also result from stronger Jcoupling between

the paraH ,-derived hydrides an d the NCH protons of pyridazine which is consistent with
the predicted shorter Ir-N bond length in [Ir(H) ,(IMes)(pdz)]Cl. The T, values of the

single quantum states of pyridazine are alsolonger than those of phthalazine, which

allows more time for polari sation to build -up.

The suitability of pyridazine and phthalazine drug derivatives as potential
hyperpolarised contrast agents has been verified by collecting several imagesof phantoms
containing hyperpolarised pyridazine and phthalazine. Both N-heterocycles exhibit
dramatic signal enhancements in ethanol which, when diluted, is a biologically -
compatible solvent. The antifungal, 5-aminophthalazine, has been successfully polarised,
which verifies that drug derivatives of phthalazine, where functionalisation is on the

second ring, have the potential to be used as hyperpolarised contrast agents.
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4 Synthesis and Reactivity of Palladium

M onomers

The nature of the true active catalysts in palladium -catalysed reactions, particularly in

carbon coupling reactions, is debated. Early mechanistic hypotheses assume a

homogeneous catalytic cycle, in which the active catalyst is free Pd in solution. **** More

recently, a plethora of studies in support of a heterogeneous catalytic cycle have been

reported ,****fuelling the mechanistic debate.

Q
N
9T

Monomers Clusters

Heterogeneous
NPs

Figure 101 Scheme to illustrate the equilibria between the palladium monomers, clusters, and

nanoparticles in solution d uring carbon-coupling reactions.

Despite most arguments focussing on thesetwo distinct catalytic phases, it is likely
that the intermediate palladium cluster phase ( Figure 101) contains relevant, active

palladium catalysts, however, few studies focus on the clusters that bridge palladium

monomers and nanoparticles.?*** Herein, the formation of palladium clusters from

palladium monomers - with the general structure [Pd(OTf) ,(XR;),], where X can be As or

P, and R can be aryl or alkyl - on the pathway to nanopartic le formation, is investigated

predominantly by NMR spectroscopy. The palladium monomers are highly reactive, as a

2

result of the lability of the triflate groups, #°and they find use as hydrogenation pre -

Ca'[alyStS 115117226227
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4.1 Synthesis of [Pd(OTf) »(XR3)]

[PA(OTH) ,(XRy),], where XR,; = AsPh,, PPh,, PPh,Me, P(Ph(p-OMe));, P(Ph({p-CF))s,
PPh,(PhCHPh), PPh(PhPh), and P(PhPh) (see XR ligand terminology in Figure 102,
were synthesised from PdCl, following the reaction scheme shown in Figure 102 The
synthetic procedure used by Slzyk**®was adapted to form trans-[PdCl,(PhCN),] on
heating PdCI, in neat benzonitrile. Ligand exch ange, with two equivalents of XR ; ligand,
produced both trans-[PdCI,(XR;),] and cis-[PdCI,(XR;),], which are air-stable complexes.
The three PR, ligands, PPh,(PhCH,Ph), PPh(PhPh), and P(PhPh), used in this step were

not commercially -available, and were synthesised from available precursors.

PhCN, neat PhCN..._ .Cl

PdCl,

110 °C Cl”" NCPh
2.1 XRs,
DCM, r.t.
R3X”‘Pd"‘C1 major
CI” "XR
TfO:.. WXR 2.5 AgOTf 3
S TS VT
3 , It R3X"'Pd"\Cl minor
R X7 " TCl

XR;ligand terminology for phosphines

@\ /©/ R,=R,=H Ry=Me PPh,Me
P

R,=R,=R;=OMe P(Ph(p-OMe)),
R,=Ry=R;=CF, P(Ph(p-CF,)),
R;=Ry=H Ry=CH,Ph PPh,(PhCH,Ph)
R,=R,=H Ry=Ph PPh,(PhPh)

Ry R,=R,=R,=Ph P(PhPh),

Figure 102 Scheme to show the synthetic pathway followed for the synthesis of [Pd(OT f),(XR,),] and

XR; ligand terminology .

The methods used are shown inFigure 103 and involved either bromine -lithium

exchange of anaryl precursor, followed by S 2 nucelophilic substitution with
chlorodiphenylphosphine ( A), or reacting the commercially-available Grignard reagent
229

with phosphorus trichloride ( B).

152



Synthesis and Reactivity of Palladium Monomers

A
R 1) 1.2 n-BuLi,

THEF, -78 °C B Ph
Ph
2) 1.1 CIPPh,, R/©/

-78 °C to r.t.

B

3.5 MgBrPhPh
PCl, WSPTNY phphe P\/PhPh
THF, -78 °C PhPh

tor.t.

Figure 103 Scheme to show the syntheticpathways used to synthesise PR, ligands. Route A was used to

synthesise PPh,(PhPh), and PPh,(PhCH,Ph). Route B was used to synthesise P(PhPh).

Trans[PdCI,(XR;),] was consistently produced as the major geometrical isomer,
however, the cistransratio was dependent on the XR; ligand used. The **P NMR signals of
these specieswere used to calculate thecistransratio (X = As produced solely the trans-
isomer). In these [PdCI,(XR,),] complexes, the chemical shifts of*P NMR resonances that
correspond to phosphines in a cisgeometry are consistently located down-field from
those that correspond to phosphines in atrans-geometry.*° This is due to the larger trans-
effect of phosphine with respect to chloride; #* U1 1 wU U WBEXE] H WhuiHaaodpt@riteu w
of phosphine result in an up-field chemical shift. The *P NMR spectrum of [PdCI ,(P(Ph(p-

OMe)),),] exemplifies this, and is shown in Figure 104

Trans

Cis

N

T i I i I i T ! T " T ) I " I T T ! I
34 32 30 28 26 24 22 20 18 ppm

Figure 104 *'P NMR spectrum showing the up-field chemical shift of the phosphorus resonances of trans-

[PACI(P(Ph(p-OMe)),),] with respect to cis -[PdCI (P(Ph(p-OMe)),).].

Cis-transisomerisation of square planar palladium bisphosphine complexes, including

similar dichloride complexes, has been previously reported. >**** The trans-configuration

is less polar and is thereforefavoured over the cis-configuration in non -polar solvents.**
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Here, dichloromethane was employed as the solvent, which is relatively polar and

therefore favours the cis-configuration. The equilibrated cistransratios of the [PdCI(XR;),]
EOOxOI BRI UwUEIOOE B B O GicipBriteuigpperties, and are given inTable 14,
The electron-donating methoxy group of P(Ph( p-OMe)); is conjugated into the phenyl ring

and thus D OE U1 E Udohhtiod froimuink phosphorus atom. This phosphine exhibits the

largest trans-effect and, due to its trans-influence, the trans-configuration of [PdCI,(P(Ph(p-
OMe)s,),] is the least stablewith respect to its ciscounterpart. As XR,E1 EOOI UGwOIl UUwh

donating, the ratio of cisisomer decreases.

Table 14: The cis : trans ratios of [PACI,(XR,),], calculated from the ratio of the *P NMR peak integrals.

XR, Cis : trans ratio (%)
Cis Trans
P(Ph(p-OMe)), | 26 74
P(PhPh), 20 80
PPh,(PhPh) 6 94
PPh,(PhCH,Ph) 5 95
PPh,Me - 100
PPh, - 100
AsPh, - 100
P(Ph(p-CFy)), - 100

Crystal structures of the trans-configurations of the complexeswhere XR; = P(PhPh),
PPh,(PhPh), PPh, and P(Ph(p-CF;)),, are given in the Experimental and all exhibit

distorted square planar structures. The final synthetic step for the synthesis of

[Pd(OTT) ,(XRs),] required chloride abstraction, using two equivalents of silver triflate to

form cis[Pd(OTf) ,(XRs),]. With the exception of XR; = PPh, or PPh,Me, these
[Pd(OTH) ,(XRs),] compounds are novel. In the case of [Pd(OTf),(PPh,),], the *H, °C and *'P

NMR spectral assignments agree with those of Murata and Ido,***who synthesised trans-
[Pd(OTY) ,(PPhy),] by the addition of two equivalents of triphenylphosphine to
[Pd(OTT),].2H,0. Unfortunately, spectroscopic data for [Pd(OTf),(PPh,Me),] has not yet

been published.
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Figure 105 Crystal structure of [Pd(OTf)(H ,O)(PPh,),JOTf, formed from [Pd(OTf) ,(PPh,),] by

displacement, by water, of a triflate. Atom colours: C -grey, Fyellow, H -white, O -red, P-orange, Pd-blue, S

gold.

