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Lay Summary

Nuclear Magnetic Resonance spectroscopy, commonly referred to as NMR, is a widely-used
analytical technique in chemistry. The distinctive NMR signals provide rich chemical structural
information, means, we can identify molecules based on their NMR signals. In addition, NMR
experiments can be quantitative under appropriate conditions. After acquiring an NMR
spectrum, the area under different signals can be measured to reflect the relative number of
atoms responsible for these signals. This feature allows us to continuously measure the signals
of a chemical reaction, and to distinguish different reaction components such as reactants,
products, and intermediates. Measuring the integrals of these components further allows us to
construct concentration profiles as a function of time throughout the evolving chemical reaction,
for example, the growth of products and the decay of reactants. Therefore, NMR offers a
suitable tool for chemical reaction monitoring. However, traditional NMR experiments require
preparation procedures such as loading the sample into an NMR tube, then inserting the tube
into the spectrometer, efc. These preparation procedures take some time. If the reaction evolves
too fast and is irreversible, it becomes challenging as during the preparation time the reaction
might be completed. Valuable information may have disappeared even before the measurement
takes place. To overcome this problem, specialised equipment needs to be employed to
cooperate with NMR spectroscopy, allowing data measurements within a shorter timeframe.
This work describes a stopped-flow NMR technique that was able to monitor irreversible
chemical reactions completed within half a second, an achievement not possible by traditional

NMR experiments.

In addition to the studies of chemical reactions, as stated earlier, NMR experiments can give
information on the quantity of species, e.g., reactants, intermediates, and products involved in
a reaction under appropriate conditions. Failure to satisfy these conditions will lead to incorrect
quantification. One of such conditions involves an important parameter called the longitudinal
relaxation time constant, 71. When nuclear spins are excited by radiofrequency pulses for
detection, 71 determines the time needed for them to return to equilibrium before next
excitation. This value therefore determines the parameter set-up that one should use in a
quantitative NMR experiment. It is important to have a prior knowledge of the 71 constant of
studied species before acquiring an NMR spectrum. The second part of this work introduces a
collection of 77 measurement methods that are faster than traditional methods. They are

expected to save the spectrometer time needed for these routine 71 measurements.



Abstract

Tracing the fate of fast irreversible chemical reactions remains a challenging and intriguing
task in chemistry. While slow reactions can be monitored by routine NMR techniques at ease,
real-time monitoring of fast reactions that are initiated by mixing, however, poses challenges
to traditional NMR experiments and therefore requires specialised techniques. A state-of-the-
art stopped-flow piece of equipment was utilised in conjunction with a high-resolution NMR
spectrometer, to enable the data collection of rapid reactions including identification of
intermediates, side-products, and catalysts, and quantification of selectivity. This work consists
of three main aspects regarding the stopped-flow technique: i) evaluating the physical
parameters and functionalities of the stopped-flow instrument; ii) monitoring rapid irreversible
reactions with half-lives shorter than seconds; and iii) exploiting the non-pre-magnetised input
channel of the stopped-flow instrument for magnetisation transfer studies. Thus far, effective
kinetic data collection for irreversible chemical reactions of half-lives in the order of
milliseconds was achieved, with the aid of interleaved stopped-flow experiments. This was
demonstrated by the base-catalysed protodeboronation of pentafluorophenyl boronic acid, of
t12=45 milliseconds at 313 K. The functionality of the non-pre-magnetised stopped-flow input
channel was experimentally validated by the chemical exchange studies without the necessity
of isotopic labelling. In addition to the stopped-flow technique, a closely-related yet
independent work on the measurements of longitudinal relaxation time constant (71) was
conducted. 71 is an important NMR parameter essential for quantitative NMR experiments and
molecular dynamic studies. Therefore, prior to kinetic analysis, it is necessary to measure the
T of spins in the system. Comparing to the most conventional approaches such as the
‘Inversion Recovery’ experiments, the methodologies developed in this work showed
significant improvements in time efficiency and achieved sufficiently accurate 77
measurements. Furthermore, it was proved that continuous heteronuclear decoupling could be
applied in 71 measurements, affording sensitivity enhancements from the removal of J-
couplings and the Nuclear Overhauser Effects. This application is particularly beneficial for
insensitive nuclei, which intrinsically require longer experimental time. Throughout the
developments of 71 methods with heteronuclear decoupling, a range of decoupling schemes

were evaluated to highlight the appropriate choice for different spin systems.



Acknowledgements

I appreciate this chance to say thank you and farewell properly to the people and things that

have lightened up my experience here as a doctoral student.

My gratitude firstly goes to the Scottish Munros and hills, for many pleasant walks in the
sunshine and in the rain. To Edinburgh, for being a wonderful city, and particularly to the Usher
Hall, for countless beautiful concerts at considerate student price. If life is a jar of memories,

the three years in Edinburgh will no doubt be one of my favourite collections.

I would like to thank the Lloyd-Jones group members, without whom my PhD would not have
been so enjoyable. Not only were they kind, patient, and helpful when I struggled in the lab,
but they have been valuable friends off work. It is wonderful to see people being excellent in
different ways, and I feel fortunate to have worked with such a vibrant group. It saddens me to

say goodbye, if our life pathways will not cross again, I wish every one of you thrive and shine.

Supervised by two inspirational and supportive professors was beyond my expectation when I
set out for my PhD studies. I feel truly grateful and honoured. I would like to first thank my
assistant supervisor, Prof. DuSan Uhrin. It has always been delightful when I was given
generous advice, and exciting ideas on NMR experiments from Dusan. His knowledge and

expertise have absolutely enriched my studies.

Surely, I cannot overstate my gratitude towards my supervisor Prof. Guy Lloyd-Jones, for
allowing me the opportunity to join the group. My PhD life is a fruitful and fun process of
learning. Guy has undoubtedly played the most significant part in it. He has been caring and
supportive throughout my work. Many times, when I doubted myself, he believed in me more
than I did in myself. Guy has set a great example that being a respectful scientist not only
requires outstanding intelligence, but also true dedication and hard work. It is fortunate to have

someone to look up to in my career, and Guy has been a source of motivation and inspiration.

Upon completion of this thesis, I want to thank my parents, for being the best parents and my
best friends. I used to tease mom for loving me blindly, irrationally, and passionately, and
would always get an adorable grin in return. Later I have come to realise, all my courage and
joy stems from that unconditional love. Thank you for being honest with my imperfections and
flaws, yet accepting me as [ am. You have taught me to seek for the silver linings in dark clouds,
to face challenges not fearing of defeats. My greatest luck is being your daughter, and there is

not a day goes by that I am not grateful for that.



Table of Contents

.
DeClaration ........cccceiciceiiiiininisnninssnnenssnnesssnesssnessssicssssscsssssssssssssssssssssssssssssssssssssssssssssssssasssssass 1
LAY SUIMIMATY c.uciiiiiiiiiiiinsnicssnicsssnissssnessssnesssssesssssssssssssssssesssssossssssssssssssssssssssssssssssssssssssssssssss 2

ADSEEACE aauueerieeeereeeenreecseeeeereeensssssssssessessssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssansssssssssssssssanse 3

ACKNOWICAZEIMENLS ....uuurrerrnrrersrricssrnicsssnessssnessssnessssesssssessssssssssssssssessssssssssssssssssssssssssssessnssssens 4
Table Of CONLENLS....cuueireeiseiesinnseniseensnecsnnssnesssecsssecsanssssssssecsssessssssssssssassssessasssssssssasssssssaasssns
TADIE Of FIGUIES c.ueeieruericssnrinssniinsnicssnncssnncsssicssssncssssssssssssssssssssssssssssesssssesssssssssssssssssssssssssssss O
Table Of TaADIES...ccuiiiuiiiiiiiicsinnienstennnecsneissnenssecssnecssessssesssessssessssssssssssasssssssasssssasssnsssasssaasss 14
ADDIeVIALIONS ccccureeriniseensninisnncsnnnssnnsssenssnnsssessssssssnsssnsessessssssssesssassssssssassssssssassssesssassssssssassssee 19
Chapter 1 INTroduCtion .....c.eeicieeeencericssnesssnncssssncsssncssssncssssssssssessssssssssssssssssssssssssasssssasssssass 17
1.1 NMR Spectroscopy in Chemical Reactions..........ccceceeevcerecsercssnrccsencssanncssanscssnnecees 17
1.1.1 Reversible Chemical Reaction Studies by NMR.......cievveicsvricssnccscercscnrcsennes 18
1.1.2 Irreversible Chemical Reaction Studies by NMR .........ccocerevvricsvnrccssnnccssnncesens 22
1.1.2.1 Static NMR EXPEIimEents .....ccccceeevveressercssnncssnrcssssrcssssscssssssssssessssssssssssssssses 23

1.1.2.2 Flow NMR EXPEIiments ......ccccceerverecrsercsssrrcssssncssasecssasasssssesssssessssssssassesssnsse 23

1.1.2.3 Rapid Injection NMR.........ccceverirvricssricssnnicsssnessssncssssssssssssssssssssssssssnssssasecs 2 7

1.1.2.4 Stopped-flow NMR........cccouiiiiviiirvnrinssnnisssnicssnncsssicssssnssssssssssssssssssssassssssssse 29

1.1.3 Temporal Resolution Enhancement by Interleaved Experiments................... 31

1.2 Longitudinal Relaxation and IMPAact.........ccueiinvvirirvnrcssercssnncssnnicssnnecsssnessssessnneses 33
1.2.1 Longitudinal Relaxation Time Measurements .......cccocceecersseccsnecssnecsaensnccssecssnee 34

1.3 Nuclear Overhauser Effects from Heteronuclear Decoupling ..........cccccceecueeeccneeeee. 37
1.3.1 Theoretical Heteronuclear NOES........ccccvieerersseeisecnsnecsenssnnssnecssnecsannsaccssecsnes 40
1.3.2 Decoupling Schemes for Heteronuclear Decoupling .........c..cooeeevueriecceecinneenne. 41
1.4.1 Fluorine in Organic ChemiStry ........cccocceeesverccssnrccsnncssnncsssnscssnsesssssessasscssnsssscnees 43

1.4.2 NMR Studies Of FIUOTINE ....covveeeeeueeereeeeereeeeeneesessessessassssssssscsssssassssssssscssssassssssssss 47



1.5 AimS and ODjJECLIVES c..uueiiervurieiserisssnrissssnissssnesssnesssnessssrosssssesssssossssssssssssssssssssssssssssses 52

Chapter 2 Stopped-flow NMR.......uuuiiiiviiinniiiisninssnicssnissssncssssnessssnessssssssssssssssssssssssssssssssss 54
2.1 Stopped-flow InStrument STUAIES.......cccevereerveresssrncsssnncssnncssnncssssncssssecssssesssssessssssssens 54
2.1.1 General Design CharacteriStiCS......cccevvrerscrressrrrcssnrcssnncssnnicsssnscssssesssssessssssssssnes 54
2.1.2 Pre-magnetisation Profiles..........ciiiinvcerinseninseicscnicssnicssnnicssnnncsssncsssssccssnnes 57
2.1.3 Non-pre-magnetisation Channel ...........cceieiverinveicsceicssnicssnncsssnncsssncsssssecsssnes 63

2.2 Rapid Irreversible Reaction Monitoring by Stopped-flow NMR ..........cccceeeeuurennes 65
2.2.1 Protodeboronation of 2,3,4,6-tetrafluorophenyl Boronic Acid .........cccceeeeneeee. 65
2.2.2 Optimal Choice Between Sensitivity and Data Density .......cccceeceecrcnrccscneccsnnnes 68
2.2.3 Reaction Monitoring via Interleaved Approach...........icecercrceicssnrccssnnccsnnnes 70
2.2.4 Protodeboronation of 2,3,5,6-tetrafluorophenyl Boronic Acid ..........cccceeeeueeee. 73

2.2.5 Protodeboronation of Pentafluorophenyl Boronic Acid at the Millisecond

TIMESCALL c.ccuneeenriininiieitinitennenseecstenstecsensnesssesssnssssesssnssssesssnssssessssssssesssnssssesssasssasanns 76
2.2.6 Identification of Transient Intermediates .........ccoceeeverrreensuecssnecsnensseesseecsnecsannes 81
2.3 Chemical Exchange Studies Using a Non-pre-magnetised Channel....................... 82
2.3.1 Choosing Appropriate Acquisition Parameters ........cccceeveeveecsnensseccseecsnecsaenes 82
2.3.2 Effect of Pre-magnetisation on Reaction Profiles..........cccceevueeruiriseensnecsnecnnne 84
2.3.3 Probing Chemical Exchange Systems with Channel-D ..........cccceevueesueeinecnnnnn. 86
Chapter 3 Longitudinal Relaxation Time Measurements .........ccoeeneecsseecsenssnessaecssnecsannes 93
3.1 Importance of 71 MeaSUIreMENLS ......ccccevvereersrresssnrcsssrcssssnessssscssssssssssessssssssssssssssssssans 93
3.2 T1 Measurements by FLIPS.........iiiniininiininnininncssnicsssicsssncssssscssssssssssessssssssens 97
3.2.1 Alternative Excitation Pulses for FLIPS ..........cuiinninnnenseensnensnenssnccsenccnnes 102
3.2.2 Validation of FLIPS in Comparison with Inversion Recovery ..........cc.ucu.... 104
3.3 T1 Measurements by FLOPS ........iiniinivrinniiinseicnsnicssnnicssssscssssssssssssssssessssseses 110
3.4 T1 Measurements by FLAPS ......iiniviinirinniiinseicnsnnicssnsicssssicsssssssssssssssssssssseses 116
3.4.1 Longitudinal Relaxation with Heteronuclear Decoupling...........ccceceveecuereennes 116



3.4.2 Impact of Heteronuclear Decoupling on Sample Temperature..................... 118
3.4.3 Choice of Heteronuclear Decoupling Schemes ...........cccceeevveeicscnrccscercccnresennns 120
3.4.4 FLAPS Method ......coueeeecensecsuicsensensnecsensecssecsssssesssessssssssssessssssesssessasssssssssssssss 123
3.4.5 Using Pulsed Field Gradients in FLOPS and FLAPS............ivvrieinnneenne.. 128
Chapter 4 ConcluSiON.......ccoueiicvveiiiieicsssnncssssicssnncssssissssssssssssssssssssssessssssssssssssssssssssssssssse 130
Chapter 5 Future WorkK ... ieicnniininiinnsninnsnissssnessssnssssssssssncssssnssssssssssssssssssssssesss 132
Chapter 6 Pulse Programmes............ccoeececeicscnncssnicsssnncssnsecsssnsssssessssssssssssssssssssssssssecse 134
6.1 FLIPS Pulse Programmes..........ccoeccsceecssencssnnicssssesssssessssssssssessssssssssssssssssssnsessens 134
6.1.1 Hard Pulse FLIPS.......iiiiniinsnncnsnnicssnnicssnnessssssssssssssssesssssssssssssssssssssees 134
6.1.2 Composite Pulse FLIPS .......ciiiviiinvviinvincssnicssnnicssnnissssncsssssessssssssssssssssssssees 130
6.1.3 BEBOP Pulse FLIPS ........ouiiivinensecsnnnnnsnecssessenssecssnssssssessssssassssssssssssssessascses 138
6.1.4 Conventional/hard pulse (alternative).......ccccceerverecscnrccssenccsserccsnncscnecscnsscscnees 140

6.2 FLOPS Pulse Programimes .........ccceeceeescneccssancssssncssssessssnssssssssssssssssssssssssssssssssssssssss 142
6.2.1 Standard FLOPS ........iniintinninnnennncnnenseecssesssssssesssesssesssssssssssssssssasssee 142
6.2.2 FLOPS with Pulsed Field Gradients...........ccccevveecsvnricssenccssenccssnncsssncssnsncscnees 144

6.3 FLAPS Pulse Programme............ceecevvrcnsvencsseicssnncsssescssssesssssssssssssssssssssssssssscssnss 147
6.3.1 Standard FLAPS .......iiiiiniinninneennecnnecsnenssessesssecsssssssssssessssessssssssssssnse 147
6.3.2 FLAPS with Pulsed Field Gradients..........ccccceervurecscnricssnrccssnnccsnncscsecssnsnescnnes 150

T RETETEIICES ceuuuerriererreeeeneeeescseeeseeeassssssssscsssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssanssese 193



Table of Figures

Figure 1. Generic NMR analysis techniques for the kinetics of rapid reactions.................... 18

Figure 2. Lineshape analysis between exchanging spins by selective inversion recovery

experiment for magnetisation transfer STUAIES..........eecvierieiiiierie e 19
Figure 3. Pulse scheme of the 2D EXSY experiment...........ccccecuvevieniienienieenieeieeceeee e 21

Figure 4. Schematic representation of the in-sifu reaction monitoring NMR processes based

on the lifetimes of chemical reaCtIONS. ......cccuevieriiiiiiiiirieeieeee e 23
Figure 5. A flow NMR system, and the impact of flow effects on signal intensities............. 26
Figure 6. An example of a rapid injection apparatus...........ccceeeceeerieerieeniienieenieenieeneeesneeneees 28

Figure 7. Schematic representations of a rapid injection apparatus, a classic stopped-tflow setup

with a customized stopped-flow probe, and a variable ratio stopped-flow apparatus............. 30

Figure 8. Graphical representations of using interleaved experiments to achieve manually

enhanced data density and SENSIEIVITY......cccierieeiiienieeiieie ettt ettt saeeaeeseaeens 32

Figure 9. Pule sequences for inversion recovery, saturation recovery, and progressive

SALUTATION EXPETIINIENES ..c.uvieueieeiiieiieeteetteeteentteeteesteeenteeseesnseenseesnseeseesnseenseesnseenseessseenseessseans 34

Figure 10. Schemes for measuring steady-state homonuclear NOEs, and steady-state

heterONUCIEAr NOES. ....coi it 37

Figure 11. Homonuclear NOEs and heteronuclear NOEs, and an energy-level diagram

showing the possible relaxation pathways. ..........cccceeiiiiriiiiienieceee e 39
Figure 12. Different decoupling manners for *C{'H} experiments .............ccccoceererrrrrrrennes 39
Figure 13. The development of broadband decoupling in NMR spectroscopy..........cc......... 42
Figure 14. The history of 2D NMR with some example experiments ..........c.cccceeeeereeneennnene 44
Figure 15. Examples of fluorination reactions .............coceeveriereeiienieneenienieneeieeeeseeee s 46
Figure 16. 'H and '°F NMR spectra to monitor the azole-catalysed acylation....................... 49

Figure 17. 'F NMR spectra comparing the excitation uniformity by traditional 90° pulse
excitation and by CHORUS .......ocoiiiiiiiiee ettt ettt e eaaeens 50

Figure 18. '’F NMR spectra of a mixture sample of 4-bromobenzotrifluoride, 4-fluorophenol

and fluoroacetonitrile in the ratio of 1:1:1 IN CDCl3..ccoiiiiiiiiiiiiiii 51



Figure 19. Examples of base-catalysed protodeboronation of polyfluorophenyl boronic acids,

with half-lives ranging from months to milliseconds...........ccceveeviriiniiiiniiniceeeee 54
Figure 20. Graphic representation of the stopped-flow system..........ccccevevieniinieniincinennne 55

Figure 21. Schematic comparison of a classical dual-input 'hard-stop' stopped-flow apparatus

and a variable-ratio triple input 'soft-stop' stopped-flow apparatus (this work)...................... 56
Figure 22. NMR experiments on a first order reaction without pre-magnetisation................ 57

Figure 23. Simulations for first-order reaction profiles showing the difference between the real

concentrations versus those without pre-magnetisation ............cceeeveevieriiienieniieenienieesieeseeans 59

Figure 24. The pulse sequence used for '°F stopped-flow experiments to measure the pre-

magnetisation profiles of SOIUtION SYTTNEZES. ...cc.eevviiiiriiriiiiiieriieieeteeee e 60

Figure 25. Pre-magnetisation profiles of the three solution syringes; and the vertical cross-

section of the pre-magnetiSation TESETVOITS .......cveerueeeireriieeieeniieeteenieesreesseesteesseesneenseessseens 61
Figure 26. Graphical representation of unperturbed magnetisation growth of spins ............. 62

Figure 27. a) Continued polarisation of analytes after being injected from the stopped-flow
solution syringes, and simulated polarisation of analytes without pre-magnetisation. b)

Interleaved *'P stopped-flow experiments to assess the continued magnetisation.................. 63
Figure 28. Pre-magnetisation of solutions via solvent syringe D at variable flow rates........ 65

Figure 29. 'F NMR spectrum of the reactant 2,3,4,6-tetrafluorophenyl boronic acid and the
internal standard TFA in dioxane/H2O at 300 K ..........ccoiiiiiiiiiiiieieeceeeee e 67

Figure 30. '°F NMR spectrum of the product 1,2,3,5-tetrafluorobenzene in dioxane/H>O at 300
ettt ettt e ettt e e ettt e e e e bbb e e e e aabb et e e eaabbeeeeeabbeeeseasbaeeeeaaee 67

Figure 31. a) Reaction scheme and concentration profile for the protodeboronation of 2,3,4,6-
tetrafluorophenyl boronic acid at 300 K. b) Stacked 'F stopped-flow spectra to monitor the

1EACTION USINZ 45 PULSES.. .eevvieiieeiiieiieeie ettt ettt ettt e st e et e esate e bt e saaeenseessaeenbeessseenseas 68

Figure 32. F stopped-flow spectra to monitor the protodeboronation of 2,3,4,6-

tetrafluorophenyl boronic acid using 10° PUISESs .........ccceeviieriieriiiiiieeie e 69

Figure 33. F stopped-flow experiments to monitor the protodeboronation of 2,3,4,6-

tetrafluorophenyl boronic acid using a) 10° pulses, b) 45° pulses, and ¢) 90° pulses............. 70



Figure 34. Schematic overview of the process of interleaving a series of spectra using an

incremented trig@Er dEIAY .......cc.eeiiiiiiiiiiieiiee e 71

Figure 35. Reaction monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic

acid using five interleaved stopped-flow ’F NMR experiments with 90° pulses .................. 72

Figure 36. Reaction monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic

acid using two interleaved stopped-flow '°F NMR experiments with 30° pulses................... 72

Figure 37. Reaction monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic

acid using one stopped-flow ’F NMR experiments with 10° pulSes...........cccoeveerririererennen. 73

Figure 38. a) Reaction scheme of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronate,
and the NMR pulse sequence used for reaction monitoring. b) Kinetic analysis using variable

PUISE ANGIE O ..ottt ettt ettt ettt e st e eteesaae e b ennns 73

Figure 39. '°F NMR spectrum of the reactant 2,3,5,6-tetrafluorophenyl boronic acid and TFA
(IS) in dioxane/H2O at 300K .........coooiiiiiiiieiie ettt ettt e e e et e e e aae e eeaeeeeenes 75

Figure 40. A transient '°F stopped-flow NMR spectrum during the evolving reaction of the

protodeboronation of 2,3,5,6-tetrafluorophenyl boronic acid ............cccceeviieiiieniienieniieenne, 75

Figure 41. The protodeboronation of 2,3,5,6-tetrafluorophenyl boronic acid scheme, and

kinetic analysis by interleaved 'F stopped-flow NMR experiments at different '°F sites ..... 76

Figure 42. 'F NMR spectrum of the reactant 2,3,4,5,6-pentafluorophenyl boronic acid and
TFA (IS) in dioxane/H2O at 300K .........ccoeiiiiiieiieiie ettt 78

Figure 43. A transient '°F stopped-flow NMR spectrum during the evolving reaction of the
protodeboronation of 2,3,4,5,6-pentafluorophenyl boronic acid............cccceevvieriienieniienenne. 78

Figure 44. Interleaved 'F stopped-flow spectra and kinetic analysis of the protodeboronation

of 2,3,4,5,6-pentafluorophenyl boronic acid ...........ceecueeririiiienieiiieieeieeee e 79

Figure 45. a) The protodeboronation of pentafluorophenyl boronic acid at variable temperature,
b) A kinetic profile at 313 K and c¢) Eyring analysis between 283 K and 343 K to derive the

ACTIVATION PATAIMEGLETS ....euvieiiieiiieiieeiteette et estteeteesteeebeesteeese e seeenseenseessseenseesnseenseessseeseessseans 80
Figure 46. A cover art submitted to the European Journal of Organic Chemistry ................. 80

Figure 47. a) Reaction schemes of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic
acid, and 2,4-dimethylpentane-2,4-diol 2,3,4,6-tetrafluorophenyl boronic ester. b) Stacked

transient stopped-flow NMR spectra of the two 1eactions ...........cccceceevievenienienienieneenenene 81



Figure 48. a) Pulse sequence to monitor the integral of analytes via the stopped-flow non-pre-

magnetised channel. b) Fitting of signal integrals to calculate the 771 value .........c..ccccceeeenee 82

Figure 49. Signal monitoring from the non-pre-magnetised channel, using identical

experimental parameters except for variable pulse angles 10°, 45°, and 90° respectively ..... 84

Figure 50. Reaction monitoring of the protodeboronation of 2,3,5,6-tetrafluorophenyl boronic

acid, and the reaction profiles where reactants were delivered from different channels......... 85

Figure 51. Reaction scheme and concentration profile of the protodeboronation of 2,3,4,5,6-

pentafluorophenyl boronic acid with and without pre-magnetisation............cceceevervvereennenne. 86

Figure 52. Trifluoromethylation of 4-fluorobenzaldehyde by TESCF; and TMSCEF3,

respectively; and a transient '°F spectrum with all fluorinated species present...................... 87

Figure 53. The trifluoromethylation of 4-fluorobenzaldehyde by TMSCF; with incremented
TBAT CONCENLIALION ......euviiiiieiieiieieierteett ettt ettt sa ettt nesa e sae 88

Figure 54. The trifluoromethylation of 4-fluorobenzaldehyde from competing TMSCF; and

TESCEFj; reagents, to probe the water interference from thermostat liquid infiltration ........... 89

Figure 55. Conditions of the competing reaction between TMSCF3 and TESCF3 in THF at 300

K, experiments were conducted on different days using different sources of reagents. ......... 90

Figure 56. A proposed mechanism for the trifluoromethylation from TMSCF3, and the
concentration profiles of the O-silylated products from TMSCF; and TESCF. .................... 91

Figure 57. The concentration profiles of O-silylated products when reactant were pre-

magnetised and not pre-magnetised, showing the evidence for chemical exchange............... 92

Figure 58. 3'P NMR spectrum of 1:1 O=PPhs and PhsP, showing the impact of relaxation on

ACCUTALE UANTITATION ... .o iutietieetieeiie et eette et e stteebe et e ebeesbeeeabe e seeenbeenseesnseenseeenseenseessseenseenssaans 94

Figure 59. Inverse-gated *C{!H} NMR spectrum of 1,1-diphenyl-2-propyn-1-ol, showing
how NOESs affect qUantitation .............ccccueeiieiiieriiesie ettt e 95

Figure 60. Simulated reactions profiles of a first order reaction, showing how signal

suppression leads to incorrect Kinetic analysis.........ccccverieeiierieiiiienieeieeee e 96

Figure 61. Reaction monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronate,

to show the significance of experimental parameters on accurate kinetic analysis................. 97

Figure 62. Decaying trend of signal integral against variable pulse angle...........c..ccccceeenee 97

11



Figure 63. Pulse sequences of the Inversion Recovery and the FLIPS experiment, and the

magnetisation evolution under both eXperiments..........c..cecevieriiiiriiniinenieneeeeeeee e 99

Figure 64. The dissection of the megantisation evolution under the FLIPS sequence to facilitate

the eqUAtION AEITVALION ....viiiiiiiieiiie ettt ettt et e et e et e e beeenbeebeesaseenseeenns 100

Figure 65. Using composite 90° pulses and BEBOP 90° pulses in the FLIPS experiments to

compensate for B; inhomogeneity and off-resonance effect............cccceeviieiieniiiiieniiieneenne, 103

Figure 66. Correlation between the measured 771 constants by FLIPS against those by Inversion

RECOVETY EXPETIIMENLS. ..eutieiiiiiieiieeiieeiieetterite et et e et estte et e ebeeesseesbeesnbeenseesnseenseesnseenseennns 106

Figure 67. Stacked NMR spectra to measure the 7 constant of the '°F in 0.05 M fluorobenzene

in CDCI3 by the Inversion Recovery experiment and the FLIPS experiment....................... 106
Figure 68. 1D proton-coupled '*C spectrum of phenazone in CDCl3. .......ccccvvveveveveiinnnanes 107

Figure 69. stacked NMR spectra to measure the 7 constants of the '*C in 0.5 M phenazone in

CDCIl; by the Inversion Recovery experiment and the FLIPS experiment..........c...cccceee..e. 107
Figure 70. Graphical representation of the FLOPS experiment.........c.cccoceevevieneeneniennene 110
Figure 71. Pulse sequences and data fitting of the FLOPS experiment t o derive T1........... 111

Figure 72. The deviation of 71 constants measured by FLIPS and FLOPS, comparing to those

measured by Inversion Recovery eXperiments...........cccueeveeeiierieeieenienieeniee e esiee e eiee e 111

Figure 73. A map of the 7' constants of '°F internal standards in different solvent systems, and

their approximate chemical shift Tange ...........ccoccieviiiiiiiiiii e 115

Figure 74. FLIPS pulse sequences with composite pulse decoupling to investigate the build-
UP OF INOES. ..ttt ettt et s e bt e s ate e bt essbeenbeesnbeenseesnseenseesnseans 116

Figure 75. Monitoring sample temperature upon application of continuous CPD............... 120

Figure 76. The significance of decoupling schemes to achieve effective and efficient

heteronuclear decoupling, using diethyl phosphate in CDCIl; as an example........................ 121

Figure 77. Quantitative NMR spectra of diethyl phosphate in CDCl;, by different decoupling

SCREINIES .o 122

Figure 78. Pulse sequences of FLAPS and Inversion Recovery experiments with power-gated

heteronuclear decoupling, and their data fitting for 771 derivation...........ccccecevveneeneniennnne 123

12



Figure 79. 13C 71 measurement of acetophenone in CDCls, to show the sensitivity comparison
between FLOPS and FLAPS experiments, and between Inversion Recovery with and without

AECOUPIING ..ttt ettt et ettt et e e bt esae e e b e e s saeenbeesabeenseessseenseesaseenseennns 124

Figure 80. 71 measurement of the '’N in formamide by FLOPS and by {'H}!>N FLAPS

respectively, to show the sensitivity IMProvement............coceevverierieenierieneenenieneeeeee e 126

Figure 81. Overlaid 1D spectra of >N and {!H}'>N experiments on formamide, showing a

NEZAtiVE NOES OF =5 ..ottt st e e e 127

Figure 82. 71 measurement of the 2°Si in TMS by FLOPS and by {'H}*Si FLAPS experiment

respectively, to show the sensitivity IMProvement...........cceeecveerieeieeneeniieenieeie e 127
Figure 83. Pulse sequences of FLOPS and FLAPS, both with pulsed field gradients. ........ 128

Figure 84. 13C T1 measurements of CH;OH in CDCl3 using FLOPS, FLAPS, and FLAPS with
pulse field gradients respectively, to show the aleviation of phase distortions by PFGs...... 129

13



Table of Tables

Table 1. The gyromagnetic ratio and natural isotopic abundance of some spin-half (I = 1/2)

nuclei, and the maximum NOE factors achievable by 'H-decoupling. ............ccccevvevevereennnee. 40
Table 2. Examples of composite pulse decoupling schemes for broadband decoupling........ 42

Table 3. T values of '°F atoms in reactant 2,3,4,6-tetrafluorophenyl boronic acid, product

1,2,3,5-tetrafluorobenzene, and internal standard TFA in 1:1 dioxane/H2O.............c.............. 66

Table 4. T values of '°F atoms in reactant 2,3,5,6-tetrafluorophenyl boronic acid, product

1,2,4,5-tetrafluorobenzene, and internal standard TFA in 1:1 dioxane/H2O...........c.c...c.......... 74

Table 5. 7\ constants of '°F atoms in reactant 2,3,4,5,6-pentafluorophenyl boronic acid,

product 1,2,3,4,5-pentafluorobenzene, and internal standard TFA in 1:1 dioxane/H>O......... 77

Table 6. 71 constants of different nuclei measured by Inversion Recovery and FLIPS

EXPEIIMENES, TESPECLIVELY ..evtiiiiiiiiiiieeieerite ettt ettt et e e esaeeebeesaaeenseennes 104

Table 7. T\ constants of '3C nuclei measured by Inversion Recovery with no decoupling and
with inverse-gated decoupling, and by FLIPS with no decoupling and with inverse-gated
deCOUPIING TESPECTIVELY ..veeeiieiieeiieeiie ettt ettt e et esaaeenbee e 109

Table 8. 7 constants of some 'F internal standards measured by FLIPS, FLOPS, and

Inversion Recovery experiments, reSPECtIVELY. .....ocviiiiieriieiiieiieeieeie e 112

Table 9. Ti constants of *C in CH;CH>OH, and Mxoe/My values acquired from each *C{'H}
FLIPS experiment with variable decoupling time. ..........c.cceecvieriieeiiienieniieieeeeee e 117

Table 10. Temperature monitoring of the sample upon continuous CPD application. ........ 119

Table 11. 7} constants of different nuclei measured by Inversion Recovery, Inversion Recovery

with decoupling, FLOPS, FLAPS and FLIPS experiments, respectively ..........ccccevcueennennne. 125

Table 12. The a values of FLOPS and FLAPS experiments............cccceeeveevierieenieeneeeneene 128

14



Abbreviations

1D

2D

By

B

B>
BEBOP
CHORUS
CIDNP
CPD
CPMG
CW
DEPT
DESIRE
DESPOT
DIPSI
DISPEL
EPR
ERETIC
EXSY
FLIPS
FLOPS
FLAPS
FID

FT
GARP
HMBC
HSQC
INEPT
IS

mL
MOLLI
MRI

one dimensional

two dimensional

external static magnetic field

radiofrequency magnetic field

decoupling magnetic field

Broadband Excitation By Optimised Pulses

CHirped ORdered pulses for Ultra-broadband Spectroscopy
Chemically Induced Dynamic Nuclear Polarisation

Composite Pulse Decoupling

Carr-Purcell-Meiboom-Gill

Continuous Wave

Distortionless Enhancement by Polarisation Transfer
DEcoupling SIdeband REsolved spectroscopy
Driven-Equilibrium Single-Pulse Observation

Decoupling In the Presence of Scalar Interactions

Destruction of Interfering Satellite by Perfect Echo Low-pass filtration
Electron Paramagnetic Resonance

Electronic REference To access In vivo Concentrations
EXchange SpectroscopY

Faster Longitudinal relaxation Investigated by Progressive Saturation
Faster Longitudinal relaxation by Ordered Progressive Saturation
Faster Longitudinal relaxation by Amplified Progressive Saturation
Free Induction Decay

Fourier Transform

Globally-optimised, Alternating-phase, Rectangular Pulses
Heteronuclear Multiple-Bond Correlation

Heteronuclear Single Quantum Correlation

Insensitive Nuclei Enhanced by Polarisation Transfer

Internal Standard

millilitre

MOdified Look-Locker Inversion recovery

Magnetic Resonance Imaging

15



ms
NMR
NOEs
NOESY
PFGs

ppm
gNMR

RINMR
SM

S/N
SHARPER
SSFT

T,

T

pL
UV-vis
WET
WURST

millisecond

Nuclear Magnetic Resonance

Nuclear Overhauser Effects

Nuclear Overhauser Effect SpectroscopY
Pulsed Field Gradients

parts per million

quantitative Nuclear Magnetic Resonance
Radio Frequency

Rapid Injection NMR

Starting Material

Signal-to-Noise ratio

Sensitive, Homogenous, And Resolved PEaks in Real-time
Steady-State Fourier Transform

Longitudinal Relaxation Time constant
Transverse Relaxation Time constant
microliter

Ultraviolet-visible

Water suppression Enhanced through 7 effects

Wideband, Uniform-Rate Smooth Truncation

16



Chapter 1 Introduction

1.1 NMR Spectroscopy in Chemical Reactions

Solution-state NMR has remained a powerful and versatile analytical tool in physics, chemistry
and biochemistry, owing to its distinguished capabilities in providing rich structural
information. The comprehensive information derived from chemical shifts, multiplet structures,
signal lineshapes, as well as the quantitative nature of NMR spectra, have in conjunction
promoted NMR to be one of the most popular analytical techniques. Indeed, NMR
spectroscopy offers such a wealth of information that it is rare to find a modern chemistry
department today without high resolution NMR spectrometers. The interrogation of chemical
reaction mechanisms!, on the other hand, presents an intriguing yet important task. Tracing the
components of a reaction, including the decay of reactants, growth of products, identification
of short-lived intermediates or side-products, catalytic activity and selectivity, offers
invaluable insights. This generated knowledge-base, in turn, could be employed to feedback

the optimisation of known processes, and the design of new ones.

