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Newly developed lanthanide(IIl) ion complexes bearing Lewis basic and Lewis acidic
functionalities were synthesised, and their paramagnetic properties were successfully exploited.
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and halogen-bond strengths were titrated against a paramagnetic Lewis base/acid host in the
polar aprotic solvent d-MeCN. In all cases, binding phenomena were detected at 1.82-2.20
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bases, provided small, almost undetectable changes in chemical shift upon binding. Dilutions
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method in the supramolecular toolbox.
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interaction between iodine(I) and silver(I) in mixtures of both fast-exchanging bis(pyridine)
complexes and slow-exchanging 1,2-bis((pyridine-2-ylethynyl)-benzene) complexes of the two
is demonstrated. Testing purposefully contaminated samples of each, separately and in a
mixture, lead to the conclusion that the initially published results were anomalous due to wet,
consequently decomposed samples. DFT calculations corroborate the experimental findings,
suggesting a m-7 interactions to be responsible for previously reported crystal structure. These
results highlight the need for the careful appraisal of new scientific ideas and the critical
interpretation of experimental and computational data.
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Perseverance.
The courage to ignore the obvious wisdom of turning back.
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1. Introduction

Chemical bonds do not actually exist.!'! They are merely a convenient way of
explaining complex phenomena that we cannot see nor fully explain, in a way
that is most simple, rational and consistent to others.”) These models have
been refined over the years, sometimes conflicting and contradicting one an-
other in the process. Therefore, to gain a clearer and deeper understanding of
bonding, so to make better models, we need new, more sensitive methods.

Despite this, we are commonly taught that molecules are held together in two
distinct ways, with the dominant attractive forces being intramolecular bonds.
These are either more ionic or more covalent in character depending on the
differences in electronegativity of their component atoms. lonic bonds most
often possess a large difference between the two, and covalent bonds (and
metallic bonds) are more similar in electronegativity. The distinction between
them is made at around an electronegativity difference of 2.0, although in re-
ality this ionic/covalent character is better thought of as being on a sliding
scale.’) Pertinent evidence of this is seen in 3-centred N-I-N interactions that
possess as much covalent as non-covalent character.¥

In contrast, intermolecular bonds— the interactions between two molecules—
exist as a plethora of weaker interactions (Table 1). The strongest of these are
typically hydrogen bonds, followed by various van der Waal’s forces, n-inter-
actions and hydrophobic effects. More recently, additional new types of non-
covalent interactions, such as halogen, chalcogen,? pnictogen and tetrel bond-
ing,) and even spectacular cation-cation interactions, such as ‘nucleophilic
iodonium interactions’ have been proposed.l”®! Models exist to define these
interactions but their borders are unclear, as, for example, hydrogen bonds are
said to have partial covalent character.”) Some models’ overlap with other
types of bonding is also apparent, particularly when we try to distinguish be-
tween certain types with different names when they are essentially the
same.!'” So, besides careful evaluation of the information that we possess,
more sensitive tools are required to gain a deeper understanding of these in-
teractions, providing more clarity on their differences and similarities.
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Table 1. Typical bond strengths of intramolecular (blue) and intermolecular (red) in-
teractions.'! 121

Bonding Energy (kJ/mol)
Ionic 400 - 4000
Covalent | 150 - 1100
Metallic 75 - 1000
Ion-dipole 40 - 600
Hydrogen Bond 10-40
Halogen Bond 1-40
Dipole-dipole 5-25
Ion-induced dipole 3-15
Dipole-induced dipole 2-10
Dispersion (London) [ 0.05 -40

However, most intermolecular interactions are weak, and this makes detecting
and characterising them a challenge. This challenge is further exacerbated
when measuring these interactions in solution, as solvents introduce additional
competition and disorder as compared to the solid state. Accordingly, very
weak non-covalent interactions detected by crystallographic techniques or
predicted by computations may be impossible to characterise in dilute solu-
tions. This thesis addresses the issue at hand by presenting a new nuclear mag-
netic resonance (NMR) methodology to characterise weak interactions in so-
lution using hydrogen- and halogen-bonding as examples (Papers I & II). It
also presents a thorough NMR-based investigation into the evidence of (or
lack thereof) a new type of weak nucleophilic iodonium interaction (NII) in
solution (Paper III).

1.1 Hydrogen Bonding

Hydrogen bonding (HB) has been comprehended, to some extent, for around
a century.["¥ Despite early advances around the turn of the 20™ century, it was
not until 1935 when Linus Pauling explicitly coined the term ‘hydrogen bond-
ing’ for the first time.'"¥ Then, in 1939, he brought this interaction to the at-
tention of many with his chapter on ‘The nature of the chemical bond,” where
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he defined it as a bond arising from electrostatics and gave more specific con-
ditions for it to exist."*! Since then, the debate as to what constitutes a HB has
been ongoing, and various updates to this definition have been proposed.!'®
HB became more generally defined, as more and more HB’s were shown to
violate previously existing conditions. In fact, the last of these updates was
made as recently as 2011,!'”) suggesting that we still do not know everything
about HB and what constitutes it.

Contrary to what one may first think, HB’s are formed between a HB donor,
a species that contains a hydrogen (H) that is covalently bound to a more elec-
tronegative atom (X), and another electron-rich atom (Y; a HB acceptor), ei-
ther within (being intramolecular) or between molecules (being intermolecu-
lar) (Figure 1),!'* attached to Z.

&° & A
] A}
.......... .Z x @ H ;._®z
. A
Rl lone
g .
pair

Figure 1. A hydrogen bond, showing both electrostatic (left)!'! and charge transfer
(right)'® models.

IUPAC, responsible for this latest 2011 definition, gave (six) criteria that can
be used as evidence for HB formation.!'”? HB is primarily an electrostatic, per-
manent dipole-dipole interaction between molecules or areas thereof, and they
tend to be the strongest of all intermolecular interactions. They typically con-
tain lesser charge transfer and dispersion components too. Due to a covalent
bond between X, being electronegative, and H, the X—H bond is polarised and
thus, HB bond strength increases upon the increase in electronegativity of X.

HB’s are also specific in the sense that they can only occur between a hydro-
gen-containing HB donor and a relatively electron-rich HB acceptor (or elec-
tron donor), at an angle close to 180°. This means they are highly directional,
and the closer to this linearity a HB can be, the stronger and consequently
shorter it will be. HB’s can be easily evidenced, primarily through vibrational
techniques, by the extent of lengthening of a X—H bond and the creation of a
new X—H:---Y bond with its own vibration. Creation of a HB also drastically
changes the electronic environment around the interacting proton. Through
use of NMR spectroscopy, pronounced deshielding of this proton, a change in
or appearance of through-bond couplings, and through-space effects, in par-
ticular NOEs, can easily be observed. And in general, to experimentally detect
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a HB or any other weak interaction, the Gibbs energy of it should exceed the
thermal energy of the system.

In the first classification of a HB, X only involved electronegative nuclei,
though since then, multiple HB’s have been detected where X is less electro-
negative, for instance, with carbon.?® 2! The definition of the nucleophile, Y,
has also changed over the years to incorporate other systems (for example, -
interactions), whilst Z has remained diverse, with electron donating groups
affording better HB propensities on Y, and Z sometimes being absent alto-
gether in instances where Y is a single-atom anion.

Typically, HB’s are categorised into 3 main types: weak (< 17 kJ/mol), strong
(17 < 63 kJ/mol) and very strong (63 < 167 kJ/mol).*?! Their bond lengths
should not change depending on their environment, they should shorten as the
ApK, of their components gets smaller and their formation is favoured in non-
polar solvents, though this does not necessarily mean that HB’s are more sta-
ble in them.!”! Characterising weaker HB’s in solution may prove challeng-
ing; their limits and strategies to enhance their resolution are therefore dis-
cussed herein.

1.2 Halogen Bonding

Halogen bonding (XB) was first observed as early as 1814,1** % and was ra-
tionalised further 50 years later.*®! Over the next century, various advances
were made in the field, including Mulliken’s Nobel Prize-awarded work on
molecular orbitals and the observation of charge transfer in halogen-bonded
complexes through UV-Vis spectroscopy.?”-%* %l However, it was first Odd
Hassel who put XB in the spotlight in 1969°” when he disclosed the crystal
structures of Br, halogen bonding with the oxygens of 1,4-dioxane and with
n-electrons of benzene.*!3%33:34 The field remained largely stagnant through-
out the next 30 years, before going through its renaissance around the turn of
the new millennium. As recently as 2013, IUPAC provided its first official
definition as‘a net attractive interaction between an electrophilic region asso-
ciated with a halogen atom in a molecular entity and a nucleophilic region in
another, or the same, molecular entity. »135:361 Moreover, the distance between
the interacting partners undoubtedly must be less than the sum of each com-
ponent’s van der Waal’s radii.l*’]

XB’s are analogous to hydrogen bonds in their naming, where the electron
donor is the halogen bond acceptor, and the halogen bond donor is an electron-
deficient halogen atom that acts as electron acceptor.** This definition is con-
trary to that generally used in organic chemistry, as the electron donor is
termed the “acceptor.” Group 17 elements thereto are typically thought of as
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only being electronegative leaving groups.”’” However, the same halogen is
capable of acting also as electron acceptor, not just as an electron donor.

Much debate has recently taken place over the true nature of XB, mostly con-
cerning if either the contribution of electrostatics or the charge transfer com-
ponent dominates. The electron density distribution on a covalently bound
halogen™*”! indicates a region of positive electrostatic potential opposite a co-
valent R—X o-bond, and is defined as a ‘c-hole’™*!! (Figure 2). The charge
transfer interpretation,”™® complimentarily, indicates that partial electron
transfer occurs from a Lewis base’s HOMO to a halogen’s ¢* antibonding
LUMO, creating in some effect a ‘charge-transfer complex.’*>*! Other nota-
ble contributions include polarisation and dispersion effects,** and under
ideal circumstances, the bond has a 180° angle, with increasing deviations re-
sulting in its weakening.

Classical XB’s are observed between R—X---Y, where ‘R’ is any species co-
valently bound (usually through a carbon atom) to ‘X,” the halogen atom,
showing a halogen bond to a Lewis base, ‘Y,’ as in Figure 2. The strength of
a XB can be tuned by withdrawing electron density from the halogen, for ex-
ample, through perfluorination of R. This allows a more electropositive c-
hole, and thus a stronger XB.

e Pty
’ i A
L X ) Se—
(o e x !
e
g lone
pair

Figure 2. A halogen bond showing both electrostatic (left)!*">*" and charge transfer
(right)1?® 21 models.

The strength can also be tuned by increasing the XB donor ability, in the order
I > Br > Cl >> F. This is explained by the decreasing electronegativity and
increasing polarisability of the halogen atom when descending Group 17. Al-
ternatively, XB can be strengthened by employing stronger Lewis bases (Y),
and much alike HB, these can come from neutral species possessing non-
bonding or lone pairs of electrons, m-electron systems,*”) or from anions."”!

The halogen bond can further be strengthened by making the halogen a
stronger Lewis acid by its oxidation to a halogen(I), forming a halonium ion
(X"). The earliest example of this was found in trihalide systems,**! where the
central halogen atom may act as an X ion that interacts with two halide anions
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(electron donors, ‘D) in a linear [D—X-D]" arrangement.'* To date, Br" and
I'" have shown consistent results in forming [D—X—D]" systems, whereas hal-
ogen bond complexes of F* and CI" have been observed only at low tempera-
tures (-80 °C and -35 °C, respectively), due to their high reactivity.[*”) This
type of XB, especially if non-halide, bidentate, electron-donating systems are
involved, can exhibit interaction strengths of up to 180 kJ/mol.*”! The halogen
bonds of halonium ions are unusually strong due to the 3-center 4-electron
(3c4e) character of the bond, and to the halonium ion being a charged and
thereby strong halogen bond donor. However, due to the abundance of elec-
tron density confined to px and py orbitals on the X" ion, this negative belt can,
in theory, be considered as having electron donor qualities (Figure 3).