Single crystals of both [Pd(OTf) ,(PPhy),] and [Pd(OTf) ,(P(Ph(p-CF,)),),] have been

grown and their crystal structures solved by single -crystal XRD. Both crystal structures

exhibit a distorted square planar geometry, and that of [Pd(OTf) ,(PPhy),] is shown in

Figure 105. Unfortunately, due to the hygr oscopic nature of these specieswhich has been

reported for similar palladium complexes, **°

it was not possible to grow crystals of the
pure complexes, under an inert atmosphere. Both crystal structures show the
displacement of a triflate ligand by a water molecule. The resulting positive charge of the
palladium(ll) complex is stabilised by the displaced triflate, which now acts as a counter-
ion. Interestingly, both crystal structures show cis-configurations of the phosphine

ligands, despite the dominance of the trans-configurations in the dichloride precursors.

characterisation, and therefore not proven.*** Furthermore, it is well -reported that triflate

236

ligands are rarely stable unless they lie transto amine-type ligands, “* therefore they are

likely to be stable when positioned transto phosphines and arsines. Chloride dissociation
is reported to occur stepwise,?”®> hence the intermediate [PdCI(OTf)(XR,),] complexes can
isomerise, as shown in Figure 106. Once the triflate and chloride ligands lie cisto one
another, chloride dissociation reportedly occurs more quickly, forming [Pd(OTf) ,(XR,),].**

Diagnostic *F NMR spectra confirmed the successful formation of the bis-triflate

complexes.
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RX:.pg.Cl 1 AgOTf R3X b giCl
Cl™ " TXR, DCM, r.t. TIO™  ~ “XR,4
Isomerisation
TfO: .., ... XR 1 AgOTf P
rio-Pdvxr, Qopaly
3 DCM, r.t. TfO XR;

Figure 106 Possible isomerisation pathway to form cis -[Pd(OTf) ,(XR;),] from trans -[PdCI(XR,),].

4.2 Suitability of [Pd(OTf) 2(XRj3),] Complexes for

these Studies

The aim is to identify palladium cluster intermediates that form en-route to palladium

nanoparticles. To be suitable for this study, the [Pd(OTf),(XR;),] monomers must reduce
to palladium(0) nanopatrticles in solution. [Pd(OTf) ,(XR;),] monomers find use as
hydrogenation catalysts and have been used alongsideparaH, to investigate
hydrogenation mechanisms**"??®. To replicate these reaction conditions, the

[PA(OTT) ,(XRs),] complexes were dissolved in dichloromethane, the solutions were
degassed, and hydrogen gas was added. In theory, addition of hydrogen reduces
[Pd(OTH) ,(PPh,),] to Pd(0), with triflic acid produced as a side product.’In all cases, with
the exception of XR; =P(Ph(p-CF;))s;, the solutions darkened from bright yellow, to murky

dark red (Figure 107). The darkening of the solutions suggested the formation of
nanoparticles, which was confirmed by TEM analysis, thus verifying the suitability of the

[PA(OTT) ,(XRs),] monomers for this study.

i TfO;,,_ L XR3 Hz, r.t.,
/Pd ~ —» NPs
TfO XR; ~T1hr

Figure 107: Evidence of nanoparticle (NP) formation on addition of hydrogen to

[PA(OTf) ,(XRj),]. The photographs shown are using [Pd(OTf),(PPh,),] as the example complex.
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The palladium nanoparticles that formed on addition of 3 bar of hydrogen to a 7.6 mM

dichloromethane solution of [Pd(OTf) ,(XR;),], where XR; = PPh; or AsPh,, were

compared. Their transmission electron microscopy (TEM) images are shown in Figure
109 Polyvinylpyrrolidone (PVP), shown in Figure 108 was used as a control during TEM
sample preparation because it is known to coat and stabilise nanoparticles (Figure 108),
preventing palladium aggregation occurring during the TEM analysi s of palladium
nanoparticles, under working reaction conditions as described by the Fairlamb group.”**
In this way, any changes in palladium nanopatrticle size ex situcan be assessedhowever,
in this case there wereno discernible changes, highlighting the stability of the palladium

nanoparticles that formed.

Pd NPs from M
. H
reaction H n

Polyvinylpyrrolidone
(PVP)

Figure 108 Schematic showing the trapping of nanoparticles by PVP, used as a control in TEM imaging.

The structure of PVP is given on the right.
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Abundance

Nanoparticle size (nm)

Figure 109 TEM images of the palladium nanoparticles that form on addition of hydrogen to (top left)

[PA(OTf) ,(PPh,),], and (top right) [Pd(OTf) ,(AsPh,),]. The nanoparticle size distributions that form from the

AsPh, and PPh,-stabilised precursors are compared in the histogram (below).

The TEM images were analysed to calculate the size distributions of the nanoparticles
(Figure 109. All of the TEM images used for this are given in Appendix B, sectionB.1.1
The nanoparticles most likely have either an icosahedral or cuboctahedral geometry,
depending on the level of hyd rogen absorption; a greater number of bound hydrides
favours a cuboctahedral geometry.”®’ The range of nanoparticle sizes is small, from 1 to 4
nm, with no disc ernible difference between the mean sizes of those that form from the

addition of hydrogen to [Pd(OTf) ,(PPhy),] or [Pd(OTf) ,(AsPh,),], when taking errors into

account. The mean nanopatrticle sizes are given inTable 15. These small (~ 2 nm)

palladium nanoparticles are likely to exhibit activity in a range of cross -couplings

reactions,”*® such as those reported by Fairlamb and cework ers.*®
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Table 15: The mean mode, and mediannanoparticle (NP) sizes formed on the addition of hydrogen to

[PA(OTH) ,(PPhy),] and [Pd(OTf),(AsPh,),]. Y = yes (PVP used), N = no (PVP not used).

Complex PVP | Mean NP Standard Mode NP Median NP
size (nm) deviation ( nm) size (nm) size (nm)
[PA(OT) ,(PPh,),] Y 1.9 0.5 1.7 1.8
[PA(OTY) ,(PPh,),] N 2.0 0.5 1.7 1.9
[PA(OTf) ,(AsPhy),] | Y 1.6 0.3 1.7 1.6
[PA(OTf) ,(AsPhy),] | N 1.7 0.3 1.7 1.7

4.3 PHIP of Unsaturated Substrates U sing
[Pd(OTH) 2(PPh),]

As previously mentioned, palladium bis -triflate complexes have been used as
hydrogenation pre -catalysts'>**"*** When used in conjunction with paraH., the ‘H NMR

signals of the paraH ,-derived protons become substantially enhanced. This allows for the

detection of palladium intermediates that would otherwise be unobservable in '"H NMR

spectra. PHIP could potentially enhance the '"H NMR signals of palladium clusters that

form as intermediates, en-route to nanoparticles, with the requirement that paraH, is

incorporated into such clusters.

Herein, [Pd(OTf),(PPhy),], has been used to test the application of PHIP for the
detection of palladium clusters. It was selected because of the G symmetry of the
triphenylphosphine ligands which arises f rom the equivalent phenyl rings and helps to
simplify NMR s pectra. Furthermore, the spin-%*/ wbD U wE wl OOEws -, 1wl EOCEO

intermediates may be characterised more easily.
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4.3.1 Para-hydrogenation of P henylacetylene

[Pd(OTH),(PPhy),], _
CD,Cl,, para-H, (3 bar) ~_He Hp He
ll Hy Hy H
Hp Hg E
styrene ethylbenzene

Figure 110 Hydrogenation of p henylacetylene, '"H NMR (500 MHz, CDCl ,): 7.53 (d.d,J,,, = 7.3, 1.4, 2H,

HCCCCHCHCH), 7.36 (m, 3H, HCCCCHGICH), 3.10 (s, LIHHCCCCHCHCH), to form styrene and

ethylbenzene

Under nitrogen, [Pd(OTf) ,(PPhy),] (5 mg, 5.38 umol) was dissolved in d,-
dichloromethane (0.6 mL) containing 10 equivalents of phenylacetylene (6 pL, 53.8 pmol).
A black solution immediately formed and was degassed. A comparison of the 'H NMR
signals with those of pure phenylacetylene showed a significant loss of the signal
coUUT UxOOEDPOT wOOwWUT 1 wE.Mfis tepofddd that, unxthe QrésénCewtal wy wt 6 huy
palladium catalyst, phenylacetylene can dimerise to form diphenylbutad iyne®*°or

trimerise to form triphenylbenzene, **°which would account for the loss of the acetylene
proton however there was no NMR evidence for the formation of these species.

of unreacted [Pd(OTf),(PPhy),]. Replacement of the acetylene proton with deuterium is

possible through the activation of d,-dichloromethane at palladium. ***

A 'H NMR spectrum taken immediately after the addition of 3 bar of paraH,, contains
significant signall OT EQEIT Ol OUUWE Uwy wt FigukeQULRACOSYMNMR WO wUT OpP Owb O
spectrum, shown in Figure 112 contains cross peaks between these enhanaksignals and
anotherbl EOOQa wi OT ECEI EwUDT OEOWE Uwy diR@udingsuw3 T 1 Ul wbUwdOwl
these enhanced signals hence they must be caugd by hydrogenation products
dissociated from the catalyst. A previous publication by Eichhorn et. al,"*in which a

colloidal Pd,[(N(octyl) ,Cl], catalyst was used toparahydrogenate phenylacetylene

derived protons in styrene as shown in Figure 1100 w01 | wEOUDxT EUIl wEOUEOI OwoOi wE

6.77 corresponds to HOwUT T wYl UawUOPT 1 UO0awl O EQET EwEOUDxT EUI wE
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correspondsto H.EOE wUT 1T wi OT EOQE| E wE 6.2BRorrbshdids to EORAE O1 U wE
H, is selectively added across the same face of the alkyne, resulting in stronger

enhancements of H, and Hyg, relative to H ., by a factor of 6.7.