A broad range of spectroscopic tools are available for structural analysis and the investigation
of reaction kinetics, such as infrared spectroscopy, Raman spectroscopy, ultraviolet-visible
(UV-vis), X-Ray, Electron Paramagnetic Resonance (EPR) spectroscopy, Mass spectrometry
etc. These techniques vary significantly in complexity and cost, as well as their suitability in
meeting particular challenges. While these alternatives offer other advantages and should
always be implemented when beneficial, ideal techniques for mechanistic studies should a)
provide structural information for identification of chemical species evolving throughout the
reaction; b) allow straightforward quantitation of concentrations; and c) be applicable under
the conditions under which the reaction of interest is usually employed (concentration, solvent,
temperature, etc.). As such, in-situ NMR spectroscopy fulfils all of the requirements outlined
above and is applicable to a broad range of nuclei common in organic chemistry. It therefore
enjoys arguably unmatched superiority and remains one of the most widely utilised techniques

for kinetic analysis of organic reactions.

Chemical reaction studies by NMR can be categorised into two classes, systems at equilibrium
and systems that are irreversible upon initiation, Figure 1. The analysis of reversible reactions
by NMR spectroscopy has been well-established and will be discussed in a succeeding section.
In contrast, studies of irreversible processes are limited by the lifetime of the reactions.

Monitoring reactions that proceed 'slowly', for example, over a period of minutes to hours, can
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be conducted by static NMR (section 1.1.2.1) or flow NMR (section 1.1.2.2) experiments.
However, monitoring 'fast' irreversible reactions that are initiated by mixing, typically at a
timescale of seconds to milliseconds, poses a considerably different challenge. In-situ
monitoring of such rapid reactions normally requires specialised techniques such as rapid
injection NMR (section 1.1.2.3) and stopped-flow NMR (section 1.1.2.4) methods.
Alternatively, an ex-situ quenched-flow method can be utilised to accurately control the quench
timing and build up the reaction temporal profile. The following discussion will mainly focus

on in-situ reaction monitoring methods.

a) reversible reactions b) irreversible reactions
777777777 static
slow
7 lineshape analysis e flow
A + B A + B—> c in-sity 7 rapid injection

iiiiiiiiii

C magnetisation transfer

.__ spin-echo technique Lt - stopped-flow

guenched flow

Figure 1. Generic NMR analysis techniques for the kinetics of a) reversible, and b) irreversible, rapid reactions
A + B = C. Herein 'fast' refers to reactions with (pseudo) first-order half-lives, ti2, on the order of seconds or

lower.

1.1.1 Reversible Chemical Reaction Studies by NMR

The studies of chemical reactions at equilibrium in real-time date back to the earliest stages of
NMR. When nuclei spin species are reversibly transferred between non-equivalent chemical
sites, kinetic information can be obtained by signal lineshape analysis**, magnetisation

transfer experiments®, and spin-echo techniques®®

under dynamic chemical equilibrium.
Gutowsky? and McConnell? initially reported the pioneer discovery of the relationship between
the absorption lineshape, chemical shift difference and chemical exchange phenomena based
on modified Bloch equations’. It was found that fast exchange rates could be derived from line
broadening and distortion effects, and activation parameters derived from the temperature
dependence of rates, Figure 2a. This strategy is limited to fast exchanging systems where the
exchange rates exceed the chemical shift difference (in s™'). The terms fast and slow here are
based on the chemical shift timescale. When the exchange is very slow (k << Avag, k is the
reaction rate, and Avag is the chemical shift difference) the dynamic exchange has negligible
influence on the appearance of signals (Figure 2a, 1), in this slow exchange regime the exchange

can be studied via magnetisation transfer experiments. As exchange rate increases, signals

broaden and reduce in peak height (Figure 2a, ii-iv). With the exchange rate further increases,
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the two signals merge into one and reach the coalescence point (Figure 2a, v). At exchange
rates beyond the coalescence point, one signal appears at the midpoint of the previous two
signals and continues to narrow down in linewidth whilst increaseing in peak height (Figure
2a, vi-vii). In the very fast exchange regime (k > Avas), the linewidth restores and a sharp
resonance is observed (Figure 2a, viii). In practice, since the observed linewidth of resonances
is governed by both the transverse relaxation time 7> and instrumental imperfections, it can
sometimes be challenging to distinguish the effects of exchange from relaxation and from Bo
inhomogeneity. More recently, SHARPER! (Sensitive, Homogeneous And Resolved PEaks
in Real time) presents a complementary tool to the lineshape analysis methods. It is more
tolerant towards Bo inhomogeneity, and is able to derive activation parameters from
temperature-dependent  line-broadening effects. Additionally, SHARPER removes
heteronuclear coupling, or in the case of sel-SHARPER (selective SHARPER), both
heteronuclear and homonuclear couplings are removed, yielding a clean and sharp signal. The
SHARPER family was joined by an updated experiment termed MR-SHARPER!! (multiple
resonance SHARPER) which allows simultaneous monitoring of multiple signals by using

precise timing of acquisition intervals.
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Figure 2. a) Lineshape analysis between two equally populated exchanging spins A and B at chemical shifts va
and vs, respectively. From bottom to top: (i) no or slow exchange; (ii-iv) signal dynamic broadening in slow-
intermediate regime; (v) coalescence point; (vi-vii) signal dynamic narrowing in the intermediate-fast regime;
(viii) signal averaging in the very fast exchange regime. b) Pulse sequence of selective inversion recovery
experiment for magnetisation transfer studies. c) The effect of magnetisation transfer on signal integrals. The
dashed lines represent the integral of spins inverted by the selective 180° pulse, the solid lines represent the signal

integral of spins unaffected by the selective 180° pulse.
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Magnetisation transfer methods, alternatively, study the evolution of signal intensities based
on the theory that signal intensities are governed by both the longitudinal relaxation time
constant 77 and the lifetime of the spin at an exchanging site, under the condition that residual
transverse magnetisation is negligible after detection. For example, between two chemically-
exchanging sites, the evolution of a spin at one site is affected upon an instantaneous selective
disturb of the counter-site. By following the return of spins back to its magnetic equilibrium as
a function of time, it is possible to generate the exchange rate and the specific longitudinal
relaxation time constant at this site simultaneously in one experiment. Figure 2b shows the
pulse sequence for selective inversion recovery experiments. An initial soft 180° pulse
selectively inverts one signal, after a delay time 1, a hard 90° pulse is applied followed by
immediate FID acquisition. This cycle is repeated with incremented variable delays, and
signals are recorded as a function of the variable delay t. Figure 2¢ shows a simple example of
a two-site system. If the two sites undergo chemical exchange, the selectively inverted spins
will experience recovery faster than its intrinsic longitudinal relaxation, owing to the
magnetisation contribution from the counter-site. On the contrary, the counter spins will
experience a reduction in magnetisation before recovery to the dynamic equilibrium, displaying
a ‘V-shape’ (Figure 2¢). The faster the chemical exchange, the deeper the ‘V-shape’ will be.
This observation is a straightforward indicator of chemical exchange, and the quantitative
information can be fitted to kinetic models to determine exchange rate constants quantitatively.
If the selective inversion is replaced with selective saturation pulse, a saturation recovery
experiment with similar principles can be utilised for magnetisation transfer studies.
Interestingly, this technique also found usefulness in detecting saturation transfer through
NOEs (Nuclear Overhauser Effects)!?, a cross-relaxation phenomenon through space rather
than through chemical bonds. This characteristic provided the foundation for NOESY

experiment'?, a technique informative in intramolecular distance and spatial structural analysis.

Spin-echo techniques, or CPMG (Carr-Purcell-Meiboom-Gill) relaxation dispersion, built their
pulse scheme upon the spin-echo block, which comprises a 90° excitation pulse and a 180°
refocusing pulse ‘90°-t-180°-1°, and further extended the sequence with an additional train of
180° pulses ‘90°-1-180°-1, -t-180°-1, ...” spaced by interval time t. In the absence of chemical
exchange, the magnetisation at a frequency-specific site is refocused at the end of first t after
each 180° pulse. Hence an exponential decay in signal amplitude corresponding to the

transverse relaxation time constant 7> should be expected. In the presence of exchange,
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however, the refocusing would be perturbed and an artificial enhancement in relaxation is

observed, dependent on the exchange rate and interval time between consecutive 180° pulses.

. | . .. | .
preparation | evolutlon: mixing | detection
901 190° 90°
RD tl tmixing tz
frequency magnetisation
labelled transfer

Figure 3. Pulse scheme of the 2D EXSY experiment, subdivided into four time periods. tmixing denotes the time
duration for magnetisation exchange, RD denotes the relaxation delay, RF represents the radiofrequency channel,
and G is the pulsed field gradient. An array of 1D experiments of equally incremented t1 are acquired as a function
of t2 to yield a 2D spectrum. Magnetisation evolution under the sequence, blue arrows represent longitudinal
magnetisation, maroon arrows represent transverse magnetisation.

These above studies have established the potential of NMR experiments in probing inter- and
intramolecular dynamic behaviours. With the blooming of 2D NMR spectroscopy from the
1970s, another influential and extensively utilised method that will be discussed here, is the
2D EXSY'" (EXchange SpectroscopY) experiment (Figure 3). EXSY, initially proposed in
1979, is an extension of the saturation transfer experiment. It adopts a triple 90° pulse scheme,
separated by four time periods, preparation, evolution, mixing/exchanging and detection.
Transverse magnetisation after the initial 90° pulse becomes frequency-labelled during the
evolution period of ti, the length of which is limited by the transverse relaxation time constant
7>, in a way that transverse magnetisation cannot be fully decayed. A second 90° pulse tilts the
magnetisation back to the z-orientation where they experience magnetisation transfer from
chemical exchange, dipolar couplings as well as longitudinal recovery. The fixed mixing time
therefore needs to be carefully adjusted so that it is considerably long for peak amplitude
enhancement but sufficiently shorter than 77 to achieve quantitative results. As a result, this
feature determines that EXSY is particularly informative for slow exchanging systems, as for
faster exchange, e.g. k > 1/ T1, the quantitative capability would be lost. The following field

gradients help to scramble any residual transverse magnetisation and eventually the exchanged
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magnetisations are recorded over a time t2. An intuitive 2D EXSY spectrum is yielded from a
set of repeated experiments with equally incremented ti;, where cross peaks manifest the
occurrence of magnetisation transfer at corresponding frequencies. Devoid of chemical
exchange, this same experiment is commonly referred to as 2D NOESY experiment!?, focusing
on the homo- and heteronuclear cross relaxation in solution and solid-state NMR. Analogously,
when dipolar coupling is obscuring the study of chemical exchange, a modified clean-EXSY!®

sequence could be implemented to remove the undesired NOE effects.

1.1.2 Irreversible Chemical Reaction Studies by NMR

While NMR experiments have demonstrated their capabilities in studying reactions at
equilibrium, the nonstationary analysis of irreversible chemical processes has had a race
against time. To date, considerable amounts of work have been conducted to analyse
irreversible reactions by in-situ and ex-situ methods. Ex-situ methods refer to reactions that are
conducted under standard laboratory conditions outside the NMR tube, then transferred into
the tube for measurements. /n-situ methods indicate reactions are conducted entirely within
the NMR tube. Ex-situ monitoring enjoys a few advantages, such as minimum spectrometer
time; the analytes in the NMR tube completely represent those obtained in laboratory;
compatible with a wide range of reactions; and the quenched analytes can be further studied by
other complementary techniques. However, ex-situ method also suffers from disadvantages,
such as the requirement for a large amount of sample volume or aliquots to generate one kinetic
profile. It is more labour-intensive, and more prone to random errors from the researchers and
instruments. The quenching procedure could cause the loss of valuable transient intermediate
information. In this work, the discussion is mainly focused on in-situ reaction monitoring
NMR methods. The main approaches, based on the lifetimes of the experiments and the
coupled techniques to traditional NMR spectrometers, could be divided into the following

categories: static monitoring (interrupted in-situ and continuous in-sifu), continuous flow

16,17 18-20

experiments'®!7, rapid injection!® %, and stopped-flow?!2* NMR experiments, Figure 4. Each
of these approaches hold their individual features, advantages, and limitations, therefore they

should be appropriately employed to meet particular requirements.
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Figure 4. Schematic representation of the in-situ reaction monitoring NMR processes based on the lifetimes of

chemical reactions.

1.1.2.1 Static NMR Experiments

Firstly, static monitoring in standard NMR tubes is perhaps the most accessible and extensively
used approach, as it does not require specialised equipment and can be conveniently practiced
following the routine procedures of normal NMR experiments. The term ‘static’ here refers to
the fact that the analytes are transferred to the NMR tube for detection without specialised
equipment setup. This method is applicable for in-situ assessment of slow reactions from hours
to days, providing sufficient access to NMR spectrometers is allowed. It can be conducted in
deuterated solvents owing to the small volume of sample required, which could be a challenge
for the methods discussed in succeeding sections. Based on the reaction lifetimes, static
experiments can be further categorised into interrupted and continuous in-situ monitoring. The
former typically has a longer reaction time window and measurements can be conducted in an
automated manner. The tube with reaction components is loaded onto the auto-sampler system,
the spectrometer is then commanded to take a series of spectra at pre-set time intervals.
Providing sufficient data density can be acquired, the benefit of this method is that other
experiments can be efficiently performed on the same spectrometer during the intervals.
Noteworthily, as the tube continuously moves in and out of the magnet, temperature change
needs to be considered. If a consistent temperature needs to be maintained, the tube can be
manually transferred to a thermostat setup during the intervals. If the detection temperature is
significantly different from the commonly utilised spectrometer temperature, a long delay time
can be set up to allow for temperature equilibration. For reaction monitoring over a period of
minutes to hours, if exclusive access to spectrometer is permitted, continuous in-situ
monitoring provides good control over the reaction temperature with undisturbed data
acquisition. When the reaction lifetimes are in the range of minutes, it might be necessary to
maximise the data density before the reactions complete. To achieve this, the pre-acquisition

procedures such as tuning, matching, and shimming can be performed on a dummy sample
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which is as identical as possible to the reaction mixture. Alternatively, if most of the reaction
components can be mixed into the NMR tube, without initiating the reaction, the pre-
acquisition processes can be performed on this tube. Then it is removed from the spectrometer
and the final reagent that initiates the reaction added, the tube is immediately reinserted into

the spectrometer for measurements.

Although static NMR experiments are conducted extensively and should be familiar to most
users, it is still worth a brief discussion of some considerations before one set out the
experiments. The choice of NMR tubes, for example, is an important first consideration. Apart
from the most common 5 mm borosilicate glass tubes, other tubes of different diameters from
1-10 mm, or even of volume in the order of microliters, can be purchased, providing the probe
can accommodate specialised tubes. Different materials of the tube including quartz and
sapphire are also available to accommodate analytes that may react with the glass surface,
notwithstanding at a higher price. Specialised tubes such as J-Young NMR tubes house a valve
to fit a Teflon cap and for easy attachment to Schlenk line, when air- or moisture-sensitive
samples are used. For sensitive reactions, reagents can also be injected via septum cap rather
than using conventional NMR caps. Shigemi tubes with a flat bottom are sample-saving, as
ineffective sample volume outside the detection region is replaced by solid glass at the bottom
of the tube. A diverse range of tubes are commercially available today, it is strongly
recommended to ensure the compatibility of the tube with the spectrometer probe prior to any

measurements.

Another criterion concerning qualitive and quantitative NMR analysis is the choice of internal
standard (IS). There often exists a confusion between internal standard and internal reference,
whereas the latter is exclusively used to normalise the relevant chemical shifts of peaks in a
spectrum, the former additionally offers a constant concentration guidance for quantitative
monitoring of the evolving species. The quantitative nature of NMR experiments is one of the
main reasons for its popularity. Internal standards are a common practice to remove any
instrumental variations in absolute integrals when accurate quantification is required. A
qualified internal standard should be equipped with a few characteristics, 1) well-resolved and
distinctive chemical shift within the spectrum, ii) stable and inert to the reaction conditions, iii)
non-volatile over the course of the reaction, and iv) ideally, has a similar 77 as the analytes.
Alternatively, external standard methodologies are available. For example, ERETIC?
(Electronic REference To access In vivo Concentrations) represents such a method that has the

advantages of simpler sample preparation and free of sample contamination. Although this
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method requires special NMR tubes and extra precautions thereby remaining rare in practical

laboratory work, it yet offers an alternative option for potential users.

1.1.2.2 Flow NMR Experiments

Prior to the introduction of flow NMR, flow chemistry received interest for its automated and
continuous manner so as to be inherently time- and labour-saving for operators®S. It has been
widely applicable in industrial scale and laboratory scale, offering improved mixing, heat and
mass transfer, and productivity compared to traditional batch processes. Flow platforms are

also easy to couple with various spectroscopic tools?’-?

. The first cooperation of flow method
and NMR spectrometer was proposed by Suryan® in 1951, and thereafter enjoyed development
along with the growing popularity of NMR spectroscopy especially after the revolutionary

mathematic Fourier Transform3° in 1966.

The adaptation of flow method to NMR spectrometer was greatly facilitated by tailored
probes®!32, flow cells****, and coils® of different geometries, which could be integrated into
high-field*¢3® and low-field**~*? spectrometers for reaction monitoring. For biological reaction
monitoring with limited sample availability, microfluidic flow probes’’-8 have been developed
to allow for smaller reaction volumes. It is worth mentioning that low-field benchtop NMR has
enjoyed particular popularity in this field, owing to its combined benefits of low cost and
maintenance, as well as its flexibility of the small-sized spectrometer which can easily be
coupled to a reaction system even in a fume hood. Furthermore, benchtop NMR instruments
adopt shorter distance from the reaction vessel to the magnet, hence further reducing sample
volume requirements and the dead time between reaction and detection. In the case of high-
resolution flow experiments, the necessity of probe modification was circumvented by
innovative design of flow tubes, allowing the continuous-flow system to conveniently couple
to standard NMR spectrometers, Figure 5a.** One main advantage of flow monitoring is the
reaction takes place in a reaction vessel, therefore compatible with different types of reaction
conditions. The analytes flow through spectrometer for measurement and represent the ‘real’
reaction mixture as those in the vessel. The addition of reagents is possible during data
acquisition. Another advantage of flow experiments is that the reaction solution can be

simultaneously analysed by complementary techniques such as UV-Vis and IR*%.
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Figure 5. a) A closed-loop recirculating flow system. b) Flow effects on the pre-magnetisation of analytes. Solid
line displays a scenario where the analyte has a short 71 and the flow rate is low (long residence time), i.e., the

analyte is fully polarised; dashed lines represent analytes with long 71 and high flow rate, the partial polarisation

leads to attenuated signal intensity.!*

Different from static measurements discussed above, deuterated solvent is generally not
recommended in flow experiments due to the larger quantity of materials required. Usually,
NMR spectrometers use deuterium solvents to stabilise the magnetic field strength (locking).
This is achieved by matching the deuterium absorption of the solvent with the lock frequency
of the spectrometers. However, NMR acquisition under unlock mode is feasible, as for modern
high-field spectrometers the drift in magnetic field strength is small in a short timeframe thus
having negligible effects on the resultant spectra. Unwanted strong solvent signals could be
effectively bypassed via the application of selective-saturation solvent suppression methods
such as WET*® (Water suppression Enhanced through 7 effects). When reproducible and
quantitative results are desired, the effects of flow, including intrinsic-flow effects and out-
flow effects,*’ need to be considered. These in- and out-flow effects are dependent on a range
of factors, including the characteristic flow regime, flow rate, the longitudinal relaxation time
constants (77) and residence time of analytes in the pre-magnetisation region. Generally,
turbulent flow must be avoided at the detection region, and flow can be considered laminar
when Reynold number is relatively small. Flow rate, on the other hand, has an influence on the
lag/dead time before data acquisition. It is recommended to measure the 7' of all analytes under
static conditions prior to reaction monitoring under flow conditions. Without pre-magnetisation
reservoirs, the 71 and residence time determines the extents of polarisation, reflected in the
signal intensities, Figure 5b. These variations in signal intensity will translate into incorrect
quantitation. The flow profile and the pre-magnetisation extent of nuclei should therefore be
adjusted and optimised carefully. Another undesired consequence of the continuous flow is

that the sample volume experiencing the radiofrequency (RD) will be partially purged outside
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the detection volume, leading to a faster FID decay and broadened resonances. This artificially
enhanced effective relaxation*” in continuous-flow and a correction factor*® were reported to
alleviate the quantitative distortion caused by in- and out-flow effects. Overall, it is beneficial
to evaluate the above-mentioned effects of a given continuous flow system and analytes prior
to conducting reaction monitoring. Owing to the circulatory feature, flow NMR experiments,
in principle, could achieve signal averaging, i.e., improved signal-to-noise ratio (S/N) from
multiple acquisitions under identical experiment conditions, which is a potential constraint for

rapid injection and stopped-flow methods to be introduced in the succeeding text.

1.1.2.3 Rapid Injection NMR

The demand to follow faster nonequilibrium reactions encouraged the mechanical

1820 and stopped-flow?!?* techniques to NMR setups. These

incorporation of rapid-injection
specialised techniques accelerate the reaction monitoring towards a significantly shorter
timescale from minutes to even milliseconds. The rapid-injection NMR relies on one solution
injected rapidly to another already in the tube, using the NMR tube itself as the mixing chamber.
The rapid and efficient mixing is achieved by high-speed fluidic turbulence. Rapid-injection
NMR was initially proposed by McGarrity and co-workers!8. The original prototype of
McGarrity’s injection apparatus compromises a gastight syringe, driven by a pneumatic piston
whose movement triggers the acquisition pulse sequence. The syringe is mounted above the
spectrometer and coupled to a long Teflon needle for solvent delivery. This device was
successfully implemented for kinetic study and observation of reactive intermediates**>! in
spite of its main drawbacks of (a) line broadening resulted from the injector and capillary
inhabited inside the NMR tubes which disturbs the magnetic field homogeneity, and (b)
diffusion of injectant from the capillary into the reaction solution throughout the experiment.

After this, a range of inventive instruments®?

were developed by interested research groups
to tackle the limitations of the original apparatus and pave the way for improved performance

or for their specific applications.
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Figure 6. An example of rapid injection apparatus designed by Hore et al., this figure was reproduced directly

from their publication in 2003.3

Hore and co-worker’s rapid injection device>? allows efficient and homogeneous sample-
mixing in tens of milliseconds, with an additional potential to include an optical fibre for photo-
CIDNP (Chemically Induced Dynamic Nuclear Polarisation) experiments. Their apparatus
compromises two main parts, as shown in Figure 6, a coaxial glass capillary tubing fitted inside
the NMR tube, and a glass syringe pneumatic injector outside the magnet. The diffusion of
injectant into the tube prior to injection is obviated by the introduction of a small bubble at the
end tip of the injector. Rapid mixing is achieved by a high-speed collimated jet of solution held
inside the capillary into the other in the NMR tube. Shigemi tubes were utilised over
conventional tubes here, for the more vigorous turbulence from flat-bottomed tubes than round-
bottomed tubes, hence more efficient mixing, and an apparent bonus of smaller sample volume

requirement. Based on this work, Franco et al.>3

reported a moderately optimised device that
removes the injector from the detection region after mixing, to obtain minimal perturbation of
the magnetic field homogeneity. The removal of injector is delicately governed by an air
injection using a pneumatic air syringe. Another dual-syringe apparatus assembly was
introduced by Reich and co-works®*, allowing for simultaneous injection of two solutions in a
single experiment. One unique characteristic of this device lies in the incorporation of a

mechanical stirrer, alleviating the inefficient mixing from sample solubility or temperature at

solvent freezing point. Although the authors claimed their preference to operate with 10 mm

28



tubes for better sensitivity in multinuclear experiments, and Denmark>® suggested in another
publication that 10 mm tubes require less time to achieve homogeneous sample mixing than 5
mm tubes, it should still remain prudent when precious reagents are involved. Denmark and
co-workers® later on optimised on their work and designed a system that fulfils the
requirements of accurate metering, rapid mixing and high chemical resistance in measurements.
Accurate metering of inject volumes and inject rates was achieved by a hydraulics system,
which consists of an injector tip, two pneumatic actuators to drive and retreat the injector tip
respectively, and three electronically controlled optical sensors. Efficient and homogenous
mixing was aided by an extra s-shaped paddle at the bottom of the injector to resolve the
concentration gradient formed from reagent delivery. A gas inlet was added to the reservoir to
enable air- and moisture-sensitive reagents to be used. This rapid-injection NMR system,
proved robust and reproducible in three case studies for kinetic analysis, was reported to adopt
a ca. 2 second delay time between injection and data acquisition. While the development of
more sophisticated apparatuses aims for faster mixing, the main drawback of rapid injection
methods, however, is perhaps the constant necessity to remove and clean after each
measurement and reinsert the tube for new measurement. To sample a kinetic profile with
satisfactory data density, this practice can be cumbersome, and pose limitations on sample

volume.

1.1.2.4 Stopped-flow NMR

t56

The first stopped-flow experiment>® was reported in 1940, long before the first ever recorded

high resolution NMR spectrum of ethanol®’. Similar to flow and rapid-injection techniques, the

stopped-flow apparatus also found its application to a range of spectroscopic tools>®

, among
which its initial incorporation with NMR spectrometers occurred in the 1970s2!-2%, Thereafter
the stopped-flow instrumentation has undergone continuous optimisations to achieve rapid
mixing and minimal phenomenological dead time, probing the limit of very fast reaction
monitoring. The primary difference between the rapid-injection technique discussed above and
the stopped-flow technique lies in the way they mix the analytes. Instead of storing one solution
in the NMR tube which is located at the magnet bore and introducing the other from outside
the tube (Figure 7a), in the stopped-flow technique the reactants are introduced from separate
syringes to a mixing device and the nascent reaction mixture delivered to an NMR flow cell

for detection, (Figure 7b and 7c). The main components of a conventional stopped-flow

apparatus generally include driving syringes, a mixing cell, and a stopping syringe at the
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observation region. The driving syringes push analytes into the mixing cell, where they become
rapidly and sufficiently mixed, then the flow mixture enters the stopping syringe and gets
trapped. The stopping movement is sensed and triggers acquisition. While the principles of
stopped-flow apparatus are easy to comprehend, the sought-after desires focus primarily on the
minimum deadtime. Deadtime of a stopped-flow experiment comprises three main parts, 1) the
mixing time of analytes in the mixer, ii) the transport time from the mixer to the tube, and iii)

the waiting time for the flow to stop and the liquid oscillation to cease for measurements.

a) Rapid injection insert

b) Stopped-flow probe c) Stopped-flow insert

Reagent
syringes

Reagent 2 injected
into NMR tube

in NMR tube

1
1
\J 1
1
1

1
1
1
1
i
i <4—_ Reagent 1 preloaded
1
N

Standard NMR probe

drive plate

Standard NMR probe

Stop syringe

Figure 7. Schematic representations of a) rapid injection apparatus designed to insert into a standard NMR probe,
b) a classic stopped-flow setup with a customized stopped-flow probe, and c¢) a variable ratio stopped-flow
apparatus designed to insert into standard NMR probes.**

Sykes et al?*' constructed a preliminary rapid mixing cell capable of studying reactions with
half-life times in the range of 10 ms, although it was highlighted that the longitudinal relaxation
time constant (71) of studied nuclei must be substantially smaller than the half-life time of the
studied reaction, otherwise, the relaxation mechanism of the nuclei spin system overshadowed
the concentration changes of the reactions. This limitation was later on bypassed by their own
modified eight-jet mixing cell®> owing to an inclusion of a pre-magnetisation reservoir. Ernst
and co-workers?? continued optimising their apparatus and achieved an impressive deadtime
of only 2 ms. They also underlined the sensitivity of stopped-flow experiments to lineshape
distortions due to the stopping motions. Despite the mechanical limitations at that time, for
example, the drive and stop syringes were manually operated by means of three-way stopcocks,
the principles of their work remained influential to the following stopped-flow developments.
A high pressure stopped-flow probe was introduced by Tanaka ef al.?*, tolerant of pressures up
to 200 MPa with a deadtime of several hundred milliseconds. They introduced inlet pathways
for nitrogen gas and pressure transmitting fluid, expanding the applications of stopped-flow

NMR to monitor fast reactions under high pressure as well as to study the effects of pressure
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66,67

on fast reactions. More recently, customised probes®>°’ were constructed for greater reagent

1.%% simulated the effects of fast reaction

polarisation and temperature control. Landis et a
evolution on the FIDs using numeric methods. The appearance of resonances such as linewidth,
phase shift, and intensity are only significantly affected when the reaction half-life is < 0.01 s,

which is faster than the deadtime of currently available stopped-flow systems.