Figure 3. 3c4e halogen bond of I showing its electron density distribution, with blue
being an electron-rich belt and red signifying electron-poor regions of I" confined to
a p, orbital.

Many similarities exist between XB and analogous HB, but a few key differ-
ences can be noted between the two. XB’s are more directional than their HB
counterparts, due to repulsion of halogen lone pairs and a nearby Lewis
base.’!] XB’s are also more tuneable,** prefer softer Lewis bases, and are
often better solubilised by apolar solvents due to their more hydrophobic na-
ture and constituents.>* Underpinning this is the fact that HB is largely dom-
inated by electrostatics, whereas XB has a larger associated charge-transfer
component,!'?) most likely allowing it to be more resistant to polar (protic)
solvents %!

Most chemical reactions and biological processes take place in solution, and

therefore, the understanding of halogen and hydrogen bonds and further weak
interactions in solution is of great interest.>® "]
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1.3 Characterising Weak Interactions in Solution

A variety of techniques have historically been used to characterise weak, non-
covalent interactions in solution. Their capabilities for characterising weakly
bound complexes under real-life like conditions, however, differ widely. As
one of the main aims of this thesis work is to develop a new technique superior
to those existing, and the second aim is to re-investigate a recently developed
very weak interaction in solution, a short overview of the current spectro-
scopic techniques is given below.

Optical spectroscopies are inexpensive, comparably simple to use and are su-
perior for the investigation of dilute solutions. However, they do not provide
in-depth atomic level information and accordingly, they are nowadays rarely
used for thorough studies of HB/XB in solution, but more as a complementary
tool to NMR."* > Infrared (IR) and Raman spectroscopies, which are vibra-
tional techniques, have been utilised for, as an example, characterising the XB
of perfluoroalkanes,®* ®"! and to support results obtained through NMR stud-
ies.[0%: @ 64 Whereas they allow the detection of the formation of specific
bonds at low concentrations, they are less commonly used nowadays, as they
are limited by signal overlaps (several hydrogen bonds formed simultane-
ously, for instance) and as they are limited in providing atomic-level infor-
mation, especially for larger complexes.

Electron spin resonance (ESR) spectroscopy is another technique that is occa-
sionally used for characterising weak, non-covalent interactions. Neverthe-
less, it has great limitations as one can only study HB or XB interactions with
stable organic radicals used as the Lewis base, such as the nitroxide nucleo-
phile of TEMPO.!*> % Alternatively, ESR can be used applying ‘spin probes’
which act as indirect paramagnetic labels; these induce changes in hyperfine
shift that can be followed over the course of a titration experiment.®”
Whereas helpful for specific cases, ESR is limited by lack of general applica-
bility for the investigation of non-covalent forces.

Nuclear magnetic resonance (NMR) spectroscopy is undoubtedly the most
powerful technique for solution studies of non-covalent interactions. Its main
advantage lies in its diversity, with multiple nuclei that are able to be probed
in a variety of direct and indirect detection methods, through bonds or through
space. These can be used alone or in combination with one another, so to de-
rive structural, thermodynamic and/or kinetic information of any potential
complexes held together by weak interactions.!®”! However, it is limited by its
sensitivity to lower concentrations as compared to aforementioned spectros-
copies, for instance.
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Isothermal calorimetry (ITC) measures the gain or loss of heat upon titration
of one species into another in comparison to a reference, allowing the eluci-
dation of the thermodynamics and stoichiometry of a binding process. As a
high-sensitivity technique, it too is capable of measuring small changes upon
binding in solution. However, it too suffers from a lack of atomic-level infor-
mation and, as a result, cannot be used to distinguish exactly the type of inter-
action and the location at which it possibly takes place.

Whereas a single method may provide ample information on a non-covalent
force, a multifaceted approach combining information from several independ-
ent methods is preferred. Hence, optical, vibrational, ESR and NMR tech-
niques are best used in conjunction with one another. In addition to these, sup-
porting: calorimetric (e.g. ITC), mass spectrometric (MS), X-ray diffraction
(XRD) and/or computational (usually at the density functional theory (DFT)
level) methods are recommended to complement any spectroscopic data.

1.4 Methods

Throughout this thesis, NMR titration and diffusion experiments have been
applied and are therefore shortly introduced herein.

Titration experiments. In solution, weakly bound complexes exist in equi-
librium. They typically exist in a fast-exchange regime on the NMR timescale,
and the observed signal is a time-average of the signal of their complexed and
their dissociated components; the strength of the interaction can be character-
ised by tracking this time-averaged signal. Ideally, separate samples are pre-
pared by varying the concentration of one interaction partner, keeping the
overall volume and ionic strength constant.l*>! As one typically has access to
a limited amount of at least one of the interaction partners, the preparation of
separate samples often is not an option. Therefore, can be more convenient to
carry out successive additions of a guest solution to the solution of the host,
while tracking the relative concentrations of both. This, however, leads to di-
lution of the sample overall, changing its total ionic strength and the concen-
tration of the host throughout the experiment, thus potentially influencing the
results.”” Using an excess of one binding partner and measuring its effect on
the other maximises the fraction of complex in solution. In the case that the
solvent is chosen as the interacting partner in excess, then the total concentra-
tion of complex will be maximised.!”" "

Throughout a titration, the changes of the chemical shift (Ad, ppm) of one or
both interaction partners is followed. Variations of this rather simple method-
ology exist, namely in ‘van’t Hoff,’”! and ‘Chemical Double Mutant’ ap-
proaches.” In the former, variable temperature (VT) NMR is employed at
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each titration point, so to extract separate enthalpic and entropic terms. In the
latter - where four highly similar species are measured with the presence of
both, only one, only the other, and of neither interacting partner - the strength
of binding is deduced by calculating the difference between the four experi-
ments.

Titrations using a variety of nuclei other than 'H, typically 'F, *C, and *N
can be advantageous for the characterisation of weak interaction forces. 'H
NMR is most popular due to a high abundance of 'H nuclei on both Lewis
bases and HB/XB donors. "’F NMR has gained considerable use in the inves-
tigation of halogen bonding due to a high prevalence of perfluorinated XB
donors which tend to be especially strong. In contrast, *C and *N nuclei re-
main less used due to their low sensitivity and natural abundance, although
they may provide the most direct information; for instance, by tracking the
chemical shift of the carbon holding a XB donor halogen atom,””> ! or the
Lewis basic nitrogen that often takes part in an interaction.””? The chemical
shifts of these nuclei are therefore often observed by indirect detection exper-
iments, such as HMBC, which provides vastly improved sensitivity. 'H,"’N
HMBC experiments have accordingly been used to characterise halogen bond-
ing involving pyridine nitrogen atoms as halogen bond acceptors./’®! The hal-
ogen bond-induced chemical shift change, A8 (ppm), of the "*N nucleus typi-
cally is < 20 ppm for classical XB’s"” but may reach up to ~100 ppm in
magnitude for the strongest XB’s.[*¥ Needless to say, this is larger than the
typically <1 ppm changes observed in titration experiments that use 'H NMR
for detection.

It should be noted that the choice of solvent has a pronounced influence on
titrations, as solvent molecules vastly outnumber either interacting partner in
solution. Polar solvents are required to dissolve most HB and XB systems, ")
often competing with these interactions in the process. Accordingly, when
studying interactions that may suffer from solvent competition, typically apro-
tic solvents should be selected if at all possible.

In order to determine binding strength in titration experiments, the stoichiom-
etry of binding must be known and/or determined, with 1:1 binding solely
being the case described throughout this thesis. Next, it must be known if the
host-guest complexation equilibrium is in either slow or fast exchange re-
gimes, with the latter being the case with weak binding (as in this thesis). Es-
timating the association constant beforehand can also be helpful, with K, > 2
M being considered a favourable interaction, and K, > 10 M™' being more
reliable to measure.™!
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The stoichiometry of the adducts can be determined through Job’s method,™¥
though these have recently fallen out of favour,® although this method is also
applicable to titration data.!*® %"

Diffusion NMR uses a series of ‘pulsed-field gradient spin echo’ (PGSE)
spectra and measures the rate of signals’ decay.[® ! This provides a mole-
cule’s rate of translational motion in solution, described with the ‘diffusion
coefficient’ (D;). Generally, the smaller a molecule is, the less solvent-acces-
sible molecular surface area it has, so the less it interacts with the solvent and
the quicker it diffuses. This molecular motion is described by the Stokes-Ein-
stein equation, Eq. 1:

— kT
Dt - /67'[7’1'1_1 (1)

where D; is the diffusion coefficient of the molecule/adduct, k£ is the Boltz-
mann constant, 7 is the absolute temperature, # is the fluid viscosity and 7 is
the hydrodynamic radius of the molecule/adduct. By default, this equation de-
scribes spherical objects, though adjustments can be made to correct for
smaller, flatter and less-spherical species.”” Diffusion-ordered spectroscopy
(DOSY) experiments give pseudo-2D spectra with chemical shifts on the 2
(x) axis and diffusion coefficients on the f1 (y) axis. Thus, they allow the sim-
ultaneous detection of a number of species in a sample, provided they each
have different diffusion coefficients;”! overlapping signals may then be sep-
arated.

1.5 Limitations of Current Methods

Despite all advances made in characterising weak interactions in solution, lim-
itations still exist. Interactions with strengths of <6 kJ/mol®™ % are difficult
to detect using routine NMR spectroscopic techniques due to solvent compe-
tition, entropy, and the overall lower molar fraction of the bound species of
weakly binding complexes in dilute solutions.””

Thus far, most studies focus on optimised and idealised molecular systems
that possess high association constants to avoid the limitations of current tech-
niques. Strategies that reduce entropic costs upon binding, such as employing
intramolecular bonds®* ! and multidentate systems,*®°"! are thus rather com-
mon. Investigations in polar, protic solvents are rare as these may, in most
instances, compete with HB/XB of the interaction partners.!'*°®) Furthermore,
high concentrations of binding partners are typically used to increase the mo-
lar fraction of the bound complex. If the bound fraction is below 20% (or
above 80%), propagation of errors may lead to unreliable K, determination.®*
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99. 1001 Fyrthermore, other complexes of weakly bound species can exist in the

NMR sample, perhaps with the solvent,!'> '] further complicating binding
phenomena observed and casting ambiguity over results obtained.

Whereas studies of strongly binding systems at high concentrations in non-
polar solvents are ultimately easier, they are often far from the real-life condi-
tions of medicinal and synthetic chemistry. Therefore, a valuable contribution
to the field would be the development of a novel technique that has its
strengths where current methods have their limitations, allowing the study of
weaker bonds at lower concentrations and in more polar solvents.

1.6 Aim of Thesis

This thesis aims to lay the basis for a new strategy that allows the detection of
weak non-covalent interactions in solution by making use of paramagnetism-
affected NMR observables (Chapter 2; Papers I and II). The scope of this tech-
nique is explored by the detection and characterisation of weak HB’s through
paramagnetic tagging of a Lewis base and detection of ‘transferred paramag-
netism-affected observables’ on the interacting Lewis acid (Chapter 3; Paper
I). The opposite approach is also explored by paramagnetic tagging of a XB
donor and detection of transferred paramagnetism-affected observables on the
diamagnetic interaction partner, a Lewis base (Chapter 4; Paper II). The last
section aims to re-investigate a recently proposed ‘Nucleophilic lodonium In-
teraction’ in solution (Chapter 5; Paper III), to evaluate whether it truly exists.
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2. The Paramagnetic NMR Technique
(Papers I & 1)

2.1 Paramagnetism in NMR Spectroscopy

In this thesis, a new technique is developed that makes use of paramagnetism-
affected NMR observables. Accordingly, a short introduction into paramag-
netic NMR observables is given below.