Figure 111 "H NMR spectrum showing PASADENA signals th at correspond to the para-H,-derived

protons in styrene.

T

Figure 112 COSY NMR spectrum showing coupling between the PASADENA signals that correspond to

the para-H,-derived protons in styrene.

Two smaller enhancedNMR UDT OEOQUWEUI wEOUOQwWYDUDPEOI wE Uwy
Figure 113 A COSY NMR spectrum, shown in Figure 114, contains cross peaks between
these two enhanced signals, which correspond to the paraH ,-derived protons in
ethylbenzene, predominantly H , pEOUD x T EUIT w@ U E U { (ariiiph&se ipkewdt 6 1 WA
% whud IFigukeud BDGIthough any existing polarisation in H », Hg, and He, will also

contribute to these signals.
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Figure 113 "H NMR spectrum showing PASADENA signals that correspon d to the para-H,-derived

protons in ethylbenzene.

"
| | F1.5
! !
! !
! i 2.0
1 1
i . i
Pop : 2.5
B
‘ ‘ ‘ 3.0
3.0 2.5 2.0 1.5 ppm

Figure 114 COSY NMR spectrum showing coupling between the PASADENA signals that correspond to

the para-H,-derived protons in ethylbenzene.

The enhancedparaH ,-derived NMR signals of styrene and ethylbenzene all exhibit

the in-phase/antiphase shaping that is characteristic of PASADENA. This confirms that

polarisation transfer from the paraH ,-derived hydrides occurs at high field;

phenylacetylene is hydrogenated inside the NMR spectrometer. Unfortunately, no
additional enhanced NMR signals were observed, and no pallad ium intermediates were

detected. This suggests that sich intermediates are too short-lived for observation .
4.3.2 Para-hydrogenation of S tyrene

He
H

A

Figure 115 Styrene, ‘H NMR (400 MHz, CDCI.): 7.49 (d, J, = 7.3, 2H, C®), 7.40 (t, J,, = 7.4, CCHQ®),

7.32 (t, Jy = 7.4, CCHCHGH), 6.80 (dd, ,J, = 17.5, 10.6, ), 5.82 (d, ,J, = 17.5, H), 5.32 (d, ,}, = 10.6, H)).
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As before, under nitrogen, [Pd(OTf) ,(PPhy),] (5 mg, 5.38 umol) was dissolved in d,-
dichloromethane (0.6 mL) containing 10 equivalents of styrene (6.2 pL, 53.8 umol). The
bright yellow solution was degassed. *'P {"H} NMR spectra of this mixture contained a
UDOT O1 Uswkhichisgiagnddtictof unreacted [Pd(OTf) ,(PPhy),]. A *H NMR spectrum,
acquired immediately after addition of paraH, (~ 3 bar) to the sample, contained two
1 O1T EGEI Ewl aE UNSI48dnd\B. 1T BiwnirtFguelds Cross peaks between
the two hydride signals can be observed in the COSY NMR spectrum shown in Figure

117, hence both hydrides must couple to each other as part of the same moleculeThe

antiphase splitting reveals a J,, coupling constant of 7 Hz. There is no evidence of any

coupling to *'P.

The integral ratios of enhanced signals cannot be definitively used to quantify the
number of protons they correspond to, as they are very sensitive to the proton
environment and spin-lattice relaxation rate. This is exemplified in Chapter 2 where the
integrals of the SABRE-enhanced hydrides in [Ir(H) ,(COD)(IMes)(sub)]Cl differ
considerably, despite both signals corresponding to a single proton. Although the hydride
UDT OENukE Bwwuk x x I EUUwUOWET wkBBDhoth siguelsimayUD a1 wOi wl
correspond to one proton each. Unfortunately, this NMR data does not provide enough
information to quantitatively characterise this palladium hydride species. The same
hydride NMR signals have also been observed on parahydrogenation of
diphenylacetylene and trans-stilbene, using the same palladium catalyst. They are

discussed in more detail in sections4.3.3 and 4.3.4

W

I T T T T T T T T T 1
-8 -9 -10 -11 -12 -13 -14 -15 -16 ppm

Figure 116 'H NMR spectrum showing PASADENA signals that correspond to the para -H,-derived

hydrides that form using [Pd(OTf) ,(PPh,),] with 10 equivalents of styrene, and para -H, (~3 bar).
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ppm
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Figure 117. COSY NMR spectrum showing coupling between the PASADENA signals that correspond to
the para-H,-derived hydrides that form using [Pd(OTf) ,(PPh,),] with 10 equivalents of styrene, and para -H,

(~3 bar).

No other enhanced resonances were observed and the styrene was not hydrogenated
by [Pd(OTf) ,(PPh),]. The enhanced'H NMR signals corresponding to ethylbenzene that

are observed immedi ately on parahydrogenation of phenylacetylene, are unlikely to be
forming by parahydrogenation of free styrene. The styrene is more likely undergoing a

sequential parahydrogenation whilst complexed to palladium.

4.3.3 Para-hydrogenation of Diphenylacetylene

O _ O [PA(OTH,(PPhy),], y O
— CD,Cl,, para-H, (3 bar) O / O

cis-stilbene trans-stilbene

Figure 118 Hydrogenation of d iphenylacetylene, 'H NMR (400 MHz, CDCl,): 7.60t 7.58 (m, 4H, C®H),

7.42% 7.41 (m, 6H, CCHGHCH), to form cis and trans -stilbene.

Under nitrogen, diphenylacetylene (10 mg, 53.8 umol) and [Pd(OTf) ,(PPhy),] (5 mg,
5.38 umol) were dissolved in d,-dichloromethane (0.6 mL), and the sample was degassed.
Prior to the addition of paraH,, there was no reaction and only the signals corresponding
to diphenylacetylene are visible in *H NMR spectr a. The triphenylphosphine signals of the

catalyst are hidden beneath these, but a®'P {*H} NMR spectrum contained a single peak at

uwt WEAOwPT PET WEOQUUI UxOOEUWUOWUT T wULPER)PT wxT OUxT OGUUU.
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Addition of paraH, (~3 bar) resulted in the immediate observation of two enhanced
signals in the "H NMR spectrum, a pseudeE OUD x| EUT wOUOUDx Ol UwE U wy w
UDPOT O UwE U wxRiguré 119 Thest $igbdts ©arréspond to the protons incis-
stilbene, shown in Figure 118 As expected,paraH, is selectively added acrossthe same
face of the alkyne, resulting in observed enhancements of the protons incis-stilbene, but
no enhancements observed for the protons intrans-stilbene (also shown in Figure 118).
Transstilbene is observed to form in this reaction, as the thermally-stable isomer, however

the lack of proton enhancements suggest that it forms via isomerisation of cis-stilbene.***

Figure 119 "H NMR spectrum showing ALTADENA signals that correspond to cis -stilbene.

The emissive nature of the vinylic CH UDPT OE OQwE Uwy wt 61t onasydiegénl E U E |

PHIP, which was first experimentally observed by the Eisenberg group in 2002, but had

been postulated by Natterer prior to this. *** One-hydrogen PHIP results when two para

H ,-derived hydrides form a strongly -coupled system at a metal catalyst, so that although

just one hydride transfers to the product, spin correlation is retained resulting in emissive
enhancements. This has been reported for theparahydrogenation of diphenylacetylene

using similar palladium systems. ?*° A possible route to the generation of one-hydrogen

PHIP in the vinylic -CH of cisstilbene is shown in Figure 120 The aromatic CH signals of

cis-stilbene are also polarised and appear as thepseudeE OUD x T EUT wOUOUD x O1 U
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Ph
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Figure 120 A potential route to the generation of one -hydrogen PHIP in the vinylic CH of cis -stilbene.

Several, less intense, enhanced signalsvere also observed, including two hydride
Ub1 OE ®3.4smbdiBgl @ which were also seen in the analogous experiment in which
styrene was used as the substrate. These signals initially grew in intensity, but were no

longer visible after approximately 15 minutes, despite the availability of paraH, and
diphenylacetylene. There are no visible phosphorus splittings of the two hydride signals,

and a *P-optimised HMQC showed no cross peaks, indicating no phosphorus couplings.
As with styrene, a COSYNMR spectrum contained cross peaks between the two hydride

signals, but to no other protons.