The conventional stopped-flow setup has some practical limitations. The first is that it often
requires a custom NMR probe, rendering the use of cryoprobe impossible. Secondly the
delivery volume is restricted by the volume of the stopping syringe. Furthermore, the delivery
volume from solution syringes is in a fixed volumetric ratio due to the single shared drive plate
(Figure 7b). Very recently, a programme-controlled three-syringe stopped-flow system was
introduced to address these limitations. This state-of-the-art instrument in the Lloyd-Jones
group was employed throughout this project, for the interrogation of very fast irreversible

chemical reactions.

1.1.3 Temporal Resolution Enhancement by Interleaved Experiments

As introduced previously, to generate a satisfactory kinetic profile, sufficient time points need
to be acquired before the reaction finishes. In practice, one straightforward method is to reduce
the excitation pulse angle, trading sensitivity for temporal resolution. For example, Figure 8a
shows that 30° pulses effectively shorten the required repetition time between two transients
to 2.95* T1 for a 99.3% relaxation recovery, at the price of 50% sensitivity loss comparing to
a 90° pulse. 10° pulses are able to enhance the temporal resolution by shortening the repetition
time to just 0.77* 71, with 17% sensitivity retained. The sensitivity loss needs to be carefully
considered for fast reaction monitoring, as signal averaging, a process that is commonly used
in traditional NMR experiments for sensitivity enhancement, is not possible for rapidly
evolving reactions. Therefore, in practice, researchers should adjust these acquisition
parameters in an NMR experiment reasonably, aware of the demands and limitations.
Alternatively, for very fast reactions that evolve too fast to afford sufficient data points even
with reduced pulse angle, an approach to allow more data acquisition in a given timescale relies
on an interleaved manner.* Interleaved method is practically a pseudo real-time approach. By
repeating a chain of experiments under the same conditions except changing the time gap
between the reaction initiation and data acquisition, the data points obtained from separate

experiments with different timing offsets can then be reconstructed to give a reaction profile
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with manually enhanced temporal resolution, Figure 8b. This interleaved approach can easily
integrate with the stopped-flow technique introduced in this work, as the latter enjoys
programme-controlled experimental conditions and easy refreshment of analytes, allowing
repeated measurements to be conveniently conducted. This method was practically employed

in this project for fast reactions with half-life time in the order of milliseconds (section 2.2).

a) sensitivity vs. data density

90° pulses @ O QO O— 100%
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b) Interleaved 90° experiments
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Figure 8. a) Graphical representations of the relationship between sensitivity and data density achievable in a
time window. b) Manually enhance data sensitivity by four interleaved data sets using 90° pulses, maximum

sensitivity retained.
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1.2 Longitudinal Relaxation and Impact

Another focus of this work is the longitudinal relaxation time measurements. Relaxation
mechanisms®, briefly touched upon in preceding text, play an important role in the resultant
signals in a NMR spectrum. These two relaxation phenomena, including longitudinal
relaxation and transverse relaxation, vary in their different pathway for energy release. In an
applied static magnetic field, NMR-active nuclei are distributed in their higher energy level

and lower energy level following the Boltzmann distribution

N -
g / N, = exp (ﬁ) Equation 1

Np and N, are the population of nuclei in higher energy state and lower energy state respectively,
AE is the energy difference between two levels, k£ is the Boltzmann constant and 7 is the
temperature. When nuclei are excited by the transmitter radiofrequency (RF) pulse in a
perpendicular direction to the external magnetic field Bo, an absorption of energy occurs and a
migration of nuclei from their lower energy state to higher energy state is triggered which
breaks the Boltzmann distribution. These excited nuclei will then release the energy to return
to their lower energy state by a phenomenon called relaxation. By different pathways for energy
release, relaxation is categorised into longitudinal (spin-lattice) relaxation and transverse (spin-
spin) relaxation, the former represents energy transferred to surrounding lattice and in the
direction of the external magnetic field, whist the latter represents energy transferred to
neighbouring nuclei and in the direction perpendicular to the magnetic field, respectively. The
relaxation of nuclei offers valuable insights into the study of nuclei dynamics’’!. For example,
7> has an effect on the spectral resolution as natural linewidth at half height A2 = 1/a75. In
other words, the slower the transverse magnetisation decays away, the narrower the signals are.
On the other hand, 7 is crucial when deciding the relaxation delay between acquisition cycles,
for a multiple-spin system, delay normally needs to be 5 times the longest 7 value so that 99.3%
spins are returned to equilibrium. Otherwise, partially relaxed spins and fully relaxed spins will
lead to errors in both relative quantitation and absolute quantitation. In the context of
qualitative NMR, T also plays a role in determining the Ernst angle®® for optimal sensitivity
within a given spectrometer time. Regarding the stopped-flow experiments, where spins are
not fully magnetised upon entering the flow cell, 71 constants are correlated with the pre-
magnetisation level of different analytes in the same experiment. Therefore, it is highly advised

to estimate or measure the 771 values of spins before performing kinetic studies. Considering
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the significance of longitudinal relaxation on quantitative analysis, the methodologies for 7}

determination will be discussed here.

1.2.1 Longitudinal Relaxation Time Measurements

a) Inversion Recovery b) Saturation Recovery c) Progressive Saturation
180° 90° 90° 90° 90°  90°  90°
T T
LN BELEN T
S—
n n
M, M, M,

,‘ e

7% T

Figure 9. Pule sequences for a) inversion recovery, experiment is repeated with variable delay time t; b) saturation
recovery, n denotes the number of 90° pulses applied to saturate the z-magnetisation, experiment is also repeated
with variable delay time t; and c) progressive saturation, identical 90° pulses are equally spaced by repetition time
. The fitted data to derive 71 constants are shown below each sequence respectively. Differently coloured data

points indicate that they are acquired stepwise in each repeated cycle.

There are a wide variety of methods for 71 measurement, and comprehensive reviews’? are also

69,73,74

available. Among the 71 measurement experiments such as inversion recovery , saturation

7576 null approximation, and progressive saturation’’ (Figure 9), the most widely used

recovery
method, available that can be performed in automation on nearly all spectrometers, is the
inversion recovery experiment (Figure 9a). It investigates the longitudinal relaxation by
employing an initial 180° pulse, which inverts the equilibrium magnetisation to -z-axis, then
waiting for a delay time t. During this t period the inverted magnetisation relaxes towards the
equilibrium state. A followed 90° pulse then rotates the magnetisation to transverse plane for
detection, the signal intensity reflects how much the magnetisation has relaxed. By repeating
this cycle with a series of incremented variable delay time t (a minimum of 10 values and the
largest variable delay at least 5*77 is recommended,), the longitudinal relaxation recovery

curve can be sampled. An exponential function between the integral M; against t is obtained

following the relationship:
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My =M, -(1—-2- e_T/Tl) Equation 2

M, is the thermal equilibrium, 77 is the longitudinal relaxation time constant. The null
approximation, in practice, is used for a faster estimation of 77 value. It employs the same pulse
sequence as the inversion recovery experiment and simply utilises the fact that signal integral
reaches zero when the recovery time equals 77 xIn2. Therefore, by reducing the time for positive
signal integral and conversely increasing the time for negative integral, an estimated 71 is
quickly derived. The closely related saturation recovery experiment’>’®, Figure 9b, consists of
a loop of repetitive 90° pulses, to saturate the magnetisation rather than inverting it. The
saturated magnetisation then starts to relax upon the extinction of the saturation pulses, back
to equilibrium state during delay time t. Similar to the Inversion Recovery experiment, the
final 90° pulse monitors the integral determined by longitudinal relaxation rate and delay time.
By repeating this cycle for a range of T values again yields an exponential relationship between

signal integral and time following Equation 3.

My =M,-(1-— e_T/Tl) Equation 3

Progressive saturation experiment’’

(Figure 9c), proposed by Freeman et al., adopts an equally
spaced 90° pulse train to drive the magnetisation to a steady state, and by varying the delay
time 1, a recovery curve is sampled. The saturation recovery and progressive saturation
methods bypass the relaxation delay (RD) required before each cycle in inversion recovery,
allowing a reduced overall experimental time. This advantage is more substantial for samples
of low concentration or insensitive nuclei as signal averaging is usually necessary for
sensitivity. In the progressive saturation experiment, the recovery of magnetisation occurs
during the interval delay time between equally spaced 90° pulses. The first 90° pulse reads out
the thermal equilibrium integral M,, and the following train of 90° pulses establishes a steady-
state where relaxation and excitation reach a dynamic balance. It was reported that a reasonable
steady-state is attained after three consecutive 90° pulses. Under the condition that the
transverse magnetisation is eliminated prior to the next excitation pulse, this dynamic balance

would be determined by longitudinal relaxation only, following Equation 4.

T, =—1/ln ( - %) Equation 4

0

In Equation 4, M,, is the signal integral measured when steady-state is established, t is the
repetition time between pulses. The choice of T needs to be careful, since the signal intensity

detected at the steady-state is directly proportional to the time and longitudinal relaxation rate.
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Too short of a repetition time will lead to low signal-to-noise ratio (S/N), or in the worst case,
loss of signal, while too long of a repetition time will allow the spins to fully relax back to
equilibrium. The following procedure is similar to the previous two methods, a series of
incremented repetition time T is used to sample the recovery curve. As can been seen from
Figure 9, both saturation recovery and progressive saturation methods only sample part of the
inversion recovery curve. In the original publication of progressive saturation experiment, the
author emphasised that the pulse angles must be 90° to ensure a complete rotation of z-
magnetisation onto the transverse plane. This steady-state theory, also investigated by Kaptein
termed SSFT’® (Steady-State Fourier Transform), used a [180°-(8(FID)-1).] sequence. In
contrast, it stated the pulse angle adopted here must be 8<90° (typically 30°). Such small flip
angle steady-state experiments have been applied in MRI7®-%* and hyperpolarised heteronuclei®!
T measurements, but have not been widely adopted in routine solution phase NMR
spectroscopy. In this work, it was proved that variable angles (0°<8<90°) can be implemented
for the 71 determination, alleviating the sensitivity challenge in systems with long 77 values

and short repetition time.

Apart from the above 71 measurement methods, other approaches such as Fast Inversion
Recovery®?, and Modified Fast Inversion Recovery®® edit the waiting time in the original
Inversion Recovery pulse sequence to moderately alleviate the long experimental time. An

early single-scan method®+%>

samples the recovery curve by repeating a 90°-180°-90° sequence
after an inversion pulse, therefore non-destructively observing the relaxation back to
equilibrium, but the method is too limited for general application. A spatially-selective single-
scan method® has circumvented some of these limitations by detecting magnetisation in
different slices of the sample. However, this comes at a penalty of reduced sensitivity. The
original 'Look-Locker' technique®”*® described the steady-state driven by low-flip angle pulses
from an initial state that could be inversion, saturation or equilibrium. The MOdified Look-
Locker Inversion recovery (MOLLI) sequence® is now widely employed for 71 mapping in
(MRI) (Magnetic Resonance Imaging). The Variable Nutation, or Driven-Equilibrium Single-
Pulse Observation of 77 relaxation (DESPOT) technique, is similar to Progressive Saturation,
but varies the pulse angle, 0, instead of 1. Indirect 77 measurements utilise polarisation transfer
such as INEPT®*°! (Insensitive Nuclei Enhanced by Polarisation Transfer), or DEPT®?
(Distortionless Enhancement by Polarisation Transfer) to measure the 71 constants of low
gyromagnetic ratio nuclei, or high gyromagnetic ratio nuclei with overlapped signals. All these

outlined methods offer an extensive range of options for 77 estimation, all based on analysis of
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the exponential function of longitudinal relaxation recovery against time following the

relationship below, in which a is determined by the starting point of the recovery curve.

-7
M,=My-(l—aXxe /Tl) Equation 5

1.3 Nuclear Overhauser Effects from Heteronuclear Decoupling

The Overhauser phenomenon was first proposed by Albert W. Overhauser”. It was found the
nuclear signal intensity could be greatly enhanced by a factor of > 1000 from the saturation of
unpaired electrons. This polarisation transfer between nuclei and electrons originates from the
cross relaxation between them when the Boltzmann population distribution of electrons is
disturbed. Interestingly, this novel theoretical prediction was not well received upon its first
publication and encountered scepticism from a few notable Nobel laureates. Later in the same
year, successful experimental validation®* confirmed the proposal, and this Overhauser effect
has thereafter become a pivotal topic in NMR spectroscopy. The original nuclear-electron
Overhauser effect requires external microwave irradiation and the addition of free radicals to
the sample as the polarisation source. This procedure constructs the concept of dynamic nuclear
polarisation (DNP), a hyperpolarisation technique that has found widespread applications in

5

solution-**> and solid-state”®*” NMR. The work herein will mainly discuss nuclear-nuclear

Overhauser effect, with a particular focus on heteronuclear Overhauser effect.

a) b)
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Figure 10. a) A scheme for measuring steady-state homonuclear NOEs. b) A scheme to measure steady-state
heteronuclear NOE:s.

Different from scalar couplings through chemical bonds, the NOEs arise from dipole-dipole
cross relaxation between spins that share dipolar couplings through space. In solution-state
NMR, the rapid random molecular tumbling usually averages the dipolar couplings to zero on
the NMR timescale, thus do not produce resonance splitting in the way of scalar coupling.
However, in solid-state NMR, the dipolar interactions contribute to the appearance of
resonances due to rigid molecular movement. Since the magnitude of dipolar couplings is
typically magnitudes larger than that of J-coupling, solid-state NMR signals display

significantly broader linewidths. This signal broadening can be alleviated by a magic-angle
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spinning (MAS) technique, where the sample is rotated around an axis at a 54.7° with respect
to the magnetic field Bo. Although the dipolar couplings do not normally affect the linewidth
in solution NMR, their existence can be probed via the perturbation of one resonance and
observing the intensity change of another. The perturbation usually involves saturation
(equalising the spin population difference between different energy levels) or inversion
(inverting the population difference) of the target resonance, Figure 10. Upon the perturbation
of spin S, the magnitude of NOEs observed for spin I is expressed as the relative integral

change:®
niisy= M- Mo)/M0 x 100% Equation 6

M is the signal integral of spin I in the presence of NOEs, and M, is the equilibrium integral in
the absence of NOEs. Figure 11a shows example of the homonuclear and heteronuclear NOEs.
The sign of NOE depends on the rate of molecular motions, which can be fast (small molecules
in low-viscosity solvent) or slow (large molecules in high-viscosity solvent). The former
displays positive enhancement while the latter gives negative enhancement. Figure 11b
presents a simplified heteronuclear two-spin system (/ = 1/2), with four energy levels and six
possible transition probabilities represented by Wo, Wi, and W». The subscripts indicate the
magnetic quantum number of the transitions. The four W transition pathways involve a single-
spin flip, e.g., ayax to a,fx represents a flip of spin X, contributing to observable NMR
signals. The zero-quantum transition (Wo) and double-quantum transition (W2) involve
simultaneous flip of two spins, which cannot be directly observed due to the ‘quantum
mechanical selection rule’. These two-spin flip transitions, however, are responsible for the
NOEs and are referred to as cross-relaxation. When W» is dominant, the NOEs are positive;

when Wy is dominant, the NOEs are negative.

The sign of heteronuclear NOEs further depends on the gyromagnetic ratio of the cross-
relaxing nuclei. For example, the NOEs from 'H to >N or 2°Si, display negative enhancement.
Depending on the NOEs magnitude, the "N{'H} or *Si{'H} signals can be attenuated,
cancelled (disappearing from the spectrum) or negatively enhanced if full negative NOEs can
be exploited. The magnitude of NOE:s is sensitive to the internuclear distance 7, being inversely
proportional to the six powers of 7 (+°%). It is this feature that empowers NOEs, more commonly
proton-proton, a valuable tool for structural analysis of, for example, proteins and other

molecules.
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Figure 11. a) Schematic representation of homonuclear NOEs (orange arrow), and heteronuclear NOEs (blue
arrows). b) Energy-level diagram for a heteronuclear two-spin system with ya > yx, showing the possible
relaxation pathways.

The heteronuclear NOEs are occasionally employed to provide structural information.”® Note
the scheme for heteronuclear steady-state NOE measurement in Figure 10b, if broadband 'H
decoupling is applied during FID acquisition of spin X, then a sufficiently long delay must be
adopted during transients to allow the site-specific NOEs to dissipate. Nowadays,
heteronuclear NOEs are more routinely used as a means of sensitivity enhancements, by
polarisation transfer from sensitive nuclei to insensitive nuclei, such as '3C{'H} spectra. There
are a range of experiments that utilise the decoupler in different ways (Figure 12), they vary in
the resultant spectra in terms of the existence of NOEs, removal of J-couplings, and whether
reliable quantitation is achieved. It is necessary to distinguish them and confirm the desired
outcome before one sets out to conduct an experiment. For instance, only inverse-gated *C{H}

experiments!'®

produce quantitative spectra providing the relaxation delay (RD) is sufficiently
long to dissipate NOEs. Gated-decoupling method aims to utilise the NOEs and preserve the
multiplicity information. Continuous decoupling and power-gated decoupling both display the
NOEs and remove J-couplings and are not quantitative. The difference between them is that,
power-gated decoupling applies a lower-power during the RD to alleviate the power output

from the probe as well as to minimise the effect of sample heating.

8
RD taq
13G /\VAVA NOEs J-couplings Quantitation
continuous decoupling  1H]| decoupler ] N X X
gated decoupling 1H [decoupler] Vv Vv X
inverse-gated decoupling 14 X X N
high-power

low-power,

power-gated decoupling 14 [ — ] decouple} i X X

Figure 12. Different decoupling manners for 3C{!H} experiments. The obtained spectra with respect to the

enhancements from NOEs, multiplicity from J-couplings, and quantitation are listed on the right.
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1.3.1 Theoretical Heteronuclear NOEs

In practice, to efficiently take advantage of the NOEs for sensitivity enhancement, 'H is usually
the optimal choice for the decoupled nucleus, owing to its ubiquity in molecules, high

gyromagnetic ratio, and high natural abundance. The maximum enhancement factors are

determined by n = Vi /2)/ , where y; and ys are the gyromagnetic ratios of the decoupled
S

nucleus and the detected nucleus respectively. Table 1 presents the theoretical maximum NOE

factors achievable by {'H}-X experiments, X is the heteronucleus detected.

Table 1. The gyromagnetic ratio and natural isotopic abundance of some spin-half (I = 1/2) nuclei, and the

maximum NOE factors achievable by 'H-decoupling.

Nucleus H 3¢ N ¢ 295 31p
y /%107 rad-s%-T? 26.7 6.7 =2.7 25.2 -5.3 10.8
Natural abundance / % 99.99 1.11 0.37 100 4.67 100
Nmax ( {*H}) - 2.0 -4.9 0.5 -2.5 1.2

In other situations, for example, {*!P}'H experiments, the maximum NOEs factor is

_ V31p _
n= 2y,, = 020

For {1*C}'H experiments, the maximum NOEs factor is

_ Vi3 _
n= 2y,, = 0125

If the sample has natural abundance '*C, the enhancement will further reduce to
n=0.125x%x1.11% = 0.0014

This enhancement is normally negligible. Therefore, the major advantage of heteronuclear
decoupling here would be to remove the '*C couplings for a cleaner spectrum, or to reveal
small peaks that are overlapped with 13C satellites. To generate '*C satellite-free 'H spectra, an
alternative method termed DISPEL!'"! (Destruction of Interfering Satellite by Perfect Echo
Low-pass filtration) is available to supress one bond 3C satellites without the need of

broadband heteronuclear decoupling.
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1.3.2 Decoupling Schemes for Heteronuclear Decoupling

The significance of spin decoupling for NMR spectroscopy cannot be overvalued. It affords
two benefits that are always sought-after in NMR experiments, the resolution, and the
sensitivity. The development of decoupling is closely associated with the history of NMR
spectroscopy. Before the introduction of Fourier Transform (FT) NMR?3, the theory of
continuous wave (CW) decoupling was developed!?? (Figure 13a). It introduced the idea of
collapsing J-couplings by irradiating a scalar-coupled spin species with a strong CW radio
frequency. The intensities of a multiplet are coalesced into a narrow singlet, leading to better
sensitivity which could be further enhanced by NOEs. This CW decoupling approach, however,
normally requires excessive radio frequency power level which renders it impractical. A more
effective scheme for heteronuclear decoupling, commonly on proton frequencies, was
proposed by Richard Ernst!®*. Noise decoupling (Figure 13b) utilised a random-phase
decoupler that serves to scramble the o and 3 states of the decoupled spins. It remained the
primary decoupling method for over a decade until the introduction of spin flip
decoupling!%+195 (Figure 13c). Spin flip decoupling established on the theory that, for a scalar-
coupled spin IS system, if spins I are continuously inverted at a rate fast compared with the
coupling constant Jis, then the heteronuclear couplings are refocused and do not split spins S.
Simple 180° inversion pulses are sensitive to off-resonance effects and pulse imperfections, the
accumulative errors from periodically applied 180° pulses could be significant. Therefore, by
replacing the single inversion pulses with composite pulse clusters led to improved composite
pulse decoupling!® (CPD), a technique that has been widely employed up till today (Figure
13d and 13e). The inversion imperfections could further be improved by the introduction of

107 This produced a family of supercycle CPD sequence such as MLEV16!%,

supercycles
named after the author, and WALTZ16!%, providing minimum residual splitting hence
regularly used for 'H decoupling. When decoupling nuclei with larger chemical shift range, for
example °C or °N, it is more suitable to use computational optimisation schemes such as
GARP!? (Globally-optimised, Alternating-phase, Rectangular Pulses). There are numerous
CPD sequences available today, some commonly applied schemes and their effective

decoupling bandwidths, general applications are listed in Table 2.
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Figure 13. Schematic representation of the development of broadband decoupling in NMR spectroscopy. This

figure is reconstructed from the publication by Eriks Kupde.''!

Table 2. Selective examples of composite pulse decoupling schemes for broadband decoupling.!!?

Scheme Bandwidth (yB2/2m) Applications

continuous wave'®  <0.1 selective decoupling only
MLEV16'% 1.5 'H

WALTZ16'% 2(1.8) high-resolution 'H

DIPSI2!13 1.2 very high-resolution 'H"
GARP!!? 4.8 X-nucleus

Adiabatic >20 broadband uniform decoupling

*DIPSI can also be used as a mixing sequence, typically in TOCSY experiment.

The demand for increasing decoupling bandwidths arose, particularly with the advent of
inverse detection 2D NMR experiments. The 1980s witnessed a booming growth of 2D NMR,
Figure 14. Proton-detected heteronuclear shift correlation experiments such as HSQC
(Heteronuclear Single Quantum Correlation) and HMBC (Heteronuclear Multiple-Bond
Correlation), usually entail decoupling of '*C. At the same time, spectrometers of higher and
higher magnetic field strength became available, leading to increasing chemical shift dispersion.
These advancements posed a challenge, that the radiofrequency power to reach required
decoupling became much higher than the conventional proton decoupling. Excessive power
could lead to sample heating that causes temperature fluctuations within the sample and
deteriorates the spectral quality, or even worse, damages the cryogenic probes. Adiabatic

114-116

broadband decoupling proved to use the RF power more effectively (Figure 13f, Table 2)
and minimise the RF power leakage. It replaced the composite inversion pulses employed in
CPD schemes with adiabatic pulses. Supercycles were also used to compensate for inversion
imperfections, as for the CPD. Intriguingly, the first application of adiabatic decoupling!!” was
reported in 1979, the same year as the proposal of spin-flip decoupling. However, unlike the
continuous developments of CPD schemes, the widespread experimental implementation of

adiabatic decoupling was realised until 1995 and has become an indispensable tool
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afterwards!!!. A range of adiabatic pulses are available, such as WURST!!® (Wideband,
Uniform-Rate Smooth Truncation) and Chirp!!® pulses. One advantage of adiabatic decoupling
is that the decoupling bandwidth, the adiabatic pulse duration, and adiabatic factor can all be
tailored for specific requirements. One disadvantage, however, is the accompanied cycling
sidebands. A modification in the decoupling scheme, called bi-level adiabatic decoupling!?’
(Figure 13g), could alleviate this unwelcome phenomenon. This is achieved by introducing a
brief high-power level before the scheme. As a result, adiabatic decoupling became particularly
important for the decoupling of X-nuclei at higher magnetic fields. They have also been used

for accurate quantification of *C{'H} spectra!?! and 'H{'*C} spectra'??.
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Figure 14. The history of 2D NMR, with some examples shown chronologically from bottom to top. The thriving
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13C

of 2D NMR has stimulated the development of adiabatic pulses. Note INEPT!? is not a multi-dimensional

experiment. However, considering its importance as a building block for many other heteronuclear shift

correlation experiments, it was included here.
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1.4 YF NMR

1.4.1 Fluorine in Organic Chemistry

Before discussing in detail the NMR studies of °F, it is reasonable to briefly introduce the
evolvement of fluorine in organic chemistry. The role that fluorine plays in chemistry has
tremendously progressed. Among multiple reasons for its prosperity, one is the combination of
its intrinsic properties including the relatively small size, high electronegativity, strong
covalent bonding, and single valency'?*. The presence of fluorine has proved to have a
profound influence on the physical properties and chemical reactivities of molecules
comparing to their nonfluorinated analogues. For instance, the electron-withdrawing nature of
fluorine attenuates the pKa, value of neighbouring functional groups!'?, thus the acidity of a
wide range of organic compounds can be effectively tuned by substituent fluorine atoms, with
an additive effect from multiple fluorine substitutions. Modulation in pK. values further exerts
influences on physicochemical properties such as binding affinity, increased membrane

127

penetration!2® and lipophilicity!?’, which are advantageous to drug design. As a consequence,

128-130 and

fluorine reaches beyond organic synthesis and also prevails in pharmaceuticals
agrochemicals'*!"132, As a matter of fact, it was estimated that in 2010 up to 20% of
administered drugs were fluorine-containing and the proportion has increased to approximately
30% in recent years'*’, marking a pivotal contribution to health care. The proportion of
fluorinated agrochemicals was even larger, taking >50% of all active agrochemicals'**. These

demands promoted fluorine chemistry one of the most active fields of organic chemistry.

Despite the longstanding interest and the fact that fluorine ranks the 13" most abundant element
on Earth’s crust, there are only very few natural products that contain fluorine, therefore the
vast demand of fluorinated compounds largely relies on manual synthesis. Since the first

3135 and more recent breakthrough

reported fluoride replacement of halogens in 186
developments such as DAST!3¢ and Selectfluor'®’, a broad array of fluorination methods have
emerged and made various fluorinated compounds commercially available in the current

market. Figure 15 displays some of these representative strategies that employ fluorine as

138-141 142-145

electrophilic , nucleophilic , and chiral'**1%0 reagents. Considering the many
benefits and potentials from fluorine incorporation, it is fair to envision its enduring popularity

and importance in organic chemistry, medicinal chemistry, and extended areas.

45



a) Examples of Electrophilic Fluorination Reactions38-141
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b) Examples of Nucleophilic Fluorination Reactions!42-145
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c) Examples of Enantioselective Introduction of Fluorine!46-150
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Figure 15. Examples of fluorination reactions, utilising fluorinated compounds as a) electrophilic!3-!4!, b)

142-145 146-150

nucleophilic , and c) chiral reagents respectively
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1.4.2 NMR Studies of Fluorine

Following its significance in synthesis, two main factors have contributed to the growing
popularity of fluorine NMR. The first one is the advancements of modern spectrometers.
Increasingly available low-field benchtop spectrometers!>! equipped with rare-earth permanent
magnets have redrawn interests, owing to their low cost, easy maintenance and flexibility
location-wise. The reduced sensitivity at low fields is sidestepped by the favourable nuclear
properties of '°F nucleus, thereby making 'F NMR experiments preferably suitable for
benchtop instruments. On the other side, developments in high-field cryoprobe spectrometers
introduced probes that allow simultaneous tuning to 'H, '°F or/and X nuclei, where X could be
any NMR-active nuclei. Switching between single-tune and dual-tune is no longer rare in
commercially available high-resolution probes today. Battiste and Newmark!>? have
comprehensively detailed the 'F multidimensional experiments that can be performed on
modern spectrometers. Another attractive technology is the advent of multiple receivers, this
feature enables the direct and parallel detection of different nuclei species!*?, or one nucleus
being detected during the relaxation or decoupling of the other. Apart from the straightforward
time-savings and increased throughput, these experiments are compatible with other fast NMR
techniques for further enhancement in efficiency. Kovacs and Kupce!>* illustrated the
versatility and productivity of this multi-receiver system, adapting to a broad range of routinely
used 2D 'H and °F experiments. Given the advantages of '°F in organic chemistry as well as

in NMR studies, this project will heavily focus on fluorine-involving reaction studies.

Fluorine as a nucleus for NMR has its favourable nuclear properties, including the 100%
natural abundance, high gyromagnetic ratio at ~94% of that of proton, % spin, and significantly
wide chemical shift dispersion. These properties translate into fluorine nucleus’s intrinsically
high sensitivity, similar coupling manner as that of proton and carbon, and strong dipolar
interactions. The strong °F-'°F homonuclear and '°F-'H heteronuclear NOEs can be employed
to aid structural studies!>> and CIDNP (Chemically Induced Dynamic Nuclear Polarisation)

156, which was proved to create a 20- to 40-fold '°F hyperpolarisation for sensitivity

experiments
enhancement.!>” Fluorine nucleus is also exquisitely responsive to its surrounding local
environment changes, leading to a wide chemical shift span up to 700 ppm (>350 ppm for
organofluorine compounds), an almost 70-fold increase comparing to that of a proton nucleus.
This wide signal dispersion, as mentioned earlier, makes fluorine NMR particularly attractive
to low-field benchtop NMR spectrometers!'>8, for which low-resolution and low-sensitivity are

commonly the major limitations. This large chemical shift dispersion of fluorine has been
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utilised for conformational and dynamic studies!®®, where the extra motional timescales in
lineshape and 7> relaxation studies could effectively afford the detection of very subtle
conformational changes. In contrast to the ubiquity of 'H and '*C in molecules, limited
appearance of '°F underlines that '°F spectra are much less likely to suffer overlap troubles and
provide an ideal tool for the studies of complex mixtures. Indirect utilisation of '°F in mixture
analysis was also possible using isotope-editing!'®. It simplifies overcrowded 'H spectrum by

showing only those protons that are coupled to fluorine of interest.

Moreover, in 'F NMR experiments, non-deuterated solvents can be used without the concern
of overwhelming solvent signals, owing to the absence of fluorine signals from non-fluorinated
solvents. This could substantially reduce the running cost for kinetic studies using flow NMR
and stopped-flow NMR, when large amount of sample is used. Figure 16 presents an example
of the stopped-flow in-situ monitoring of the azole-catalysed acylation. In the 'H spectrum, the
methyl-proton of the product was overshadowed by the dominant solvent signal of CH3CN
(Figure 16a). Solvent suppression schemes were not viable as it would destroy the signal of
interest, the use of deuterated solvent was not practical either considering the cost. Therefore,
one strategy to this problem is to introduce °F-labelling, providing the label does not interfere
with the reaction kinetics of interest. Normally para-F-C¢H4 and para-CF3-CsHs groups can
be used as °F labels, so that the label is not very close to the reaction centre. Owing to the
large dispersion of fluorine chemical shift and its high sensitivity towards environment,
resonances of different reaction components are less likely to overlap, therefore the reaction

can be conveniently followed by ’F NMR experiments (Figure 16b).
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Figure 16. a) A transient 'H NMR spectrum to monitor the azole-catalysed acylation, note the blue labelled methyl
proton covered by the strong CH3CN solvent signal, making it impossible to follow. b) A transient '°F NMR
spectrum to monitor the reaction by introducing '°F labelling (p-CF3-CsHa), all signals are well-resolved.