When unpaired electrons are present as a component of a sample, profound
paramagnetic effects can be observed on the NMR spectra.'® This is due to
the extraordinary magnetic moment that an electron possesses, around 660
times that of a proton’s.!'®®) Paramagnetic effects are of through-space and of
long-range character, and can be detected up to 40 A from the unpaired elec-
trons,!'* being at much larger distances than NOEs can ever reach (<5-6 A).

The paramagnetic observables of current highest importance are the (1) in-
creased T, relaxation rates, commonly termed ‘paramagnetic relaxation en-
hancement’ (PRE), (7I) the changes in chemical shifts leading to ‘pseudocon-
tact shifts’ (PCS), and (7/l) the alteration of the magnitude of J couplings,
known as ‘residual dipolar coupling” (RDC).!"%%!

PRE is governed by ‘Solomon Relaxation’ and ‘Curie Spin Relaxation.’t'*
Both independently and combined, they give 1 distance dependent infor-
mation on the position of nuclear spin in relation to an unpaired electron. PRE
can typically be detected 5-20 A from the paramagnetic source depending on
the dominating mechanism of relaxation,'”” and is commonly quantified by
the increase of width-at-half-height of NMR signals (Figure 4), as compared
to a diamagnetic reference.

PCS is the distance and orientation dependent change in chemical shifts of
nuclei in the vicinity of unpaired electrons upon a paramagnetic species, and
these arise due to the magnetic field generated by an electron’s anisotropic
static magnetic moment. In the presence of a paramagnetic nucleus, the mag-
netic field experienced by various nuclei are not entirely averaged by molec-
ular rotation. This leads to the observation of PCS’s!'® that are described by
Eq. 2:('
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ASPES = 1/121rr3 [Ayxo(Bcos?8 — 1) + 1.5Ay,,sin?6cos2¢] Q)

where PCS, measured in ppm, is dependent upon the distance (+) and also
the angle (6, ¢) at which a nucleus lies in respect to the principal axis frame of
a paramagnetic metal’s magnetic susceptibility anisotropy tensor (4y). An an-
isotropic chi-tensor, Ay, can be subdivided into separate axial (4y.x) and rhom-
bic (4y.+) components—the magnitude of these depending on the paramagnetic
centre (Figure 5).l"""Y PCS has profound effects on the chemical shift and hence
on the spectral window observed, with simple 'H spectra of some lanthanide
complexes spanning up to hundreds of ppm. Similar to other paramagnetism-
affected NMR observables, PCS is the change of chemical shift upon intro-
duction of a paramagnetic centre, and thus, it is measured in comparison to a
diamagnetic reference.

RDC is the change of a dipolar coupling, most often detected on J coupling,
due to orientation of a compound in a strong magnetic field.!''") This may be
due to introduction of an unpaired electron into a molecular system, and af-
fords information on the alignment tensor (4y) and on the orientation of a vec-
tor connecting two spins (A and B) in a magnetic field. RDC’s are most often
detected in an f2-coupled HSQC spectrum and are measured as a difference
of the scalar coupling ('Dag) measured for an anisotropic (aligned; ' Tag) and
an isotropic (unaligned; 'Jag) sample. The RDC is described by Eq. 3.!'!

RDCAB (HZ) =

_ 1 _BS hvavs 20 -
4 15kgT 211, X [Axax(3c0s?O — 1) + 1.5Ay,,sin“0cos2®] k)]

where By is the external field strength, kz the Boltzmann constant, 7 the abso-
lute temperature, # the reduced Planck’s constant, y the gyromagnetic ratio of
nuclei A and B, and r45 the internuclear distance between these A and B spins.
Angles 6, © and @ are described in Figure 4,!''* "' and represent the orienta-
tions of the A — B vector relative to the external field. To be able to identify
the orientation of a compound in relation to the external field, five or more
independent vectors are required.!''” The measurements necessitate the use of
a diamagnetic/non-orienting reference, as RDC is the change in scalar cou-
pling as compared to a non-oriented sample. RDC’s may be obtained through
use of alignment media;!''® however, in such a case no PRE or PCS can be
obtained.
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PRE |' PCS |' RDC

Figure 4. Paramagnetism-affected observables and their visualised components, with
PRE (left) showing peak broadening and its distance dependence, PCS (centre) show-
ing chemical shift change and its distance and orientation dependence, and RDC
(right) showing a change in J-coupling in an f2-coupled 'H,*C HSQC spectrum and
its orientation dependence.[!%%]

Due to an 7~ distance dependence of PCS’s and RDC’s, they can be detected
over distances up to 40 A,['* """ and their magnitude depends on the distance
from unpaired electron(s), typically upon a paramagnetic centre, and quantifi-
able in terms of interatomic distance. To determine the Ay tensor that describes
the relative orientation as compared to the external field, a number of software
are available, of which ‘Paramagpy’''® has been used herein.

A common approach to implementing a paramagnetic species into a system of
interest is to use stable organic radicals, typically those involving nitroxides
such as TEMPO.!"") Another approach takes advantage of transition metal
ions’ free, unpaired d-electrons. Depending on the nature of their complexing
agents, these include physiologically inert Mn**, Fe**, Co*, Ni*" and Cu*
metal ions.!'*” A disadvantage of using either approach is that it is difficult to
incorporate chemically similar diamagnetic reference molecules/ions, and that
(bar Co*") they typically possess an isotropic arrangement of unpaired elec-
tron(s) giving only PRE’s. If they do happen to possess anisotropy of elec-
trons, they are dominated by strong PRE whereas PCS’s are small.l'" When
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a paramagnetic species has an isotropic or spherical arrangement of electrons,
the X, y and z components of Ay are equal to zero and no PCS or RDC effects

are observed, ['’”! only PRE.

Lanthanides are ‘rare earth elements’ that mainly exist as Ln(III) (or Ln(II))
salts in nature. They have up to 7 unpaired electrons in their valence 4f orbit-
als, which in turn are diffuse. As these electrons are shielded by S5s and 5p
subshells, they are unreactive and do not tend to coordinate to ligands. When
introduced to a magnetic field in an NMR spectrometer, these orbitals partially
align with the magnetic field, By, and display the aforementioned paramag-
netic effects. Figure 5 shows the isosurfaces constructed from positive (blue)
and negative (red) PCS’s, representing the Ay tensor overall.l'*! Relative PRE,
ground state (J), the y-tensor and its axial and rhombic components, and elec-
tron relaxation times (t.; at 18.8 T magnet strength) are also shown; prome-
thium is omitted due to its radioactivity.
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Figure 5. A summary of trivalent lanthanide ions’ properties. Reprinted with permis-
sion from Acc. Chem. Res. 2007, 40, 206-212. Copyright 2007 American Chemical

Society.

The paramagnetic effect varies depending on the Ln*" ion used (Figure 5). Due
to the fact that most trivalent lanthanide ions have comparable ionic radii and
highly similar reactivity, the paramagnetic effect can be tuned by exchanging

ions, without any larger changes in geometry.!'*

Diamagnetic trivalent lanthanide ions exist with no f-electrons (lantha-
num(IIl)) and with full f-electron orbitals (lutetium(IIl)). These are ideal for
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use as diamagnetic reference ions in studies where paramagnetic effects are
measured. Gadolinium(IIl) possesses an isotropic arrangement of 7 unpaired
electrons, and has exceptional relaxation-enhancing properties yielding a large
PRE but no RDC’s or PCS’s.l'*! All trivalent lanthanides have the potential
to be incorporated into systems suitable for NMR studies, primarily through
ionic and coordinative bonding to complexing agents.

The fact that PCS’s and RDC’s can be observed even at large distances from
a paramagnetic centre, and that their magnitude is distance and orientation, or
orientation dependent, respectively, provides useful tools for the assessment
of weak interaction forces. As their magnitude is larger as compared to typical
binding induced chemical shift changes, they can be accurately detected, with
the measurement error being comparatively low.

2.2 Lanthanide (IIT) Complexing Agents

The strongest metal complexing agents are multidentate and produce stable
complexes, with trivalent lanthanide ions forming 8/9-coordinate com-
plexes.!'** Early examples of Ln’" ligands include ethylenediaminetetraacetic
acid 1 (EDTA)!"*! and diethylenetriaminepentaacetic acid 2 (DTPA).['"* Ln-
complexes with texaphyrins have also seen use,!'?” whereas the lanthanides
can be complexed by a metalloprotein of interest, often being a viable substi-
tute for Ca”" ions, for example.["* 1,4,7,10-tetraazacyclododecane 3 (cyclen)
and 1,4,7-Triazacyclononane 4 (TACN) complexes are most used nowadays
due to their favourable cavity sizes and their ability to be substituted with var-
ious pendant ‘arms’ (R) which allow full coordination of Ln*" ions, typically
in a tricapped trigonal prismatic geometry for commonly tri-substituted
TACN metal complexes described hereafter.!'*”!

R./\ R
o HO (\N/\ OH g !
N N N
I

HO N o) /J/i lo

N N N
g \/KOH 0”>0H  HO" Yo R/ R RN MR

1 2 3 4
EDTA DTPA cyclen TACN

Figure 6. Common lanthanide complexing agents.
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These complexes can, for instance, be added to a solution of interest to map
protein surfaces and dynamics,!** *! or as contrast agents in medical mag-
netic resonance imaging (MRI), typically Gd-DOTA (5) cyclen deriva-
tives.!'*> 133 They can also be covalently bound to a protein of interest (6),
allowing its investigation through use of paramagnetism-affected NMR ob-
servables. PRE, PCS’s and RDC’s may then be used to map changes in the
protein’s conformation, or to characterise the binding of other proteins!'** or
small molecule inhibitors to it.!'"**) Small molecules have also been tagged,!'*")
and the protein binding site of a small molecule ligand was mapped using a
paramagnetic tag (7),"*”) providing the first example of anisotropic paramag-
netic properties transferred through a specific binding event.
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Figure 7. Examples of lanthanide(III) complexes containing a cyclen core structure
that are used for different purposes.

The applicability of paramagnetic NMR for the understanding of weak non-
covalent forces between small molecules has, however, not yet been explored.
This approach is expected to be advantageous as the magnitude of PCS is
larger than the chemical shift changes that are induced by binding of small
molecules, and RDC’s may provide long distance orientation information that
would not be available from other NMR parameters, such as NOE’s. The goal
in this work is to explore whether paramagnetic NMR can be used to examine
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single, weak non-covalent interactions under conditions that are not possible
with the current standard NMR techniques.

2.3 Strategy

To study a weak non-covalent interaction between two small molecules in so-
lution via paramagnetic NMR, one of the components has to be paramagneti-
cally labelled. Binding of the second diamagnetic component to the paramag-
netic interaction partner results in its orientation, and thus, allows one to detect
paramagnetism-affected NMR observables on the bound diamagnetic sub-
stance. Comparison of this binding event to that with an almost identical dia-
magnetic complex allows deduction of these paramagnetism-affected NMR
observables. Employing small molecules that instead do not bind should result
in no paramagnetism-affected NMR observables (Figure 8). This strategy is
explored herein by studying hydrogen and halogen bonds as model systems.

5

Bo

Figure 8. Non-binding molecules (grey) should not bind to either diamagnetic (D;
amber) or paramagnetic (P; magenta) complexes. Molecules that bind (green), bind in
an isotropic manner to diamagnetic complexes, and in an anisotropic manner to para-
magnetic complexes, with respect to By. Paramagnetic complexes themselves show
anisotropy even in the absence of any bound molecule.

Two approaches were taken to create functionalised lanthanide(III) complexes
to probe HB and XB in solution. The first approach was to design a Lewis-
basic complex (Figure 9) for the detection of paramagnetic observables on a
diamagnetic HB or XB donor. This was explored through incorporation of a
Lewis basic pyridine moiety covalently attached to the lanthanide(III) tag.
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8Ln=Lu
9Ln =Dy

Figure 9. Target Lewis base-functionalised lanthanide(III) tag.