In addition to these two enhanced hydride resonances, several enhanced signals

in Figure 121 A COSY NMR spectrum, shown in Figure 122 revealed the presence of two

i OUOT T UwUDPT OEOQUWE U wy wKd Y WwE O BNV kpebmmwn. T uEEOOOU WE T wH
COSY NMR spectrum clearly shows two coupling systems, both of which couple to the
UDT OEOQWEUwy wl Nt COauluiUD Ewdy U wHE® uOb BB IOEwE EOUS w3 i 1T wU
| 3Nt WEOEw!I 6k Nwi OUOwWOOT wUauUl QOwpEOUI AOQWEOE wWUT OUI wE U
(black). A COSY NMR spectrum, with a spectral window scanning both the hydride and

alkyl region, indicated no couplin g between the hydrides and the two alkyl species. It can

be assumed that the two palladium alkyl species do not contain hydrides.
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3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 ppm

Figure 121: *H NMR spectrum showing PASADENA signals that correspond to two palladium alky!

species
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Figure 122 COSY NMR spectrum showing coupling between the PASADENA signals that correspond to

the para-H,-derived hydrides in two palladium alkyl species.

A *'P-optimised HMQC NMR spectrum, shown in  Figure 123 reveals three different
xT OUxT OUUUwI OYPUOOOI OUUOWEU Wy wt + 8§kt Owl Nd Nt wE
and 22.22 couple to one spin system and thataty wl N6 Nt wEOUx Ol UwUOOwUi 1 u
are consistent with the presence of the two palladium alkyl species shown in Figure 124
Speciesl containstb Owb O1 GUDYEOI OUwxT OUxT POl UWEUwx wt + & |
xUOUOOwWUDPT OEOQUWE Uwy wt 8 RtbMains SvpldquivalénEphdsphinedl O wE O E
EOwrywl NNt OQOwbPl PET WEOUx Ol wUOwUT iSimtat/spddiéshave) DT O E
been reported to form on parahydrogenating diphenylacetylene using related palladium
systemswith bidentate phosphines , whereby the palladium alkyl complexes are stabilise d
by C-EOOUEDOE UD OO wGdysteth] ratherhian aQriladeBigandu)'>?*°*’ There is
no NMR evidence for this interaction in these palladium alkyl complexes hence it is
assumed that triflate ligands bind to stabilise the palladiu m complexes and raise the

electron count to 16.

167



Synthesis and Reativity of Palladium Monomers

W -

-20
e *Cs i
25
O <> 30
e oG5> :
= L35
I 1 I I T ~40
3.0 2.8 2.6 2.4 2.2  ppm

Figure 123 *'P-optimised HMQC NMR spectrum showing coupling between the PASADENA signals that
correspond to the para-H,-derived hydrides in two palladium alkyl species, and ¥p signals of

triphenylphosphine ligands.

Pd Pd
Ph,P” Ph Ph,P” Ph
“ H “ H
Ph Ph
Hy Hy
1 2

Figure 124 The two possible geometric isomers of [Pd(OTf),(CHPhCH,Ph)(PPh,),].

As expected, on repeating the reaction with °*C,-labelled diphenylacetylene, with **C

at the alkynyl position s, the PASADENA 'H NMR signals, shown in Figure 125 become

complicated by extra scalar couplings to the **C, and overlapping signals. “*C-optimised

HM QC spectra, probing strong CH coupling interactions, reveal ed four different carbon

1 OYPUOOOI OUUOWEU Wy wAASYOwt YEA Owh and KsDawki®E wt k61 OQwi VU
Figure 1246 w3 1T 1 wWEEUEOOwWUDPT OEQUWEU Wy wAASYWEOEwWt YEAWEOUX OI
3.58, respectively, and are therefore the P€CH signals in 2 and 1, respectively. The carbon

UPT OE OU wEDwnkud H BEKMEx OT wUOOwWUT T wxUOUOOwUPT OEOUWE Uwy wl
2.59, and are therefore theCH, signals in 1 and 2, respectively. Interestingly, *C-

optimis ed HMQC spectra, probing weak CH coupling interactions, reveal ed cross-peaks

between the CH,x UOU OO wUDPT OEOQUWEVwy wl 6 Nt WEOEwWUT 1 wEEUEOOwWUDI
between the CH,x UOU OO wUDPT OEOQUWEVwy wl 6 Kk NWEOE w!l 6 vWd w/ Ul UUOEE

angle with respect to the PACH which is less conducive to Jcoupling. ***
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B AR R B R R R R R R R R
3.1 3.0 2.9 2.8 2.7 2.6 2.5 2.4 2.3 2.2 2.1 ppm

Figure 125 *H NMR spectrum showing PASADENA signals, split by couplings to  *°C, that correspond to

two palladium alkyl species.
OnheEUDOT wUT T wUI EEUPOOWOPRUUUI wOOwWKY wi10 wU b (¢
and NB.20, shown in Figure 126 A COSY NMR spectrum, Figure 127, shows cross peaks
between the two hydrides, which must be part of the same species. *P-optimised HMQC

NMR spectra, supported by a *H {*'P} NMR spectrum shown in Figure 126, revealed a

transE OUx ODOT woOi wkt w' awEINI®I | OBLOE wkua EOOET D@10 wb
Thereis also atransE OUx OD OT wOil wWhw' awp DB wB ik wd EEAUDE w
exhibitsacisEOUx ODOT woOi wl | w awbdPUT wlOT T WUEOT wxT OUxI
was no observable change in the splitting patterns of the hydride signals on repeating the

reaction with °C,-labelled diphenylacetylene, whi ch suggests that this species does not
contain any bound alkyne, alkene, or alkyl. It is possible that the resonances correspond to
a di-palladium species, like that shown in Figure 128 where X may be chloride produced
by activation of the d,-dichloromethane solvent at palladium, and R may be chloride or

triflate. The activation of dichloromethane at transition metal centres has been previously

2 241 246

reported for iridium, ***palladium, ** platinum, ***rhodium, **" and ruthenium. **® Palladium

is generally considered to be the most active metal for this.** The proposed di-palladium
complex in Figure 128has one 14 electron and one 16 electron palladium centre. It could
be stabilised through the formation of a metal -metal bond between the two palladium

centres, leading to two 16 electron palladium centres.
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Figure 126 'H NMR (above) and 'H {*'P} NMR (below) spectra showing signals that correspond to the

para-H,-derived hydrides in a palladium dihydride species.
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Figure 127: COSY NMR spectrum showing coupling between the PASADENA signals that correspond to

the para-H,-derived hydrides in a palladium dihydride species.

H..,,.H:. wR'
phyp= | d~x=d~ppp,

Figure 128 Potential structure of the palladium dihydride species that forms on addition of para -H, (~3

bar) to [Pd(OTf) ,(PPh,),] with 10 equivalents of diphenylacetylene , where X = Cl or OTf.
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4.3.4 Para-hydrogenation of Trans-stilbene

Figure 129 Trans-stilbene, 'H NMR (400 MHz, CDCI): 7.55 (d,J,, = 7.5, 4HHg), 7.40 (t,J,, = 7.7, 4H, H),

7.30 (t,Jy = 7.2, 1H, K), 7.15 (s, 2H, H).

Under nitrogen, trans-stilbene (9.7 mg, 53.8 umol) and [Pd(OTfy(PPhy),] (5 mg, 5.38
pmol) were dissolved in d,-dichloromethane (0.6 mL), and the sample was degassed. Prior

to the addition of paraH ,, there was no reaction and only the signals corresponding to
[Pd(OTf) ,(PPh,),] and trans-stilbene are visible in *"H NMR spectra. Addition of paraH, (~3

bar) yielded no enhanced alkene or alkyl ‘*H NMR signals, although thermal bibenzyl

signals were identifi ed after an hour. As the enhanced'H NMR signals that correspond to
the palladium alkyl species form almost immediately on hydrogenating
diphenylacetylene, they are unlikely to be forming from parahydrogenation of free

stilbene. The stilbene is more likely undergoing a second parahydrogenation whilst

complexed to palladium, as has been reported previously. ™’

37T 1T wOPOwT a E UbM5.48 ariNB.O7 vhidhuvierd abgeuvedin the analogous
experiments in which styrene and diphenylacetylene were parahydrogenated, were
immediately visible on addition of paraH,. These signals are compared inFigure 130. The
chemical shifts of these hydride signals are independent of the substrate used, which
suggests that substrate is not present in this palladium species. The lack of phosphine and
substrate is surprising, as this suggests that the palladium species is stabilsed solely by
hydride, and triflate or chloride ligands. It is possible that the hydride signals correspond
to the monomeric palladium species shown in Figure 131, which is a palladium(I1V)
species where L is a neutral 2 electron donor, and is likely to be bound dichloromethane .
Many palladium(1V) species have been speculated to form as intermediates in palladium -
catalysed reactions, but there are no reported examples of palladium(lV) hydride
species®® The enhanced NMR signals are phaseD OY 1 UUI EOQOWEQCE wBHOWOwiuE Y I
x EUUIl UOQWUEUT 1 WuxGTusxGEuWdil T WusuEUGB«® EEO0Oa wOEUI UYI E
inversion reflects a positive scalar coupling constant between the two hydride ligands.