Besides the advantages brought about by the fluorine NMR, challenges also come along in the
context of quantitative NMR (qNMR) measurements. The broad fluorine chemical shift range

161,162

suggests that, in addition to the routine procedures for quantitative experiments , a higher
requirement for uniform broadband excitation throughout the whole spectral width is needed.
High-powered hard pulses, or amplitude-modulated pulses, are the most straightforward and
frequently-used pulses in NMR experiments. However, they have limitations. For example,
given the RF power limitations of the spectrometer hardware, a traditional 90° hard pulse can
hardly afford the full coverage of a typical '°F spectral window at >100 kHz, i.e. a 200 ppm
range on a 500 MHz ('H) spectrometer. Strictly speaking, a simple 90° hard pulse offers a
relatively narrow bandwidth excitation of about 20 kHz, in the sense of accurate (£1-2%)

163

quantification'®. Figure 17a presents an example of non-uniform excitation delivered by
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conventional 90° pulse leading to signal amplitude losses at edges of the spectrum. This
attenuation could cause serious off-resonance effects and inaccurate signal integrations. In
addition, hard pulses are sensitive to B1 inhomogeneities which could lead to variable flip

angles across the active volume and cause phase errors.

a) conventional 90°

80 40 0 -40 -80 -120  -160 ppm

b) CHORUS

\ 1

80 40 0 -40 -80 -120  -160 ppm

Figure 17. '°F NMR spectra showing the inconsistent signal intensities acquired by (a) simple 90° pulse excitation
and (b) CHORUS. Imposed green and purple lines represent simulated excitation profiles respectively. This figure
was adapted from publication'?,

To circumvent the B; variations and off-resonance effects, a handful of measures can be
employed experimentally. A convenient approach is when the resonances of interest are close
enough to one another in the spectrum, the transmitter resonance can then be simply placed at
the centre of the peaks. Second, when peaks are far apart, the wide spectral window can be
divided into smaller regions, and multiple spectra are acquired with each acquisition covering
a different region. However, this is cumbersome and poses potential instrumental and data
processing errors. In practice, a smaller excitation pulse angle, or equivalently shorter pulse
duration, is able to sweep a broader bandwidth uniformly without increasing the RF power
amplitude, as for a given RF power the excitation bandwidth, Aw, is inversely proportional to
its duration, t,. This method is useful and easy to operate when sensitivity is not a main
constraint. Alternatively, specialised pulses can be employed in place of conventional hard
pulses. As discussed in section for heteronuclear decoupling, one of the methods to improve
excitation performance is also to use composite pulses which consist of a cluster of hard pulses
with different flips angles and phases. Another approach which offers greater tolerance toward
B variations and off-resonance effects is to employ adiabatic pulses, also known as frequency-
swept pulses.!®* For example, an adiabatic triple-pulse excitation scheme termed CHORUS

)163,165

(CHirped, ORdered pulses for Ultra-broadband Spectroscopy was developed to provide

very broad excitation of more than 0.5 MHz, i.e. a 1000 ppm coverage on a 500 MHz
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spectrometer, with uniform amplitudes and phases (Figure 17b). Noteworthily, adiabatic pulses
have one downside which is their longer pulse durations, typically from 0.5 milliseconds to 2
milliseconds, much longer than their hard pulse counterparts (a few microseconds). These long
pulses are not suitable for systems with significant homonuclear scalar coupling or spins with
rapid transverse relaxation. The J-modulation during the excitation pulse could lead to phase

distortions and reduced integrations. An optimised sequence!®

attempted to mitigate this
limitation by compressing the duration of the original CHORUS sequence, or more recently,
by the combination of perfect echo and CHORUS!'®, to allow this approach more robust in
strong homonuclear coupling systems. Figure 18 has experimentally demonstrated the off-
resonance effects from conventional hard pulses on quantification, while CHORUS was able
to excite a wide frequency range uniformly. Despite the implementation of adiabatic pulses
normally requires manual parameter adjustments, they have proved functional in challenging
systems and promoted the continuous developments of NMR experiments on X-nucleus.
Throughout this work, 'F NMR was utilised for reaction monitoring on a 9.4 T spectrometer,

and NMR experimental parameters such as the radiofrequency offset and spectral width were

carefully considered to ensure accurate quantitation.
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Figure 18. F NMR spectra of a mixture sample of 4-bromobenzotrifluoride, 4-fluorophenol and
fluoroacetonitrile in the ratio of 1:1:1 in CDCls. The transmitter offset (in ppm) was set to a) -150 ppm; b) -100
ppm; c) -200 ppm. Maroon integrals were measured by hard 90° pulses, navy integrals were measured by

CHORUS 90° pulses. Note the asterisk-labelled signals that showed significantly attenuated integrals.
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1.5 Aims and Objectives

This project aims to develop new stopped-flow technique, in collaboration with NMR
spectroscopy, ultimately to facilitate the mechanistic elucidation of chemical reactions. Current
investigations in very fast irreversible reactions rely mostly upon an ex-situ quenching manner,
which requires repeated preparation of aliquots and a sufficient record of individual reactions
with incremented reaction time. This traditional approach firstly is labour-intensive, secondly
requires large amount of sample, which sometimes renders it unfeasible for valuable materials.
Additionally, ex-situ monitoring suffers from the loss of short-living transients or intermediates
information, the manually-repetitive feature also poses accumulative data interpretation errors.
Therefore, the state-of-the-art stopped-flow NMR instrument studied in this project prospects
to offer a unique tool to break through the speed-limit of in-situ reaction monitoring. It enables
the investigation of very fast irreversible chemical reactions in the timescale of milliseconds,
which are otherwise impossible by traditional NMR experiments. On the other hand, NMR has
early established its capabilities in chemical exchange studies. However, these experiments are
mostly exclusive for equilibrium systems, as described in section 1.1.1. An alternative
approach to study chemical exchange is isotopic substitution, where the isotopically substituted
labels can be tracked during the course of a reaction to give information on the underlying
reaction mechanism. Nevertheless, the synthetic procedures for the installation of isotopic
labels can be expensive and laborious. The stopped-flow instrument studied here has four
dedicated input channels, three of which pre-magnetised and one not pre-magnetised. By
utilising this feature, the spins can be ‘magnetically-labelled’ rather than ‘isotopically-labelled’,
if inputted via the non-pre-magnetised channel. Tracking the evolution of this label in a reactant,
intermediate or product is expected to allow deductions to be made about the reaction

mechanism.

During the progress of the project, reaction monitoring constituted a considerable proportion
of the work. The frequent requirement for 71 measurements led to an unexpected route — the
development of 71 measurement experiments. As mentioned in section 1.2, 71 plays an
important role in quantitative NMR experiments. There is large motivation in accelerating the
process of 77 measurement compared to the currently used methods (section 1.2.1).
Consequently, a sub-task of this project aims to develop rapid 71 measurement experiments.
These methods are anticipated to save spectrometer time in routine 77 measurement, which in

turn could be more productively used, for example, in attaining improved sensitivity in the
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experiment of interest. Therefore, a list of objectives is detailed as follow, to achieve the aims

outlined above.

1.
2.

Assimilate the details and operating principles of the stopped-flow equipment.
Evaluate the parameters of the stopped-flow equipment, including the pre-
magnetisation levels of the three input channels with pre-magnetisation coils and the
one input channel without pre-magnetisation coil.

Determine the appropriate rapid reaction systems to test the capability of the stopped-
flow NMR system.

Monitor fast irreversible reactions in the order of milliseconds; and exploit the potential
of the stopped-flow NMR instrument by using interleaved approach for monitoring
very fast irreversible reactions.

Utilise the non-pre-magnetised input channel for short-living chemical exchange
studies which are otherwise challenging via traditional methods.

Develop new 71 measurement experiments that are faster compared to the currently
available 71 measurement methods.

Optimise the new 71 methods, particularly for the measurements of heteronuclei which

are intrinsically insensitive and take long experimental time.
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Chapter 2 Stopped-flow NMR

2.1 Stopped-flow Instrument Studies

2.1.1 General Design Characteristics

The use of an in-house built stopped-flow instrument was encouraged by previous studies in

167,168

the Lloyd-Jones group . A wide range of base-mediated protodeboronation of boronic

acids have been investigated in detail. Some examples are shown in Figure 19.

B(OH), B(OH)sK H
tyo = months
| N KOH | A to msec B
—_— —_—
Y~Z  dioxane / H,0 % %
Fa 343K ° Fn/ Fn/

F,: 3,5-F, 3,45F, 24-F, 2,45F, 2,3,5F, 2,3,45F, 2,3,46-F, 23,4,56-F

ti2: 3 months 7 weeks 8 h 1h 10 min 3 min 66 ms 2.6 ms

Figure 19. Examples of base-catalysed protodeboronation of polyfluorophenyl boronic acids, with half-lives

ranging from months to milliseconds!®8,

The half-lives, ti2, of these reactions span from 3 months (3,5-difluorophenylboronate) to 2.6
milliseconds (2,3,4,5,6-pentafluorophenylboronate) at 343 K and pH > 13. Reactions that
proceed slowly, for example, with ti2 on the order of minutes or more, can be analysed via
routine static NMR experiments. However, reactions that proceed fast pose challenges to
traditional NMR methods as valuable information would have been gone before measurements
occur. These fast reactions therefore would require specialised technique, in this case, a
custom-built stopped-flow insert (Figure 20). Over recent years, this stopped-flow instrument
has been optimised to facilitate the studies on the mechanism of CF3 transfer from TMSCF3!%%,
CF, generation!”’, and arene C—H silylation by TMSCF3!"!. To fully exploit the potential of
this technique for quantitative and accurate in-sifu kinetic analysis of very fast chemical

reactions, this work began with exploring the detailed physical and NMR parameters of this

stopped-flow instrument.
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Figure 20. Graphic representation of the stopped-flow system. a) Pump station with four syringes (3 solution
syringes and 1 solvent syringe) controlled by programmed computer and an external thermostatic re-circulator; b)
standard NMR spectrometer that hosts the stopped-flow capillary cell for measurements; c) rapid data collection
achieved.

There are a few distinct features between the stopped-flow technique discussed herein (Figure
21b) and the conventional design (Figure 21a). One major difference is, in contrast to custom-
built stopped-flow NMR probes, the system here is inserted directly into a standard NMR probe
head. The use of three independent drive solution syringes allows systematic variation in
reagent concentrations, using a single set of stock solutions (4, B, C). The use of computer-
controlled drives allows the flow to be stopped by the resistance present in the open-ended
circuit ('waste' in Figure 21b) after arresting the movement of the drives. The trigger signal is
programmed and sent to the NMR console from the syringe drive unit, rather than from a
microswitch on a stop syringe. This configuration reduces the acute pressure and flow
oscillations induced by the 'hard stop' of a classic stop-syringe (Figure 21a). The total delivery
volume is not constrained by the volume of the stop-syringe either. Furthermore, the
programmed trigger allows accurate control of the delay time between the shot and data
acquisition, therefore facilitating interleaved stopped-flow experiments. This aspect will be
further discussed in section 2.2.3. Thermostatting is achieved by two independent thermostatic
systems. An auxiliary system is coupled to the stopped-flow umbilical, providing
thermostatting to the pre-magnetisation, mixing, and sample transport stages. For the auxiliary
system here an aqueous ethylene glycol heat transfer medium is used, and a Pt100 temperature
probe located close to the mixer to pre-calibrate the auxiliary system to be within + 0.5 K of
the spectrometer thermostat. After delivery of the nascent reaction solutions to the NMR flow-
cell, gas flow (dry air or N2) from standard NMR spectrometers is used to stabilise the

temperature of analyte solutions.
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Figure 21. Schematic representations of a) classical dual-input 'hard-stop' stopped-flow
apparatus, and b) variable-ratio triple input 'soft-stop' stopped-flow apparatus. Reagents from
syringes A, B, and C travel through pre-magnetisation coils close to probe in an upward spiral
manner; the analytes then reach a mixer before entering the glass capillary tube inserted inside
an NMR probe. Syringe D denotes the solvent input, with no pre-magnetisation
available.Reactant nuclei are polarised in pre-magnetisation reservoirs placed immediately
before the mixer. Unlike custom-built stopped-flow probes, the stopped-flow insert cannot
provide 100% pre-magnetisation. Rather, in general >90% pre-magnetisation can be achieved
under certain delivered volumes. This phenomenon will be discussed in detail in the succeeding
section. Upon injection, pre-magnetised reactants travel to the mixer, efficient mixing is
achieved by a sufficiently high flow-rate to generate turbulence, which is required to initiate
the reaction with a clearly defined starting point. Flow rates ranging from 0.2 mL/s to 2 mL/s
are available, resulting in dead-times ranging from 0.75 to 0.075 seconds, respectively. Details
on the mixing efficiency measurements and thermostat evaluation were conducted by
collaborators and can be found in our recent publication®®. The flow is also used to purge the
previous contents from the sample cell and replace it with the nascent reaction mixture. It was
determined that a total volume of > 600 pL is necessary to fully displace the previous sample
and refill the 3 mm outer-diameter 180 plL capacity glass flow-cell primed for NMR
measurements. The capacity of the flow-cell in the detection region of the NMR receiver coil
is approximately 93 pL. This results in advantages and disadvantages, the former being a
reduced volume of precious samples, the latter being an approximately 3-fold lower S/N
compared to a normal 5 mm NMR tube. Nevertheless, since the stopped-flow insert is
compatible with standard NMR probes, the sensitivity loss can be compensated for by the use

of highly-sensitive He or N> cryoprobes.

56



2.1.2 Pre-magnetisation Profiles

The use of pre-magnetisation reservoirs originates from the necessity to establish a Boltzmann
distribution before NMR experiments. Radiofrequency (RF) pulses are applied at a direction
perpendicular to the external magnetic field Bo and disturb this distribution. The relaxation of
the excited spins back to equilibrium gives rise to the NMR signals. In the absence of
Boltzmann distribution, spins are NMR-invisible. In conventional NMR spectroscopy, this
Boltzmann distribution of spin populations is developed in the analyte solution in the probe-
head at the centre of the magnetic field (Bo) of the spectrometer. Whilst it takes significant time
for the spins to develop their initial Boltzmann distribution (99.3% equilibration requires 5x771),
in routine NMR spectroscopy this 'pre-magnetisation' process occurs during the pre-acquisition
processes such as locking, shimming, and tuning, after the sample tube has been inserted into
the spectrometer. In stopped-flow NMR, however, these pre-acquisition processes are
performed on ‘old’ reagents, and fresh’ reagents need to be injected each time for detection.
Therefore, it is important to make sure the ‘fresh’ reagents are pre-magnetised before
measurements. Failure to achieve this will result in incorrect kinetic analysis. We explored this
phenomenon to highlight the significance of pre-magnetisation prior to stopped-flow NMR
experiments. Figure 22 rationalises this process using simulated first order processes (‘reactant

A' > 'product B").

NMR-measurable

Figure 22. NMR experiments on a first order reaction A = B, without pre-magnetisation. Vertical arrows
represent the magnetisation of studied spins by the magnet, horizontal arrows represent the reaction. 714 and 718
are the longitudinal relaxation time constants of reactant A and product B respectively, k is the reaction rate
constant. A and B without asterisk represent spins not magnetised, i.e., not NMR-measurable. A* and B* represent
magnetised spins and are NMR-measurable.

A*, B* represent samples that are fully magnetised before the applications of radiofrequency
pulses. Therefore, the measured signals (A*, B*) directly reflect the reaction profiles (Figure
23, solid lines). On the contrary, without pre-magnetisation, the studied species go through two

processes, one is the magnetisation, governed by the longitudinal relaxation time constant 77;
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the other is the reaction itself, governed by the reaction rate constant k. The concentrations of

reactant A and product B at time ¢ follow the equations:
[A]; = [A]o X e™ Equation 7
[B]; = [A]o X [1 — e7*] Equation 8

The magnetisation of A and B both follow the longitudinal relaxation recovery:
_t /
M, = My X [1 —e Tl] Equation 9

Since only the magnetised spins are NMR-visible, the measured reactant concentration is

calculated from:
_t
[A*], = [A]p X e ¥t x [1 —e /TlA] Equation 10

This is a multiplication of two first-order processes, the decay due to the reaction, and the rise
due to the relaxation. Similarly, the measured product signal B* is attributed to two sources,
one is the continuous magnetisation of the un-pre-magnetised product B, which is produced by
the un-pre-magnetised reactant A. The other is produced from the pre-magnetised reactant A*.

Therefore, the measured product concentration is calculated from:
_t _t
[B*]: = [Alo[1 — 7] x {[1 —e /TlA] x e~kt 4 [1 —e /TlB]} Equation 11

Following these equations, the reaction profiles can be simulated. The dashed lines in Figure
23 show the apparent concentrations that would be determined based on the NMR signal
intensities when the reaction is initiated without pre-magnetisation of spins, indicative of an
erroneous analysis. When the reaction rate substantially exceeds the relaxation rates of the
studied spins (e.g., Figure 23b) the NMR signal for the reactant can hardly be detected as it is
consumed more rapidly than it is magnetised (see inset). Moreover, the NMR signal for the
product (Figure 23b, yellow dashed line) predominantly reflects the magnetisation process,

rather than the change in concentrations due to the chemical reaction of interest.
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Figure 23. a) A simulated first-order reaction profile (reactant — product) showing the difference between the
real concentrations (solid lines) versus those determined from the intensity of NMR signals arising from non-pre-
magnetised reactants (dashed lines), when the reaction rate (k) is the same as the longitudinal relaxation rate (1/71).
B) An analogous simulation where k& >>1/T1. Inset: magnification of the first 1.5 seconds.

Therefore, for stopped-flow NMR analysis of reactions that proceed faster than the Boltzmann
distributions of the various nuclei involved, attaining signal intensities that directly reflect
concentrations requires that the reaction components are exposed to the magnetic field (Bo)
for >5xT' before the reaction is initiated by mixing. This requirement poses a technical
challenge, as unlike the NMR spectrometers employed in the early stages of development of
stopped-flow techniques, modern superconducting magnets have very little stray field. Thus,
the reactants must be pre-magnetised in reservoirs located as close as possible to the field-
centre, i.e., close to the probe head. This is achieved by a set of three pre-magnetisation
reservoirs located just above the probe head, see Figure 25. It was noticed that the reservoirs
afford high, but not complete, polarisation of the nuclei in the solutions before they are mixed
and delivered to the flow-cell. Therefore, it is necessary to determine the pre-magnetisation
profiles of the three independent syringes. To measure the pre-magnetisation levels, arbitrarily
chosen stock solutions of 2- and 4-fluorophenyl boronic acid in 1:1 dioxane/H>O were used.
YF T constants of the samples were measured by Inversion Recovery, at 1.65 + 0.02 s and
2.06 £ 0.02 s respectively. After 71 measurements, the pulse sequence (Figure 24a) was used
to assess the pre-magnetisation effects. The setup parameters are shown below. Three spectra
were collected in each experiment using 90° pulses. Theoretically, if the interscan delay tr is
longer than 5*T71, the second and third signals should experience a complete relaxation back to
thermal equilibrium, i.e., 100% magnetisation. The first signal therefore reflects a partial pre-

magnetisation level achieved under the delivered volume from a certain solution syringe.
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Figure 24. a) The pulse sequence used for °F stopped-flow experiments to measure pre-magnetisation profiles
of three solution syringes. Two examples of different delivery volumes from b) solution syringe 4 (300 pL) and
solution syringe B (300 pL), and c) solution syringe C (900 pL) to demonstrate how the pre-magnetisation level
was calculated.

Two examples are presented in Figure 24. Figure 24b shows the delivery of 300 pL 4-
fluorophenyl boronic acid from syringe 4, and 300 pL solvent from syringe B as a total
delivered volume (4 + B + C) of > 600 pL is required to fully purge the previous sample and
refill the flow-cell. Integration of the signals shows that the first signal has a 90.5% integral
comparing to the maximum integral of the last two signals. Similarly, Figure 24c shows 900
nL solution was delivered from syringe C. The first signal has only 58.5% integral of the third
one. By repeating this experiment with different delivered volume from different solution
syringes, the pre-magnetisation profiles were constructed in Figure 25a. This pre-

magnetisation profiles provide a guideline in delivery volumes (4, B, C) to afford >90% pre-
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magnetisation. In this case, a flow rate of 1 mL/s was adopted for the investigation. It is
reasonable to assume different flow rates would lead to moderate variations in the pre-
magnetisation effects. Overall, the pre-magnetisation profiles of three syringes differs mainly
based on the delivered volumes and the concentric arrangement of the coil-shaped reservoirs
(Figure 25b). For instance, pre-magnetisation reservoir 4 (----) was placed at the innermost
side, B (--+) at in-between, and C (--»--) at the outermost respectively, therefore coil 4 houses

the smallest capacity for pre-magnetisation whilst C affords the largest.
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Figure 25. a) Pre-magnetisation profiles of solution syringes A, B, C. Delivery volumes ranging from 50 — 900
pL in increments of 50 pL were studied, the dashed lines through the datapoints are for visual guidance only. b)
Vertical cross-section of the pre-magnetisation reservoirs. The reagents from solution syringes flow through the
pre-magnetisation coils in an upward manner until they reach the mixer. The homogeneously mixed volume is
then delivered back down to the flow-cell in the probe head at the magnetic field centre. The relative vertical
position of the coils to NMR probe and the corresponding magnetic field strength experienced are illustrated in
the left-hand section of the figure.

As indicated above, >90% pre-magnetisation of the solutions can be afforded by the pre-
magnetisation coils, this contrasts with the 100% polarisation from the traditional static NMR
experiments and some custom-built stopped-flow probes. Consequently, incomplete pre-
magnetisation will result in spins continuing to be polarised inside the reaction-cell, in a 71-
dependent manner. This effect can be better comprehended from Figure 26, a simulation of
spin polarisation in NMR probes. Following the relaxation recovery Equation 5, M; = M, -
(1 — x * e~¥/™1), where x in this case represents the pre-magnetisation extent. For example,
magnetisation level starting from 0%, 50%, 90%, 95% correspond to x = 1, 0.5, 0.1, 0.05

respectively. Based on this equation, it can be calculated that from 90% to 99% magnetisation,
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it takes a time of 2.3*71, and from 0% to 99% magnetisation it takes 4.6*71. This calculation
explained the general recommendation of 5* 7 repetition time between consecutive scans upon
90° flip angles for sufficient relaxation, and the 7i-dependent continuing polarisation of
incompletely polarised spins. Thus, in practice, precautions need to be taken prior to data
collection. If the reactants or internal standards have substantially different 71 constants,
unequal magnetisation rates will compromise the accuracy of quantification of the data

acquired within the reaction period.
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Figure 26. Graphical representation of unperturbed magnetisation growth of spins in a probe, x denotes the pre-
magnetisation coefficient which determines the starting point of the recovery curve. Horizontal axis represents
time in multiple of 71. Four curves are overlapped, all reaching the final point of thermal equilibrium, i.e., 100%
magnetisation.

To demonstrate this effect, a sample of PhsP and Ph3P=0 mixture in 9:1 THF/H,O was used
to take advantage of their large difference in 3'P T constants (Figure 27). The T constants of
Ph;P and Ph3;P=0O were measured by Inversion Recovery experiments at 16.00 + 0.01 s and
3.60 = 0.01 s, respectively. Like the pre-magnetisation profile measurements, pulse sequence
(Figure 24a) was utilised again. Three spectra were acquired in each experiment, and the
interscan delay between acquisitions (>5x771) allows full relaxation to thermal equilibrium.
Therefore, when normalising the integral of maximum peak as 100%, the first spectrum gives
the pre-magnetisation level of the studied spins. 600 uL of the mixture of 0.5 M Ph3P and 0.5
M Ph;P=0 were injected in each experiment. A series of 26 interleaved experiments, as
introduced in section 1.1.3, were repeated, with the only variation being the incremented trigger
delay. The first spectrum of each experiment was extracted to reconstruct an interleaved dataset

Figure 27b). The faster relaxing 3'P in PhsP=0 reached 100% magnetisation earlier than the
g g g
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slower relaxing Ph;P, showing a clear dependence of continued magnetisation on the 7

constants (Figure 27a).
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Figure 27. a) Continued polarisation of analytes in the flow tube (circles) after being ‘shot’ from the stopped-
flow solution syringes, and simulated polarisation of analytes without pre-magnetisation (lines). Grey circles/line
indicate the experimental data/simulation for PhsP, and yellow circles/line indicate the experimental
data/simulation for PhsP=0, respectively. b) Interleaved 3'P stopped-flow experiments on Ph3P and PhsP=0 to
assess the continued magnetisation of analytes inside the flow tube after injection. Only the first spectrum of each

separate experiment was shown, the 2" and 3™ spectra were normalised to 100% integral.

2.1.3 Non-pre-magnetisation Channel

Apart from the three solution syringes, a solvent syringe was installed to facilitate the ‘flush’
of the system (Figure 21b). This unique syringe was exploited here as a non-pre-magnetisation
channel, or ‘hypo-polarisation’ channel. In stark contrast to the three solution syringes (4, B,
(), there is no polarisation reservoir for this channel (D), the spins therefore do not establish

Boltzmann distribution if immediately measured when entering the flow tube. This effect,
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shown in Figure 23 as an undesirable outcome, could be turned into a valuable tool for
magnetisation transfer studies. Applications of this will be discussed in succeeding sections.
The first task, similar to the pre-magnetisation syringes, was to examine the pre-magnetisation
levels of this solvent syringe. Albeit being named ‘non-pre-magnetisation’ channel, the pre-
magnetisation level was not exactly 0% upon measurements. This can be understood from the
assembly in Figure 25b, the solution stored in this input experiences a subtle magnetic field
strength depending on the proximity to the NMR probe. In addition, while transporting to the
flow cell, the solution is polarised during the transport deadtime, in a 71-dependent manner.
This feature will pose a limitation to the study here. If the spins have a comparably short 7}
and complete relaxation is achieved during the transport deadtime, the spins will no longer be
‘non-pre-magnetised’. The investigation of the pre-magnetisation level of syringe D was
conducted, using the pulse sequence and method from Figure 25a. Fresh stock solutions of 2-
and 4-fluorophenyl boronic acid in 1:1 dioxane/H,O were prepared, the '°F T} constants were
measured by Inversion Recovery experiments, at 1.55 £ 0.01 s and 1.96 £ 0.01 s respectively.
4-fluorophenyl boronic acid was inputted via syringe D, while 2-fluorophenyl boronic acid was
inputted via syringe B to compensate for the total minimum volume of 600 uL. when necessary.
By incrementing the delivered volume from syringe D in 50 pL steps, the pre-magnetisation
levels of 4-fluorophenyl boronic acid was calculated and reconstructed to plot Figure 28. Four
different flow rates that lead to different transport dead times were measured. It can be seen at
delivery volumes > 150 uL, the pre-magnetisation levels remain constant. As expected, the
slowest flow rate at 0.5 mL/s (Figure 28, grey circles) needed the longest transport deadtime
of 300 ms, therefore experiencing the highest pre-magnetisation level. The most frequently
used flow rates at 1 mL/s (Figure 28, green circles) led to a transport deadtime of 150 ms,
showing a slightly higher pre-magnetisation level than the other two. Flow rates at 1.5 mL/s
and 2 mL/s led to transport deadtimes of 100 ms and 75 ms respectively, the pre-magnetisation
levels did not show apparent difference for the studied spins here (71 = 1.96 = 0.01 s).
Nevertheless, it is noteworthy that the 71 of the sample plays an important role in determining
the pre-magnetisation levels prior to measurements. Throughout this work, although the pre-
magnetisation level of channel-D was not strictly 0%, it is referred to as the ‘non-pre-
magnetisation channel’ as a contrast to the traditional channels ABC which afford > 90% pre-

magnetisation.
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Figure 28. Pre-magnetisation extents of input solutions via solvent syringe D at variable flow rates. Volumes

ranging from 50 — 1000 pL in increments of 50 uL were studied.

2.2 Rapid Irreversible Reaction Monitoring by Stopped-flow NMR
2.2.1 Protodeboronation of 2,3,4,6-tetrafluorophenyl Boronic Acid

As shown in Figure 19, the previous studies in the Lloyd-Jones group!®® have thoroughly
explored the base-catalysed protodeboronation of up to 30 different arylboronic acids. These
processes have a broad half-life spanning from milliseconds to months at 343 K, and the
reaction rates can be conveniently tuned by varying the temperature. This greatly facilitates the
selection of desired reaction rates. Therefore, setting out to probe the kinetics of rapid reactions
using the stopped-flow technique, the research began with the protodeboronation of 2,3,4,6-
tetrafluorophenyl boronic acid, which showed a half-life of 66 ms at 343 K measured by rapid
quench-flow method. The reaction conditions in the publication'®® were maintained except for
the temperature. The temperature was lowered to facilitate the operability of the experiments

and was anticipated to slow down the reaction.

Prior to reaction monitoring, 77 values of all I°F atoms in the system were measured in the flow
cell of the stopped-flow tube by Inversion Recovery experiments. Inversion Recovery
experiments were acquired with a 56818 Hz spectral window, 0 dummy scans, 2 scans. The
relaxation delay time was set to 15 s to ensure a complete relaxation back to equilibrium, and
the acquisition time was 0.80 s. A variable delay list of 12 values/s {0.001, 0.1, 0.3, 0.5, 1, 2,
3,4,8,10, 12, 15 s} was used. Internal standard TFA was measured in both the starting material
and product, and the results could be found in Table 3. The measured 77 values of TFA differed

slightly in reactant and product, this was mainly due to the pH variation in two solutions.
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Table 3. T values of F atoms in reactant 2,3,4,6-tetrafluorophenyl boronic acid, product 1,2,3,5-

tetrafluorobenzene, and internal standard TFA in 1:1 dioxane/H>O, measured by Inversion Recovery experiments.

T1 measurements

Reactant
TFA (IS) 2,3,4,6-tetrafluorophenyl boronic acid
8 [ppm]
-76 -107.4 -127.4 -132.7 -168.5
T [s] 2.123 +£0.004 1.347 £ 0.009 0.865 £+ 0.009 1.115+0.014 1.043 £ 0.063
Product
TFA (IS) 1,2,3,5-tetrafluorobenzene
8 [ppm]
-76 -114.5 -133.8 -168.0 --

T [s] 2.209 +0.002 3.893 +£0.002 2.541 +£0.003 2.810 + 0.005 --

To follow the reaction in stopped-flow system, a stock solution of 0.083 M 2,3.4,6-
tetrafluorophenyl boronic acid and 0.020 M trifluoroacetic acid (IS), and a stock solution of
0.302 M (3 equivalent) of KOH were freshly prepared in 1:1 dioxane/H>O in separate 25 mL
volumetric flask. The stock solutions were transferred to stopped-flow reservoir bottles and
connected to stopped-flow syringes, respectively. Both probe and thermostat system
temperature were set at 300 K. The reaction was initiated by simultaneously inputting 300 puL
of boronic acid and 300 pL of base solution from syringe 4 and syringe B, at a flow rate of 1
mL/s. The reactant 2,3,4,6-tetrafluorophenyl boronic acid (Figure 29) instantaneously converts
to the intermediate boronate under excess base conditions. 'F NMR spectra were then acquired
with a minimum trigger delay of 0.039 s. As shown in Figure 31b, resonances from different
F sites were well separated and easy to distinguish. For example, signals at -76 ppm from
TFA, at -109.2 ppm from the intermediate boronate, and at -168.0 ppm from the product were
chosen to plot the reaction profiles. The reaction completed after ca. 50 s, a relatively ‘slow’
reaction for the stopped-flow instrument. Pulse angles and interscan delays can be chosen
flexibly as long as they provide sufficient relaxation and data density. In this case, 45° pulses
were applied. The protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid was determined

to have a t;» of 10.43 s at 300 K.
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Figure 29. 1D F NMR spectrum of the reactant 2,3,4,6-tetrafluorophenyl boronic acid and TFA (IS) in
dioxane/H>O at 300 K. The reactant instantaneously converts to the corresponding boronate under excess base

conditions, followed by rapid protodeboronation.
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Figure 30. 1D '°F NMR spectrum of the product 1,2,3,5-tetrafluorobenzene in dioxane/H20 at 300 K.
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Figure 31. a) The protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid scheme at 300 K, and the reaction
profile. b) Stacked °F stopped-flow spectra to monitor the reaction using 45° pulses. Intermediate boronate signal
(blue circle), and product signal (maroon circle) were chosen to plot the reactions profile. Concentration was

calculated based on the known concentration of internal standard TFA (grey circle).
2.2.2 Optimal Choice Between Sensitivity and Data Density

Following the successful monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl
boronic acid, the work continued to explore the optimal NMR acquisition parameters for real-
time reaction monitoring. NMR spectroscopy is an intrinsically insensitive technique. To
ensure accurate quantitation, NMR experiments requires a high signal-to-noise ratio (S/N).
Approaches to improve sensitivity include for example, increasing the sample concentration or
using high magnetic field strength with cryogenic probe. Alternatively, for given samples and
instruments, NMR acquisition parameters such as pulse angle, interscan delay, acquisition time,
receiver gain, and signal-averaging (number of FIDs) are important. In rapid irreversible
reactions the analytes evolve too fast to allow signal averaging, constraining the number of
FIDs to one per time point. Larger pulse angles afford higher sensitivity, but at a price of longer
interscan delay tr to ensure sufficient relaxation. The interscan delay tr between consecutive
pulses, on the other hand, determines the data density achievable in a fixed time window.