First a Lewis base was covalently bound (‘tagged’) to a lanthanide complex.
As a Lewis base, pyridine was selected as it has previously been used to study
HB/XB, is uncharged, sterically not hindered, and the electron donation
through its lone pair is highly directional. The ‘core’ of the chelating molecule
was chosen to be TACN as it provides a large enough cavity and three amine
electron lone pairs for a Ln** ion to coordinate to. Each amine was substituted
with a picolinate-based ‘arm’ to coordinate to the Ln** ion through a pyridine
nitrogen electron lone pair and a carboxylate functional group. The resulting
complex is neutral which provides solubility in less polar solvents and avoids
interference of binding from counterions. Its lanthanide ion is nine-coordi-
nated, which avoids the direct interaction of Lewis bases with the lanthanide
ion. The Lewis basic pyridine was connected to one arm, with the pyridine
nitrogen atom at a distance of 9.72 A from the Ln** ion. The distance of the
Lewis base from the paramagnetic centre is important to provide a large
enough PCS to be detected on the interaction partner along with a minimal
PRE that would decrease sensitivity due to line broadening. Dy*" was chosen
as the paramagnetic ion (9) as should induce large PCS’s (Figure 5), whereas
Lu** was chosen as the diamagnetic reference ion (8) due to its higher simi-
larity to later-stage Ln** ions than La’". On the remaining two arms were pol-
yethylene glycol (PEG) chains so to increase Ln-complex solubility in polar
(non-protic) organic solvents, such as acetonitrile.

The second, opposite approach, was to design a Lewis acid-functionalised lan-
thanide(Ill) tag for the detection of paramagnetic observables on a diamag-
netic Lewis base. This was explored on a system encompassing an iodoacety-
lene-type XB donor. This geometry, with 10.01 A in between the lanthanide
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and the iodine XB donor atom (Figure 10), is expected to allow measurable
PCS’s, based on previous studies."*®!

10 Ln=Lu
11 Ln =Dy

Figure 10. Target halogen bond donor-functionalised lanthanide(III) tag.

A TACN core with three picolinate-based pendant arms was designed, with
one of these arms containing the XB donor atom. lodine was chosen due to its
superior ability to form XB’s than other halogens, and was covalently bound
through an acetylene group to an aromatic system, as this has been previously
applied in studies of halogen bonding in solutions.!” 7% The remaining two
arms were substituted with heptan-4-yl chains to provide increased solubility
in organic solvents. Lu** (10) and Dy*" (11) were chosen as the diamagnetic
and paramagnetic trivalent lanthanide(III) ions, respectively.

2.3 Synthesis of Lewis base-functionalised TACN
Complexes

These complexes were constructed by first assembling the PEG-based
(Scheme 1) and Lewis basic (Scheme 2) pendant arms, and then substituting
the TACN molecule with these in a step-wise fashion, before carboxylic ester
deprotection and lanthanide complexation (Scheme 3).

30



o™
(0] (@)

I N
0 OH 0
X X
o A on h o M J o L) o M A o
o "o 0 0 0 0
12 13 14

1y

o o
01 N OI oo
) 0
X X
o M A o™ o I J_on
- N S - N
o) oo )
16 15

Scheme 1. Synthesis of PEG-based pendant arms to increase organic solvent solubil-
ity. 1) H>SO4, MeOH, 80 °C, 24 h, 95%;[138 II) 1-(2-Bromoethoxy)-2-(2-methoxyeth-
oxy)ethane, K:CO3;, MeCN/DMF 2:1, 90 °C, 19 h, 71%; IIl) NaBH,;, MeOH/CH,CI,
(3:1), 0-20 °C, 16 h, 60%; 1V) mesyl chloride, NEt;, CH>Cl, 0-20 °C, 90 min, 98%.

To produce organic-solvent solubility-enhancing arms (Scheme 1),
chelidamic acid monohydrate was first esterified (1), followed by a William-
son ether synthesis (1) to introduce a PEGlyated chain (14). Next, selective
reduction (7II) of one ester was achieved with careful control of reducing
agent, NaBH4, to give 15. Mesylation (1V) of the resulting alcohol yielded 16,
with the mesylate group being a good leaving group for a following alkylation

step.
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Scheme 2. Synthesis of Lewis basic pyridine pendant arm. ) two steps: (1) SOCL,
dimethylformamide (DMF), 80 °C, 24 h; (2) MeOH, 20 °C, 1 h, 75%,/3 II) Nal,
acetyl chloride, 20 °C, 30 min, 81%;,!"*" I1I) PdCIy(PPh;),, 4-pyridinylboronic acid,
K3POy4 DMF, 75 °C, 48 h, 58%, IV) NaBH4+, MeOH/CH,Cl; (3:1), 0-20 °C, 16 h,
62%, V) mesyl chloride, NEts, CH>Cl,, 0-20 °C, 90 min, 97%.

To generate the Lewis basic interaction site (Scheme 2), chelidamic acid mon-
ohydrate was chlorinated (1) with acyl chloride and esterified with MeOH to
give 17. This chloride was substituted for an iodide via a Finkelstein exchange
reaction (77) in MeCN with sonication, providing a superior leaving group in
the following reaction. A Suzuki cross-coupling reaction (1/]) was then carried
out with 18 and 4-pyridinylboronic acid hydrate to yield 19. Following this, a
selective reduction (1V) of one ester group and mesylation (¥) of the resulting
alcohol gave 21.

8Lln=Lu
9 Ln =Dy

Scheme 3. Alkylation, acid deprotection and complexation of Lewis base-functional-
ised lanthanide(III) tag. I) Compound 16, NEt;, CH3CN, 50 °C, 72 h, 39%, II) Com-
pound 21, K;CO3, 20 °C, 48 h, 40%; 1II) NaOH (2M), THF/H,0 (3:2), 50 °C, 24 h,
21%; 1V) LnCls, Na,COs3, H>0, 20 °C, 16 h, 17-26%.

To connect the ‘arms’ to the TACN core (Scheme 3), the HCI salt of TACN
(4) was stirred in the presence of a base, DIPEA, to deprotonate the secondary
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amines. Dropwise addition of two equivalents of the mesylated, PEGylated
arms (16) gave 22 through an aliphatic N-alkylation reaction (I). After purifi-
cation, 22 was treated with K,COs as a base, and a similar alkylation reaction
(1l) was carried out to attach the Lewis basic pyridine-containing arm. Car-
boxylate esters of 23 were next hydrolysed (7/I) by use of a strong base, 2M
NaOH. Lanthanide complexation (/V) of 24 with Na,COs as a base and the
desired lanthanide chloride salts, LuCl; and DyCls;-6 H,O, respectively, was
performed. Purification by means of HPLC gave the final Lu (8) and Dy (9)
complexes as white solids.

The '"H NMR spectrum of diamagnetic lutetium complex 8 showed signals at
6 = 0-10 ppm, whereas the paramagnetic dysprosium complex 9 displayed a
much larger chemical shift window of > 200 ppm (Figure 11). The lutetium
complex (8) was fully characterised with NMR and HRESIMS, whereas the
paramagnetic dysprosium complex (9) was characterised by means of 'H
NMR and HRESIMS.

Lu(III) complex 8
Dy(III) complex 9

Dy(III) complex 9

Figure 11. Lu complex 8 (top; teal) versus Dy complex 9 (top and bottom; maroon)
'H spectra, showing the extent of PRE (line-broadening) and of PCS’s (A8 (ppm)).

In Figure 11, one can see an enormous increase in the chemical shift range due
to PCS, and the large extent of line broadening due to PRE, upon the Dy(I1I)
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complex 9 in comparison to the Lu(Ill) complex 8. The extent of these para-
magnetism-affected NMR observables is largest for nuclei closest to the Ln>"
ion.

2.4 Synthesis of Lewis Acid-functionalised
TACN Complexes

The synthesis of this Lewis acidic or ‘XB donor’ system generally followed
the same process as that of Compounds 8 and 9, which possess a Lewis basic
interaction site instead. First, arms that should allow enhanced solubility in
organic solvents were constructed (Scheme 4), followed by the synthesis of
an iodoacetylene-precursor arm (Scheme 5). Complexes were assembled by
alkylation of TACN with these arms, deprotection of protecting groups, com-
plexation with a lanthanoid salt, and addition of an iodide (Scheme 6).

(o] OH o
] ! B & B
HO N OH _o NP O 0 NP O
o " o o o} o} o}
12 13 25
llll)
(o]
BN V) N
v
~g 0 L o HO ‘N/ o
o 0 o) o)
27 26

Scheme 4. Synthesis of organic solvent solubility-enhancing pendant arms. /) H>SO,,
MeOH, 80 °C, 24 h, 95%,%% 1I) 4-bromoheptane, K:CO3, DMF, 70 °C, 20 h, 45%;
1Il) NaBH,;, MeOH/CH,CI; (3:1), 0-20 °C, 16 h, 65%, 1IV) mesyl chloride, NEt;,
CH;Cl, 0-20 °C, 90 min, 99%.

To obtain organic-solvent solubility-enhancing arms (Scheme 4), chelidamic
acid monohydrate was esterified (1) by use of a strong acid, H,SO4,!"** before
substitution (7I) with 4-bromoheptane to yield an ether, 25. Careful mono-re-
duction (71l) of a carboxylate ester with NaBH4 gave 26, which was then me-
sylated (1V) to give 27.
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Scheme 5. Synthesis of protected acetylene pendant arm. 1) two steps: (1) SOCL, di-
methylformamide (DMF), 80 °C, 24 h; (2) MeOH, 20 °C, 1 h, 75%,*3° II) Nal, acetyl
chloride, 20 °C, 30 min, 81%,!'*’! III) NaBH,, MeOH/CH-Cl, (3:1), 0-20 °C, 16 h,
65%;,1'%1 V) Cul, NEt;, PdCly(PPh;);, TMS-acetylene, THF, Ar, 25 °C, 1h, 81%;, V)
mesyl chloride, NEt;, 0 °C, 30 min, 99%.

Subsequently, XB donor-containing moieties were primed (Scheme 5).
Chelidamic acid monohydrate was once again used as the starting material,
where upon esterification and chlorination (7),!'**! and then Finkelstein ex-
change (11),!"*"! gave 18. This was then mono-reduced (Z/I) with careful addi-
tion of NaBH4.!"*) A Sonogashira cross-coupling reaction (V) was performed
with TMS-acetylene to yield 29, which was then mesylated (V) to give 30.
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Scheme 6. Alkylation (x2), TMS-group deprotection, complexation and iodination of
halogen bond donor tag. 1) Compound 27, NEts, CH3;CN, 20 °C, 72 h, 30%, II) Com-
pound 30, NEt3, 20 °C, 24 h, 37%, 11I) NaOH (2M), HO, THF, 50 °C, 24 h, 64%, IV)
LnCls;, Na,COs, H>O, 20 °C, 16 h, quantitative; V) AgNO;, N-iodosuccinimide, ace-
tone, 20 °C, 1 h, 55-58%.

Alike before, these arms were attached to TACN under basic conditions
(Scheme 6). An alkylation (1) with 2 equivalents of solubility-enhancing arms
(27) was performed with NEt;, before further alkylation (7) with the TMS-
protected acetylene arm (30) in NEt;, yielding 32. Simultaneous carboxylate
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and TMS deprotection (1I]) was achieved with use of NaOH (2M). Complex-
ation (1V) of lanthanide salts, LuCl; and DyCls.6 H,O, gave 34 and 35, respec-
tively, in presence of Na,COs. A final iodination (V) of the acetylene group
with N-iodosuccinimide was accomplished with AgNOs as the catalyst under
dark, inert, dry conditions to yield 10 and 11 as white solids after HPLC puri-
fication. High resolution electron spray ionisation mass spectrometry
(HRESIMS) and 'H NMR confirmed the existence of both complexes, with
the lutetium complex (10) additionally characterised by means of further
NMR spectra.