N egative scalar®Jcouplings are reported for transition metal complexes in which a
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hydride ligand is positioned cisto the second NMR-active nucleus, as in the proposed
structure in Figure 131°°Positive scalar couplings exist between protons that are
connected by 3 bonds, thus it is possible that these NMR signals correspond to hydride
ligands bound to contiguous palladium atoms in a palladium cluster or colloid and

interact via positive scalar *J,,, couplings.

-8 -9 -10 -11 -12 -13 -14 -15  ppm

Figure 130 "H NMR spectra showing signals that correspond to para -H,-derived hydrides in a palladium
dihydride species that forms on addition of para -H, (~3 bar) to [Pd(OTf),(PPh,),] with 10 equivalents of

styrene (above), and trans-stilbene (below).

L
lepld‘\H
TIO™ | ~H
L

Figure 131 Possible monomeric structure of the unknown palladium hydride species , where L is likely to

be dichloromethane.

4.4 Conclusion

A series of novel cis[Pd(OTf) ,(XR,),] complexes, where X = As or P, and R = aryl or
alkyl, have been synthesised. These complexes are reactive palladium monomers due to

the lability of their triflate ligands, ?**and have been targeted for the study of palladium

cluster intermediates that form en-route to palladium nanopatrticles. Palladium bis -triflate
complexes have been reported to find use as precatalysts in hydrogenation reactions.**

17228 Their suitability for this study was tested through the addition of hydrogen gas,

which acts as a reducing agent.All of the cis[Pd(OTf) ,(XR;),] monomers, with the
exception of XR; = P(Ph(p-CF;)),;, were reduced and formed palladium aggregates in

solution, verifying their suitability for this study.
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The palladium nanoparticles that formed on reduction of [Pd(OTf) ,(AsPh,),] and
[Pd(OTf) (PPhy),] were analysed using TEM. Size distributions of these nanoparticles were
calculated from their TEM images, and were found to be similar. The mean nanoparticle
sizes were indistinguishable (~ 2 nm) when taking errors into account. Such small

nanoparticles are likely to be active in a range of crosscoupling reactions. >?*®

Intermediates Identified !
TfOu.., ;.wPPhy Ph;Pe.. WOTf .

Pd

Pd |
Ph,P” i;h PhyP” ig‘ ; o
H7 o Ph H 7 Ph 5 H, x (O~

y O H, PhPa., ,  wOT H,
—
O D= ™ o
H, :—@ “

'

Figure 132 Hydrogenation of some unsaturated substrates using the [Pd(OTf) ,(PPh,),] pre-catalyst.

[Pd(OTf) ,(PPhy),] was used as a hydrogenation pre-catalyst to hydrogenate a number

of unsaturated organic substrates, in conjunction with paraH, as shown in Figure 132

The 'H NMR signals of the paraH ,-derived protons were substantially enhanced, which
in some cases allowedpalladium intermediates to be detected that would otherwise have
been unobservable in*H NMR spectra. Parahydrogenation of phenylacetylene did not
produce any PHIP-enhanced NMR signals corresponding to palladium intermediates,
whereas parahydrogenation of diphenyl acetylene allowed for the detection of multiple
palladium species. The analogous palladium intermediates are likely to form when using
phenylacetylene, but are predicted to be less stable. This is exemplified inFigure 133

where the activated carbon in [Pd(OTf)(PPh,),(bibenzyl)] is stabilised by electron

induction from the phenyl group, whereas that in [Pd(OTf)(PPh ,),(benzyl)] cannot be

stabilised in this manner. Additionally, ¢*-coordination of the phenyl ring to palladium

has been reported to occur in similar palladium bibenzyl species, but cannot occur in the
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benzyl analogues?® The [Pd(OTf)(PPh,),(benzyl)] intermediate is therefore likely to be

very short-lived and thus not observable.

PhsP’ ' - OTf PhsP’ ' an OTf
Phop~ P4 ph phop” PN H
j;H j;H
Ph Ph
H H H H

Figure 133 [Pd(OTf)(PPh.,),(bibenzyl)] (left) and [Pd(OT)(PPh ;),(benzyl)] (right) .

The observed PHIP signals also provided mechanistic information; the detection of the

two geometric isomers of [Pd(OTf)(PPh,),(bibenzyl)] supports an ionic rather than a

neutral hydrogenation catalytic cycle, as previously reported.**®ParaH,was consistently
selectively added to the same face of the alkyne, selectively forming the cis-alkene prior to
cistransisomerisation.*”” Furthermore, hydrogenation of alkynes to alkanes proceeded
through two sequential hydrogenation s whilst the substrate remained bound to the
palladium. Hydrogenation of free alkene was limited due to the lower binding affinity of
alkenesto palladium, relative to alkynes .**' The type of enhanced signal also provided
information about the mechanism of hydrogenation; the enhanced in-phase signals
observed on parahyd rogenation of diphenylacetylene to cis-stilbene confirm that

hydrogenation is not pairwise, but occurs via one-hydrogen PHIP.

Although the palladium alkyl intermediate, [Pd(OTf)(PPh ),(bibenzyl)] was well -
characterised by its PHIP-enhanced NMR signals, it was not possible to fully characterise
the other palladium intermediates with the limited information gathered from their PHIP -
enhanced hydride NMR signals. Furthermore, it is not know n if any of the intermediates
detected are multi-palladium species that form en-route to nanoparticles, or are palladium
monomers. The limited information gathered using this method, led me to use a slightly
different approach, whereby paraH, was added to the [Pd(OTf),(XR;),] complexes
without the presence of substrate. The results from this more successful method are

described in Chapter 5.
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5 Detection of P alladium Intermediates En-

route to Palladium N anoparticles

Several novel palladium (1) bis-triflate c omplexes with the general formula

[PA(OTT) ,(XRy),], where X = As or P and R = aryl or alkyl, have been synthesised for the

study of palladium cl uster intermediates that form en-route to palladium nanoparticles.

With the exception of XR; =P(Ph(p-CF;))s, all of these palladium monomers are reduced

by hydrogen gas to form palladium colloids. Parahydrogenation of a number of alkynes

with the [Pd(OTf)(PPhy),] pre-catalyst was monitored by NMR spectroscopy. This gave

information about the mechanism of the hydrogenation process but NMR data on
palladium intermediates was limited. Furthermore, PHIP -enhanced signals can only

result if paraH, is incorporated into the species of interest, which limits the palladium

intermediates that can be detected in this way.

Herein, the [Pd(OTY) ,(XRs),] pre-catalysts are reduced byparaH, in the absence of

substrate, and palladium intermediates that form are detected by predominantly NMR
spectroscopy. The study is supported by liquid injection field desorption /ionisation
(LIFDI) mass spectrometry (MS). Field desorption (FD) is a particularly soft ionisation

technique which uses strong electric fields to ionise moleculesvia electron tunneling. This

results in the formation of predominantly molecular radical cations ((M] ™) and allows for

the detection of less stablespecies including reactive transition metal complexes that

contain weakly -bound ligands .****

5.1 Detection of Monohydride S pecies

Addition of excessparaH, (~3 bar) tod,-dichloromethane solutions of [Pd(OTf) A(XR,),]
(7 mM) resulted in the formation of a number of XR;-stabilised palladium mon ohydride

species which are discussed in detail in the sections that follow . Polarisation was not

transferred from paraH,to any of the new proton signals, thus there was no benefit in

using paraH, over normal hydrogen. Species derived from [Pd(OTf) ,(AsPh,),] are more

difficult to characterise by NMR than the ir phosphine analogues becausespin-¥2 *'P has

been replaced with quadrupolar "“As which is effectively NMR silent in these studies. ***
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However, LIFDI -MS can be used to support NMR spectroscopic analysis by determining

the molecular mass of species that form

On addition of hydrogen to the d,-dichloromethane solutions of [Pd(OTf) (XRs),], the

formation of nanoparticles resulted in the production of free XR ;in solution, which goes
on to form [HXR ,]*. Consequently, the signals in the aromatic regions of ‘H NMR spectra

were overlapped and complex. The hydride r egions of the *H NMR spectra are therefore
significant in characterising the palladium monohydride species, in combination with *H

{#'P},¥*P {*H}, *'P-optimised HMQC, and **C-optimised HMQC NMR spectra.