Therefore, we explored the choice of pulse angles, 6, that are optimised for spectral sensitivity

68



(S/N) versus data density, for accurate kinetic analysis using the established example of the

protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid from previous section.
The experiments were repeated using variable pulse angles, at 10°, 45° and 90° respectively.
The interscan delay was 1.36 s (relaxation delay of 0.5 s and acquisition time of 0.8 s
respectively) for 10° pulses, and 1.86 s (relaxation delay of 1 s and acquisition time of 0.8 s
respectively) for 45° and 90° pulses. Reaction rates were derived from fitting the intermediate
consumption using a first-order kinetic model, and intermediate concentrations were calculated
based on the known concentration of internal standard TFA. As larger pulse angles afforded
increased S/N, an improvement in the sensitivity can be visually seen by '°F spectra acquired
from 10° to 45° pulses (Figure 32). This improvement is also illustrated from the absolute
integral of peaks against time (Figure 33). However, further increasing the pulse angle to 90°
caused signal suppression, which can be seen from the absolute integrals of TFA in Figure 33c.
Incomplete relaxation leads to incorrect quantitation, and in this case a 7% error in the
estimated rate constant. This example demonstrated the significance of choosing the

appropriate acquisition parameters such as the pulse angle 0, and the interscan delay tr, with a

prior knowledge of the 71 constants of studied spin species.
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Figure 32. °F stopped-flow spectra to monitor the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid

using 10° pulses, showing a reduction in S/N comparing to the spectra obtained by 45° pulses.
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Figure 33. °F stopped-flow experiments to monitor the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic
acid using a) 10° pulses, b) 45° pulses, and c) 90° pulses. The left column shows the plots of absolute integral
against time, and the right column shows the plots of concentration against time. Half-lives were calculated by

non-linear regression of the first-order decay of intermediate boronate.

2.2.3 Reaction Monitoring via Interleaved Approach

As is evident from the discussion above, when larger pulse angles, 0° <0 < 90°, are employed
to gain S/N, the interscan delay, tr, must be extended to avoid saturation for a given
longitudinal relaxation rate, 1/71. This in turn inevitably leads to lower data density,
particularly for fast reactions with limited time window for measurements. One approach to
address this limitation is to manually enhance the data density through spectral 'interleaving'.
The principle for this is straightforward; the reaction is performed multiple times, incrementing
the delay between the trigger and the first excitation pulse for each experiment. Data points
obtained from separate experiments can then be combined to produce an interleaved dataset.
The process is illustrated schematically in Figure 34 for a reaction that is complete in about 4
seconds. To simulate the spectra, the 7 constant of the measured species was set to 2 s, and
the interscan delay tr to 1.5 s, with the optimal pulse angle calculated as 60°. Three separate

series (blue, red, yellow) were simulated with incremented trigger delays, and each series used
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to generate one data subset. These three data subsets were combined to generate the final
dataset which contains three-fold higher data density. In practice, the trigger delays, interscan
delay tr, and pulse angle can be adjusted based on the estimated reaction rate, known 71
constants, and the required sensitivity and data density. The stopped-flow instrument, which is
program-controlled, allows reactions to be conveniently and reproducibly initiated as a series
of identical 'shots' from the same set of stock solutions. The interleaving experiment solely
requires accurate timing of the trigger signal sent to the NMR spectrometer, so that the delay

period can be reliably incremented.

trigger, 9

trigger -
delay \ R tR o R
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Figure 34. Schematic overview of the process of interleaving a series of spectra using an incremented trigger
delay. The interleaved approach allows manually enhanced temporal resolution when studying reactions that are
too fast to acquire enough data points within a single 'shot' of the stopped-flow system. The three different
coloured subsets represent data obtained from identically initiated experiments; they are then combined to afford
three-fold higher data density than the individual components.

With this interleaved stopped-flow method, we re-monitored the protodeboronation of 2,3,4,6-
tetrafluorophenyl boronic acid, using 90° pulse angles with 5 interleaved experiments (Figure
35), 30° pulse angles with 2 interleaved experiments (Figure 36), and 10° pulse angles with
one experiment (Figure 37). All the other acquisition and process parameters were kept
identical for these experiments for back-to-back comparison. It is shown that as long as the
interscan delay tr allows sufficient relaxation of the spins, the kinetic analysis obtained from
variable pulse angles agreed well with each other (Figure 38). As expected, 90° pulse angles
afforded the highest S/N, albeit requiring more interleaved experiments for data density. The
protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid was used here as an example to
demonstrate the utility of this interleaving approach. In succeeding sections, this approach will
be applied to faster reactions, highlighting that accurate kinetic data obtainable with maximum

sensitivity and high data density by interleaved stopped-flow experiments.
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Figure 35. Reaction monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid using stopped-
flow YF NMR spectroscopy. Five interleaved experiments were acquired with 90° pulses, repetition time tr of
10.86 s, incremented delays {0.039's,2s,4 s, 6 s, 8s}. Each interleaved experiment is illustrated with a different

colour.
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Figure 36. Reaction monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid using stopped-
flow YF NMR spectroscopy. Two interleaved experiments were acquired with 30° pulses, repetition time tr of
7.66 s, incremented delays {0.039 s, 3.5 s}.
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Figure 37. Reaction monitoring of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid using stopped-
flow '°F NMR spectroscopy. One experiment was acquired with 10° pulses, repetition time tr of 3.66 s. Note the

apparent signal-to-noise reduction comparing to the experiments acquired with 90° pulses.
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Figure 38. a) Scheme of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronate monitored by stopped-flow
F NMR spectroscopy. Scheme of the NMR pulse sequence used for reaction monitoring. b) Kinetic analysis
using variable pulse angle 0 and repetition time tr, based on the 71 constants, allowing accurate quantitative

analysis with an optimal balance of temporal resolution and spectral sensitivity.

2.2.4 Protodeboronation of 2,3,5,6-tetrafluorophenyl Boronic Acid

After establishing the sensitivity, data density, and interleaved stopped-flow approaches, the
ambition was moved to monitor faster irreversible reactions. The protodeboronation of 2,3,5,6-
tetrafluorophenyl boronic acid was expected to proceed more rapidly compared to 2,3,4,6-
tetrafluorophenyl boronic. Similarly, prior to reaction monitoring, the 7' values of all °F atoms
in the system were measured in the flow cell of the stopped-flow tube (Table 4). Inversion
Recovery experiments were acquired with an 89285 Hz spectral window, 0 dummy scan, 1

scan. Relaxation delay time was 40 s, acquisition time was 1.45 s. Variable delay list of 16
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values/s {0.01, 0.1, 0.2, 0.3, 0.5, 0.7, 1, 1.2, 1.5, 2, 3, 5, 10, 15, 20, 40} was used for Ti
measurement.

Table 4. T1 values of F atoms in reactant 2,3,5,6-tetrafluorophenyl boronic acid, product 1,2,4,5-

tetrafluorobenzene, and internal standard TFA in 1:1 dioxane/H>O, measured by Inversion Recovery experiments.

T1 measurements

Reactant
TFA (IS) 2,3,5,6-tetrafluorophenyl boronic acid
8 [ppm]
-76 -135 -141
T [s] 1.906 + 0.004 1.042 +0.009 1.110 £0.009
Product
TFA (IS) 1,2,4,5-tetrafluorobenzene
8 [ppm]
-76 -140 --
T [s] 2.091 +0.002 2.358 £ 0.002 --

A stock solution of 0.101 M 2,3,5,6-tetrafluorophenyl boronic acid and 0.024 M trifluoroacetic
acid (IS) was freshly prepared in 1:1 dioxane/H>0. A solution of 0.321 M (3 equivalent) of
KOH in 1:1 dioxane/H>O was prepared separately in 25 mL volumetric flask. The stock
solutions were transferred to reservoir bottles and connected to stopped-flow syringes. The
reaction was initiated by simultaneously inputting 300 pL of boronic acid and 300 pL of base
solution from syringe 4 and syringe B, at a flow rate of 1 mL/s. The reactant 2,3,5,6-
tetrafluorophenyl boronic acid (Figure 39) instantaneously converts to the corresponding
boronate under excess base conditions. A transient '°F stopped-flow spectrum of the rapid
reaction with all the peaks from intermediate and product signals can be seen in Figure 40.
Since the reaction completed within approximately 5 seconds, eight interleaved stopped-flow
experiment with incremented trigger delays 0.039, 0.24, 0.44, 0.64, 0.84, 1.04, 1.24, and 1.44
s were performed (Figure 41b). The trigger delays can be easily programmed into the NMR
pulse programme, to construct a satisfactory reaction profile with manually enhanced data
density. 30° pulse angles were used, with interscan delays of 1.16 s. The integrals of the
intermediate boronate and the TFA (IS) were measured. The concentrations of intermediate
were then calculated based on the known concentration of TFA (IS). To evaluate the impact of
kinetic analysis using different °F signals from the boronate, reaction plots from signals at -
137 ppm and -143 ppm were both fitted to generate the reaction half-lives. The results showed

excellent agreements, with a deviation of 0.6%.
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Figure 39. '°F NMR spectrum of the reactant 2,3,5,6-tetrafluorophenyl boronic acid (blue-labelled '°F) and TFA

(IS) in dioxane/H20 at 300K. The reactant instantaneously converts to the corresponding boronate under excess

base conditions, followed by rapid protodeboronation.
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Figure 40. A transient '°F stopped-flow NMR spectrum during the on-going reaction, showing the intermediate

boronate (orange-labelled '°F) and the product (maroon-labelled '°F) signals.
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Figure 41. a) The protodeboronation of 2,3,5,6-tetrafluorophenyl boronic acid scheme at 300 K. b) Kinetic
analysis by interleaved °F stopped-flow NMR experiments. Reaction profiles were plotted from the concentration
of boronate, dotted line shows the first-order fitting to obtain half-lives. Concentrations were calculated based on
the known concentration of internal standard TFA (-76 ppm). Circles of different colour represent data obtained
from different interleaved experiments. (left) the concentration profile plotted from the '°F signal at -137 ppm,

and (right) from the '°F signal at -143 ppm.

2.2.5 Protodeboronation of Pentafluorophenyl Boronic Acid at the Millisecond Timescale

The examples above have demonstrated the capability of stopped-flow NMR to monitor
irreversible reactions completed within seconds. The following challenge therefore focused on
probing the limit of the fastest reaction this technique can study. The protodeboronation of
2,3,4,5,6-pentafluorophenyl boronic acid was the fastest protodeboronation of any of the wide
series of (hetero)arylboronates'®® that have been tested to date. The half-life time of this
reaction was determined to be 2.6 milliseconds at 343 K by quenched-flow NMR methods.
Prior to reaction monitoring, the '°F T} constants of the reactant 2,3,4,5,6-pentafluorophenyl
boronic acid, the internal standard trifluoroacetic acid (TFA), and the product 1,2,3,4,5-
pentafluorobenzene were measured by Inversion Recovery experiments, shown in Table 5.
Inversion Recovery experiments were acquired with a 56818 Hz spectral window, 0 dummy
scans, 2 scans. The relaxation delay time was set to 15 s, and the acquisition time was 0.80 s.

A variable delay list of 11 values/s {0.05, 0.1, 0.5, 1, 2, 3, 5, 8, 10, 12, 15 s} was used.
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Table 5. 71 constants of '°F atoms in reactant 2,3,4,5,6-pentafluorophenyl boronic acid, product 1,2,3,4,5-

pentafluorobenzene, and internal standard TFA in 1:1 dioxane/H20.

T1 measurements

Reactant
TFA (IS) 2,3,4,5,6-pentafluorophenyl boronic acid
8 [ppm]
-76 -133.1 -153.8 -163.2
T1 [s] 1.420 = 0.004 1.249 + 0.002 1.097 £0.016 1.190 £ 0.016
Product
TFA (IS) 1,2,3,4,5-pentafluorobenzene
8 [ppm]
-76 -140.0 -156.2 -164.1
T1 [s] 2.317 +£0.003 2.896 +0.003 2.339+0.014 2.753 +£0.018

Based on the previous results, a stock solution of 0.0993 M 2,3,4,5,6-pentafluorophenyl
boronic acid and 0.0261 M trifluoroacetic acid (IS) was freshly prepared in 1:1 dioxane/H>O.
A solution of KOH 0.3212 M (3 equivalent) in 1:1 dioxane/H>O was prepared separately. The
thermostats on the spectrometer and auxiliary system were both set to 300 K. The reaction was
initiated by computer-controlled simultaneous delivery of 300 pL of the boronic acid solution,
and 300 pL of base solution, at a flow rate of 1 mL/s. Interleaved °’F NMR spectra were
acquired with incremented trigger delays of 0.039, 0.08, 0.12, 0.16, 0.20, 0.25. 0.30, 0.35, 0.4,
and 0.45 s. Figure 42 shows the '°F spectrum of reactant, which instantaneously converts to
boronate. A transient '°F stopped-flow spectrum of the rapid reaction with all the peaks from
intermediate and product signals can be seen in Figure 43. With the reaction completes within
0.6 seconds, effectively only a single data point can be obtained from each stopped-flow 'shot'.
Consequently, 6 can be set to 90° to maximise the sensitivity, and a series of 10 shots
interleaved (Figure 44). Due to the phenomenological deadtime of 0.22 s at a flow rate of 1
mL/s, only the last 20% of conversion was able to be analysed. The half-life time of this process

was determined as 117 ms.

77



TFA BOH)2
1 F F 5
2F F4

F
3
3 2,4 1,5

T T T T T T T T T T T T T T T T T T T T T T T
-70 -75 -80 -85 -90 -95 -100 -105 -110 -115 -120 -125 -130 -135 -140 -145 -150 ~-155 -160 -165 -170 -175 -180
chemical shift / ppm

Figure 42. ’F NMR spectrum of the reactant 2,3,4,5,6-pentafluorophenyl boronic acid and TFA (IS) in
dioxane/H>0O at 300K. The reactant instantaneously converts to the corresponding boronate under excess base

conditions, followed by rapid protodeboronation.
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Figure 43. A transient '°F stopped-flow NMR spectrum during the on-going reaction, showing the intermediate

boronate (yellow-labelled °F) and the product (maroon-labelled '°F) signals.
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Figure 44. Interleaved 'F stopped-flow spectra of the protodeboronation of pentafluorophenyl boronic acid
mediated by KOH in 1: 1 dioxane/H20 at 300 K. Top right: Reaction scheme for the base-catalysed
protodeboronation of 2,3,4,5,6-pentafluorophenyl boronic acid at 300 K. Inset: first-order decay of the boronate
intermediate, each differently-coloured data point is generated from an interleaved set of two spectra, with an
incremented trigger delay (only the first ten spectra are shown); grey line: non-linear regression to obtain the first-
order rate constant, kobs = 5.9 s°'; ti2=0.12 s.

By increasing the flow rate to 2 mL/s, a reduced phenomenological deadtime of 0.15 s was
achieved, and the reaction at an elevated temperature at 313 K was able to be monitored in-
situ. A solution of 0.103 M pentafluorophenyl boronic acid and 0.025 M TFA (IS) was freshly
prepared in 1:1 dioxane/H20. A solution of KOH 0.299 M (3 equivalent) in 1:1 dioxane/H>O
was prepared separately. The thermostats on the spectrometer and auxiliary system were both
set to 313 K. The reaction was initiated by simultaneous delivery of 300 pL of the boronic acid
solution, and 300 puL of base solution, at a flow rate of 2 mL/s. Interleaved stopped-flow spectra
were acquired with incremented trigger delays of 0.039, 0.06, 0.08, 0.10,0.12, 0.14. 0.16, 0.18,
0.20, and 0.22 s. The interscan delay was 0.36 s, the pulse angle was 90°, only the first spectrum
(data point) was used. The half-life of this reaction was determined to be 45 ms. Following this
procedure, the half-lives at 283 K (t12= 608 ms), 300 K (ti2= 117 ms), 305 K (ti2= 78 ms),
313 K (ti2 = 45 ms), and 323 K (ti2 = 19 ms) were measured (Figure 45a). The activation
parameters were able to be determined between 284 K to 323 K using the Eyring plot (Figure
45c¢), which correlate reasonably well with the previously determined rate by rapid quench flow
method at 343 K!8, The capability of the stopped-flow NMR to monitor very fast irreversible

reactions in the millisecond timescale was proved, as artistically reflected in Figure 46.
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Figure 45. a) Base-catalysed protodeboronation of pentafluorophenyl boronic acid at variable temperature. b) A
kinetic profile at 313 K showing interleaved '°F stopped-flow NMR experiments. (c) Eyring analysis between 283
K and 343 K to derive the activation parameters; the datapoint coloured black is the value previously reported

(343 K; t12 = 0.003 s) as determined by rapid quench flow, then '°F NMR analysis!¢%.
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Figure 46. A cover art submitted to the European Journal of Organic Chemistry. It shows a young researcher
looking into the vast starry sky, accompanied by an NMR spectrometer. The shooting stars represent the fleeting
information embedded in rapid irreversible chemical reactions, for example, the base-catalysed protodeboronation
of penta-fluorophenyl boronic acid which has a half-life of 0.12 s. With the aid of a stopped-flow NMR technique,
the researcher is able to capture the information from the rapidly evolving reactions, to gain information that will

shed light on the reaction mechanism.
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2.2.6 Identification of Transient Intermediates

In addition to monitoring very fast irreversible chemical reactions, the stopped-flow technique
is also useful in identifying short-living intermediates that are otherwise impossible with
traditional NMR experiments. An example is illustrated in Figure 47. The rates of the
protodeboronation of arylboronic esters were reported to be significantly different from that of
arylboronic acids'”?. In the case of 2,4-dimethylpentane-2,4-diol 2,3,4,6-tetrafluorophenyl
boronic ester, the base-catalysed protodeboronation reaction proceeds at least two orders of
magnitude faster than that of boronic acid. The protonated products from two different
reactants were identical, and the intermediate ester boronate was only present in the first 300
ms. Consequently, by traditional NMR experiment only the product signals and the
trihydroxyboronate (within 60 s) were able to be detected. Stopped-flow NMR experiments,
however, can achieve a phenomenological deadtime of 0.22 s at a flow rate of 1 mL/s. By
increasing the flow rate to 2 mL/s, the deadtime can be further reduced to 0.15 s. Therefore,
stopped-flow NMR was able to distinguish the transient intermediate originating from the

arylboronic ester, Figure 47b.
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Figure 47. a) Reaction scheme of the protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid, and 2,4-
dimethylpentane-2,4-diol 2,3,4,6-tetrafluorophenyl boronic ester. b) Stacked transient stopped-flow NMR spectra
of the reactions, showing the intermediates, the product, and the IS signals. The product signals were identical

from two reactants, the different intermediate signals were highlighted in light yellow boxes.
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2.3 Chemical Exchange Studies Using a Non-pre-magnetised Channel

2.3.1 Choosing Appropriate Acquisition Parameters

The pre-magnetisation profile of channel-D has been previously evaluated in section 2.1.3. As
explained earlier, if the solution is delivered via this non-pre-magnetised channel, the analytes
will be ‘NMR-invisible’ as the spins do not establish the Boltzmann distribution. Instead, they
will experience a T1-dependent polarisation process. In the absence of other interferences such
as chemical reactions, the analytes will simply display a longitudinal relaxation process,
providing two requirements are carefully fulfilled, 1) the pulse angle 6 needs to be small to
minimise the suppression of z-magnetisation by consecutive pulses; ii) the repetition time tr
needs to be short enough to afford sufficient data points to be collected for the fitting before
reaching thermal equilibrium. An example of using this method to measure the '°F T value of
4-fluorophenal boronic acid in 1:1 dioxane/H>O is illustrated in Figure 48b. A 0.0504 M 4-
fluorophenyl boronic in 1:1 dioxane/H>O solution was prepared. Sample was injected via the
channel-D and measured immediately after a minimum trigger delay of 0.039 s in the stopped-
flow cell. Spectra of 4-fluorophenyl boronic acid were acquired with 10° pulses, a 56818 Hz
spectral window and a 1.086 s repetition time between pulses (0.786 s acquisition time and 0.3
s delay time). The gradient of slope equals to -0.505 s’!, the 71 value is therefore calculated to
be (-1/-0.505) = 1.980 s, in good agreement with the 77 value measured independently by

Inversion Recovery experiment at 2.090 s.
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Figure 48. a) A basic pulse programme to monitor the absolute integral of analytes via the stopped-flow non-pre-
magnetised channel. b) A graphical example of the fitting of signal integrals as an exponential function against

time to calculate the T1 value of '°F in 4-fluorophenyl boronic acid.
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To correctly reflect the 7i-dependent polarisation process, or in other words, to avoid signal
suppression, as mentioned earlier, the pulse angle needs to be small in comparison to the
repetition time between pulses. Insufficient relaxation during pulses will compromise correct
quantification. This phenomenon was investigated using 4-fluorophenyl boronic acid as the
test sample. The solution was delivered via channel-D, the experiments were acquired with
identical parameters except for the variable pulse angles at 10° 45°, and 90° respectively,
repetition time between consecutive pulses was 1.56 s. Distinctive results from variable pulse
angels were observed (Figure 49). The signals displayed an expected growth starting from
slightly above zero, owing to the magnetisation during dead time. The latter part of the results
appeared counter-intuitive, where the signals reached a plateau. By simulating the 71-relaxation
of the spins, it can be seen that only 10° pulses (Figure 49, grey circles) correctly represent the
natural relaxation process, whereas 45° and 90° pulses both led to signal suppression as the
repetition time of 1.56 s was too short for sufficient relaxation. These observations could be

explained by the equations below.
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Mpiq = {[My — (Mo — M, * cot@)e T1]

N [A1+45++A44]
Mo

LR
_ Mpi1—MpxcosOxe T1

M, = R
siné *(1—6 T1>

My is the thermal equilibrium, 4;, 4,, 4,, represent the polarised spins during the 1% repetition

[Al + AZ R An]/MO denotes the pI‘OpOI’tiOl’l of

Equation 12

time tr, 2™ tr, and n® tg, therefore

_Ir
magnetised spins in the system. [My, — (M, — M,, * cot@)e T1] denotes the sum of residual

magnetisation from pervious pulse and recovered magnetisation during tr. x is the pre-

magnetisation coefficient, x * M, * (e_tn/ T — e_tnﬂ/ T1) denotes the amount of
magnetisation growth during tr. Noteworthily, the thermal equilibrium M, was not directly
measured here, instead it was calculated from the established steady-state, where M,,,; equates
M, , in the late period of the experiment. Equation 12 takes into consideration of two
independent processes, one being the consecutive signal acquisition/suppression by pulses, the
other being the partially magnetised spins continued being polarised inside the tube. The results
iterated the significance of choosing appropriate pulse angle and repetition time, which again
inevitably leads to the balance between sensitivity and data density. In practice, this could be

determined with a prior knowledge of 71 and the reaction lifetimes.
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Figure 49. Signal monitoring from the non-pre-magnetised channel, using identical experimental parameters
except for variable pulse angles 10°, 45°, and 90° respectively. Yellow dashed line shows the simulated
longitudinal relaxation of 71 = 2.7 s. Note the sensitivity reduction with decreased pulse angles, secondary axis

was used for 10° pulses for visual guidance.

2.3.2 Effect of Pre-magnetisation on Reaction Profiles

In the presence of chemical reaction, the analytes delivered via the non-pre-magnetised channel
will experience two processes, the 7i-dependent polarisation, and the chemical reaction. As
mathematically predicted in section 2.1.2, the observed profiles of the analytes will be
determined by the relaxation rate and the reaction rate. When these rates are comparable, for
example, the base-catalysed protodeboronation of 2,3,5,6-tetrafluorophenyl boronic acid,
which has a first order rate constant of 0.67 s™' at 300 K, and a relaxation rate of ca. 0.9 s, the
reaction profile will deviate significantly from the ‘real’ one when all substrates were delivered
via pre-magnetised channels (see Figure 50 and Figure 41). The experiments were conducted
under the same conditions as in traditional reaction monitoring experiments in section 2.2.4,
the only difference being the reactant 2,3,5,6-tetrafluorophenyl boronic acid was delivered via
channel-D. The reactant instantaneously converted to intermediate boronate, the boronate
signals during the evolving reaction showed an initial rise followed by a decay (Figure 50, blue
circles). The rise was due to that the polarisation of boronate exceeded the consumption of it
in the first second. An internal standard TFA was prepared within the solution of the reactant
hence no pre-magnetisation available, a second internal standard trifluoromethanesulfonic acid
(TFSA) was delivered via pre-magnetisation channel to serve as a concentration reference. As

expected, the absolute integrals of the TFA showed a longitudinal relaxation curve, starting
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with a 15% pre-magnetisation (Figure 50b, grey circles), while those of TFSA remained almost
constant (Figure 50b, green circles). Figure 50c compares the conversion of the intermediate
and product when the boronic acid was delivered via non-pre-magnetised and pre-magnetised
channel respectively. In addition to the distinct shape of the boronate, the product also showed
a difference. This was explained earlier in Figure 22, the product signals were contributed from
two sources, one is from the polarised starting materials, the other is from the non-polarised
starting material therefore continued to undergo a Ti-dependent polarisation and become
‘NMR visible’. When the reaction rate is significantly greater than the relaxation rate, such as
the protodeboronation of pentafluorophenyl boronic acid (Figure 51a), the consumption of
boronate is too fast that only the ‘tail’ of the decay was able to be captured. The product growth
was essentially the 77 polarisation of the product spins. As can be seen from Figure 51b, the
concentration profiles (squares) were distinctly different from those that are pre-magnetised
(solid lines). This distinction can provide a clear indicator to track the origin or destination of

specific spins during the course a reaction.
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Figure 50. a) The scheme of the protodeboronation of 2,3,5,6-tetrafluorophenyl boronic acid. b) Monitoring the
signal absolute integrals of the reaction. The boronic acid reactant and TFA (IS) was delivered via channel-D
(non-pre-magnetised), KOH and TFSA (a second IS) was delivered via channel-4 (pre-magnetised). c) A
comparison of the reaction profiles, where reactants were delivered from different channels. Reaction profiles
were reconstructed from 11 interleaved stopped-flow experiments, using 30° pulses, a repetition time of 1.16 s,

and an incremented trigger delay list of {0.039, 0.44, 0.84, 1.24, 1.64, 2.04, 2.44,2.84, 3.44,3.84, 4.5 s}
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Figure 51. a) The scheme of the protodeboronation of 2,3,4,5,6-pentafluorophenyl boronic acid, and the processes
when starting material (SM) / reactant was delivered via the non-pre-magnetised channel. b) The concentration
profiles of the product signals (orange squares) and the SM signals (green squares). Yellow and blue solid lines
represent the theoretical profiles for starting material and product under fully pre-magnetised conditions. Grey

squares represent the continuous polarisation of product.

2.3.3 Probing Chemical Exchange Systems with Channel-D

After exploring the effects of non-pre-magnetisation on the reaction profiles, the work moved
on to implement this method on challenging chemical reactions. The anion-initiated
trifluoromethylation from the Ruppert—Prakash reagent!’3, TMSCF3, to carbon has gained
great popularity as a synthetic method!7*!"8

explored the mechanism of CF3 transfer from R3SiCF3 (R = CH3, or CH3CHb») to carbonyls

. Earlier work in the Lloyd-Jones group has

(e.g., ketones and aldehydes)!’

, providing a cornerstone for the investigation here. It was found
the reaction turnover rates are dictated by the identity of the initiator cation, the concentration
of the initiator counter-anion, the identity of the electrophiles, the identity of the reagent
R3SiCF3, and the concentration ratio of electrophile/ R3SiCF3. Therefore, the overall reaction
rates can be conveniently tuned from various factors. To design the reaction suitable for the
stopped-flow system, the CF3 transfer was conducted in THF at ambient temperature, TBAT
([BusN][Ph3SiF2]) was chosen as the initiator, 4-fluorobenzaldehyde as the substrate, and
TMSCF3 and TESCF; as the competing reagents, Figure 52a. The '°F nucleus on reagents,

substrates and products allowed simultaneous analysis of all species involved in the reaction

system, Figure 52b.
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Figure 52. a) Trifluoromethylation of 4-fluorobenzaldehyde by TESCF; and TMSCF; as the CF3 source
respectively. b) A transient 1D F spectrum of the reaction with all fluorinated species present.!®

Preliminary studies began with testing the reaction rates of TMSCF; with aldehyde, in the
presence of initiator. All stock solutions were prepared in the glovebox before connecting to
N filled stopped-flow system. 0.5 M 4-fluorobenzaldehyde, 0.5 M TMSCF3, and 0.5 M
fluorobenzene (IS) were prepared in stock solution 4, 3 mM TBAT was prepared in stock
solution B. The TMSCF3/aldehyde ratio was therefore constant at 1:1. The delivery volume of
solution 4 remained at 300 ulL, volume of B was incremented from 50 ulL, 75 uL to 100 uL,
and solvent from a third syringe was injected to compensate for the total volume of 600 uL.
Consequently, by incrementing the [TBAT], the reaction proceeded faster as shown in Figure
53. In addition to the main product, an approximately 8% CFsH was generated (Figure 53c),
which was likely due to the traces of water vapor diffusing in from the thermostat liquid (50/50
water/ethylene glycol).
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Figure 53. a) The trifluoromethylation of 4-fluorobenzaldehyde by TMSCFs, only the initiator TBAT
concentration was incremented. The temporal-concentration evolution of b) reagent TMSCF3, ¢) product, and d)
side-product CF3H.

The initially confusing water interference was confirmed by increasing the residence time of
TBAT within the stopped-flow system while keeping all other reaction conditions identical.
Figure 54a shows a competing CF3 transfer between TMSCF3 and TESCF;. The reaction
conditions are 0.21 M aldehyde, 0.15 M TMSCF3, 0.15 M TESCF; (from stock solution 4),
and 0.25 mM TBAT (from stock solution B), with an excessive amount of CF3. The results
showed the longer the TBAT is resident in the stopped-flow system (Figure 54d), the more
CF3H is generated. From Figure 54b and 54d, it can be seen the rapid generation of CF3H is
closely associated with the TBAT-catalysed reaction of TMSCF3. Excessive TESCF; (Figure
54c) did not further produce CF3H. Since TMSCF3 was consumed to generate the O-silylated
product (Figure 54g) and by-product CF3H (Figure 54d), as a result, the TESCFs/aldehyde
concentration ratio varied based on the amount of water present. This led to a variation in the
TESCEFj3 reaction rates (Figure 54c¢). To minimise the impact of water, a ‘flush’ of TBAT was
conducted, to purge the water-contaminated solution and refill with fresh TBAT prior to each

stopped-flow measurement.
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Figure 54. a) The trifluoromethylation of 4-fluorobenzaldehyde from competing TMSCF; and TESCF3 reagents.
The reaction conditions were kept identical, the only difference being the incremented residence time of TBAT
within the stopped-flow system to probe the water interference from thermostat liquid infiltration. Temporal-
concentration evolution of b) reagent TMSCF3, ¢) reagent TESCF3, d) side-product CF3H, e) electrophile aldehyde,
f) OTES-product, and g) OTMS-product.