2.5 Concluding Remarks

Taking inspiration from recent literature,!'*'! novel lanthanide-chelating com-

plexes bearing Lewis basic or Lewis acidic (XB donor) functionalities were
synthesised. Their purity was confirmed via HPLC, while their identity was
confirmed by NMR measurements, with the lutetium complexes being fully
characterised and the dysprosium complexes being verified by the effect of
their paramagnetic properties on '"H NMR spectra. These compounds repre-
sent the first examples of lanthanide complexes intended for studying weak
non-covalent interactions to other small molecules in solution.
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3. Investigating Weak Interactions by
Paramagnetic Tagging of a Lewis Base
(Paper I)

3.1 Project Design

Complexes 8 (Lu) and 9 (Dy) were designed and synthesised to characterise
weak interactions in dilute solutions. These structures were designed based on
the knowledge gained from investigations using two earlier systems that were
developed, shown in Figure 12. Using Compound 36, no binding to strong XB
donors was observed where Ln*" was paramagnetic (Dy*"); likely as a result
of self-association of pyridine moieties to charged, non-fully-coordinated lan-
thanide ions. In a different manner, the application of Compound 37 was hin-
dered by its low solubility in polar aprotic solvents.

“13-0Tf

36 37

Figure 12. Previous iterations of Lewis basic paramagnetic tag design.

Lewis basic complexes 8 and 9 (Ch. 2.3) were soluble in acetonitrile, and due
to the 9-coordination sites provided to the core lanthanide ion, were expected
to be suitable for studying their interactions with HB and XB donor systems
(Figure 9). In addition, reference systems 45 and 46 were used to exclude that
the spectral changes upon addition of HB and XB donors would be due to
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dilution or binding by other mechanisms than HB or XB. A ‘blank’ titration
or dilution was also performed to verify this.

F
F OH OH
Donors F F FiC E
F

39 40

38
P | F
4 F I I I
o o O
Donors O,N F E F
F
4 42 43 44
F
CF3 F F
Reference ©/ CD3CN
F F
F
45 46

(dilution)

Figure 13. HB donors (38-40; top) and XB donors (41-44; centre) tested against Com-
pounds 8 and 9, in decreasing strengths from left to right. Reference compounds (45
and 46; bottom) that should elicit no binding were tested, as well as a dilution with d-
MeCN.

The HB and XB donor interaction partners were selected to provide a series
of HB (38-40) and XB (41-44) donors with varying donor strength, so to detect
the limitations of the proposed novel technique. The experiments were per-
formed at a 1.82 mM concentration of host Ln-complex (1.01 mg Compound
8 or 1.00 mg Compound 9 in 500 pL 4-MeCN), which allowed quick and easy
measurement of 1D 'H and '°F NMR spectra. This concentration is close to
the current lowest limit used for NMR titration experiments without isotope
labelling. It should also be underlined that literature studies of hydrogen/hal-
ogen bonding in solution typically study strong interactions at concentrations
0f 2-100 mM, "% 3> mostly in more apolar solvents. Hence, the samples stud-
ied herein range from comparably strong to much weaker, in polar solvents,
and are at least approximately 10 times more diluted. Titration experiments
were performed, whereby 0.25, 0.50, 0.75, 1.00, 1.50, 2.00, 5.00, 10.00 and
20.00 equivalents [H] / [G] of guest (G) were added to the NMR tube, and 'H
and "’F NMR spectra were recorded.

Reference experiments using o,a,a-trifluorotoluene (45) and hexafluoroben-

zene (46) were employed to evaluate whether binding through any other non-
covalent interaction, such as m-w interactions, could be detected. Additionally,
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dilution experiments were performed to detect and evaluate whether the chem-
ical shifts would be influenced by dilution throughout the course of a titration.

For comparison of the paramagnetic NMR technique with a standard titration,
pyridine (47) was first titrated with either iodoperfluorobenzene (42) or with
p-trifluoromethylphenol (39) at comparable, 1.82 mM concentration. If no in-
teraction takes place between the paramagnetic tag, this experiment is ex-
pected to provide comparable chemical shift changes as those obtained for the
Lu-complex 8 (Table 2, entry 1). As an additional control, a titration at 1.82
mM host concentration was also performed with these host and guest mole-
cules swapped (Table 2, entry 2). In all cases described, a full NMR titration
regime was performed, titrating iodoperfluorobenzene (42) or p-trifluoro-
methylphenol (39) with pyridine (47), with the host and guest being swapped.
Next, a titration at a 100 x higher concentration ([host] = 182 mM) was carried
out to demonstrate the impact of sample concentration on the detection of
weak binding (Table 2, entry 3). In this instance, the host and guest were in-
terchanged, titrating pyridine into iodoperfluorobenzene (42) or p-trifluoro-
methylphenol (39) solution due to the inability to dissolve the latter in d-
MeCN at such a high concentration.

Table 2. Control experiments using pyridine (47) versus iodoperfluorobenzene (42)
or p-trifluoromethylphenol (39), to highlight the importance of concentration, and to
provide comparison for the performance of the paramagnetic NMR technique devel-
oped herein.

Halogen Bonding Hydrogen Bonding
Host (H) Guest (G) Host (H) Guest (G)
F
F | OH
e . Ly
~ + ~ +
1.82 mM N F F N Fi;C
F
47 42 47 39
F
. F | N OH N
M= + ‘ _ + ‘ _
F F N FsC N
1.82 mM
42 47 39 47
F
F | N OH N
[H] = - oL
F F N F3C N
182 mM F
42 47 39 47
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Additionally, f2-coupled 'H,"*C HSQC spectra were run for all titrations in-
volving lanthanide(III) complexes to attempt to measure RDC’s through
changes in 'Jcn couplings between diamagnetic and paramagnetic samples.

3.2 Results and Discussion

Titrating the paramagnetic Lewis base 9 with HB donors 38, 39 and 40 re-
sulted in measurable chemical shift changes, significantly larger than the
chemical shift changes observed when using the diamagnetic analogue 8. As
an example, the "’F NMR spectra of pentafluorophenol (red), of pentafluoro-
phenol in the presence of 1 eq. diamagnetic Lewis base 8 (green), and of pen-
tafluorophenol and 1 eq. paramagnetic Lewis base 9 (blue) are shown overlaid
in Figure 14.

F

C,F, reference F OH
«
F F
para ortho PCS +

Fmete binding-induced change
38 :
binding-induced change
=

I L

ortho meta para

-164 -166 -168 -170 -172 -174

Figure 14. Overlaid spectra of pentafluorophenol 38 (red), pentafluorophenol (38) and
1 eq. Lu-complex 8 (green), and pentafluorophenol (38) and 1 eq. Dy-complex 9
(blue).

The PCS data was then plotted against the equivalents of HB donor added and
non-linear curve fitting was performed using Equation 4.
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y = 1+<J1/ka+x+co_<(1/ka+x+co)2—4><CO><x>>><
((ylim - 1)/(2 8 Co)) (C))

where yiin (the y-axis endpoint) is the absolute limit of & of the HB donor at an
infinite excess of it, which was determined by a separate measurement of its
chemical shift at an arbitrary 40 equivalents’ concentration as compared to the
Lewis base. K, is the association constant determined for each signal over the
titration range, and Cp is the initial concentration of the host (Compound 8 or
9). Values of PCS were normalised to begin at a value of 1, so to allow easy
comparisons to be made.

Based on the above analysis, K, =2.4 M was deduced using PCS’s calculated
for the interaction of Lewis bases 8 (diamagnetic) and 9 (paramagnetic) with
pentafluorophenol 38, whereas K, = 0.6 M was found for 4-trifluoro-
methylphenol 39 (Figure 15) in the same way. These association constants are
in reasonable agreement with the literature.’®! In order to explore the scope
and limitations of this technique, 4-fluorobenzyl alcohol 40 was tested in the
same way. Whereas a binding curve could be detected, a reliable K, could not
be determined due to the binding being too weak, producing too shallow a
curve to be quantifiable.
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PCS 1H meta 5 ppm
1H meta (& ppm)

PCS 1H ortha (& ppen)

PCS

Egquivalents Equivalenis Equivalents

Figure 15. Binding curves of PCS (y-axis) against equivalents of [H] / [G] (x-axis),
for pentafluorophenol 38 (left), 4-trifluoromethylphenol 39 (centre) and 4-fluoroben-
zyl alcohol 40 (right) over a titration with Lewis basic complexes 8 (diamagnetic) and
9 (paramagnetic).

It should be underlined that titrating pyridine (47) at the same concentration,
1.82 mM, in an analogous manner to that described above for the paramag-
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netic lanthanide tagged pyridine (9), with 4-trifluoromethylphenol (39) pro-
vided no binding induced chemical shift changes (Figure 16). In agreement
with expectations, the titration of the diamagnetic Lu-complex (8) with 4-tri-
fluoromethylphenol (39), at the same concentration, gave comparably small
chemical shift changes to those observed for the titration of pyridine, yielding
extremely shallow binding curves at best. This confirms that the lanthanide
tag, when diamagnetic, does not significantly alter the Lewis basicity of the
attached pyridine.

1 1
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'e : :OH . 7.45 : x OH .
=] 7.40 -
- =
824 FaC Hortho g FsC
oo g H
L 39 . % T
& 39
56 25 "
54 4 —a— Lu-complex 8 20 ] —=— Lu-complex8
i ] / +— Dy-complex9 o +— Dy-complex 9
g o —a— Pyndne (47) ' —a— Pynidine (47)
ad r
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Figure 16. Comparison of 4-trifluoromethylphenol (39) binding with [1.82 mM] pyr-
idine (47; blue), diamagnetic Lu-complex 8 (black) and paramagnetic Dy-complex 9
(red) Lewis basic hosts for aromatic 'H signals ortho (left) and meta (right) to the
interacting hydroxyl group on 39.

To demonstrate the influence of concentration on determination of association
constants, the K, of pyridine and 4-trifluoromethylphenol was determined at
100 times higher concentration, at 182 mM. Due to the limited solubility of p-
trifluoromethylphenol in acetonitrile, the interaction partners were inter-
changed for this titration. Hence, 4-trifluoromethylphenol [182 mM] was ti-
trated with pyridine [6.065 M], which provided quantifiable chemical shift
changes (Figure 17) yielding K, = ~3 M for both the pyridine and the phenol.
For further reference, a titration using 4-trifluoromethylphenol at 1.82 mM,
was carried out. This titration, alike those involving Lu-complex 8 or with
host and guest switched, showed no significant Ad as expected.
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Figure 17. Effect of concentration on a titration. A 4-trifluoromethylphenol HB donor
host at 1.82 mM and 182 mM concentrations is titrated with pyridine in relative equiv-
alents.

Overall, the above experiments indicate that by detection of PCS’s, instead of
binding induced chemical shift changes, the association constants of a non-
covalent interaction can be determined at a >>6 times lower concentration.
This is unprecedented.

Throughout the titration of the paramagnetic Lewis base complex 9 with phe-
nols, the phenolic proton showed a chemical shift increase in an opposite di-
rection to those of the C-H protons. This chemical shift change opposes also
the direction of change for the corresponding diamagnetic complex 8. This
observation indicates that the PCS observed at this proton is of opposite sign
as compared to those observed for the C-H protons, and that its magnitude is
much larger than the binding induced chemical shift change itself. Remarka-
bly, upon hydrogen bonding, the proton involved is deshielded, resulting in a
higher chemical shift—as seen upon addition to a diamagnetic Lewis base
host. Upon more addition of a HB donor, more uncomplexed HB donor exists,
pushing the fast-exchanging average signal closer towards its uncomplexed
value. The result of the chemical shift approaching from opposite, lower
chemical shifts, is likely a result of it being influenced by a different isosurface
to the rest of the molecule. Due to this, and to extensive broadening, K, values
could not be determined.