5.1.1 Formation of [Pd(H)(OTf)(XR 3),]

The first type of monohydride species, which form ed immediately on addition of
hydrogen, was observedby '*H NMR spectroscopy E U wE w U U ENk7G iwkkre X 8 R &y w
E UwE wU b ®D.ovhérewE=As1 These species were observed to form in attomplexes,

except XR; = P(Phf-OMe),),, which is not stable in solution and degrades to form

palladium black and free phosphine ligand . Examples of the hydride '"H NMR signals

observed for these species are given inFigure 134

As triplet splittings are only observed in the hydride signals that form on addition of

hydrogen to [Pd(OTY) ,(PR,).], they must be caused byJ,, couplings. This was confirmed
by the observed simplific ation of the triplet splittings to singlets on decoupling to *'P.
These monohydride species musttherefore be stabilised by complexation of two XR,
ligands. The hydride J,; couplings are relatively small, indicating cis-couplings between

the hydrides and phosphorus nuclei; the triplet splitting patterns suggest that the two XR ,

ligands are chemically equivalent. *'P-optimised HMQC NMR spectra revealed couplings
between the triplet hydride signals and single *P environments. The diagnostic 'H and *P
NMR signals are given in Table 16. The magnitude of the scalar coupling between the
hydride and phosphine ligands reflects the structure of the complexes; couplings are
larger when H -Pd-P distances are smaller and when HPd-P angles are close to 180 **

The similarity of the J,, values suggests that these complexes are all similar in structure.

176



Detection of Palladium Interm ediates Enroute to Palladium Nanoparticles

I T I " T
~20.4 ~20.6 -20.8 ppm

T T T " '
-17.6 -17.8 -18.0 ppm

Figure 134 "H NMR spectra showing initial hydride signals observed to form on addition of H , (~3 bar)

to d,-dichloromethane solutions of [Pd(OTf) ,(XRj),], where XR, = AsPh, (above), and PPh, (below) at 250 K.

Table 16: Diagnostic *H and *'P NMR signals for [Pd(H)(OTf)(XR ,),] complexes that form on addition of

H, (~3 bar) to d,-dichloromethane solutions of [Pd(OTf) ,(XR;),]. n.d. = not detecteddue to low SNR.

[PA(H)(OTH(XR )]

XR, P {H} NMR (Jin Hz) | 'H NMR hydride ( Jin Hz) LIFDI -MS (m/z)
PPh, 25.27(s) NL7.80(t. J,» = 6.9 779.0
[CsH 20F:04P,PdS]*
PPh,Me 11.30(s) NL7.70(t. Jsp = 5.9 656.0
[C,H F:0,P,PdS]
P(Ph(p-CFy)), 25.83(s) NL7.50(t. J,p = 7.2 n.d.
P(PhPh), 23.82(s) NL7.34(t. J;p = 6.0 1235.3
[CsH ssFs04P,PdS]
PPhy(PhPh) 24.98(s)) NL7.46(br.) 931.1
[C 4oH 26F:05P,PdS]*
PPh,(PhCH ,Ph) 25.02(br.) NL7.6(br.) 960.0
[CsH 1F:0:P,PAS]*
AsPh, - N20.54(s.) 867.0
[CaH 20F:05AS,PdS]*
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The up-field chemical shifts of the hydride signals indicate that they are positioned
transUOwUT 1 wBuEFE Y wOUDIi OEUIT weebcedrg KRligahg Ul | UwUT EQwUT T
Despite the cis-configurations of the original [Pd(OTf) ,(XR;),] complexes, it is clear that in
these monohydride species, the hydrides lie transto the triflate ligand, and cisto two XR,

ligands, as shown in Figure 135 Substitution of the original triflate ligand by a hydride

ligand must therefore result in a ligand rearrangement.

Hoy o XRy
R3X"Pd""OTf

Figure 135 [Pd(H)(OTH)(XR ;).

The formation of [Pd(H)(OTf)(XR 5),] from [Pd(OTY) ,(XR;),] potentially proceeds via an

associative pathway shown in Figure 136 This involves the initial binding of hydrogen to
palladium to form the 18 electron five -coordinate trigonal bipyramidal

[PA(OTH) ,(H,)(XR,),] complex. The dihydrogen molecule is then cleaved, forming the 16
electron [Pd(H)(OTY) ,(XR,),] complex in which the hydride is positioned cisto triflate .

Triflic acid is also produced during this mechanistic step. The hydride ligand exhibits a

strong trans-effect, which labilises the XR; ligand positioned transto it. Rearrangement of
the ligands results in the hydride ligand now lying transto the trifla te and the XR; ligands

lying transto one another. This complex is the more stable isomer and is the only one

observed experimentally.

a5
H
TfOr. ;.0 XRy 2
_— TIO=Pd=—XR
TfO'Pd*XRg; 4" ’
TfO XRjy
-TfOH
ligand
’ . rearrangement . 0
Hipg XRs & = Hopa R
R,5X OTf TfO XR,

H™ and OTf both have
greater trans effects than XRj

Figure 136 Likely pathway for the formation of [Pd(H)(OTf)(XR  3),].

Signals for the [Pd(OTf)(XR;),] cations were observed in the corresponding LIFDI

mass spectra, and their experimentally-observed m/z values are given in Table 16. Their
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isotope distribution patterns match with thos e simulated for these complexes. Tis is
exemplified by the LIFDI -MS signal observed for [Pd(OTf)(PPh,),]*, shown in Figure 137.

A complete set of LIFDI-MS data is given in Appendix B, sectionB.2.1 These data confirm

that the proposed [Pd(H)(OTf)(XR ;),] species are present in solution.

- Measured
- Simulated

779
) 778 781
) 780
777 782 e
-0.51

778 780 782 784

—
o
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)
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Intensity (a.u.
o
o
|

m/z

Figure 137 Histogram of the experimental and simulated LIFDI -MS data for the [Pd(OTf)(PPh ,),]

cation.

In the case of XR =P(Ph(p-CF,)),, the resulting [Pd(H)(OTH)(P(Ph(p-CF;)),).] complex

forms quantitatively, is stable to hydrogen reduction, and does not go on to form
palladium nanoparticles. Presumably, the electron -withdrawing inductive effect of the
trifluoromethyl groups stabilises the complex, which would otherwise react fur ther due to

the instability of a hydride positioned transto triflate .

It was anticipated that platinum analogues could be used in this study, as spin -¥2 *Pt

is a useful NMR handle for metal cluster characterisation. Addition of hydrogento d,-
dichloromet hane solutions of [Pt(OTf),(PPh,),], however, resulted in the quantitative
formation of [Pt(H)(OTf)(PPh ;),] with no further reduction, as observed with XR;=
P(Ph(p-CFy));. Thesecomplexes havebeen fully characterised by NMR spectroscopy and

this data is given in the Experimental.
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5.1.2 Formation of [Pd(H)(XR 3)3]OTf

After a time period of a few minutes, a second type of monohydride palladium species
formed. These were identified by "H NMR spectroscopy E UWE WEOQUE OI Uwd.B wOUDx Ol UU wl
where X = P, or as a singlet at{ Nid.6 where X = As.Examples of the corresponding hydride

NMR signals are shown in Figure 138

Again, splitting of t he hydride NMR signals is only observed when X = P,as aresult of
J;» couplings. The doublet of triplets splitting confirms that these monohydride
complexes now contain three phosphine ligands, two of which are chemically equivalent.
A large J;» coupling of ~ 180 Hz, which gives rise to the doublet, is due to coupling with a
phosphorus nucleus that lies transto the hydride, and a small J,; coupling of ~ 13 Hz,
which gives rise to the triplet character, is due to coupling with two phosphorus nuclei
that li e cisto the hydride. The smaller intensities of the inner triplet peaks relative to the
outer peaks are indicative of ligand exchange at palladium. This is discussed in more

detail later in this section.

Figure 138 'H NMR spectra showing hydride signals observed to form on addition of H , (~3 bar) to d,-

dichloromethane solutions of [Pd(OTf) ,(XRj),], where XR; = AsPh, (above), and PPh, (below) at 250 K.

Cross-peaks observed in*'P-optimised HMQC spectra confirm that t here aretwo
phosphorus signals due to two distinct phosphine environments - a doublet at lower
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magnetic field with a relative signal integration of 2, which corresponds to the phosphines
that lie cisto the hydride, and a triple t at higher magnetic field with a relative signal

integration of 1, which corresponds to the phosphines that lie transto the hydride. This is

exemplified in the *'P NMR spectrum in Figure 139, where X = PPh,

28.0 pem 21.0 ppPm

Figure 139 *P NMR spectra at 298 K, showing the *'P signals observed to couple to the hydride signal at
% \8.98, which forms on addition of H , (~3 bar) to d,-dichloromethane solutions of [Pd(OTf) ,(PPh,),].

These'H and *'P NMR signals correspond to [Pd(H)(XR5);JOTf, shown in Figure 140,
where the triflate in the previously formed [Pd(H)(OTf)(XR ;),] has been displaced by free
XR; ligand, and is now acting as a counterion to stabilise the resulting positive charge. The
extra XR; ligand required to form [PdH(XR ;),JOTf becomes available on reduction of
[Pd(OTf) ,(XRy),] to the palladium colloids observed by TEM imaging, with free XR,

ligands visible in NMR spectra, as well as triflic acid.