Furthermore, a dominated turnover by TMSCF3 was observed at the beginning stage of the
competing reaction between 1:1 TMSCF; and TESCF;. This was rationalised to be the less-
hindered TMSCF; monopolising the anion from the initiator. On near-complete consumption
of TMSCEF3, the sterically bulkier TESCF; started to engage in the reaction and underwent
accelerated turnover. This dominant behaviour of TMSCF; over TESCF; was consistent under
different conditions, Figure 55. However, the overall trifluoromethylation rates varied
drastically between experiments conducted using different sources of reagents, Figure 55b-d.
For example, entry b), Figure 55b) was performed using an aged bottle of TESCF3, and a
significantly higher loading of TBAT was added yet the reaction still proceeded slower than
the other two entries. This irreproducibility by reagents from different batches or suppliers was
also observed in earlier work'®, and is due to traces of unidentified exogenous inhibitors.
Therefore, in the following investigation, unless otherwise stated, all reactions were conducted
and compared using the same sources of reactants as entry d). All stock solutions were freshly

prepared in the glovebox and measured on N»-filled stopped-flow system immediately after.
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Figure 55. a) Conditions of the competing reaction between TMSCF3 and TESCFs in THF at 300 K, experiments
were conducted on different days using different sources of reagents. b) - d) Temporal-concentration profiles of
the aldehyde, TMSCFs and TESCF3, showing irreproducible results. Entry d) used a bottle of freshly ordered and
distilled TESCF3, which was utilised throughout following experiments.

The mechanism for the CF3 transfer from TMSCEF3 to a carbonyl electrophile, in this case, 4-
fluorobenzaldehyde, was proposed in Figure 56a.!% The catalytic initiator reacts with TMSCF3
to generate the silicon-free CF3 carbanion, which undergoes rapid equilibrium with TMSCF3
again to afford the dominant bis(trifluoromethyl) siliconate anion. The CFs then reacts with
the carbonyl to proceed the trifluoromethylation, accompanied by the cation from the initiator.
When TESCF; was added to the reaction, a competition between TESCF3; and TMSCF; was
observed, as shown in Figure 56. As discussed earlier, TMSCF3 dominated the early turnover
before TESCF3 participated in. The reaction conditions used here were 0.18 M aldehyde, 0.13
M TESCF; and TMSCF3, and 0.18 M PhF (IS) in THF at 300 K. TBAT concentration was
increased from 0.24 mM, 0.30 mM, to 0.67 mM. At highest TBAT loading, the reactions
completed within the deadtime of the stopped-flow experiment (0.22 s at 1 mL/s flow rate).
Note the reduced production of OTMS-product, due to the extremely rapid water consumption
of TMSCF;3 to form CFsH. Two distinct trifluoromethylated products were generated (Figure
56b and 56c¢). However, whether the CF; on the two O-silylated products came exclusively
from their parent reagents remained unknown. To probe this question, the non-pre-magnetised
(D) channel (channel-D) was employed to serve as a ‘magnetic-labelling’ tool for the CF;
sources. If one reagent is delivered via channel-D, the CF3 anion from this reagent will not be
polarised, hence ‘magnetic-labelled’. This distinct information will be carried with the CF3

along its evolution.
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Figure 56. a) A proposed mechanism for the trifluoromethylation from TMSCFs.!%° The concentration evolution
focusing on the O-silylated products from b) TMSCF; and ¢) TESCFs.

Firstly, temporal-concentration profiles of the products were monitored under standard
conditions, where all solution were delivered via pre-magnetised channels (Figure 57a and 57b).
The F NMR analysis of the products have two different '°F resonances, CF3 from the reagent
(TMSCF; or TESCF3), and F from the aldehyde. The concentration of products was calculated
using both F respectively. When all species were pre-magnetised, the two '°F atoms afforded
well-agreed outcomes as expected. However, when only one reagent, for example TMSCF3
was delivered via channel-D, while all other solutions via pre-magnetised channels, the non-
polarised CF3 carried this ‘magnetic-label’ into the -OTMS product, in contrast to the pre-
magnetised F originated from the aldehyde. The CFs-derived product concentration
consequently displayed a reduced profile comparing to its F-derived counterpart, as shown in
Figure 57d and 57e. Intriguingly, since TESCF3; was delivered via pre-magnetised channel as
normal, without perturbation, both the CF3; and F in the -OTES product should be pre-
magnetised and display identical concentration evolution. However, this obviously
contradicted the observation shown in Figure 57e. The CFs-derived concentration of OTES-
product (Figure 57e, green circles) was reduced from its F-derived counterpart. This is a
straightforward indicator of chemical exchange between the CF3 anions from TMSCF; and

TESCFs. Correspondingly, the chemical exchange induced magnetisation transfer between the
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CF3 anions has raised the CF; of the -OTMS product (Figure 57e, yellow circles) to > 50%.
This phenomenon was further proved by delivering TESCF; via channel-D (Figure 57f),
displaying a reduction in the CF3 concentration of the -OTMS product (Figure 57f, yellow

circles).
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Figure 57. a) - b) The concentration evolution of O-silylated products, initiated by different TBAT loading. All
solutions were delivered via pre-magnetised channels, the concentrations derived from -F and -CF3 overlapped
well with each other. c)-¢) TMSCF3 was delivered via channel-D. c¢) The different appearance of TMSCF;
consumption due to non-pre-magnetisation. d) The slight deviation of O-silylated products profiles showing the
chemical exchange, although not as obvious as €) and f) due to the lower TBAT concentration, i.e., slower reaction
rate. ) A distinct disturbance in the OTES-CF3 profile due to chemical exchange with non-pre-magnetised
TMSCEFs;. f) TESCF3 was delivered via channel-D. A disturbance in the OTMS-CF3 product was observed due to

the chemical exchange, indicated by purple arrow.
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Chapter 3 Longitudinal Relaxation Time Measurements

3.1 Importance of 71 Measurements

T1 measurements has been a long-standing topic since the early days of NMR spectroscopy.
Section 1.2.1 introduced the variety of methods to measure 71. Here the importance of 7
measurements will be illustrated in the context of quantitative NMR (qQNMR). The magnitude
of T for each of the nuclei being measured places limits on the acquisition rate of consecutive
scans. That is, the entire spin ensemble needs to achieve complete relaxation (or equal
relaxation for relative quantitation) before application of the next RF pulse. For example, for
experiments using 90° pulses, the repetition time between consecutive excitation pulses, #r,
should be >5xT1 to allow >99.3 % relaxation. When faster acquisitions are required, the pulse
angle 6, can be reduced from 90° to allow shorter repetition time (#r), at a penalty of sensitivity.
Specifically, 99.3 % relaxation requires fr = 2.9xT1 when 8= 30°, affording a 50% sensitivity;
and fr = 0.8x71 when 8= 10°, affording a 17% sensitivity. Failure to adhere to this condition
will lead to unevenly relaxed spins and inaccurate quantification. Therefore, 71 measurements
are recommended prior to any qNMR experiment to allow appropriate setup of NMR
acquisition parameters. Noteworthily, in daily NMR experiments, the relaxation delays (RD)
are sometimes set to an estimated value, particularly in automated experiments. This practice
normally uses long RD to avoid signal suppression. However, it not only takes elongated
experimental time and does not guarantee sufficient relaxation, therefore still posing risks to

inaccurate quantitation.

Figure 58 shows the 3!P spectra of a mixture of 1:1 O=PPh; (71 = 3.5 sec) and PPhs (T} = 16
sec), demonstrating the impact of how incomplete relaxation leads to inaccurate quantitation.
T measurements of 3'P in standard 5mm NMR tube were performed on a mixture of 0.1021
M PPh; and 0.1008 M O=PPh; in solvent 9:1 THF/ H20. Inversion Recovery experiments for
PPh; were acquired with a relaxation delay time of 80 s (>5*71), 0 dummy scan, 2 number
scans, and an acquisition time of 0.05 s to allow optimal S/N and complete decay of FID. A
variable delay list of 15 values/s {0, 0.05, 0.1, 0.5, 1, 3, 5, 9, 13, 18, 25, 40, 60, 80, 100} was
used for 71 measurement. Inversion Recovery experiments for O=PPh; were acquired with a
relaxation delay time of 15 s, an acquisition time of 0.1 s, 0 dummy scan and 2 number scans.
A variable delay list of 10 values/s {0, 0.01, 0.05, 0.1, 0.5, 1, 3, 5, 10, 15} was used for T;
measurement. The spectrum in Figure 58a allows complete relaxation for O=PPhs but

incomplete relaxation for PPhs. This leads to suppression of the PPh; peak, thus an
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underestimated integral. In Figure 58b accurate quantitation is achieved by elongating #r to

ensure complete relaxation for both compounds.
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Figure 58. a) 1D *'P NMR spectrum of 1:1 O=PPhs and PhsP. Incomplete relaxation of PPhs leads to reduced
integral values for PPhs (maroon integrals). b) The same spectrum acquired with complete relaxation for both
compounds, yielding accurate quantitation (blue integrals).

Another example is shown in Figure 59, highlighting the effect of an incorrectly parametrized
BC{H} spectrum of 1,1-diphenyl-2-propyn-1-ol, where %<<5xT). In these inverse-gated
proton-decoupled experiments, the proton decoupler is turned on only during the acquisition
of free-induction-decay (FID) and turned off during RD to dissipate the Nuclear Overhauser
Effects (NOEs). In general, the closer proximity to neighbouring protons, the greater the effect
of the NOEs on the individual *C nuclei. Figure 59a shows the unequal NOE:s at the different
13C chemical sites lead to incorrect quantitation. When #r > 5x T (Figure 59b), in this specific
case, where only CH groups and quaternary carbons are present, the NOEs are dissipated, and
accurate quantitation was retained. Commonly when CH; and CH3 units are present, up to

10xT1 is required to fully dissipate the greater NOEs.
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Figure 59. a) Inverse-gated *C {'H} NMR spectrum of 1,1-diphenyl-2-propyn-1-ol acquired with fr < 5x71. The
differential NOEs contributions at the seven *C sites result in incorrect quantitation (maroon integrals). b) The
same spectrum acquired using fr > 5x 71, so that NOEs are dissipated, and qNMR is established (blue integrals).
¢) 'H-coupled '*C spectrum acquired with fr > 5% T1, both multiplicity and accurate quantitation retained.

Besides standard 1D experiments, 71 measurements are also necessary before kinetic analysis.
Similar to the investigation in pre-magnetisation effects, this can be demonstrated by a
simulated first order reaction ‘reactant A—product B’ of reaction rate constant k. The

concentrations of reactant A and product B at time t follow the equations:
[A]; = [A]p x e™**
[B], = [Alo X [1 — 7]

The recovered magnetisation during repetition time between scans, if under 90° pulses, follows

the longitudinal relaxation recovery equation:
_tr /
Mt:Mox[l_e Tl]

The observed NMR signals are governed by two processes, one from the reaction itself, the
other from the relaxation recovery between consecutive scans. The overall results of the

observed signals in an NMR experiment therefore follow the equation:
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[A], = [A]o X e7*t x [1 — e_tR/Tm]

[B], = [Alo X [1 — e~*] x [1 _ e—t’*/rw]

This is a multiplication of two first-order processes. Figure 60 shows two examples of how the
NMR acquisition parameters impact the observed reaction profiles. Figure 60a presents a
scenario where the repetition time between scans is too short to afford sufficient relaxation, the
signal saturation therefore directly leads to inaccurate kinetic analysis, a 50% error in the
observed rate constant. Figure 60b shows an alternative approach to maintain the accurate
quantitation as well as increasing the temporal resolution by using a smaller pulse angle. By
reducing the pulse angle from 90° to 10°, the required repetition time tr between scans is

reduced from 5x77 to 0.8x7 for a 99.3% relaxation recovery, and correct kinetic analysis is

obtained.
) 0.06 - °) 06
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06 =90° 0.05 § _

0.05 T Y tg =0.8xT;

s © tr=0.4xT, 3
\ P 8
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S _ R observea reaction
0.01 { /& So “ 50% errorin k 0.01 o
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Figure 60. a) Simulated reactions profiles of a first order reaction ‘reactant—product’ (k=0.02 s}, Tlreactan=0.8 s,
Tproduct=2.5 8), monitored by NMR. a) when pulse angle 8=90°, interscan delay tr (1.0 s) << 5xT1, the incomplete
relaxation (circles) leads to significantly inaccurate kinetic analysis (lines). b) When 6=10°, which reduces the
required tr to 0.8x 71 for a 99.3% relaxation recovery, accurate quantitation is retained. Reaction rates were derived

by non-linear regression of the reactant concentration.

This simulation is further proved experimentally by an incorrectly parametrized (fr<< 5xT1; 6
= 90°) experiment. Figure 61 shows the in-situ stopped-flow '"F NMR analysis of the
protodeboronation of 2,3,4,6-tetrafluorophenyl boronic acid as an experimental example. The
repetition time tr was set deliberately too short for adequate relaxation, resulting in
experimental data (grey circles) that deviates considerably from the real temporal concentration
profile (orange dashed line). The obtained NMR spectra (Figure 61c) and the non-linear first-
order regression (Figure 61a, black line) both appeared to be reasonable, but giving a 36% error

from the correct reaction rate. By proper adjustments of the repetition time r, and the pulse
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angle 6, reliable quantitation is achieved again, with the aid of interleaved approach when

necessary (Figure 61b).

0 8=90° tg=4.2xT,
O 8=90° ty=0.5xT; 0.05 1
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Figure 61. The protodeboronation of 2,3,4,6-tetrafluorophenyl boronate monitored by stopped-flow “F NMR
spectroscopy. a) Repetition time #r set too low, partially relaxed spins led to inaccurate kinetic analysis. b) Using
variable pulse angle 6, repetition time tr allowed sufficient relaxation in all cases, hence accurate quantitative

analysis. ¢) Stacked stopped-flow '°F spectra for the in-situ reaction monitoring in a), grey circles.

3.2 T1 Measurements by FLIPS

The examples above reiterated the importance of prior determination of the longitudinal
relaxation time constants 7 for all of the nuclei being analysed in a qNMR experiment. As can
be seen from previous sections, throughout the stopped-flow project, 71 measurements have
indeed been conducted extensively, either prior to reaction monitoring, or for pre-
magnetisation investigation. The reason is straightforward, 77 constants are important
parameters for any quantitative NMR experiments, and the polarisation process is directly

governed by the 77 constants of studied spins as well. Among the range of 77 methods
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introduced in Section 1.2.1, we used the most widely used method, the Inversion Recovery
experiment for our routine 71 measurements. However, during the investigation in the non-pre-
magnetisation channel (section 2.3.1), an interesting phenomenon was observed. When
inputting the analytes via the pre-magnetised channels and using the pulse sequence in Figure
48a, a trend of signal integrals against the pulse angle came to attention. Similar trends were
observed consistently for all samples. An example of PPhs and O=PPhj; is shown in Figure 62.
It was noted that upon 90° pulses, signals were directly suppressed to a minimum intensity and
remained unchanged, whereas at 60° and 30° pulses signal integrals went through a curved
slide and eventually reached a ‘steady-state’ at different intensities. All experimental
parameters were kept identical except for the pulse angle. Furthermore, the ‘steady-state’ of
PPh; and O=PPh; varied, for instance, 30° pulses yielded the relatively highest integral for
PPh; (Figure 62a) while the highest integrals for O=PPh3; came from 60° pulses (Figure 62b).
With the prior knowledge of 77 values, it is sensible to extrapolate longitudinal relaxation must
have played an important role here. Therefore, this unintentional observation triggers a
question - ‘how do the spins evolve under the application of the pulse sequence and lead to the

different shapes of decline?’
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PPh; 0=PPh,
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< 80-900-000-00-000-09
000000000000 0000-04¢
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0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30
Time /s Time/s

Figure 62. Experiments showing the decaying trend of absolute signal integrals obtained from experiments with
variable pulse angle. a) PPh; (7:1=16.0s) experiment gives highest integral after reaching steady-state under 30°

pulses; b) O=PPh; (71=3.6s) experiment gives highest integral under 60° pulses.

With this question in mind, a dissection of the magnetisation evolution under the pulse
sequences was conducted. Figure 63a and 63b shows the pulse sequences for Inversion
Recovery and FLIPS experiments respectively. The key difference between them is that rather
than step-wise analysis of the exponential relaxation recovery, FLIPS acquires one scan after
each excitation pulse, allowing collection of all data in a single experiment, hence greatly
reduces spectrometer time. Figure 63c-e shows the magnetisation evolution under these

sequences respectively. If the transverse magnetisation (Mxy) is completely dephased during
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the repetition time tr between consecutive scans, the bulk magnetisation is aligned solely along
the z-axis upon the application of the next excitation pulse. When €= 90°, Figure 63d, after
the initial spectrum, the acquired signal directly reflects the longitudinal relaxation recovery
during tr. Alternatively, when 8+ 90, Figure 63e, there is residual z-magnetisation (blue arrow)

after the pulse, and this eventually reaches a steady-state.
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d) Magnetisation evolution under FLIPS (&, = 90°)
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Figure 63. Pulse sequences of a) the Inversion Recovery experiment, and b) the FLIPS experiment. Graphic
representation of the magnetisation evolution under c) the Inversion Recovery experiment, each signal is acquired
after a variable delay time tr, as shown on the right, these signals sample the recovery curve allowing calculation
of T1; and d) the FLIPS experiment, 8 = 90° and e) the FLIPS experiment, 6 # 90°, all signals are simultaneously
acquired in one experiment. Blue arrows are used for longitudinal (z-aligned) components of the bulk

magnetisation and red arrows for transverse (X, y) components.
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Figure 64. a) The pseudo-first order exponential longitudinal relaxation recovery is plotted to facilitate the
equation derivation; orange line shows the recovered magnetisation during a repetition time tR. b) Upon the
application of an excitation pulse of pulse angle 0, the magnetisation along the z-axis is flipped towards xy-plane.
The detected magnetisation is the projection of this magnetisation vector on the xy-plane, leaving the projection
on z-axis as the residual z-magnetisation which will continue to relax back to equilibrium before experiencing the

next pulse.

The magnetisation evolution under the FLIPS pulse sequence can be described mathematically,
as illustrated in Figure 64. The magnetisation vector starts from thermal equilibrium Mo. Upon
the application of excitation pulses (0° < 6 < 90°), the magnetisation vector is rotated away
from z-axis (the direction of Bo) towards the transverse plan. The magnetisation vector starts
to relax upon the extinction of the pulse, and its relaxation recovery along the longitudinal axis

follows the equation:
_t
M=Mo- [1— e /i
at time t;
_t/
M= Mo - [1 —e Tl]
at time t+tg:
_(t+tR)/
Mi+r = Mo - [1 —e Tl]

Detected magnetisation on xy-plane:
My,=M X sin®
Residual magnetisation on z-axis:

M;,=M X cosB
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Therefore, residual magnetisation on z-axis:

M;= M, X cotB

The longitudinal relaxation recovery starting from xy-plane can be transformed to:

t=T [l Mo ]
VM, — M,

Recovered magnetisation during tr:

_t/ _(t+tR)/
Muwr — Mi=Mp - [e i —e T1]

Jpe— Mo Jip Mo
_Tl [lnMo—Mnxcote]/ _(T‘ [lnMO—MnxcotG]HR)/

Mo — Mn X cotB Mo t
— MO . [ 0 n —e lnMo—MnXCOte X e_ R/T1

Mo

_tR/
= (Mg —MyXcotf)(1—e 'T)

As aresult, detected signal by next excitation pulse is the projection of the bulk magnetisation

vector on the xy-plane, and the bulk magnetisation vector comprises the residual magnetisation

from previous excitation pulse and the recovered magnetisation during tr:
_tr / .
My = [Ma X cot® + (Mg — M,,_; X cotB)(1 —e 'T1)] X sinf

t
= M, X sinf — (M, X sinf — M,_; X cosf)e iy

M, is the thermal equilibrium, M,, and M,,_; are signal integrals obtained after respective

pulses, 6 is the pulse angle, and ty is the repetition time between consecutive pulses. By

extending this equation, an equation cluster is obtained as follows, the last term in the equation

will continually decrease and eventually reach 0 when n—oo0.
Mi=Mp - sin B
M>=Mp - sin 0 [1 — (1 —cos O)e‘tR/Tl]

Ms=Mo - sin© [1 — (1 — cos 0)e™*R/Ts — cos 8 (1 — cos B)e~2r/Ti]

101



Mn=Mo - sin@ [1 — (1 — cos 8)e™t”/T1 — cos O (1 — cos B)e 2R/

—_ . — cosB8"2 (1 — cos B)e‘(“‘l)fR/Tl]
M:=Mo - sin 0 [1 — XI5 cos ' (1 — cos Q)e_itR/Tl] Equation 13

Consequently, by performing a FLIPS experiment and with known acquisition parameters 0,
tr, and acquired My (thermal equilibrium), M, and M,.; (steady-state), the 71 constant of the

studied nuclei can be calculated following the Equation 14.

T _ tR o
1= ln[Mo-sine—Mss-cose Equatlon 14

Mo'sin 6—Mss

3.2.1 Alternative Excitation Pulses for FLIPS

Since FLIPS experiment relies on the thermal equilibrium magnetisation to calculate 71, it was
found that it is more sensitive to pulse imperfections such as pulse miscalibration and oft-
resonance effects. Therefore, to improve its tolerance towards these pulse imperfections,
specialised pulses such as Composite pulses!” 18 and BEBOP!8!:182 (Broadband Excitation By
Optimised Pulses) were employed. Composite pulses are a cluster of pulses with different pulse
durations and phases to compensate for B1 inhomogeneity or off-resonance effects, but often
not simultaneously. The implementation of composite pulses is straightforward, Figure 65a
shows an example of a series of composite pulses aiming at B; inhomogeneity compensation.
Samples of 4-fluorophenyl boronic acid of variable concentrations were used. Inversion
Recovery experiments were acquired with a 56818 Hz spectral window, 0 dummy scan, 2
number scans. Relaxation delay time was set to 10 s, acquisition time was 1 s. Variable delay
list of 10 values/s {0.003, 0.05, 0.1, 0.5, 1, 2, 3, 5, 7, 10} was used for 71 measurement. FLIPS
experiments were acquired with a 56818 Hz spectral window, a repetition time of 1.56 s (0.70
s acquisition time and 0.80 s delay time), and 15 loops of 60° pulses. Using the 7 constants
obtained from Inversion Recovery as reference values, the improvements offered by composite
pulses shows a trend 270°,360°90° > 90° 110° > 90°90°, > 90°, as is expected from
literature.!'? For example, by replacing the hard 90° with a 270°,360°x90°, composite pulse,
the deviation of the 7' constants from those measured by Inversion Recovery decreased from
6% to 3% (Figure 65b, red triangles to orange circles). Theoretically, the composite pulse

sequences which offer the best compensation comes from those with the most complex
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sequences. This may not be necessary for implementation and may be particularly problematic

for spins with short transverse relaxation time constants 7>.

a) 270°,360°,90°, 90°,110°, 90°,90°,  90°,
b) c)
2.3 4 6.0 - 0
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Figure 65. Application of a) a series of composite 90° pulses to the FLIPS experiments for the “F T
measurements of 4-fluorophenyl boronic acid of variable concentrations. Inversion Recovery (blue square) and
FLIPS using normal hard 90° pulses (maroon triangle) were measured for comparison. b) The compensation for
Bi1 inhomogeneity performance shows an apparent trend 270°x360°x90°y > 90°x 110°, > 90°x90°y > 90°, consistent
with literature.!'? ¢) '°F 71 measurements of fluorinated benzene by BEBOP 90° pulses for off-resonance effect
compensation (purple square) comparing to conventional hard 90° pulses (maroon triangle).

Based on this, BEBOP pulses (Broadband Excitation By Optimised Pulses) that provide
uniform excitation tolerant towards B1 inhomogeneity and of relatively shorter pulse durations
were incorporated to the FLIPS experiment (Figure 65c) in place of the conventional hard
pulses. In the experiments the transmitter offset was deliberately set (40-50 ppm) away from
the studied signals. Comparing to Inversion Recovery, the conventional hard 90° pulses yielded
T constants of a difference of 9%, while BEBOP pulses alleviated the difference to 2%,
showing a clear tolerance towards off-resonance effect. The application of BEBOP pulses
requires parameter adjustments to fulfil desired excitation profile. Therefore, in practice, the
FLIPS experiment of BEBOP pulses is advised when signals are dispersed on the spectrum,
and the 71 constants are generally long, such as *C experiments, so that one experiment is
performed, and all signals are measured simultaneously. For '°F spectra of wide chemical shift
range, though, the 771 constants are normally shorter, each FLIPS experiment takes tens of
seconds, the 71 measurements can therefore be performed from region to region, using simple
hard pulses. Indeed, the specialised pulses have effectively improved the performance of FLIPS
on measurement the 77 constants. Nevertheless, since the relaxation recovery is an exponential

process, small errors in the estimated 71 make a marginal difference in the sense of quantitation
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(4xT1 achieves 98% relaxation, compared to 99.3% by 5xT1), it is normally adequate to employ

hard-pulse FLIPS as a simple and rapid method for 77 estimation.

3.2.2 Validation of FLIPS in Comparison with Inversion Recovery

To further test the robustness of the method, the 771 constants for a series of arbitrarily chosen
compounds were systematically determined, containing 'H, '3C, °F, #°Si, and 3'P nuclei, by
Inversion Recovery, and by FLIPS respectively, shown in Table 6. Considering that Inversion
Recovery is the most widely used method for 71 measurement, it was used in this work as a
reference to ascertain and evaluate the performance of other methodologies. The values
estimated by FLIPS correlate satisfactorily (7171175 = 1.015 71'® — 0.05; R? = 0.989) (Figure 66)

with those by Inversion Recovery, while requiring about one tenth of the experimental time.

Table 6. 71 constants of different nuclei measured by Inversion Recovery and FLIPS experiments respectively.
Approximate experimental time needed for each measurement is shown in parentheses, signal averaging (number
of scans) employed in Inversion Recovery and FLIPS experiments for each individual compound were kept
consistent. For Inversion Recovery experiments, error was calculated from the least-square estimation of first-
order exponential fitting; For FLIPS experiments, error was calculated by calculating the standard error from

multiple measurements.

T1 [s]
Sample? Nucleus® Inversion Recovery FLIPS
o 3-'H: 2.91+0.01 2.93+0.01
e[Nj)kNHz 5-H: 3.16+0.01 3.02+0.01
S5SN8 6-'H: 1.71 £ 0.07 1.67 +0.01
0.05 M (methanol-d4) (5min) (30s)
o 3-'H: 6.09 +0.01 6.11 +0.02
6 [Nj)kow.e 5-'H: 5.91+0.01 5.69+0.01
S5SN8 6-'H: 6.05+0.01 5.82+0.02
0.06 M (methanol-d4) (12min) (50s)
o 3-H: 32.38+0.01 34.24+0.39
[NJ)L"“Z 5-'H: 16.18 £ 0.01 16.84+0.16
N 6-'H: 16.62 £ 0.01 17.40 +0.18
(degasse%?ﬁeﬁanol—dzt) (45min) (3min)
o 3-H: 31.20+0.01 35.54+0.37
[Nj)kOMe 5-'H: 17.86 £ 0.01 19.56 +0.09
N” 6-'H: 18.29 £ 0.01 20.80 +0.27
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0.06 M (45min) (3min)
0 3-1¢C: 15.76 = 0.01 15.86 + 0.66
€ N@ 5-13C: 14.99+ 0.01 15.52 +0.44
7
3 N 7-13¢C: 18.45 +0.01 17.23 £0.18
0.5 M (CDCl) (2h30min) (25mins)
4 3-1¢C: 19.24 £ 0.05 19.65 + 1.36
Ho_ 37/
s X s 4-8¢C: 14.11 0.02 13.31 +0.96
O O 5,5°-13C: 19.52 +0.01 17.75+0.24
0.5 M (CDCls) (2h30min) (25mins)
F1 1F (0.05 M): 5.45+0.01 5.14+0.03
1,3-F2 9F (0.06 M): 4.96+0.01 4.80+0.01
N 1,2,4-F3 (0.06 M)
L, 1-19F: 458 £0.01 437+0.02
/
n 2-1F:; 435+0.01 423 +0.02
(CDCLs) 4-19F: 4.96 +0.01 4.80 = 0.03
1,3,5-F3 1°F (0.06 M): 474 £0.01 459 +0.01
(8min) (30s)
—Si-0-si- 8j 38.31+0.01 38.01 +0.81
/ \
0.1 M (toluene-ds) (5h47min) (55min)
\2 H 3, 1-2Si 38.99 +0.01 40.76 + 0.45
—/Sq?rSl\—
i 2,3,4-7Si 4773 £0.01 43.59 +0.92
0.1 M (DME) (30h) (4h)
PhsP 3p 16.00 = 0.01 15.49 £ 0.21
0.05 M (9:1 THF/H-0) (20min) (2min)
PhsP=0 3p 3.60+0.01 3.40+0.04
0.05 M (9:1 THF/H:0) (5min) (20s)

“All samples contain natural abundance NMR active nuclei. The sample concentrations and solvent systems are
detailed below the sample names. For degassed 'H samples, freeze-pump-thaw method was repeated four times
to degas the methanol-ds solvent, then samples were freshly prepared, transferred to septum capped NMR tube
and measured on the same day. Each sample was prepared and measured separately, except for PhsP and PhsP=0
which were prepared as a mixture and measured in one NMR tube.

The larger deviations for 'H measurements of degassed samples are possibly due to the ingress of air during the
10-fold longer acquisitions required for Inversion Recovery.

“Compounds containing the more NMR sensitive nuclei, e.g., 'H and 'F, in sufficient concentration can afford a
suitably high signal-to-noise ratio in a single scan, whereas those containing less sensitive nuclei, e.g. 1*C and ?°Si
at natural abundance, normally require signal accumulation.

105



50 A

o
40 Q.
y = 1.0146x - 0.0535 o. .0
R? = 0.9889 0.

«» 30 4 .
@
g
&y | %
= B

10 -

0 e T T T T ]

0 10 20 30 40 50

Ti(IR) /s

Figure 66. Correlation between the measured 71 constants by FLIPS against those by Inversion Recovery

experiments.
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Figure 67. Stacked spectra to measure the 71 constant of the '°F in 0.05 M fluorobenzene in CDCIl; by a) the
Inversion Recovery experiment, and c) the FLIPS experiment. b) Plot of absolute integrals of the °F signals
against variable delay t by Inversion Recovery. d) plot of absolute integrals of the '°F signals against time by
FLIPS.

Two examples of the 71 measurements in Table 6 were presented here, one '°F and one 13C.
Figure 67 presents an example of the 71 measurements of the °F in 0.05 M fluorobenzene in
CDClIs, by Inversion Recovery and FLIPS respectively. Figure 68 shows the proton-coupled
BBC spectrum of 0.5 M phenazone in CDCls, only the 71 constants of the quaternary carbons

are presented given their relatively longer 71 constants (Figure 69).
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Figure 68. 1D proton-coupled *C spectrum of phenazone in CDCls.
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Figure 69. stacked spectra to measure the T1 constants of the '*C in 0.5 M phenazone in CDCl3 by a) the Inversion

Recovery experiment, and ¢) the FLIPS experiment. b) Plot of absolute integrals of the 1*C signals against variable

delay 7 by Inversion Recovery. d) plot of absolute integrals of the '3C signals against time by FLIPS.