In order to explore whether complexation induced RDC’s can be detected—
which would be indicative of the partial orientation of the diamagnetic Lewis
acid upon interaction with the paramagnetic Lewis base — an f2-coupled
'H,"*C HSQC was measured for the complex of 4-trifluoromethylphenol with
the paramagnetic Lewis base 9 and for the diamagnetic one, 8, with the Lewis
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basic and Lewis acidic components being in a 1:1.5 concentration ratio (Fig-
ure 18). RDC’s were calculated as the difference of the 'Jen measured in the
two solutions, with 8 and 9. It should be emphasised that this is the very first
report of detection of RDC’s upon transfer of orientation of a paramagnetic
species to a diamagnetic one via a single, weak non-covalent force. Due to a
lack of independent vectors, this preliminary observation merely provides the
basis of future geometric characterisation in solution using RDC’s.

F
F OH
F: i :F
L "o Rpe =2409-236.2Hz
a8 {]JJ(-") =4.7 Hz

ey = 240.9 Hz ﬁ

ey = 236.2 Hz

Figure 18. f2-coupled HSQC spectra of pentafluorophenol HB donor (38) with the
diamagnetic complex 8 (Lu; left) and paramagnetic complex 9 (Dy; right), showing
'Jen and 'Tey couplings, and a deduced RDC ('Dcy) for the 'F i, signal.

Throughout titration of a non-interacting species, a,a,o-trifluorotoluene (45),
with Dy-complex 9, no significant AS'H could be observed. This supports our
findings that the lanthanide complex binds through its Lewis basic pyridine
moiety.

In the above experiments, a drift of all 'H NMR signals was observed for the
solutions that contain a paramagnetic complex. This change is not observable
when the solvent residual signal is used as a reference, but becomes measura-
ble when employing an internal reference containing d-DMSO immersed in
the solution in a capillary. This is of significance as most literature studies that
report PCS data use the solvent residual signal as a chemical shift reference.
In our hands, the PCS’s detected in this manner have a large measurement
error due to the chemical shift drift. For correction of this error, the drift can
be quantified and deduced from the data by measuring this chemical shift drift
on the solvent signal upon dilution in titration steps using the solvent as the
titrant, in equal steps, in a separate experiment. Alternatively, the true drift
independent PCS’s can be deduced as the difference of the chemical shift
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change of a signal of the diamagnetic component (PCS + drift) and of the
chemical shift change of the solvent residual signal (drift). For '"H measure-
ments, referencing to the residual d-MeCN solvent peak as opposed to the
capillary-contained d-DMSQO peak effectively cancelled out this drift effect.

Titrations probing halogen bonding were also performed with Lewis basic lan-
thanide(I1l) complexes 8 and 9 against XB donors 41, 42, 43 and 44, as well
as 46 (Figure 13). Subtracting the linearly-dependent drift of various fluori-
nated reference compounds contained in the reference capillary d-DMSO so-
lution, as explained above, gave shallow, weak binding curves that were de-
termined via PCS’s. Due to the weak nature of these, no K, could be deter-
mined, which was not unexpected given that the K, values expected were less
than 1.°> ! Nevertheless, the magnitude of the PCS is reliant on the propen-
sity of the XB donor to form XB’s, indicating that halogen bonding could be
detected at low concentrations via this new strategy.

3.3 Concluding Remarks

A new paramagnetic NMR technique was introduced for the detection and
quantification of weak non-covalent interactions in solution. This new method
was demonstrated to be capable of determining the binding constant of hydro-
gen bond complexes with K, > 2.4 mM at >>6 times lower concentration than
with standard NMR titration experiments. Hydrogen bonds as weak as K, ~
0.6 mM that are undetectable at this concentration by standard NMR titration
were shown to be detectable, even if not reliably quantifiable in terms of K.
Thus, this work has laid the foundations for a novel NMR technique that al-
lows the detection and analysis of weak complexes at concentrations that are
not possible with the current standard NMR techniques. The key feature of
this new technique is the detection of PCS’s that are transferred from a para-
magnetic to a diamagnetic component via a weak interaction force, rather than
detecting binding induced chemical shift changes.
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4. Investigating Weak Interactions by
Paramagnetic Tagging of a Lewis Acid
(Paper II)

4.1 Project Design

Complexes 10 (Lu) and 11 (Dy) (Figure 10) were designed to characterise a
non-covalent bond—in this case halogen bonding—in dilute solution. As a
complement to the studies discussed in Chapter 3, a Lewis acidic halogen
bond donor was attached to a Ln-complex and was titrated against the Lewis
bases (XB acceptors) 1-methyl-1H-pyrrolo[3,2-b]pyridine (48) and strychnine
(49) (Figure 19).

48

Figure 19. Lewis bases, 1-methyl-1H-pyrrolo[3,2-b]pyridine 48 and strychnine 49,
tested against XB donor Ln(IIT) complexes 10 and 11.

These Lewis bases were expected to be optimal for model studies as they are
rigid, non-protic, non-competitive, their pK, is in the range of 7-9 and hence
their Lewis basic interaction site can easily be held in a deprotonated form,
and they contain > 5 independent C-H bond vectors which is required for de-
termination of the geometry of their Lewis acid bound complex. 1-methyl-1H-
pyrrolo[3,2-b]pyridine (48) has the advantage of being structurally simple,
while strychnine (49) is a complex molecule that is often used in NMR meth-
odology development,t!4> 143 144]
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4.2 Results and Discussion

The halogen bond donor complexes 10 (Lu) and 11 (Dy) were titrated with
Lewis bases 1-methyl-1H-pyrrolo[3,2-b]pyridine (48) and strychnine (49) us-
ing 'H,"*C HSQC experiments for detection. The PCS’s observable on the di-
amagnetic Lewis bases were determined by calculating the chemical shift dif-
ference of the corresponding NMR peaks of the paramagnetic and diamagnetic
samples at each titration point. In addition to PCS’s, PRE was acquired for the
Lewis base by calculating the difference of the half-line-width of the samples
containing the paramagnetic and the corresponding diamagnetic Lewis acids.
Although HSQC spectra were obtained to circumvent signal overlap, 'H traces
were used for chemical shift determination (for PCS and PRE measurements);
C NMR data was too noisy to be reliably used due to low resolution. RDC’s
were determined by acquiring f2-coupled 'H,"*C HSQC spectra and calculat-
ing the difference of the 'Jcu for the samples containing a paramagnetic or a
diamagnetic lanthanide ion.

The PCS’s of 1-methyl-1H-pyrrolo[3,2-b]pyridine (48) were plotted as a func-
tion of their concentration in solution (Figure 20). The binding constant was
determined to K, = 2.29 M by analysis of the binding curve of the signal of
the proton ortho to the interacting Lewis basic nitrogen (red, Figure 20) with
the binding Equation 4. This K, agrees well with the association constants of
analogous systems reported in the literature.!””!
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Figure 20. 'H NMR titration data showing PCS calculated from titration with XB do-
nors 10 and 11 versus Lewis base 48.

‘Paramagpy’ and ‘MSpin’ software were used to analyse the PCS, RDC and
PRE data in terms of molecular geometry. Here, the NMR data acquired at a
concentration ratio [diamagnetic Lewis base] : [paramagnetic Lewis acid] =
1.5 : 1 was used, as spectra at lower diamagnetic/paramagnetic ratios suffered
from signal broadening, whereas at higher ratios were expected to contain less
of the oriented diamagnetic component.

In order to identify the geometry of the halogen bond complex that best fits
the experimental data—containing PCS’s and RDC’s—an ensemble of geome-
tries with different I---N distances, with various Ln-I---N tilt angles (varied in
15° increments) and a variety of rotations around the C-I---N bond (varied in
15° steps) were prepared in MSpin software. The geometry shown in Figure
21 possessing a XB length of 2.990 A (85 % of the sum of the van der Waal’s
radii of I and N) at 0 ° rotation and 0 ° tilt provided the best fit. Validation of
these results was then carried out by back-calculating values with Paramagpy
software to give a combined, overall Q-factor of 0.2634, including PRE, PCS
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and RDC components. A Q-factor <0.3 is usually considered as a good fitting.
It should be underlined that the identified bond geometry agrees well with our
expectations (bond length ~ Y vdW radii of the participating atoms, 180 ° and
C-I---N bond angle).

Figure 21. The geometry best fitting to the experimental PCS and RDC data for the
XB complex between Ln-tag 11 and Lewis base 48.

Reference measurements, titrating the Lewis base 48 with trialkylated (50)
and acetylene-functionalised (35) Dy*" complexes (Figure 22) showed no sig-
nificant change in chemical shift throughout the titration. This is further proof
that the interaction seen is truly through the halogen bond, and not to the cen-
tral lanthanide metal itself.
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Figure 22. Trialkylated (50) and acetylene-functionalised (35) Dy*" complexes as ref-
erence compounds.

Whereas 1-methyl-1H-pyrrolo[3,2-b]pyridine (48) was an optimal Lewis base
for a first initial study, it is planar and has a low number of C-H bonds. We
therefore performed analogous measurements titrating the halogen bond do-
nor complexes 10 (Lu) and 11 (Dy) with strychnine (49). The latter has a larger
number of nuclei on which RDC’s, PCS’s and PRE can be detected, is rigid
so reduces the possible number of conformers (simplifying its analysis), pos-
sesses a geometry with C-H bond vectors in more diverse orientations, and is
a complex natural product in contrast to 48 that is a vastly simplified model
compound.

PCS’s were detected on protons adjacent to the interacting Lewis basic nitro-
gen, providing proof of a halogen bonding interaction, yet these values exhib-
ited large errors when binding constants were determined with Eq. 4; hence,
they could not be determined.

As the PRE and RDC’s obtained at the concentration ratio of [strychnine] :
[paramagnetic XB donor] = 1.5 : 1 were also of comparable magnitude as the
associated experimental error, the RDC data was not analysed further in terms
of 3D molecular structure. This was mainly due to limitations of CD3;CN sol-
ubility; CD,Cl, solution was thus used instead, with both interacting partners
still being dissolved at lower concentrations than previously. Furthermore,
Strychnine is known to react with CD,Cl, over time,!"*) meaning that longer
data acquisition times were not possible and no further attempts at data acqui-
sition were performed.
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4.3 Concluding Remarks

As a complement to the studies presented in Chapter 3, a paramagnetically
labelled halogen bond donor (Lewis acid) was synthesised and its interaction
with two Lewis bases was studied in acetonitrile and dichloromethane solu-
tions, respectively. When placed into a strong magnetic field, the orientation
of the diamagnetic Lewis base via a halogen bond to the paramagnetic Lewis
acid was observed. Based on PCS and RDC data observed for the diamagnetic
Lewis base, the association constant and the bound geometry was identified
for the interaction of a simple model system, 48 (halogen bond acceptor), and
an iodoacetylene, 11 (halogen bond donor). The PRE observed on each signal
provided less useful data for the description of the geometry of the complex
than the RDC’s and PCS’s, yet helped refinement of the overall fitting. Anal-
ysis of the interaction of strychnine (49) with the paramagnetically labelled
halogen bond donor (11) allowed the observation of PCS’s yet without reliable
quantification of association constants. Analysis based on RDC’s and PRE did
not provide a reliable geometry due to extensive line-broadening of the NMR
signals of strychnine, low solubility and reactivity with CD,Cl,. This data pro-
vides the first evidence that a single weak interaction force, a halogen bond,
can be studied by paramagnetic tagging of a Lewis acid (halogen bond donor)
and detecting paramagnetism-affected NMR observables on the diamagnetic
interaction partner Lewis base (halogen bond acceptor). Analysis of the PCS’s
observed on the diamagnetic interaction partner was demonstrated to allow
the determination of the association constant of the interaction, and also the
determination of the geometry of the XB complex in solution. The analysis
has been performed at a host concentration as low as 2.20 mM in solution,
which is around 30 times lower than that used in standard NMR titrations with
comparable systems.[”*!
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5. Investigating Nucleophilic lodonium
Interactions in Solution (Paper III)

5.1 Nucleophilic Iodonium Interactions (NII’s)

NII’s were proposed by Rissanen et al/ in early 2021 and gathered a lot of
attention'” ® ¢ 1471 a5 an remarkable, attractive interaction between cationic
silver(I) and cationic iodine(I) complexes (Figure 23) . They were proposed
based on X-ray, computational, ITC and NMR data, and iodine(I) was pro-
posed to act as nucleophile by donating electrons from a filled p-orbital into
an empty d-orbital of the analogous silver(I) complex. The proposed, unex-
pectedly high bond strength of 113 kJ/mol was anomalous, along with unsys-
tematic chemical shift changes proposed upon formation of NII complexes
with various electron donor and acceptor substituents. We therefore decided
to re-examine this system in solution.