The diagnostic ‘*H and *P NMR signals are given in Table 17, in addition to the J
values. The J,, couplings are similar in all of the complexes with the exception of XR; =
PPh,Me, which is the phosphine with the smallest cone angle?®®and which has a
significantly larger Jipuang Value. Larger couplings arise when H-Pd-P angles are close to
180 °. A perfectly square-planar complex exhibits H -Pd-P,, angles of 180 °, however this
angle decreases as the structure becomes distorted. In the [Pd(H)(XRJ]JOTf complexes,
bulkier phosphines with larger cone angles will distort the H -Pd-P,,. angle to < 180 °,
resulting in smal ler J,5ang Values. Smaller phosphines, like PPh,Me, will cause less of a

distortion, resulting in H -Pd-P,,,s angles closer to 180 °, and consequently larged s ans

values.
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Table 17: Diagnostic *H and *'P NMR signals for [Pd(H)(XR 2)s]OTf complexes that form on addition of
H, (~3 bar) to d,-dichloromethane solutions of [Pd(OTf) ,(XR,),]. * Due to the stability of [Pd(H)(OTf)(P(Ph(p-
CF,)),),], excesP(Ph(p-CF;)); was required to form [Pd(H)(P(Ph(p-CF;)),),]OTf. This complex was also stable

to further reduction. n.d = not detected due to low SNR.

[PA(H)(XR 5)5]OTf
XR, “p £H} NMR 'H NMR hydride | LIFDI -MS (m/z)
(Jin Hz) (Jin Hz) (M-0OTf] )
PPh, 27.63(d. }1,=28.9, | N6.98(d.t. I, = 893.1
21.24(t. 1p=29.9 173.5, 13.9 [CsH 46P5Pd]"
PPh,Me 10.08(d. }»=31.9, | N6.65(d.t. Jpp = 707.1
0.84(t. Jp= 32.9 187.7,9.7 [CaeH 4oP5Pd]*
P(Ph(p-CFy)s 26.1(br.) N5.89(d.t. J;p = n.d.
20.4(br.) 174.7, 15.%
P(PhPh), 26.44(d. J,=28.6, | N6.45(d.t. Jpp = 1577.6
18.94(t. 3= 28.9 175.6, 13.Y [C1odH gP5Pd]*
PPh(PhPh) | 28.19(d. 1,=28.9, | N6.57(d.t J;» = 1121.2
20.56(t. b= 28.9 175.0, 13.9 [CoH 55P5Pd]*
PPh,(PhCH ,Ph) 36.6(br.) N6.85(d.t J,p = 1164.1
19.7(br.) 175.1, 14.) [C,H o,PoPd]*
AsPh, - N7.64(s) 1025.0
[CsH 46ASPA]*
.
bere "

Figure 140 [Pd(H)(XR,);]JOTf.

The experimentally -observed m/z values of the [Pd(H)(XR,);] cations are also given in

Table 17, and the LIFDI-MS signal observed for [Pd(H)(PPh,),]"is shown, as an example,

in Figure 141 A complete set of LIFDI-MS data isgiven in Appendix B, sectionB.2.2.
These data confirm the presence of [Pd(H)(OTf)(XR;),] species in solution.
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Figure 141 Histogram of the experimental and simulated LIFDI -MS data for the [Pd(H)(PPh,),]" cation.

The formation of [Pd(H)(PPh ;);]" in solution has been observed previously by Zudin

et. al’®® They dissolved [Pd(CF,COO0),(PPh,),] in aqueous trifluoroacetic acid, containing

an excess of triphenylphosphine, and added hydrogen at 343 K. Their published NMR

data is in very good agreement with that reported here. Furthermore, they argue that the
reduced stability of [Pd(H)(PPh ;),]"in more acidic solutions results from the equilibrium

shown below.
H* + [Pd(H)(PPh;)3]OOCCF; mg=——2 [Pd(H)(OOCCF,)(PPhs),] + [HPPh,]*

Equilibrium shifts to the right in more acidic solutions, producing

[PdH(CF,COO)(PPh,),], which can subsequently beprotolysed by the acid to produce the

original [Pd(CF ;COO),(PPh,),] and hydrogen gas (not shown here).

Exchange between [Pd(H)(XR);]OTf and [Pd(H)(OTf)(XR ,),] was confirmed in this
study using EXSY. Each hydride signal was selectively excited, and left for a specified

mixing time after which a *H NMR spectrum was acquired. In this way, any exchange
between the palladium hydride species was observed as magnetisation transfer between

the hydride NMR signals. This is exemplified in Figure 142 where the hydride signal
corresponding to [Pd(H)(PPhy),JOTf has been irradiated, and a*H {*P} NMR spectrum

acquired after 1 s contains a peak corresponding to [PdH)(OTf)(PPhy),].
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Figure 142 {'P} EXSYNMR spectrum acquired with a mixing time of 1 s, after irradiating the hydride
NMR UD 1 OE @@&Ecoraspanding to [PdH)(PPh,),]JOTf, at 298 K.

This hydride exchangeconfirms that the se palladium species exist in equilibrium,
where 0 x p& umol*dm?®at 298 K, as measured from the’H hydride NMR signal areas.
The formation of [Pd(H)(XR 5);]OTf from [Pd(H)(OTf)(XR 5),] is likely to occur via
associative substitution,”’ where initial addition of XR , forms the 18 electron trigonal

bipyramidal complex shown in Figure 143 followed by the dissociation of triflate. This is
likely to be a lower -energy pathway than dissociative substitution, which would involve

the 14 electron [Pd(H)(XR;),]JOTf complex.

XR,
H. _..XR XRy | IXR H XRLOTf
Pd 3 = {—Pd” % SE— fiipy gt 3
RyX™ " " ~OTf | ~OTf RyX~ DI~ xR,
XR; )

Figure 143 Likely pathway for the formation of [Pd(H)(XR ;);]OTf.

EEQUEDPOT wlOOw+ 1 w"*Pddditionbekddss KRyligdndshdal® shifd thed
position of equilibrium to the right. This was observed experimentally; addition of excess
triphenylphosphine (10 equivalents)to a d,-dichloromethane solution of
[PA(H)(OTH)(PPh),] and [Pd(H)(XR ;),]JOTf shifted equilibrium to the far right, so that only
the hydride signal corresponding to [Pd(H)(PPh ,);]JOTf was observed, shown in Figure

144(a). This hydride signal appears broad, and the triplet splitting is no longer resolved ,
even at low temperatures, due to the fast exchange of the bound phosphines with the free

triphenylphosphine.

Similarly, addition of excess tris(4 -trifluoromethylphenyl)phosphine (5 equivalents) to

a d,-dichloromet hane solution of [Pd(H)(OTf)( P(Ph(p-CF)),),], resulted in quantitative

conversion to [Pd(H) (P(Ph(p-CF)),),JOTf. The hydride region of the corresponding *H
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NMR spectrum is shown in Figure 144(b) and contains only the hydride signal for

[PA(H)(P(Ph(p-CF;)),)s]OTf. This tris-phosphine complex was only accessiblevia this route
and was not observed to form on addition of hydrogen to d,-dichloromethane solutions of

solely [Pd(OTf) ,(P(Ph(p-CF))5).].

(a)
No signal for [Pd( H)(OTf)(PPh,),]
_JL) EVUwx wNhA 8 Wy
(-
-7 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 ppm
(b)

No signalfor [PdH)(OTH)(P(Phe-CF,)),),]
at a 117.50

-1 -8 -9 -10 -11 -12 -13 -14 -15 -16 -17 Ppm

Figure 144 "H NMR spectrum collected at (a) 298 K, showing only the hydride signal corresponding to
[Pd(H)(PPh,),JOTf due to reaction of [Pd(H)(OTf)(PPh,),] with excess PPh,, and (b) 235 K, showing only the

hydride signal corresponding to [Pd( H)(P(Ph(p-CF)),),]OTf due to reaction of [Pd(H)(OTf)(P(Ph(p -CF)),).l

with excess P(Ph(p-CF;))s.

5.1.3 Non-innocent D ichloromethane
In the case of X = AsPh, two additional hydride NMR signals were observed to form

E UNI¥31andND.93.Analogous signals were not observed to form from any of the

palladium bis -triflate complexes stabilised by the other XR; ligands. Variable temperature

NMR studies, shown in Figure 145, reveal that these new monohydride species () appear

at 265 K, after the formation of [Pd(H)(OTf)(AsPh,),] (* observed at T = 255 K) and before

the formation of [Pd (H)(AsPh,);JOTf (* observed at T = 270 K).
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*

300 K

275 K
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Figure 145 "H NMR spectra of the hydride signals that correspond to [Pd( H)(OTf)(AsPhy),] (*),
[PA(H)(CICD,)(AsPhy),] (*), [Pd(H)(AsPh,),JOTf (*), and [Pd(CI)(H)(AsPh,),] (*), that form on addition of H ,

(~3 bar) to d,-dichloromethane solutions of [Pd(OTf) ,(AsPh,),].