The results shown above proved FLIPS a rapid method for 7 estimation. Overall, there are

three key considerations prior to using the FLIPS method: 1) The transverse magnetisation Myy

must be eliminated before the next excitation pulse. In practice this can be achieved by
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adjusting the acquisition time to avoid FID truncation, or by the employment of pulsed field
gradients (PFGs); i1) FLIPS is more sensitive to pulse imperfections than the Inversion
Recovery method. As discussed above, this can be alleviated by careful pulse calibrations, or
by the application of composite pulses and optimised broadband excitation BEBOP pulses; iii)
if signal averaging is needed for sensitivity enhancement, the relaxation delay (RD) needs to
be > 5xT1. This last aspect inevitably leads to a dilemma, the choice of RD without a prior
knowledge of 7. Setting the RD too long seems a safer practice, but will elongate the
experimental time, compromising the time-efficient feature of the method. More importantly,
too short of an estimation will cause underestimation of Moy, which in turn yields
underestimated 77. In practice, the ‘trial and error’ approach can be adopted, the RD is
generally set as 5 times the estimated 71, if the measured 77 is significantly larger than the
estimated value, a new experiment can be performed with new acquisition parameters. While
attempting to address this dilemma, we developed another method for 71 measurements, which

avoided the necessity of RD. This will be discussed in succeeding section.

In addition to the considerations stated above, we also noted that inverse-gated heteronuclear
decoupling cannot be employed in FLIPS measurements because the transients are acquired
repeatedly with an interval time normally much less than 5x71. Thus, any NOEs between the
detected nuclei and the decoupled nuclei will enhance the relaxation, hence shortening the ‘real’
T'. This effect can be sidestepped in Inversion Recovery method if the relaxation delay before
each measurement is set to be long enough for the equilibrium to be re-established and for the
NOE:s to dissipate. On the contrary, the repetition time between consecutive acquisitions in the
FLIPS method cannot be set long to re-establish the equilibrium, as for this technique the spins
need to be saturated to the steady-state to calculate the 71. An example on CH3CH>OH is given
below to demonstrate this. The 3C T constants of CH;CH>OH were measured by Inversion
Recovery and FLIPS methods, with no decoupling and with inverse-gated decoupling
respectively. Table 7 presents a summary of the 77 constants measured by these different

experiments.
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Table 7. T1 constants of '*C nuclei measured by Inversion Recovery with no decoupling and with inverse-gated

decoupling, and by FLIPS experiment with no decoupling and with inverse-gated decoupling respectively.

Ti [s]
3C CHz DMSO-ds CH;3
Inversion No decoupling 14.7 494 10.9
Recovery* Inverse-gated decoupling 14.6 49.8 11.1
No decoupling® 14.3 442 10.2
FLIPS .
Inverse-gated decoupling® 4.0 38.2 26

a: acquisition parameters, acquisition time taq=1 s, relaxation delay =230 s, number of scans=2.
b: acquisition parameters, pulse angle 6=90°, acquisition time tag=1 s, delay d30=13.94 s, number of scans=4.

¢: acquisition parameters, pulse angle 6=90°, acquisition time tag=1 s, delay d30=5 s, number of scans=4.

As evident from Table 7, since the relaxation delay in the Inversion Recovery experiments is
set long, the NOEs from the cross relaxation between 'H and '3C have dissipated prior to the
next measurement and therefore do not affect the measured 71. However, the significantly
shorter repetition time between consecutive measurements in the FLIPS experiment cannot
dissipate the NOEs. Therefore the cross-relaxation enhances the signal intensities and results
in ‘shorter’ T1. The NOEs will build up immediately even if the evolution time is set short. If
the repetition time is set very long in the FLIPS experiment, relaxation will be complete, and
no steady-state data is available to calculate 71. When no decoupling is implemented in the
FLIPS experiment, the 71 constants can be measured correctly. It can also be noted that the
relaxation of the *C of solvent DMSO-ds is enhanced in the inverse-gated decoupling FLIPS
method, due to the residual 'H in the solvent, but since there is only a small amount of residual
'H, the enhancement is smaller. Despite the fact that inverse-gated decoupling renders the
FLIPS experiments unsuccessful, the investigation of heteronuclear decoupling has inspired us
to explore the NOE build-up process. This exploration has further led to a FLAPS method
utilising the sensitivity enhancements afforded by NOEs and precluded the necessity of waiting

very long delays to dissipate NOEs, a procedure that is commonly adopted.
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3.3 T1 Measurements by FLOPS

The FLIPS method accelerates the measurements of 77 by an order of magnitude compared to
conventional Inversion Recovery. Nevertheless, there commonly exists a question when setting
up the experiment - ‘how to correctly set the delays (t and RD) that are applied within and
between cycles?’ This issue is also present in the Inversion Recovery method. Indeed, in both
methods a value for 71 needs to be estimated prior to conducting the experiment that then
determines the 'real' value. Another important issue, as mentioned earlier, is that FLIPS is more
prone to pulse imperfections, such as mis-calibrated pulses and off-resonance effects, than
Inversion Recovery. These issues can be alleviated by careful pulse calibration and by use of
broadband specialised pulses, albeit requiring manual adjustment of experimental parameters,
and thus taking additional time. In light of the above issues, the following method, which we
termed ‘FLOPS’ (Faster Longitudinal relaxation measurement by Ordered Progressive
Saturation) was developed. It essentially combines the advantages of the FLIPS experiment
with the Progressive Saturation method (introduced in section 1.2.1) proposed by Freeman’,

as illustrated in Figure 70.

90° 90°, 90° —_

(No Relaxation Delay)

Figure 70. Graphical representation of the FLOPS (Faster Longitudinal relaxation by Ordered Progressive
Saturation) method, inspired by the Progressive Saturation work from Freeman’’.

There is no initial relaxation delay (RD) present in the pulse sequence, and it adopts a
simultaneous rather a stepwise acquisition mode, with variable delay times (t) that are
incremented between pulses. The FLOPS sequence measures the recovery curve (Figure 71),
and pulse imperfections are compensated for by nonlinear least-square fitting to Equation 5.
To compare and validate this method, a collection of 22 examples of '°F internal standards that
are commonly used in organic chemistry or biochemistry, was measured independently by

FLIPS, FLOPS, and Inversion Recovery experiments. These fluorine-containing internal
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standards were prepared individually in four different deuterated solvents, DMSO-ds, CDCl3,
CD3sOD, and CD3CN. The results are shown in Table 8.

a) FLOPS b)

T

Figure 71. a) Pulse sequences of the FLOPS (Faster Longitudinal relaxation by Ordered Progressive Saturation)
method. All excitation pulses are 90°, taq is the acquisition time, no acquisition were performed between the first

three pulses, the first delay 11 is set to 0; and b) data fitting for FLOPS experiments to derive 71.

Figure 72 provides a visualised summary of the 771 measurements in Table 8. It is
straightforward to see that comparing to the Inversion Recovery results, the overall deviation
of FLIPS at 10% (blue bars) was improved to 5% (orange bars) by FLOPS. Figure 72b also
shows good correlation between the 71 constants measured by different methods. In addition,
Figure 73 offers a visual guide to the T; constants and the relative chemical shifts of these '°F
internal standards. Notably the absolute chemical shifts of F compounds are sensitive to a
range of factors including solvent system, temperature, concentration, magnetic field strength,
etc. Therefore, Figure 73 is expected to provide a relative comparison between the listed '°F

compounds to facilitate the choice of internal standards.
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Figure 72. a) The deviation of 71 constants measured by FLIPS and FLOPS, comparing to those measured by
Inversion Recovery experiments. b) Correlation between the 71 constants measured by FLIPS and FLOPS against

those by Inversion Recovery respectively.
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Table 8. 71 constants of some '°F internal standards (IS) measured by FLIPS, FLOPS, and Inversion Recovery

experiments.

T1 constants of '°F internal standards ?

Ti/s
IS name solvent S/ ppm ;
PP Inversion  py 1pg g opg Avg.
Recovery
DMSO-ds -123.7 2.85 2.7 2.88 2.81
CDCls -123.4 4.37 4.2 4.16 4.24
1-fluoronaphthalene!®

CDs;0D -126.0 432 4.1 4.29 4.24
CDs;CN -125.2 5.15 4.7 4.77 4.87
DMSO-ds -119.2 5.60 5.2 5.78 5.53
CDCls -119.7 6.67 6.1 6.46 6.41

para-difluorobenzene!8*
CDs;0OD -121.8 5.14 4.7 5.22 5.02
CDs;CN -121.2 5.69 5.4 5.69 5.59
DMSO-ds -107.5 4.03 3.8 4.15 3.99
CDCls -107.4 4.98 4.5 4.94 4.81

1,3,5-trifluorobenzene!'®’
CDs;0OD -109.4 4.72 4.4 4.74 4.62
CDs;CN -109.3 5.55 4.9 5.33 5.27
DMSO-ds -75.2 1.99 1.9 1.98 1.96
CDCls -75.6 2.32 2.3 2.27 2.30

trifluoro acetic acid®*'6®
CDs;0D -76.9 2.22 2.1 2.18 2.17
CDs;CN -76.9 2.39 2.3 2.23 2.31
DMSO-ds -62.0 2.04 1.9 1.99 1.94
o 13- CDCls -63.0 2.16 2.0 2.07 2.04

bis(trifluoromethyl)benzene!
86 CDs;0OD -64.5 1.79 1.7 1.75 1.71
CDs;CN -63.5 2.10 2.0 2.02 1.99
DMSO-ds -113.0 6.54 6.0 6.87 6.47
CDCls -113.1 5.20 5.0 5.07 5.09
fluorobenzene!”!-1¥7

CDs;0OD -115.5 4.97 4.7 4.92 4.86
CDs;CN -114.9 5.78 5.3 5.60 5.56
DMSO-ds -106.5 2.27 2.3 2.37 2.31
44 CDCl; -105.8 3.35 3.2 3.27 3.27
Difluorobenzophenone™  cp,op -108.2 3.74 3.6 3.73 3.69
CDs;CN -108.3 4.50 4.3 4.49 443
DMSO-ds -61.4 1.60 1.6 1.61 1.60
3-Trifluoromethyl benzoic CDCls -62.9 1.83 1.8 1.79 1.81
acid™™ CDs;0D -64.4 1.63 1.6 1.60 1.61
CDs;CN -63.4 2.01 1.9 1.99 1.96
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DMSO-ds -115.6 3.24 3.1 3.28 3.21
CDCls -115.8 4.67 43 451 4.49
4,4'-Difluorobiphenyl!'®®
CDs;0OD -118.1 4.68 43 4.61 4.53
CDs;CN -117.5 5.53 5.1 5.59 541
DMSO-ds -155 1.04 1 1.03 1.03
CDCls -153.5 2.34 2.2 2.25 2.26
CDs;0OD -157.6 2.16 2 2.10 2.09
CDs;CN -156.5 3.31 3 3.15 3.15
octafluoronaphthalene!*°
DMSO-ds -147.3 0.99 1 0.96 0.98
CDCls -145 2.25 2.1 2.23 2.19
CDs;0OD -148.3 2.07 2 2.04 2.04
CDs;CN -147.8 3.20 3 3.07 3.09
DMSO-ds -162.6 2.18 2 2.05 2.08
CDCls -161.8 3.66 33 3.46 3.47
hexafluorobenzene!?!!%2
CDs;0OD -165.4 3.50 3.2 3.52 341
CDs;CN -164.5 4.73 4.2 4.65 4.53
DMSO-ds -75.2 3.52 33 3.62 348
CDCls -77.2 3.10 2.9 3.05 3.02
2,2,2-Trifluoroethanol'*?
CDs;0OD -78.8 3.41 3.2 3.38 3.33
CDs;CN -77.7 3.89 3.6 3.88 3.79
DMSO-ds -106.9 3.20 3.1 3.23 3.17
CDCls -104.1 3.64 3.4 3.51 3.51
4-Fluorobenzoic acid!**
CDs;0D -108.6 422 3.8 4.20 4.07
CDs;CN -107.9 5.23 4.7 5.14 5.02
DMSO-ds -74.1 2.68 2.5 2.65 2.61
CDC13 _b _b _b _b _b
Sodium trifluoroacetate!’>!%°
CDs;0D =77 2.01 1.9 1.95 1.95
CDs;CN -76 2.21 2.1 2.27 2.19
DMSO-ds -61.1 2.27 2.2 2.20 2.23
CDCls -62.7 2.25 2.2 2.17 2.21
Benzotrifluoride!7%!%
CDs;0D -64.3 1.82 1.8 1.77 1.80
CDs;CN -63.2 2.10 2 2.05 2.05
DMSO-ds -110.6 3.08 2.9 3.15 3.04
CDCls -109.4 3.93 3.7 3.82 3.82
o-Fluoroacetophenone!®’
CDs;0D -111.8 442 4.1 433 4.28
CDs;CN -111.7 5.16 4.7 5.03 4.96
DMSO-ds -70.6 2.53 24 2.50 2.60
222-trifluoroacetophenone!*®
CDCls -71.4 3.18 3 3.07 3.26
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CD;OD -84.5 2.07 2 2.06 2.72

CDsCN 723 3.85 3.6 3.89 4.06

DMSO-de -60.7 170 1.7 1.69 170

4-(Trifluoromethylbenzyl  CDCl 62.5 2.06 2 2.00 2.02
alcohol™”? CD:OD 63.9 1.66 1.6 1.63 1.63
CDsCN -62.9 2.00 1.9 1.97 1.95

DMSO-de 61.7 1.46 1.4 1.46 1.44

35- CDClx -63.1 2.04 1.9 1.94 1.96
bis(trifluoromethyl)phenol*®  cp,op 64.7 1.59 1.5 1.54 1.54
CDsCN -63.7 1.98 1.8 1.93 1.90

DMSO-de 702 3.78 3.4 3.64 3.61

Potassium CDCls -0 --b b b _b
hexafluorophosphate™  cp,op 74.8 3.14 2.9 3.12 3.05
CDsCN -73.0 3.48 3.1 3.46 3.35

DMSO-d 61.1 2.01 1.9 1.99 1.97
tehlorobensoiuorige | CPCE -62.6 222 2.1 2.14 2.15
CD;OD -64.1 1.80 1.7 1.75 1.75

CDsCN -63.1 2.08 2 2.02 2.03

DMSO-de 612 1.91 1.8 1.86 1.86
thromobensoifiuoriges PO 62.8 2.16 2.1 2.07 2.11
CD;OD -64.3 176 1.7 1.73 1.73

CDsCN -63.3 2.07 1.9 1.98 1.98

2: all samples were prepared at a concentration of 0.05 M, measured at 300 K; all measurements were acquired in

an automated manner, i.e., no pulse calibration was performed.

b: no data available due to insolubility.
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T, of *°F internal standards in different solvents
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Figure 73. A map of the 71 constants of '°F internal standards in different solvent systems, with 71 constants
ranging from 1-7 seconds; and their approximate chemical shift range. Note that octafluoronaphthalene has two

sets of °F signals with similar 71, only one of them is presented in the map.
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3.4 T1 Measurements by FLAPS

3.4.1 Longitudinal Relaxation with Heteronuclear Decoupling

The previous section discussed the application of inverse-gated heteronuclear decoupling will
inherently corrupt FLIPS for 71 measurements. This is due to the NOEs between consecutive
acquisitions, which lead to artificially enhanced relaxation. This idea, albeit proved
disadvantageous for relaxation measurements, intrigued us to monitor the NOEs build-up and
dissipation using the FLIPS sequence. Figure 74a shows the FLIPS pulse sequences with
continuous decoupling to monitor the NOEs. In contrast to inverse-gated decoupling, the
decoupler was turned on throughout the experiment apart from the RD. RD was kept >>10xT7
to make sure the thermal equilibrium My acquired after the first pulse is not affected by NOEs.
The signals at steady-state were measured under the influence of NOEs, as Mnoe. Each
individual experiment therefore gives an NOE effect Mnos/Mo. The experiment was repeated

with incremented t to monitor the effects of NOEs as a function of decoupling time (Table 9).

For all BC{'H} experiments, continuous decoupling utilises an acquisition time tag=1 s, pulse
angle 6=90°, 4 scans, a relaxation delay RD=230 s (>>10*T1). Figure 74b clearly shows the
enhancement (Mnor/Mo) grows smoothly towards an asymptote as the decoupling time t
between pulses is increased. Fitting the enhancement, Mxor/Mo, to an exponential function
gives growth rates that are almost identical to the longitudinal relaxation rates (1/71) measured

independently. These results indicated to us the potential to utilise NOEs in relaxation

measurements.
a) R0 D1 % 21 n b) s,
[ 25 XX-’X_X_X—X_-XHX__X
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Figure 74. a) FLIPS pulse sequences with composite pulse decoupling (CPD) to investigate the build-up of NOEs.
The decoupler was kept on throughout the experiment apart from the relaxation delay (RD), RD was set >>10*T1
to measure the ‘true’ equilibrium magnetisation (Mo). WALTZ16'® was used as the decoupling scheme for
BC{'H} experiments. b) CH3CH2OH in DMSO-ds. A plot of measured *C{'H} with NOEs (Mnok) over Mo as a
function of T for CHz. NOE build-up rate was obtained from a three-parameter mono-exponential fit. 71 constant

was measured independently.

116



Table 9. T1 constants of *C in CH3CH20H, and Mnoe/Mo values acquired from each *C{'H} FLIPS experiment

with variable decoupling time.

CH; DMSO-d6 CHs
Ti/s 13.5 42.5 10.8

continuous decoupling

decoupling time T/ s Mnoe/Mo

1.5 0.446 0.042 0.518
3 0.736 0.091 0.888
5 0.946 0.133 1.146
9 1.508 0.232 1.777
16 1.986 0.369 2.302
21 2.300 0.455 2.561
26 2.391 0.516 2.579
31 2.569 0.578 2.665
41 2.640 0.646 2.724
51 2.669 0.760 2.767
61 2.757 0.825 2.954
71 2.713 0.871 2.871
81 2.744 0.909 2.940
91 2.766 0.941 2.900
101 2.748 0.965 2.849

Indeed, the build-up of NOEs follows a pseudo exponential growth as a function of decoupling

time 100,204

_t
My, —M, =M, —M,) Xe /1y Equation 15

M., is the signal integral measured with continuous irradiation of the decoupled nucleus, M, is
the integral measured without decoupling, and M,,/M, = n + 1, n is the NOE factor. By
rearrangement we obtain equation, which shows how a series of signals observed with NOEs
as a function of decoupling time, embed the information required for determining the relaxation

time 7.

_t
M, =m+1)My— (MM, X e /Tl) Equation 16

117



3.4.2 Impact of Heteronuclear Decoupling on Sample Temperature

Since continuous heteronuclear decoupling was implemented throughout the experiments, it is
sensible to investigate the impact of this on sample temperature. Sample heating has a few
potential hazards. The first is that temperature variations within a sample will deteriorate the
spectral quality and degrade samples that are intolerant towards temperature fluctuations.
Moreover, prolonged high decoupling power may even damage precious cryogenic probes,
particularly at ultra-high magnetic field strength!?2, The most used broadband decoupling
methods today are composite pulse decoupling?®”® (CPD) and adiabatic decoupling!'!!.
Considering for the 9.4 Tesla spectrometer utilised throughout this work, CPD is considered
the most convenient method, sample heating upon the application of CPD was therefore
examined. Nevertheless, it is worthwhile to note that adiabatic decoupling pulses provide a
good alternative to achieve uniform broadband decoupling and minimise the power dissipation
to the sample. Therefore, it is advised to use adiabatic decoupling when the required decoupling

bandwidth is very broad, or/and the continuous high power poses risks to the probe.

The NMR methanol thermometer method?*® was used to monitor the real-time temperature of
the sample upon continuous irradiation of the heteronuclei, in this case, *C. The N, gas flow
rate was set to 450 L/h, the temperature of the N> gas flow was set to 300 K. Pure methanol
was added to a 5Smm NMR tube. The chemical shift difference between the two 'H signals in
the methanol was used to calculate the temperature of the sample, using the following

equation:2%
T(K) = 409.0 — 36.54 X AS — 21.85 * A5? Equation 17

Repetitive 'H{'*C} spectra were acquired with Bruker default sequence ‘zgdc’, with 30° flip
angle, relaxation delay of 20s, acquisition time of 3s, one scan, and monitored over 11 minutes
(30 spectra). The 13C power level was set to 33W, GARP?"7 decoupling method was used, and
the CPD power level was elevated from 1.03 W to 8 W, Figure 75a upper CPD method. Table

10 presents an example of this experiment acquired with CPD power level at 1.03 W.
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Table 10. Temperature monitoring of the sample upon continuous CPD application.

time/s 3 (OH) / ppm 8 (CHs) / ppm AS / ppm T/K
23 5.654 4.120 1.534 301.535
46 5.654 4.120 1.533 301.585
69 5.654 4.120 1.533 301.586
92 5.654 4.120 1.533 301.586

115 5.654 4,121 1.534 301.553
138 5.654 4,121 1.533 301.588
161 5.655 4,121 1.534 301.571
184 5.655 4,121 1.534 301.574
207 5.655 4,121 1.534 301.561
230 5.655 4,121 1.533 301.588
253 5.655 4,121 1.534 301.552
276 5.655 4,121 1.534 301.561
299 5.656 4,122 1.534 301.547
322 5.655 4,121 1.534 301.576
345 5.655 4,121 1.534 301.564
368 5.655 4,121 1.534 301.541
391 5.655 4,121 1.534 301.570
414 5.655 4,121 1.534 301.542
437 5.655 4,121 1.534 301.575
460 5.655 4,121 1.534 301.566
483 5.655 4,121 1.534 301.544
506 5.655 4,121 1.534 301.566
529 5.655 4,122 1.533 301.603
552 5.655 4,122 1.533 301.589
575 5.655 4,121 1.534 301.583
598 5.655 4,121 1.534 301.546
621 5.655 4,122 1.534 301.572
644 5.655 4,121 1.534 301.567
667 5.655 4,122 1.534 301.562
690 5.655 4.122 1.534 301.580
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Figure 75. a) The NMR experiments to monitor sample temperature upon application of continuous CPD. Upper
CPD method: GARP decoupling at a constant power level; lower CPD method: power-gated GARP decoupling.
b) Temperature of the sample upon continuous CPD application at variable power levels. Yellow circles represent
temperature of sample acquired with consistent CPD power throughout the experiment; Blue circles represent that
acquired with power-gated decoupling method; purple circle represent sample temperature without CPD as
reference.

A common alleviation to the sample heating is to utilise power-gated decoupling method,
Figure 75a, lower CPD method. A relatively lower power is applied during the relaxation delay
period to build up the NOEs, while a higher power for decoupling is used during acquisition.
For comparison, the power-gated decoupling experiments were implemented with Bruker
default sequence ‘zgpg’. Identical acquisition parameters were used as the previous ‘zgdc’
experiments, with the only difference being a lower power at 0.26 W during relaxation delay.
Figure 75b shows the temperature change against CPD power level from these two different
decoupling methods, the purple circle denotes the sample temperature when no CPD was
applied as a reference value. A temperature fluctuation of + 0.2 K was observed, and power-
gated decoupling method further reduced the fluctuation to + 0.05 K. This negligible sample
heating proved that on a 9.4 T magnet, traditional CPD methods are well suited for broadband
decoupling. Nevertheless, when ultra-high magnetic field strength is involved, care needs to

be taken and adiabatic decoupling schemes would be recommended alternatives.

3.4.3 Choice of Heteronuclear Decoupling Schemes

As discussed in section 1.3.2, two categories of decoupling schemes are mostly use today on
high resolution spectrometers, the composite pulse decoupling and the adiabatic decoupling.
For high field spectrometers, typically from 9.4 Tesla to 14.1 Tesla, CPD are in general the

‘default’ schemes for heteronuclear decoupling. For ultrahigh field spectrometers above 16.5
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to 28 Tesla, adiabatic decoupling is mostly or even exclusively employed to avoid excessive
power usage'?2. Throughout this work, a 9.4 Tesla spectrometer was utilised. The CPD scheme
for 'H decoupling was WALTZ16'%, and that for X-nuclei was GARP!!°, However, it is worth
bearing in mind that these recommended decoupling methods are sometimes not suitable or

sufficient for challenging samples.
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Figure 76. a) A full 'H spectrum with *'P-coupled of diethyl phosphate in CDCls. Inset: {*'P}'H spectra focusing
on the PH signal to compare the performance of different decoupling schemes. b) 'H-coupled 3'P spectrum of
diethyl phosphate in CDCl3, showing the one bond coupling constant 'Jpx.

Figure 76 presents a sample of diethyl phosphite which has a large one-bond 3'P-'H coupling
constant 'Jpu of 693 Hz. The offset frequency of decoupling radiofrequency was set at the
centre of the *'P doublet (Figure 76b). Using the GARP sequence at a ‘default’ power level of
1.9 W could not resolve this large 'Jpu, rendering the resultant spectrum useless (Figure 76a,
inset, mustard spectrum). Increasing the power level to 3 W started to generate the 'H signal
but with severe decoupling artefacts. After careful parameter adjustments, a bi-level Chirp
decoupling scheme was able to decouple the *'P effectively (inset, blue spectrum), at a main
power level less than half of the CPD. Two negative decoupling sidebands appeared
symmetrically at 666 Hz away from the parent peak, which was a consequence of the periodic

1500 us Chirp pulses. For the studies of complex systems, these sidebands could be problematic
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if they obscure or overlap with other signals. The location and intensity of these sidebands are
dependent on the magnitude of the J-coupling constants and the duration of the adiabatic
pulse!!'!. Therefore, one method to reduce the sidebands is to shorten the pulse length. However,
this will inevitably lead to increased decoupling power level. For this particular sample, it was
found that alternative CPD schemes MLEV16'% and XY32 were able to generate a sharp and
clean {*'P}'H singlet free of decoupling sidebands (inset, top two spectra). WALTZ16 was
tested as well but did not yield satisfactory decoupling result. One possible explanation for this
improvement could be that although MLEV 16 provides a smaller decoupling bandwidth (Table
2), it offers a moderately higher decoupling efficiency at the resonant frequency than
WALTZ16 and is more tolerant toward B, inhomogeneity. Note that only one 3!'P signal was
present in this sample that requires decoupling. In the case of multiple *'P resonances
distributing across a wide chemical shift range, MLEV 16 might not perform well enough
considering its relatively narrow decoupling bandwidth and bi-level adiabatic decoupling are
expected to be more robust under such circumstances. Figure 77 proved the quantification was

retained for both bi-level Chirp decoupling and MLEV16.

H
a) {3%P}'H MLEV16 HscHzCO—g-OCHzCHa

1.00 4.08 6.14

b) {31P}H Bi-level Chirp
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Figure 77. Quantitative 'H spectrum of diethyl phosphate in CDCls, different 'H sites were labelled with different
colours. a) {*'P}'H spectrum acquired with composite pulse decoupling method MLEV16. b) {*'P}'H spectrum
acquired with Bi-level adiabatic Chirp pulses, note the decoupling sidebands need to be accounted for the total

integral. ¢)3'P-coupled 'H spectrum.
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3.4.4 FLAPS Method

a) FLAPS b)

RF

CPD

decoupler T

c) Inversion Recovery with decoupling d)
180° 90°

RD T

RF T

D [ I l

decoupler

Figure 78. Pulse sequences and their data fitting for 71 derivation. a) The FLAPS (Faster Longitudinal relaxation
by Amplified Progressive Saturation) method, with power-gated heteronuclear decoupling. b) Data fitting for
FLAPS experiments to derive 71, note the decoupled resonances that afford sensitivity enhancement from
coalescing the intensity of multiplet into a singlet and from the Nuclear Overhauser Enhancements (NOEs)*. ¢)
The Inversion Recovery experiment with power-gated heteronuclear decoupling, and d) its data fitting.

After examining the impacts of continuous heteronuclear decoupling on relaxation and
temperature variation, a method termed ‘FLAPS’ (Faster Longitudinal relaxation by Amplified
Progressive Saturation) was developed. The pulse sequence of FLAPS was shown in Figure
78a. The only difference between FLAPS and FLOPS is the implementation of CPD, to benefit
from sensitivity enhancements. This sensitivity boost arises from two factors, i) the collapse of

the multiplet into a narrow singlet, and ii) the NOEs enhancement, with a maximum factor n =

Vi /2]/5 (where y; and yg are the gyromagnetic ratios of the decoupled and detected nuclei,

respectively). Both effects lead to enhanced signal-to-noise ratios (S/N), particularly when the
detected nucleus, e.g., *C, N, 2°Si, is scalar and/or dipolar coupled to abundant and high-y
nucleus 'H. In Figure 79 the advantages of FLAPS were demonstrated using an arbitrarily
chosen sample acetophenone. The FLAPS and FLOPS spectra were acquired using identical
parameters. Improvements in S/N, ranging from x6 at C(6) to x29 at C(2,4) were obtained
simply by the implementation of continuous 'H-decoupling. The methyl carbon, C(8), of
acetophenone exemplifies how the longitudinal relaxation rates, 71, are unaffected (Figure 79b)

by the simultaneous enhancement in resolution and sensitivity (Figure 79c).
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Figure 79. a) Overlaid '*C (maroon) from FLOPS, and '3C{'H} spectra (black) from FLAPS, of 2 M
acetophenone in CDCls, showing the S/N improvements across the spectrum from proton decoupling and NOE
enhancement. '*C spectrum was sized up x4 times for visual guidance. b) An example of the CHs carbon (Cs)
measured by FLOPS and FLAPS experiments; and c¢) the corresponding overlaid *C (maroon) and *C{'H}
spectra (black) obtained by FLOPS and FLAPS, respectively. d) The CHj3 carbon (Cs) measured by Inversion
Recovery with power-gated decoupling and without decoupling; and €) overlayed *C (maroon) and *C{'H}
spectra (black). Secondary axes were used for measurements without decoupling.

The successful application of FLAPS sparked another inspiration. Conventional *C T
measurements, for example prior to determining kinetic isotope effects,??%2!% employ
Inversion Recovery methods with inverse-gated proton-decoupling!®. These experiments
apply a relaxation delay between individual scans of up to 10-12x77 of the slowest relaxing
nuclei to dissipate the NOEs generated during the FID acquisition?*® and are thus very time-
consuming. However, while the acquisition of 1D quantitative inverse gated '*C{'H} requires
the unequal NOE enhancements at different '3C environments to be eliminated,'® or
corrected,?!! it is the same '3C signal in a series of spectra that is measured and compared when
determining relaxation rates at a specific site. Therefore, when measuring 1*C T values, the
application of a very long delay at the beginning of each cycle not only leads to a prolonged
experiment time, but also sacrifices the NOE enhancement (7max = 2 in the case of *C{!H}).
Following the FLAPS method, an Inversion Recovery experiment with continuous power-

gated heteronuclear decoupling was implemented (Figure 78c). The outcome is illustrated in
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Figures 78d and 78e, where continuous-decoupling Inversion Recovery results in an 8-fold
enhancement at C(8), meaning that the 77 value can be determined with the same S/N about an
order of magnitude faster than with the inverse-gated '*C{'H} Inversion Recovery sequence,

and the Inversion Recovery without any 'H decoupling.
Table 11. 71 constants of different nuclei measured by Inversion Recovery, Inversion Recovery with decoupling,
FLOPS, FLAPS and FLIPS experiments respectively. Signal-to-noise ratios are shown in parentheses for

comparison. Experimental times for each experiment are shown in square brackets.

Ti /s (S/N)
Inversion Inversion
Sample * nucleus  Recovery Recovery FLOPS FLAPS FLIPS ®
without with
decoupling decoupling
1,5-3C 7.6 (74) 6.8 (1276) 7.6(73) 7.8 (1321) 74(32)
24-13C 7.7(47) 6.9 (1276) 7.9 (46) 7.9 (1328) 7.2(18)
HsC. __O
’ 3.15C 5.8(37) 5.1(633) 6.2 (36) 4.9 (653) 6.2 (20)
6-13C 37.9(31) 37.5(187) 34.7 (41) 37.0 (262) 34.521)
7-13C 39.3(17) 418 (173) 38.1(23) 414 (230) 36.4(11)
8-13C 10.0 (82) 9.6 (613) 10.1 (78) 9.6 (642) 9.2 (45)
[47min] [47min] [13min] [13min] [9min]
1-3C 18.1 (51) 18.6 (440) 18.8 (52) 19.7 (438) 17.1 (31)
HC(=0)OCH,CH;  2-'3C 20.3 (33) 19.5 (420) 18.0 (35) 19.6 (418) 20.2 (16)
3-13C 14.7 (38) 14.5 (494) 13.6 (40) 13.2 (485) 13.0 (28)
[1h 12min] [1h 15min] [20min] [20min]] [13min]
j\ e 14.6 (33) 14.2 (818) 135(281) 143 (1023)  13.3(20)
H,N” H [38h 40min] [9h 38min] [19h 55min] [2h 34min]  [8h 31min]
Si 32.6 (52) 31.7 (184) 33.4(69) 33.8 (231) 30.1 (46)
Si(CHa)s . . . . .
[6h 2min] [6h 8min] [Th 38min]  [1h 38min] [2h 18min]
3Ip 6.6 (567) 6.5 (4433) 6.6 (604) 6.5 (4529) 5.9 (229)
O=PH(OCH,CHs). . . i . .
[27min] [27min] [9min] [9min] [Smin]
PPh 3P 17.8 (312) 16.4 (5069) 18.1 (316) 18.2 (5237) 17.5 (65)
’ [1h 25min] [1h 25min] [20min] [20min] [15min]

“all samples contain natural abundance NMR active nuclei. °the S/N of FLIPS are dependent on the arbitrary
choice of repetition time between the pulse train and the flip angle. °due to the low sensitivity of >N, experiments
without 'H decoupling were acquired with more scans. All experiments were acquired in automated manner, i.e.,
no pulse calibrations were conducted.