Figure 23. Crystal structure incorporating a proposed NII. The offset between aro-
matic rings suggests a m-m interaction.
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5.2 Silver (I) and Iodine (I) Complexes and their
Synthesis

Silver(I) possesses up to six coordination sites,!'** '*”! and forms weak coordi-

native complexes. The iodine(I) of“iodonium” complexes forms 3c4e halogen
bonds through coordination of two Lewis bases via their p-hole. lodine(I) can
only coordinate to two Lewis basic ligands, creating an exceedingly strong
(up to 180 kJ/mol) halogen bond, particularly when nitrogen-based Lewis ba-
ses are used.['>” These halogen bonds prefer a symmetric geometry, and io-
dine(I) complexes are applicable as electrophilic halogen transfer reagents.['*!!

[Bis(pyridine)silver(I)]” complexes were prepared by mixing a silver salt with
two equivalents of pyridine (Scheme 7). To access the analogous iodine(I)
complexes, the silver(l) complex can react with I, in a dry, mildly polar sol-
vent.[") The reaction is driven by the formation of Agl that forms a yellow
precipitate in CH,Cl,. The iodine(I) formed in this reaction is stabilised by
two coordinating Lewis bases, typically the ligands of the original silver(I)
complex. The synthesis of [bis(pyridine)iodine(I)] -type complexes (Scheme
7)1 Jooks straightforward, but instead requires meticulous preparation under
inert, anhydrous conditions — easiest to achieve in a glovebox. Halogen(I)
complexes are moisture sensitive and hydrolyse rapidly under ambient (moist)
conditions.['>
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Scheme 7. Synthesis of [bis(4-methylpyridine)silver(I)]* and [bis(4-methylpyri-
dine)iodine(I)]" complexes, with associated hexafluorophosphate anions. ) 4-picoline
(2.0 equiv.), AgPFs (1.0 eq.), CH>Cly, rt, 5 min, 98%; 1) I, (1.05 eq.), CH>Cl,, rt, 30
min, 85%.

Synthesis of [bis(4-methylpyridine)iodine(I)]" (Scheme 7) proceeded by first
complexing (1) 2 equivalents of 4-picoline (51) with AgPFs. The resulting
complex was precipitated with n-hexane, centrifuged and dried to afford 52 as
a white powder. 52 was then treated with I, carrying out halonium ion transfer
(11) and causing Agl to precipitate as a yellow solid. The iodonium complex,
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53, was obtained by removal of Agl, then precipitation with n-hexane, centrif-
ugation, drying, washing with n-hexane and repeating, to give 53 as a white,
crystalline solid.

A [bis(pyridine)iodine(I)]" complex that disfavours ligand (pyridine) ex-
change, achieved by using a bidentate backbone, was also synthesised
(Scheme 8) in an analogous manner to that shown above.['*

Z
A

Scheme 8. Synthesis of 1,2-bis[((pyridine-2-ylethynyl)-benzene)silver(I)]" and 1,2-
bis[((pyridine-2-ylethynyl)-benzene)iodine(I)]* complexes as their tetrafluoroborate
salts. 1) 1,2-diiodobenzene (1.0 eq.), 2-ethynylpyridine (2.3 eq.), PdPPhs;Cl, (10
mol%), Cul (11 mol%), DEA/DMF 3:1, N, uW 120 °C, 10 min, 68%;, 1) AgBF4 (1.0
eq.), CH>Cly, rt, 10 min, 87%; III) I, (1.05 eq.), CH>Cl,, rt, 30 min, 98%.

To synthesise these bidentate complexes (Scheme 8), a double Sonogashira
cross-coupling reaction (1) was first carried out, with 1,2-diiodobenzene (54)
and 4-ethynylpyridine (55). After filtration, extraction and two rounds of silica
gel chromatography to afford 56, Ag" complexation (1I) was achieved by in-
troduction of AgBF, to a solution of 56 in CH,Cl,. The silver(I) complex (57)
was then precipitated with n-hexane, centrifuged and dried to afford a white
powder. Following this, 58 was attained by halonium ion transfer (71I) of 57
with I in CH»Cl,. Formation of a yellow Agl precipitate and a faint purple
colour (indicating a slight excess of 1) indicated completion. Removal of 58
from solid Agl, precipitation of the iodine(I) complex with n-hexane, centrif-
ugation, drying, and a further washing procedure yielded 58 as a white, crys-
talline solid.
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The silver(I) and iodine(I) complexes were characterised using "H,'”’N HMBC
NMR experiments. [Bis(pyridine)silver(I)]" (52) was identified by its §'°N =
-131 ppm, whereas the[bis(pyridine)iodine(I)]" complex (53) was identified
based on its characteristic 8'°N = -181 ppm.[’®*)

5.3 An NMR-based Insight into the (Non-) Existence
of NII’s

To re-evaluate the structure of the complexes studied by Rissanen and
coworkers,””! bis(4-methylpyridine)silver(I)]" (52) and [bis(4-methylpyri-
dine)iodine(I)]" (53) complexes with PFs counterions were freshly synthe-
sised (Scheme 7) under inert, dry conditions. The two complexes were mixed
at varying molar ratios in CD,Cl,, and studied using '"H NMR, 'H,"*’N HMBC
and 'H/"F DOSY experiments.

The 'H and '’F NMR spectra of pure bis(4-methylpyridine)silver(I)]” (52) and
[bis(4-methylpyridine)iodine(I)]" (53) samples, and of their 3:1, 2:2 and 1:3
mixtures were recorded. The mixing of the silver(I) and iodine(I) complexes
resulted in insignificant-to-no changes of the 'H and '"F NMR chemical shifts
of the two complexes. This is unexpected, assuming that a >100 kJ/mol inter-
action between the complexes takes place. 'H,'"’N HMBC experiments on the
mixtures showed two distinct sets of cross-peaks—one for each species. The
mixing of the two complexes showed small '°N chemical shift changes for the
nitrogens of the silver(I) species (52), whereas no change for the iodine(l)
species (53), within experimental error, was observed (Table 3). 'H and "°F
DOSY spectra acquired for the mixtures showed neither significant variation
of the diffusion coefficients upon mixing the complexes, nor upon alteration
of the concentration ratios. Upon interaction of the silver(I) and iodine(I) com-
plexes, a decrease of the diffusion coefficients of both complexes would have
been expected; this was not observed (Table 3).
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Table 3. Results of 'H,'>N HMBC and 'H DOSY experiments,

Mixture 315N (ppm) D x101%m s
53 (X)/52(Ag) 53D 52 (Ag) 53 (D) 52 (Ag)
4:0 -181.0 = 11.8 5
3 1 -181.1 =131:2 11.9 12.0
2::2 -181.0 -130.4 12.1 11.8
1533 -181.1 -130.8 11.8 11.5
0:4 = -130.8 = 11.6

[Bis(pyridine)halogen(I)]" and [bis(pyridine)silver(I)]” complexes are highly
dynamic in nature, and exist as a mixture of their associated and dissociated
forms.["** When both silver(I) and iodine(I) complexes (52 and 53) are intro-
duced to one another in solution, ligand scrambling takes place.!'** This was
confirmed by 'H,"H NOESY, where clear exchange (EXSY) cross-peaks were
observed (Figure 24).
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Figure 24. NOESY spectrum of a 1:1 mixture of [bis(4-methylpyridine)iodine(I)]*
(53) and [bis(4-methylpyridine)silver(I)]* (52). EXSY cross-peaks (blue) between the
two complexes are highlighted.
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As there was no sign of "H,"’N chemical shift changes upon mixing the sil-
ver(I) and iodine(I) complexes (52 and 53) that would be comparable to those
originally reported, we tainted samples with various common contaminants.
Adding water to the silver(I) complex (52) resulted in no significant A3'°N.
This corroborated a previous study showing that coordination of oxygen lig-
ands does not elicit a large AS.I"*%! Addition of increasing amounts of 4-pico-
line (51) increased the §'°N. This is best explained by silver(I) coordinating a
third 4-picoline, and the 4-picoline being in a dynamic equilibrium with 4-
picoline free in solution (8'°N = -71.6 ppm) which is expected to result in
deshielding of the population-averaged nitrogen NMR signal. Upon addition
of trifluoroacetic acid (TFA) or of 4-picoline-H", the §'°N decreased dramati-
cally, tending towards the native 5'°N of 4-picoline-H" (-173.3 ppm). Adding
water to a sample of the I complex (53) resulted in an unchanged 5'°N of the
complex, but with a new signal of 4-picoline-H" appearing. This suggests the
acid induced partial decomposition of the iodine(I) complex, the release of
hypoiodous acid and slow exchange of 4-picoline (on the NMR timescale)
between the iodine(I) and proton complexes. Water was added to a mixture of
the iodine(I) and silver(I) complexes and resulted in no change of the 5'°N of
the [bis(4-methylpyridine)iodine(I)]" (53) complex, whereas a measurable
negative A3"°N of the [bis(4-methylpyridine)silver(I)]" (52) complex was ob-
served. This can be explained by moisture induced release of 4-picoline from
the [bis(4-methylpyridine)iodine(I)]” (53) complex along with hypoiodous
acid in trace amounts. The resulting protonated 4-picoline-H" enters into quick
ligand exchange with the [bis(4-methylpyridine)silver(I)]" (52) complex,
yielding a time-averaged NMR signal that is strongly shifted towards the more
populated [bis(4-methylpyridine)silver(I)]" (52) complex, yet is affected by
the chemical shift of the 4-picoline-H" ion (8'°N = -173.3 ppm) (Figure 25).
The observation of a small A3"’N upon mixing iodine(I) and silver(I) com-
plexes in the original report of Rissanen et a/, which do not show any system-
atic electron density dependence, may thus be explained by a varying amount
of moisture in the samples.
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Figure 25. Equilibrium process between [bis(4-methylpyridine)iodine(I)]" (53) de-
composition products and a changing §'°N of [bis(4-methylpyridine)silver(I)]" (52) in
CDCl,.

To omit the possibility that the above conclusion was influenced by a fast ex-
change processes between the iodine(I) and silver(I) complexes (52 and 53),
bidentate 1,2-bis[((pyridine-2-ylethynyl)-benzene)silver(I)]” (57) and 1,2-
bis[((pyridine-2-ylethynyl)-benzene)iodine(I)]" (58) complexes and their
mixtures were studied (Scheme 8). The 'H,"H NOESY spectrum obtained for
the mixture, with a mixing time of 1 s, contained no EXSY crosspeaks be-
tween the silver(I) and iodine(I) complexes, confirming that there is no ligand
exchange between the two complexes. In a similar fashion to the study of the
4-picoline complexes above, mixtures of each of the two species were made,
and 'H,"’N HMBC and 'H DOSY experiments were run. No sign of interaction
between the two complexes was observed, hence no A3'°N or alteration of the
diffusion coefficients were seen upon mixing or varying the concentration ra-
tios of the two complexes.