EXSY was used to probe exchange between these new palladium monohydride
species.Closer examination revealed that the hydride signal E UNI#3exchanges with
UT OUI+@EF ([PgH)(OTH(AsPh,),)) and ¢ 7.64 ([PAH)(AsPh,),JOTf), however, the
Ub1 O EN.ebesimptiexchange on the NMR timescale. Furthermore, magnetisation
was found to transfer from these two new hydride signals into protons in residual
CHDCI, molecules, which suggests that dichloromethane is bound to palladium. The
I AaEUDPEIT wU Wi4Ddad\IA8 Bbstlikely correspond to the hydride ligands in the
two geometric isomers of [Pd(H)(CI,CD,)(AsPh,),]JOTf, shown in Figure 146, where the
triflate ligand in [Pd(H)(OTf)(AsPh .),] has been replaced with a molecule of

dichloromethane, which is binding thr ough the chlorine. The triflate is now acting as a

counterion to stabili se the resulting positive charge.

Table 18: Diagnostic *H NMR signals for [Pd(H)(CD ,Cl,)(AsPh,),JOTf complexes that form on addition of

H, (~3 bar) to d,-dichl oromethane solutions of [Pd(OTf) ,(AsPhy),].

[PA(H)(CI ,CD,)(AsPh,),]
XRs 'H NMR hydride
(Jin Hz)
AsPh, (two geometric isomers) ND.43(s)
ND.93(s)
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H"'Pd"‘XR3 10Tt Cl p 10Tf
R X7 I D
‘ D Ho. g oCl
D~ cl RX™ XR,

Figure 146 The two geometric isomers of [Pd(H)(CI,CD,)(XR,),].

The NMR spectroscopicdata for these two speciesare given in Table 18. Splitting of
the hydride NMR signals by “J,, couplings is not observed due to exchange of the
dichloromethane. The mechanism for the formation of [Pd(H)(CI,CD,)(AsPh;),]JOTf from
[PA(H)(OTf)(AsPh 3),] is shown in Figure 147. Initial coor dination of dichloromethane
forms an 18 electron trigonal bipyramidal intermediate. This is followed by loss of a
triflate ligand to form the isomer of [Pd(H)(CI,CD,)(AsPh,),JOTf in which the hydride is
positioned transto the bound dichloromethane. A ligand rearrangement forms the isomer
in which the hydride lies cisto the bound dichloromethane. The geometric isomer in
which the hydride lies transto the dichloromethane ligand is therefore most likely to be in
equilibri um with [Pd (H)(OTf)(AsPh,),] on the NMR timescale, thus this likely
EOUUI UxOOEUwWUOwWUIT Now3. BhE isdmErlinuwhidh thhyDdideRids aistau
the dichloromethane ligand requires rearrangement of the palladium complex, in addition
to exchange, and this is less likely to occur on the NMR timescale, hence this isomer likely

TPYl UwUPUT wOOwWUTNRAsl aEUPET wUPT OEOWE Uwx w

CD,Cl,

HoppoAsPh, SPaCh ] Cacpn, _-OTf H.p o AsPhy O
PhyAs”™ ~ ~OTf | ~OTf PhyAs™ ~ ~Cl
D
AsPh,
c” D
ligand
rearrangement
Cl H L ol ASPh3—|OTf
X-Cl™  TAsPh;

Dp

Figure 147: Likely pathway for the formation of the two geometric isomers of

[Pd(H)(CI ,CD,)(AsPh,),]O Tf.

In these hydrogenation reactions, dichloromethane is not an innocent solvent. As

previously discussed, a range of transition metals are known to activate
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dichloromethane, >4

and palladium is generally considered to be the most active
metal for this.?** Formation of the PdN Cl bond in [Pd(H)(CI ,CD,)(AsPh,),] weakens the

CI-C bond of the bound dichlor omethane, which is now more likely to break. Previous
studies on the hydrodechlorination of dichloromethane report methane, methyl chloride,

ethane, and ethylene as the main products, with little known about the mechanism, which

is presumed to be radical in nature.?* In these studies,” w- , 1 wUDPT OEOUWE x x| EUWE Uwx w
and 0.23, which agree with the chemical shifts of ethane and methane respectively?®

There is no *H NMR evidence for the formation of ethylene, and it was not possible to

EOEOaUl wUT 1l wUx1 EVUOUEOxPEwWUI 1 DPOOWEUwWPT PET wlOi UT a QwE"

to signal overlap.

At the higher temperatures used in the variable temperature NMR st udies discussed
EEOYI OwEwOI pwi aEUDPEIT wU b INGE Sirbilar lny@ritie)digha¥s lare w0 Owi OUOwE U
also observed when XR, = P(PhPh), PPh(PhPh), and PPh(PhCH,Ph), and these are
shown in Figure 148 The triplet splitting of ~ 12 Hz is due to J,» coupling to phosphines
positioned cisto the hydride ¢ all of these signals simplify to singlets in *H {*'P} NMR
spectra. The diagnostic phosphorus and hydride NMR shifts are given in Table 19. The
chemical shifts are similar to literature values for hydrides positioned transto chloride in
palladium bis -phosphine complexes, for example the hydride in [Pd(Cl)(H)(PPh 3),]

Ul U OO0 E Ba3a#lFutdhemare, m/z values corresponding to dicationic dimers,
[Pd(CI) (XR,),],>", are observed in LIFDI mass spectra(see Appendix B, sectionB.2.3)and
their isotope distri butions match with simulations. The LIFDI -MS signal observed for
[Pd(CI)(P(PhPh),),],”* is given in Figure 150 Despite NMR evidence for the

[PAH(CI ,CD,)(XR,),JOTf complex being limited to XR ; = AsPh,, such complexes most

likely form as precursors to [Pd(CI) (H) (XR,),] (Figure 149).
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[PA(CI)(H)(PPh(PhCH,Ph)),]

N [PA(CI)(H)(PPhy(PhPh)),]

[PA(CI)(H)(P(PhPh),),]
\

-13.0 -13.5 jejelul

Figure 148 "H NMR spectra, collected at 250 K, showing the hydride signals that correspond to
[PA(H)(CI)(P(PhPh),),] (below ), [Pd(CI)(H)(PPh,(PhPh)),] (middle), and [Pd(Cl)( H)(PPh,(PhCH,Ph)),]

(above), that form on addition of H , (~3 bar) to d,-dichloromethane solutions of [Pd(OTf) ,(PR,),].

Hoo o XR,
RX~ e

Figure 149 [Pd(CI)(H)(XR 5),].

Table 19: Diagnostic *H and *'P NMR signals for [Pd(CI)(H)(XR s),] complexes that form on addition of H ,

(~3 bar) to d,-dichloromethane solutions of [Pd(OTf) ,(XRj),].

[PA(CN(H)(XR 3).]
XR; *p fH} NMR 'H NMR hydride LIFDI -MS m/z
(Jin Hz) (Jin Hz)
P(PhPh), 28.02(s) N13.29(t. J;p = 11.9 1124.1
[C1aH 10Cl,P,Pd,),>*
PPh,(PhPh) 29.38(s), NL3.06(t. J;p = 12.9 818.6
(two isomers) 29.29(s) NL3.38(t. J,p = 12.9 | [CoH7Cl,P,Pd,],>"
PPh,(PhCH ,Ph) 29.4(s), NL3.20(t. J;» = 12.9 -
(two isomers) 29.1(s) NL3.50(t. J,p = 12.9
AsPh, - N15.56(s.) -
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Figure 150 Histogram of the experimental and simulated LIFDI -MS data for the [Pd(CI) (P(PhPh)S)ﬂf*

dication.

To further confirm the [Pd(CI)( H)(XRs),] assignments of the observed'H hydride
NMR signals, the reactions were repeated in the absence of a chloride sourceTherefore,
d,-dichloromethane was replaced with d.-benzene. The'H NMR signals corresponding to
[PA(CI)(H)(XR),] were no longer observed. Interestingly, only the [Pd( H)(OTf)(XR,),]
signals were observed, as shown inFigure 151using XR; = P(PhPh), as the example. This
suggests that dichloromethane is required for the formation of [Pd(H)(XR 3);JOTf, which is
presumably because it can bind to the palladium to stabilise the [Pd(H)(XR 3),]"
intermediate and its polarity stabilises the ionic charges in [Pd(H)(XR ,);]OTf. Addition of
d,-dichloromethane to the ds-benzene solutions containing [Pd(H)(OTf)(XR 5),] resulted in
the formation of the hydride signals corresponding to [Pd(Cl)( H)(XRs),] and

[PA(H)(XR,)]OTH.

No signal for [Pd(CI)d)(P(PhPh)),]
at 0 T 13H)@®hPhpIrOT fP da(t

Figure 151 *H NMR spectrum of the hydride signal that corresponds to [Pd( H)(OTf)(P(PhPh).),], which

forms on addition of H , (~3 bar) to ds,-benzene solutions of [Pd(OTf),(P(PhPh),),], at 275 K.
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