The benefits of continuous decoupling in 71 measurements can be exploited in a range of low-
sensitivity nuclei (X = ¥C, °N, 2°Si, 3!P), to utilise the high natural abundance and high
gyromagnetic ratio of 'H (y=26.7x107 rad-s’!-T"!), shown in Table 11. Figure 80 presents the
stacked NMR spectra from FLOPS and FLAPS experiments of formamide, their corresponding
data fitting for deriving 71, and sensitivity comparison between 'H-coupled and 'H-decoupled

experiments. It is also interesting to note that, for NMR spectra of nuclei with negative
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gyromagnetic ratios, such as >N (y = -2.7x107 rad-s"!-T"") and #°Si (y = -5.3x107 rad-s-T"), it
is conventionally recommended to avoid {'H}-NOEs as signal attenuation or even cancellation
can occur. However, by fully exploiting the negative NOE, significant enhancements can still
be achieved. For example, 71 measurements on formamide using continuous decoupling-
BN{'H} FLAPS and Inversion Recovery gave 1 = —4.97, close to the negative maximum
achievable for >N {!H}, and thus providing a substantial increase in S/N over the 'H-coupled
experiments. This negative 7 can be seen in Figure 81. Two 1D "N and {'H}'’N experiments
were acquired and processed with identical parameters. The {!H}'N spectrum was 180° out
of phase compared to the 'H-coupled spectrum. An NOE factor of (-1585-399)/399 = —4.97
was detected, owing to the two directly attached 'H on the '°N. This translated into a 4-fold
S/N enhancement from NOEs. For tetramethylsilane (TMS), however, the *Si signal
experienced a moderately negative NOEs of -0.17, which would lead to signal attenuation.
Nevertheless, the removal of J-couplings offers a dominant contribution to the sensitivity gain,

{'"H}*Si experiments therefore still proved beneficial (Figure 82).
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Figure 80. (top) stacked spectra of >N FLOPS experiment, and data fitting to generate 71 constants of formamide;
(middle) stacked spectra of {!H}'N FLAPS experiment, and data fitting; (bottom) superimposed spectra of the
last spectrum taken from FLOPS and FLAPS respectively to compare the sensitivity. (inset) FLOPS and FLAPS

spectra are 180° out of phase under the same processing parameters, due to a negative NOEs factor of —5.
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Figure 81. Overlaid 1D spectra of N and {'H}'>N experiments, showing a negative NOEs of -5. Two

experiments were acquired and processed with identical parameters for back-to-back comparison.
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Figure 82. (top) stacked spectra of 2Si FLOPS experiment, and data fitting to generate 71 constant of TMS;
(middle) stacked spectra of {!H}?°Si FLAPS experiment, and data fitting; (bottom) superimposed spectra of the

last spectrum taken from FLOPS and FLAPS respectively for sensitivity comparison.
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3.4.5 Using Pulsed Field Gradients in FLOPS and FLAPS

In FLOPS and FLAPS experiments, the fitting parameter o (Equation 5) remains in the range
0 <a < 1. The value of o depends on the longitudinal relaxation recovery occurred during the
acquisition time. To sample more of the recovery curve, o needs to be as close as possible to
1. Otherwise, if only the latter part of the curve is measured, the fitted results could deviate
significantly. For all the samples used in this work, the o values were among the range 0.6 < o
<1, Table 12. Therefore, the measured 71 were in good agreements with those from Inversion
Recovery experiments. However, in the extreme narrowing limit, where 7> = 71, a considerable
amount of longitudinal relaxation might have been achieved during acquisition time. To
alleviate this issue, two solutions would be helpful in manually shortening the acquisition time.
The first is to apply a weighting exponential function upon data processing; the second is by
the implementation of pulsed field gradients (PFGs) immediately after data acquisition (Figure
83), to speed up the dephase of transverse magnetisation. Noteworthy, both approaches are at

a price of line broadening effects.

Table 12. The a values of FLOPS and FLAPS experiments from the fitting to Equation 5.

a values from the fitting

13C
Nuclei
acetophenone HCOOCH,CH;
FLOPS 0.92 0.93 0.65 0.72 0.71 0.78 0.89 0.89 0.90
FLAPS 0.90 0.90 0.61 0.60 0.59 0.76 0.83 0.90 0.92
15N ZQSi 31P
Nuclei
H,NCHO Si(CHa3)4 O=PH(OCH,CHs), P(Ph)s
FLOPS 0.93 0.86 0.75 0.89
FLAPS 0.88 0.85 0.74 0.86
a) FLOPS with PFGs b) FLAPS with PFGs
90° 90° 90° 3
cpp I —
decoupler

Figure 83. Pulse sequences of a) the FLOPS method with pulsed field gradients; and b) the FLAPS method with
pulsed field gradients.
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Figure 84 shows the comparison of 71 measurements with and without PFGs using an example
of 13C in CH3OH. It is evident that by employing proton-decoupling, FLAPS (Figure 84a, red
circles) showed an approximately 180% enhancement comparing to FLOPS (grey circles).
With the further application of PFGs to FLAPS (blue circles), the recovery curve was able to
be measured closer from the origin, with an improved o value at 0.91 from 0.81 of FLAPS.
Another benefit of the PFGs can be seen in Figure 84b and 83c. Due to the signal amplification,
the original acquisition time of 2.5 s for FLOPS experiment was not sufficient for the transverse
magnetisation to fully dephase in the FLAPS experiment, hence residual transverse
magnetisation before the next excitation pulse led to phase distortions (Figure 84b). By
employing PFGs immediately after FIDs acquisition this distortion effect was effectively

alleviated (Figure 84c).
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Figure 84. a) 1*C T1 measurements of CH3OH in CDCls, using FLOPS, FLAPS, and FLAPS with pulse field

gradients respectively. b) Stacked '3C spectra of FLAPS experiment, showing the phase distortion of the 1%
spectrum. ¢) Stacked *C spectra of FLAPS experiment with PFGs, the phase distortion was removed.
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Chapter 4 Conclusion

In summary, the work herein has covered two aspects of NMR spectroscopy, a state-of-the-art
stopped-flow NMR technique for the interrogation of rapid irreversible chemical reactions, and
an NMR parameter called the longitudinal relaxation (71) constant. The stopped-flow insert is
compatible with standard NMR spectrometers, its results thus far could be summarised into
four categories, 1) evaluation of the physical parameters of the stopped-flow apparatus, ii)
investigation in the key NMR parameters to ensure qualitative and quantitative analysis, iii)
successful implementation of the stopped-flow NMR technique for in-situ real-time monitoring
of irreversible chemical reactions in the timescale of milliseconds, and iv) utilisation of the

non-pre-magnetised delivery channel to probe chemical exchanges in challenging systems.

The evaluation of stopped-flow parameters began with the pre-magnetisation profiles of four
delivery syringes, including three ‘pre-magnetised’ syringes and one ‘non-pre-magnetised’
syringe. Their different characteristics originate from the assembly of the stopped-flow
apparatus. The pre-magnetisation level depends on factors such as the delivery volume from
different syringes, the flow rate, and the 7' constants of analytes. These factors need to be taken
into consideration when quantitative information is desired. A systematic profile for the three
pre-magnetised syringes was constructed to provide a guideline on the pre-magnetisation level
with respect to delivery volume at a commonly employed flow rate of 1 mL/s. In practice, an
appropriate choice of internal standards that have similar 71 constants as the analytes could be
helpful. Key NMR parameters to afford qualitative and quantitative kinetic information was
also evaluated. Optimisation of the pulse angle and interscan delay allows the optimal balance
between sensitivity and data density to be achieved. For very fast reactions, where the reaction
rate k is larger than the relaxation rate 1/ 71, 90° pulses can be used for maximum sensitivity
with only the first data point retained to construct the reaction profile. Multiple interleaved
stopped-flow experiments with different time offsets need to be performed for manually
enhanced data density. After establishing the above-mentioned procedures, this stopped-flow
NMR technique was able to monitor irreversible reactions, such as the protodeboronation of

pentafluorophenyl boronic acid which has a half-life time of 45 milliseconds at 313 K.

In addition to the conventional pre-magnetised syringes, the non-pre-magnetised syringe,
which serves as the solvent syringe in conventional stopped-flow experiments, was utilised for
magnetisation transfer studies. The pre-magnetisation level of this channel was investigated,

posing a limit of its application. That is, the 71 constants of analytes cannot be shorter than 1/5
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of the deadtime (0.15 - 0.22 s). Otherwise, the spins would achieve complete pre-magnetisation
before measurements take place. Trifluoromethylation of aldehydes by competing TMSCF3
and TESCF3; was conducted for the magnetisation transfer studies. Since the CF3 anions were
short-living intermediates, traditional magnetisation transfer NMR experiments were not
applicable under such circumstances. Instead, by ‘magnetic-labelling’ the CF3 source from the
non-pre-magnetised channel, the chemical exchange between CF3 anions from TMSCF3 and

TESCF; was confirmed without the necessity of isotopic labelling.

As restated above, 7 has played a significant role throughout this work. It defines the pre-
magnetisation level of analytes delivered via the stopped-flow syringes. It also governs the
repetition rates of consecutive pulses in an NMR experiment to ensure sufficient relaxation.
Consequently, 71 measurement has become an essential procedure prior to any quantitative
NMR experiments. To facilitate these routine measurements, a set of ‘FLIPS’, ‘FLOPS’,
‘FLAPS’ experiments were developed. The primary advantage of these methods over the
traditional Inversion Recovery experiment lies in the time-saving feature. Different from
Inversion Recovery method sampling the relaxation recovery curve in a step-wise manner,
these proposed methods acquire the data points simultaneously in a single cycle. Therefore,
FLIPS offers a 10-fold time-efficiency comparing to the Inversion Recovery approach, and a
deviation of measured 71 constants within 10%, accurate enough for the purpose of quantitative
analysis. The FLIPS pulse sequence retains the relaxation delay parameter, which needs to be >
5% T1 when multiple transients are accumulated for sensitivity. Without a prior estimation of
T1, the setup of RD normally involves trial-and-error, a process that could be time-consuming.
To avert this, FLOPS was further developed, removing the RD and less sensitive to pulse
imperfections. Consequently, FLOPS improves the deviation of measured 71 constants to
within 5%. Nevertheless, it takes twice the experimental time comparing to FLIPS. Therefore,
for abundant and high-y nuclei such as 'H and '°F, when a single transient is sufficient to afford
high S/N, FLIPS provides a fast method for 77 measurements. For less sensitive nuclei,
particularly in the absence of a prior estimation of 71, FLOPS offers a good alternative to
minimise the risk of improper parameter setup. Based on the FLOPS method, it was found that
continuous heteronuclear decoupling could be implemented without affecting the 7' constants.
This discovery led to significant sensitivity enhancement, or equivalently time-efficiency, for
"H-attached insensitive nuclei such as '*C, SN, ?°Si, or *'P, when proton-decoupling was
utilised throughout the 71 measurements. This method was term FLAPS, to highlight the

amplified signals from J-coupling removal and NOE:s.
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Chapter S Future Work

The work presented here provides new possibilities for the studies of chemical reactions. The
stopped-flow NMR technique has pushed the limits of in-situ irreversible reaction monitoring
to the millisecond timescale, a task impossible with traditional methods. Nonetheless, there are

a range of improvements that can be envisioned to offer a more powerful technique.

The first pursuit, unsurprisingly, lies in even faster reaction monitoring. The fastest reaction
that can be measured by a stopped-flow system is primarily limited by its phenomenological
deadtime. The main contributor to the deadtime of the current stopped-flow is the transport
time to deliver the analytes from the mixer to the NMR flow cell. Current work is ongoing
within the group, to significantly reduce the transport time by shortening the distance between

the mixer and the flow cell, and by simultaneously increasing the flow rate.

A second ambition focuses on a wider compatibility of chemical reactions. At this stage the
stopped-flow insert can operate over a temperature range of +5 to 60 °C, the good temperature
control proved to be valuable for the study of reactions at variable temperature. However, the
pressure range is currently restricted to ambient pressure. The incorporation of a pressure vessel
to the stopped-flow NMR apparatus is a challenging task, particularly considering the limited
space within the spectrometer probe. Thus far, high-pressure stopped-flow systems coupling
to UV-Vis have been commercially available, their adaption to NMR spectrometers without
modifying the spectrometer probe is yet to be realised. By integrating high-pressure tolerance
to the stopped-flow NMR technique, it undoubtedly would be of great value for the study of
pressure-dependent reactions. Another foreseen improvement could be the chemical
compatibility, which is primarily determined by the materials involved in the flow path. For

example, hydrofluoric acid is incompatible with silica.

Chemical exchange studies by the non-pre-magnetisation channel have been validated by the
competing trifluoromethylation of aldehydes. This functionality can be lent to other chemical
systems where the lifetime of exchanging species is shorter than the traditional magnetisation
transfer experiments. Moreover, the implementation of methods such as selective inversion
recovery would encounter a challenge when the exchanging spins are too close to neighbouring
resonances in a spectrum. The selective pulse needs to achieve an extremely narrow excitation
bandwidth, or equivalently has a very long pulse length, to satisty the required selection. Under
such circumstances, the non-pre-magnetisation channel could provide a good alternative as no

complex pulse manipulation is needed. Throughout the project, ’F NMR analysis is almost
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exclusively utilised owing to its favourable NMR properties and its firm foundation within the
Lloyd-Jones group. The applications of the stopped-flow instrument, including the traditional
syringes and the non-pre-magnetisation syringe, can be easily extended for the use of other

NMR-active nuclei.

Regarding the collection of the 71 methods, it is rather important to raise the awareness of Ti
measurement amongst wider NMR users, particularly when the majority of NMR experiments
acquired in chemistry laboratories today are in an automated manner. Taking advantage of
NOEs in 71 measurement seemed to have transiently emerged, nonetheless, its existence
appeared to be quickly overlooked or forgotten. The time-saving benefits afforded by these
‘lost’ techniques could be significant in an accumulative manner. Potential future work on the
FLOPS and FLAPS method is mainly stimulated by curiosity, rather than practicalities. One
possibility is to improve the recovery curve, by partially inverting the z-magnetisation rather
than suppressing it. This could be useful for rapidly relaxing species in the extreme narrowing
regime, alleviating the need for pulsed field gradients. Thus far, the commonly-used organic
compounds in this work have not posed great challenges to the methods developed herein. It
would be interesting to see how other compounds, for example, with strong couplings or

complex macromolecules would behave.
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Chapter 6 Pulse Programmes

All NMR experiments reported in this thesis were recorded on a 400 MHz Bruker Ascend
spectrometer equipped with a Smm BBFO cryoprobe. The pulse sequences below are coded

for Bruker TopSpin® 3.6.2.
6.1 FLIPS Pulse Programmes

6.1.1 Hard Pulse FLIPS

;FLIPS hard pulse - rapid T1 estimation for quantitative NMR
;Ran Wei, Claire L. Dickson, Dusan Uhrin, Guy C. Lloyd-Jones*
;doi: 10.1021/acs.joc.1c01007

;pseudo 2D sequence, generates a 'ser' file

;This sequence has not been widely tested, use at your own risk
;$CLASS=HighRes

;$DIM=2D

;STYPE=

; 3SUBTYPE=

; 3COMMENT=

#include <Avance.incl>

#include <De.incl>

"acqtO=-p1*2/3.1416"
"d11=30m"

"d2=d1-d11"
"d30=d10-aq-de-2*d11-p1"

1 ze

2d2

3dl11
pl phl
ACQ START(ph30,ph31)
aq DWELL GEN:fl
d30
d11 mc #0 to 3 F1QF()
rcyc=2
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exit

ph1=0
ph30=0
ph31=0

;pll : f1 channel - power level for pulse (default)

;pl : fl channel - 90 degree high power pulse

;d1 : relaxation delay; 1-5 * T1

;d2: d1 -d30

;d10 : repetition time between pulses for relaxation recovery; d10=aq+de+d30+2*d11+pl
;d11 : delay for disk I/O [30 msec]

;d30: interval time between acquisition and next pulse; d30>=0

;:NS: 1 * n, total number of scans: NS * TDO

:FIMODE : QF

;td1 : number of repetitive pulses (recommended 8)
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6.1.2 Composite Pulse FLIPS

;FLIPS composite90 - rapid T1 estimation for quantitative NMR
;Ran Wei, Claire L. Dickson, Dusan Uhrin, Guy C. Lloyd-Jones*
;doi: 10.1021/acs.joc.1c01007

;pseudo 2D sequence, generates a 'ser' file

;This sequence has not been widely tested, use at your own risk
;$CLASS=HighRes

;$DIM=2D

;STYPE=

; 3SUBTYPE=

; 3COMMENT=

#include <Avance.incl>

#include <De.incl>

"acqtO=-p1*2/3.1416"

"d11=30m"

"d2=d1-d11"
"d30=d10-aq-de-2*d11-p3-p4-pl-4u"
"p3=(270/90)*p1"

"p4=(360/90)*p1"

1 ze
2d2
3dl11
p3 phl
2u
p4 ph2
2u
pl ph3
ACQ START(ph30,ph31)
aq DWELL GEN:fl
d30
d11 mc #0 to 3 F1QF()
rcyc=2

exit

ph1=0
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ph2=2
ph3=1
ph30=0
ph31=0

;pll : f1 channel - power level for pulse (default)

;pl : fl channel - 90 degree high power pulse

;p3 : fl channel - 270 degree high power pulse

;p4 : f1 channel - 360 degree high power pulse

;d1 : relaxation delay; 1-5 * T1

;d2:d1 -dl11

;d10 : repetition time between pulses for relaxation recovery; d10= aq+de+d30+2*d11+p3+p4+pl+4u
;d11 : delay for disk I/O [30 msec]

;d30: interval time between acquisition and next pulse; d30>=0

;:NS: 1 * n, total number of scans: NS * TDO

:FIMODE : QF

;td1 : number of repetitive pulses (recommended 8)
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6.1.3 BEBOP Pulse FLIPS

;FLIPS BEBOP9O - rapid T1 estimation for quantitative NMR
;BEBOP 90deg pulse (Broadband Excitation By Optimised Pulses)
;Ran Wei, Claire L. Dickson, Dusan Uhrin, Guy C. Lloyd-Jones*

;doi: 10.1021/acs.joc.1c01007

;pseudo 2D sequence, generates a 'ser' file

>

;This sequence has not been widely tested, use at your own risk

;$CLASS=HighRes
;$DIM=2D
;$TYPE=
;$SUBTYPE=
;3COMMENT=

#include <Avance.incl>

#include <De.incl>

"p30 = 1000000.0/ (cnst50%4)"
"enst30 = (p30/p1)*(p30/pl)"
"spw40 = plw1/cnst30"
"acqtO=-p1*2/3.1416"
"d11=30m"

"d2=d1-d11"
"d30=d10-aq-de-2*d11-p40"

1 ze

2d2

3dl11
(p40:sp40 phl):f1
ACQ START(ph30,ph31)
aq DWELL GEN:fl
d30
d11 mc #0 to 3 F1IQF()
rcyc=2

exit

ph1=0

138



ph30=0
ph31=0

;pll : f1 channel - power level for pulse (default)

;pl : fl channel - 90 degree high power pulse

;p40: duration of 1st 90-degree swept-frequency pulse

;d1 : relaxation delay; 1-5 * T1

;d2:d1-dl11

;d10 : repetition time between pulses for relaxation recovery; d10=aq+de+d30+2*d11+p40
;d11 : delay for disk I/O [30 msec]

;d30: interval time between acquisition and next pulse; d30>=10
;spw40: RF power of 1st 90-degree swept-frequency pulse
;spnam40: filename for 1st 90-degree swept-frequency pulse

;enst50: maximum RF power of 1st 90-degree swept-frequency pulse

;:NS: 1 * n, total number of scans: NS * TDO

:FIMODE : QF

;td1 : number of repetitive pulses (recommended 8)
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6.1.4 Conventional/hard pulse (alternative)

;FLIPS hard pulse(alternative) - rapid T1 estimation for quantitative NMR
;Ran Wei, Claire L. Dickson, Dusan Uhrin, Guy C. Lloyd-Jones*

;doi: 10.1021/acs.joc.1c01007

;pseudo 2D sequence, generates a 'ser' file

;This sequence has not been widely tested, use at your own risk
;$CLASS=HighRes

;$DIM=2D

;STYPE=

; 3SUBTYPE=

; 3COMMENT=

#include <Avance.incl>

#include <De.incl>

"pO=p1*cnst18/90.0"

"acqtO=-tan((p0/p1)*(3.14159/4))*p1*(2/3.14159)" ;corrected acqtO for arbitrary flip angle
"d11=30m"

"d2=d1-d11"

"d30=d10-aq-de-2*d11-p0"

1 ze

2d2

3dl11
pO phl
ACQ START(ph30,ph31)
aq DWELL GEN:fl
d30
d11 mc #0 to 3 F1QF()
rcyc=2

exit

ph1=0
ph30=0
ph31=0
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;pll : f1 channel - power level for pulse (default)

;pl : fl channel - 90 degree high power pulse

;p0 : pulse of flip angle define by CNST18

;enst18: flip angle for excitation pulse; X for X degree flip angle

;d1 : relaxation delay; 1-5 * T1

;d2:d1 -d30

;d10 : repetition time between pulses for relaxation recovery; d10=aq+de+d30+2*d11+p0
;d11 : delay for disk I/O [30 msec]

;d30: interval time between acquisition and next pulse; d30>=0

;:NS: 1 * n, total number of scans: NS * TDO

:FIMODE : QF

;td1 : number of repetitive pulses (recommended 8)
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6.2 FLOPS Pulse Programmes

6.2.1 Standard FLOPS

;FLOPS for 71 measurements

;Ran Wei, Claire L. Dickson, Dusan Uhrin, Guy C. Lloyd-Jones*
;pseudo 2D sequence, generates a 'ser' file

;no relaxation delay (d1)

;$CLASS=HighRes

;$DIM=2D

;STYPE=

; 3SUBTYPE=

; 3COMMENT=

#include <Avance.incl>

#include <De.incl>

"acqtO=-p1*2/3.1416"
"d2=aq"
"d3=aq-30m-0.2u"
"d11=30m"

"13=0"

"14=0"

1 ze
2 pl phl
d2
pl phl
d3
0.1u1u3 ;increment scan counter
if "3 ==1"
{
0.1uivd ;increment vdlist pointer in first scan, to skip first delay in vd list (should be set to 0)
H
"14=0"
3d11

"d4=vd" ;correct time calculation
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0.1u iu4 ;increment td1 counter

pl phl

ACQ START(ph30,ph31)

aq DWELL GEN:fl

if "14 == td1"

{

dil ;for last pseudo-2d increment use d11 not delay from vdlist

H

else

{

d4 ;for all but last pseudo-2d increment use delay from vdlist (d4=vd)
H

d11 mc #0 to 3 F1QF(ivd)

rcyc=2

exit

ph1=0
ph30=0
ph31=0

;pll : f1 channel - power level for pulse (default)

;pl : fl channel - 90 degree high power pulse

;13: scan counter - to allow the delay list pointer to be incremented in the first scan
;14: td1 counter -

;d2: aq - the minimum delay between the first three 90 pulses

;d3: d2 with 30m removed

;d11 : delay for disk I/O [30 msec]

;:NS: 1 * n, total number of scans: NS * TDO

;td1 : number of FIDs = number of delays in vd-list

;define VDLIST - first value should be 0 in FLOPS and FLAPS experiment
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6.2.2 FLOPS with Pulsed Field Gradients

;FLOPS for T1 measurements with pulsed field gradients

;Ran Wei, Claire L. Dickson, Dusan Uhrin,, Guy C. Lloyd-Jones*
;pseudo 2D sequence, generates a 'ser' file

;no relaxation delay (d1)

;$CLASS=HighRes

;$DIM=2D

;STYPE=

; 3SUBTYPE=

; 3COMMENT=

#include <Avance.incl>
#include <Grad.incl>

#include <De.incl>

"acqtO=-p1*2/3.1416"
"d2=aq"
"d3=aq+30m-0.2u"
"d11=30m"

"13=0"

"14=0"

"d4=vd"

1 ze
2 pl phl
50u UNBLKGRAD
pl6:gpl
d1e
d2
50u BLKGRAD
pl phl
50u UNBLKGRAD
pl6:gpl
d1e
d3

0.1uiu3 ;increment scan counter
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if"3=1"
{
0.1uivd ;increment vdlist pointer in first scan, to skip first delay in vd list
H
50u BLKGRAD
"14=0"
3dll1
50u BLKGRAD
"d4=vd"
0.1u iu4 ;increment td1 counter
pl phl
ACQ START(ph30,ph31)
aq DWELL GEN:fl
50u UNBLKGRAD
pl6:gpl
d1e
if "14 == td1"
{

dil ;for last pseudo-2d increment use d11 not delay from vdlist

}

else

{

d4 ;for all but last pseudo-2d increment use delay from vdlist (d4=vd)
H

50u BLKGRAD

d11 mc #0 to 3 F1QF(ivd)

rcyc=2

exit

ph1=0
ph30=0
ph31=0

;pll : f1 channel - power level for pulse (default)

;pl : fl channel - 90 degree high power pulse

;13: scan counter - to allow the delay list pointer to be incremented in the first scan
;14: td1 counter

;d2: aq - the minimum delay between the first three 90 pulses

;d3: aq with extra d11
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;d4: delays from vdlist

;d11 : delay for disk I/O [30 msec]
;gpzl: CTP gradient 50-90%
;gpnaml: SINE.100

;:NS: 1 * n, total number of scans: NS * TDO

;td1 : number of FIDs = number of delays in vd-list (first vd value should set to 0)

;define VDLIST
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6.3 FLAPS Pulse Programme

6.3.1 Standard FLAPS

;FLAPS for T1 measurements

;Ran Wei, Claire L. Dickson, Dusan Uhrin, Guy C. Lloyd-Jones*

;pseudo 2D sequence, generates a 'ser' file
;no relaxation delay (d1)

;with power-gated decoupling
;$CLASS=HighRes

;$DIM=2D

;STYPE=

; 3SUBTYPE=

; 3COMMENT=

#include <Avance.incl>

#include <De.incl>

"acqtO=-p1*2/3.1416"
"d2=aq"
"d3=aq+30m-0.2u"
"d11=30m"
"d12=20u"

"13=0"

"14=0"

"d4=vd"

1 ze
2 d12 pl13:£2 ;set lower power level for decoupler
d12 cpd2:f2 ;decoupler on
pl phl
d2
pl phl
d3
0.1uiu3 ;increment scan counter
if "3 ==1"
{

0.luivd ;increment vdlist pointer in first scan, to skip first delay in vd list (should be set to 0)

}
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n14=0u

3 dl11 cpd2:f2 ;decoupler on
"d4=vqd"
0.1u iud ;increment td1 counter
4u do:f2 ;decoupler off
d12 pl12:£2 ;set higher power level for decoupler
d12 cpd2:f2 ;decoupler on
pl phl

ACQ _START(ph30,ph31)

aq DWELL GEN:fl

4u do:f2

d12 pl13:£2 ;set lower power level for decoupler
d12 cpd2:f2 ;decoupler on

if "4 == td1"

{

dil ;for last pseudo-2d increment use d11 not delay from vdlist

}

else

{

d4 ;for all but last pseudo-2d increment use delay from vdlist (d4=vd)
}

d11 do:f2 mc #0 to 3 F1QF(ivd)

rcyc=2

exit

ph1=0
ph30=0
ph31=0

;pll : f1 channel - power level for pulse (default)

;pl12: f2 channel - power level for CPD/BB decoupling

;pl13: f2 channel - power level for second CPD/BB decoupling
;pl : fl channel - 90 degree high power pulse

;13: scan counter - to allow the delay list pointer to be incremented in the first scan
;14: td1 counter -

;d2: aq - the minimum delay between the first three 90 pulses
;d3: aq with extra d11

;d4: delays from vdlist

;d11 : delay for disk I/O [30 msec]

;d12: delay for power switching [20 usec]
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:NS: 1 * n, total number of scans: NS * TDO

;cpd2: decoupling according to sequence defined by cpdprg2
;pepd2: £2 channel - 90 degree pulse for decoupling sequence
;td1 : number of FIDs = number of delays in vd-list

;define VDLIST - first value should be 0 in FLOPS and FLAPS experiment
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6.3.2 FLAPS with Pulsed Field Gradients

;FLAPS for T1 measurements with pulsed field gradients

;Ran Wei, Claire L. Dickson, Dusan Uhrin, Guy C. Lloyd-Jones*
;pseudo 2D sequence, generates a 'ser' file

;no relaxation delay (d1)

;with power gated decoupling

;$CLASS=HighRes

;$DIM=2D

;STYPE=

; 3SUBTYPE=

; 3COMMENT=

#include <Avance.incl>
#include <Grad.incl>

#include <De.incl>

"acqtO=-p1*2/3.1416"
"d2=aq"
"d3=aq+30m-0.2u"
"d11=30m"
"d12=20u"

"13=0"

"14=0"

"d4=vqd"

1 ze
2 d12 pll13:£2 ;set lower power level for decoupler
d12 cpd2:f2 ;turn on decoupler
pl phl
50u UNBLKGRAD
pl6:gpl
die
50u BLKGRAD
d2
pl phl
50u UNBLKGRAD
pl6:gpl
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dieé

d3

0.1u iu3

if "3 ==1"

{

0.luivd

H

50u BLKGRAD
"14=0"

3 d11 cpd2:f2
50u BLKGRAD
"d4=vd"
0.1u iu4
4u do:f2
d12 pl12:£2
d12 cpd2:£2
pl phl

ACQ_START(ph30,ph31)
aq DWELL_GEN:fl

4u do:f2

50u UNBLKGRAD

pl6:gpl

d1e

d12 pl13:£2
d12 cpd2:£2
if "14 ==td1"
{

dil

}
else
{
d4

;
50u BLKGRAD

;increment scan counter

;increment vdlist pointer in first scan, to skip first delay in vd list

;turn on decoupler

;increment td1 counter

;set higher power level for decoupler

;turn on decoupler

;set lower power level for decoupler

;turn on decoupler

;for last pseudo-2d increment use d11 not delay from vdlist

;for all but last pseudo-2d increment use delay from vdlist (d4=vd)

d11 do:f2 mc #0 to 3 F1QF(ivd)

rcyc=2

exit
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ph1=0
ph30=0
ph31=0

;pll : f1 channel - power level for pulse (default)

;pl12: f2 channel - power level for CPD/BB decoupling

;p113: f2 channel - power level for second CPD/BB decoupling

;pl : fl channel - 90 degree high power pulse

;13: scan counter - to allow the delay list pointer to be incremented in the first scan
;14: td1 counter -

;d2: aq - the minimum delay between the first three 90 pulses

;d3: aq with extra d11

;d4: delays from vdlist

;d11 : delay for disk I/O [30 msec]

;d12: delay for power switching [20 usec]

;:NS: 1 * n, total number of scans: NS * TDO

;cpd2: decoupling according to sequence defined by cpdprg2

;pepd2: £2 channel - 90 degree pulse for decoupling sequence

;gpzl: CTP gradient 50-90%

;gpnaml: SINE.100

;td1 : number of FIDs = number of delays in vd-list (first vd value should set to 0)

;define VDLIST
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