The DFT calculations originally published by Rissanen et a/ were redone with
a series of different basis sets to evaluate the interaction of [bis(4-methylpyr-
idine)silver(I)]" (52) and [bis(4-methylpyridine)iodine(I)]" (53) complexes to
ensure that any interaction, or lack of interaction, does not originate from an
arbitrarily chosen computational method itself.!'*) The X-ray structure of the
iodine(I) and silver(I) complex shown in Figure 23 was used as the starting
point for the calculations. These calculations showed that, independent of the
chosen method, a very weak interaction energy (-6.5 to -14 kcal/mol, Table 2,
Paper I1I) is expected to be countered by the entropy and thermal energy at
room temperature, rendering the interaction insignificant in solution. Calcula-
tions also showed that the main attractive force between the two complexes
was the 7-m interaction between aromatic rings, whereas the silver(I)—iodine(I)
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contact itself is endothermic and is therefore dominated by Coulomb repul-
sion. Hence, the computations indicate that there is no attractive force between
silver(I) and iodine(I), and if there is any attraction between their bis(pyridine)
complexes, this must be due to a n-n interaction between their aromatic rings.
However, even this is too weak to be measurable in solution.

Whereas we performed no X-ray analysis, it should be considered that close
contacts observed in a crystal structure do not necessarily indicate an attractive
interaction. The X-ray structure CSD EROGIE suggests - interaction of the
aromatic rings, yet this does not prove an iodine(I)—silver(I) attractive force.
The close contact of the two complexes is likely made possible by the exten-
sive charge transfer!'*® within the silver(I) and within the iodine(I) complexes.
Such close contacts have previously been seen between two iodine(I) ions
when encompassed into a helical structure;!'>* this is not a sign of an iodine(I)-
iodine(I) attractive force but can rather be interpreted as the result of charge
transfer minimising repulsion, along with the complexing nitrogen ligand pro-
moting a close contact.

5.4 Concluding Remarks

NMR spectroscopic reinvestigation of the recently proposed nucleophilic io-
donium interaction (NII) in solution provided no evidence for the existence of
this interaction. Ligand exchange between iodine(I) and silver(I) complexes
was detected, and the previously published unsystematic changes in NMR pa-
rameters upon mixing the two complexes was explained for most samples with
a varying amount of water content. Overall, the finding that there is no evi-
dence for the formation of NII’s in solution emphasises the need for a critical
application of spectroscopic techniques when studying weak non-covalent
forces. Working at the very limits of current techniques increases the risk of
data over-interpretation and reflects the need for the development of more sen-
sitive methodologies.

60



6. Concluding Remarks and Perspective

This thesis takes a deeper look into characterising weak interactions in solu-
tion. The challenge of detecting hydrogen and halogen bonds in particular, at
low concentrations, has been addressed by means of the development of a new
NMR spectroscopic methodology, while the current state of the art has been
used to disprove the existence of a recently proposed new cation-cation inter-
action in solution.

Papers I-1I describe the development of a new NMR methodology that makes
use of paramagnetism-affected NMR observables to allow the detection and
characterisation of weak interaction forces in dilute solutions, under condi-
tions that would not allow their characterisation with the current techniques.

Paper I explores the new paramagnetic NMR technique by attachment of a
Lewis base to a paramagnetic lanthanide complex, to study Lewis base- Lewis
acid interactions. Detection of transferred pseudocontact shifts, residual dipo-
lar couplings and paramagnetic relaxation enhancement on the diamagnetic
interaction partner validated the concept. Evaluation of the interaction of a
series of hydrogen and halogen bond donors of varying strength indicated that
interactions as weak as K, = 0.6 M! are detectable at 1.82 mM concentration,
whereas interactions as weak as K, = 2.4 M can be characterised in solution
in terms of association constant using this novel technique. Weak interactions
can thus be detected in solutions at least 6 times more dilute than those char-
acterisable to date with standard techniques!®*the actual number being much
higher in cases where weaker HB’s were studied.

Paper Il complements Paper I by demonstrating that the concept works inde-
pendent of whether the donor or acceptor has been tagged paramagnetically.
Investigating the interaction of a paramagnetically-tagged halogen bond donor
with two Lewis bases in acetonitrile solution indicated that interactions pos-
sessing K, =2.29 M can be characterised at a 2.20 mM concentration of host
lanthanide tag. This is at least a ten times lower concentration than that has
been previously possible. PRE, PCS’s and RDC’s, combined, allowed the de-
tailed characterisation of the geometry of the halogen bond complex. This is
astounding as the 3D structure determination of non-covalent complexes in
solution is a great challenge for current spectroscopic techniques.
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Paper III uses well-established solution NMR techniques to re-evaluate the
existence of the recently proposed nucleophilic iodonium interaction (NII) in
solution. Using [bis(4-methylpyridine)silver(I)]" and [bis(4-methylpyri-
dine)iodine(I)]" complexes as model systems, 'H,'""N HMBC and DOSY anal-
ysis were used to reveal the absence of attractive forces between iodine(I) and
silver(I) in solution. The originally reported NMR observations were ex-
plained by their moisture induced decomposition, leading to chemical shift
changes due to chemical exchange. DFT studies supported these conclusions
by suggesting that the interaction is too weak to be detectable in solution, and
that the weak attractive force, undetectable yet predictable computationally,
does not originate from a charge transfer from iodine(I) to silver(I).

Overall, this thesis indicates the need for the critical evaluation of spectro-
scopic data. By providing a proof of concept, it also paves the way for the
development of a new paramagnetic NMR technique that not only allows the
determination of association constants at much lower concentrations than has
ever been possible, but also allows the determination of the 3D structure of
weak non-covalent complexes in solution; the latter is unprecedented. It al-
lows one to essentially see the interaction of two weakly bound partners in
solution to some degree—something only achievable in the solid state to date.
These paramagnetism-affected observables are not dependent on the type of
interaction, and require only a small fraction of bound complex to be of use.
It appears likely that the studies described herein will represent the first of
many investigations to make use of this strategy, where solvent effects, com-
petition experiments and many other types of weak binding can be probed in
the future.
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7. Sammanfattning pad Svenska

Molekyler interagerar med varandra genom svaga bindningar, vilka oftast kal-
las for ”intermolekyldra” krafter. Denna typ av interaktion aterfinns i ett brett
spektrum av styrkor och dr av stor betydelse for hur var virld fungerar. Att
mita intermolekyldra interaktioner dr dock fortfarande utmanande i 16sningar,
detta eftersom 16sningsmedlet stér och tampas med de svaga interaktionerna
vilket skapar obalans i 16sningen.

Vitebindning dr en typ av svag interaktion som ger vattnet dess egenskaper,
DNA dess dubbelhelix, och mojliggor dven for viktiga biokemiska processer.
I alla dessa exempel dr svaga vitebindningar temporért formade vid laga kon-
centrationer, vilka oftast 4r mycket svara att studera.

Ytterligare en svag interaktion, vars karaktir till stora delar liknar vétebind-
ningar, kallas for halogenbindning. Interaktionen véntas spela en stor roll i nya
lakemedels selektivitet och affinitet och kan anvéndas for att styra egenskap-
erna hos avancerat material. Studierna kring halogenbindning dr mycket be-
grinsade, hittills har de mest studerats i kristaller och genom berékningar. For-
stdelsen av halogenbindningarnas egenskaper i 16sning slédpar dock efter, detta
déa halogenbindningar &r for svaga for att upptidckas och karaktiriseras i 10s-
ning med nuvarande teknik.

Mot bakgrund av detta har vi utvecklat ett helt nytt tillvigagangssitt for att
upptéicka och kvantifiera halogenbindning i mycket smé méngder.

Vi skapade nya molekyler som kapslar in lantanidmetalljoner. Dessa ar para-
magnetiska pa grund av att de har fria elektroner och har ursprungligen upp-
tackts i Ytterby. Molekylerna anvédndes dérefter for att skapa vitebindningar
till andra fria molekyler i 16sningar. Nir vi placerade utspddda blandningar av
de tva i ett starkt magnetfalt, kunde vi genom kdrnmagnetisk resonansspekt-
roskopi (NMR) se samspelet mellan molekylerna. Detta &r forsta gdngen ett
samspel mellan molekyler som interagerar sa svagt kunde detekteras i utspiadd
16sning.

Genom att systematiskt addera den ena molekylen till den andra i sm& méang-
der (s.k. titrering), kunde vi méta dem hittills svarstuderade paramagnetiska
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NMR-effekterna. Styrkan i interaktionen och orienteringen av interaktions-
parterna kunde bestdimmas. Detta saknar motstycke. For att sdkerstélla en ro-
bust och tillforlitlig méitning, testade vi tre olika starka vatebindningsinterakt-
ioner, samt gjorde en rad referensmétningar.

Vi anvinde sedan denna metodik till att studera halogenbindning i 16sning.
Samma koncept som ovan anvéndes for att undersoka svaga kemiska bind-
ningar sa att antingen den ena eller den andra interaktionspartnern var kopplad
till ett lantanidkomplex. Studien visade att &ven halogenbindningar kan kvan-
tifieras med denna metod. Mitningarna mojliggjorde bestimningen av 3D-
strukturen for molekyldra komplex i utspidd 16sning, pa ett sétt som tidigare
endast varit mojligt for fasta prover. Vi valde att studera halogenbindningar
eftersom deras egenskaper &nnu inte dr vélforstddda och en okad forstaelse
skulle hjilpa deras rationella anvéndning i ldkemedelsdesign. Idag ar 6ver en
tredjedel av befintligt ldkemedel halogenerat och antalet halogenerade ldke-
medel Okar ar efter ar.

Sammanfattningsvis kan denna teknik tilléta en att se svaga bindningsfeno-
men vid mycket, mycket lagre koncentrationer, &n vad som tidigare var moj-
ligt!

Denna nyutvecklade NMR-metodiken som presenteras hér forvéntas vara an-
véndbar for studier av alla typer av kemiska interaktionskrafter, samt bista
med svar pa flertalet olika vetenskapliga utmaningar som for narvarande inte
kan besvaras med dem existerande metoder. Hittills har ingen kunnat studera
sé svaga interaktioner vid sa laga koncentrationer. Var teknik har stor potential
att fordndra hur vi analyserar molekylernas interaktion sinsemellan.

Nir det géller halogenbindning undersdkte vi dven en ny typ av interaktion,
som kallas "nukleofil jodoniuminteraktion" (NII) mellan jod(I)- och silver(I)-
komplex. Denna nyss foreslagna interaktionen studerades med NMR i 16s-
ning. Vi kunde inte se nigra tecken pé interaktion mellan de tvd molekylerna
med avancerade NMR experiment. Genom att kontaminera enskilda prover
och blandningar med spar av vatten, undersokte vi ifall partiell provnedbryt-
ning kunde forklara de ursprungligen rapporterade observationerna. S& var
fallet. Vi bevisade att den ursprungliga rapporten av interaktionen mellan
jod(I)- och silver(I)-komplex, grundade sig pé feltolkning av data fran delvis
nedbrutna kontaminerade (blGta) prover. Berdkningar visade att 4ven om den
foreslagna interaktionen existerade, skulle den vara for svag for att upptickas
i 16sning, vilket bekréftar att rapporten om "nukleofil jodoniuminteraktion"
(NII) baserar sig pa felaktig datatolkning. Den ldrdom vi drar av detta &r att
ifrigasitta resultat som inte verkar rimliga. Ar det for bra for att vara sant s&
ar det troligen fel.
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