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Lay Summary

Common knowledge of atoms and molecules extends to notion of balls connected by
sticks. A secondary school education should imbue one with an understanding that
those sticks correspond to bonds that are either covalent or ionic. Additionally, the
same chemistry education should introduce the idea of van der Waals forces and
electrostatic interactions; an understanding of viscosity and how geckos work.

Between these two sits the hydrogen bond, alone; belonging to neither category.

What might come as a surprise to those without a higher level chemistry education is
that the hydrogen bond is not so alone and belongs alongside an entire cohort of
interaction. Referred to as either weak non-covalent interactions or c-hole interactions.
While an understanding of these interactions has not peculated into the boarder public
knowledge, these interactions are by no means irrelevant. Far from it in fact. As we
continue to demand more from chemistry across its multitude of faculties we need
more complex tools. Halogen bonds (group 17) offer an analogous alternative to
hydrogen bonds but have to potential to be much more tuneable; by virtue of there
being four readily usable bond donor halogen atoms; rather than just the one for
hydrogen bonds. The larger halogen atoms are more polarizable meaning that they are

more readily tuned by their neighbouring atoms.

In this thesis chapter 1 consists of an explanation of the both halogen bonding and the
concept of the o-hole. This is followed by a review of a number of studies that discuss
the nuances of halogen bonds and other o-hole interactions; primarily chalcogen
(group 16) and pnictogen bonds (group 15). This review discusses the multifaceted

nature of the forces responsible for driving these interactions.

Chapter 2 focuses of the interactions of halogen atoms with aromatic moieties;
employing a class of molecule referred to as a molecular torsion balance. This allows
for the measurement of interaction strength by measuring its effect on the
conformational equilibrium. Measurements are taken in 17 different solvent systems
to assess the effects that the interactions between the solvent molecules have on the

halogen---arene interactions.

Vi



Chapter 3 focuses the idea of splitting the linear interaction between donor and
acceptor atoms into a fork. A process referred to as bifurcation. This much allowing
for either a single bond donor to simultaneously interact with two acceptors or a single
acceptor to interact with two donors. The chapter focusses on measuring the strength
of bifurcated halogen bonds by 'H NMR titration and reports an extremely rare
example of a trifurcated halogen bond (A single halogen atom bonding to three bond
acceptors at the same time). Study is also extended to include bifurcated hydrogen
bonds, allowing for comparison between halogen bonds and a comparatively better

understood interaction.

VI



Thesis Abstract

As an analogue of the ubiquitous hydrogen bond, interest in halogen bonding has
garnered interest since the turn of the twenty-first century. The orthogonal nature and
occasionally surprising characteristics of halogen bonds (compared to better-
understood hydrogen bonds) has seen them find useful application in a wide range of
disciplines.

Chapter 1 summarises key literature characterising the halogen bond, including the
identification of the o-hole. The novel character of halogen bonds and the role played
by a verity of physiochemical forces are discussed; with an in-depth review of recreant
advances pertaining to anti-electrostatic halogen bonds. Other closely related -hole
interactions such as chalcogen and pnictogen bonding are also introduced with key

similarities and novel characteristics being highlighted.

Chapter 2 presents an experimental and theoretical investigation of halogen-arene
interactions using molecular torsion balances. Thermodynamic double mutant cycles
are used to future dissect the energetics halogen-arene from the background noise. A
broad solvent screen reveals the solvent-dependent nature of such dispersion-driven
contacts. This is supported by a number of computational experiments that further
characterise the various energetic contributions and used to study their angular and

geometric dependencies.

Chapter 3 examines bifurcated halogen bonds and hydrogen bonds using a combined
solution-phase and computational approach. The binding properties of a series of
halogen bonded host-guest complexes are compared with hydrogen-bonded analogues.
Experimental changes in free energy for the host-guest complexes were determined by
IH NMR titration. Bi- and trifurcated interactions were found to be energetically
cooperative, but the nature of said cooperativity differs between hydrogen and halogen
bonds. Computational methodologies including SAPT and NBO calculations were
used to partition energetic contributions and to rationalise the experimentally observed

experimental trends and rationalize the differences between the interaction types.
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Chapter 1

The nuances of halogen bonds

and other o-hole interactions



Abstract

Halogen bonds and analogous o-hole interactions represent powerful tools for a broad
cohort of fields, ranging from small molecule catalysis to bimolecular engineering.
However, while widely used and studied there is much contention surrounding their
physiochemical origin. This chapter constitutes a summary of key literature pertaining
to the characterisation of the halogen bond and the identification of the o-hole. It
highlights several recent developments in the field of halogen bonding with an in-
depth look into anti-electrostatic or counter intuitive halogen bonding. Reviewed in
the chapter are also several literature examples of halogen bonds of novel character to
demonstrate the role played by forces other than the commonly discussed electrostatic
driving forces. Furthermore, review is extended to other o-hole type interaction such
as chalcogen and pnictogen bonding; highlighting key similarities and novel character

examples.

Contributions: This chapter is a literature review compiled by Andrew Mark London
West (AMLW). All work has been conducted by the discussed authors and

referenced accordingly.



1.1 Introduction to Halogen Bonds

The term halogen bonding references the attractive interaction between halogen atoms
and electron donating species such as Lewis bases.>? Though the term halogen bond
was not coined until the 1970’s,° the first observations of such attractive forces date
back to the nineteenth century with attractive associations between I, and NH3 being
noted.* These interactions between two seemingly electron rich moieties at first
appeared paradoxical and it wasn’t until the mid-to-late-twentieth century that a proper
understanding of them started to be cultivated. The 1950’s saw the development of
Mulliken charge transfer theory,> which provided a basis for work conducted by Hassel
studying various halogen bonded complexes using X-ray and electron diffraction
techniques.® Rationalisation of these complexes through purely charge transfer means
was challenged in the 1990’s when the modelling of electrostatic surface potentials as
pioneered by Scrocco, Tomasi and co-workers,”® was applied to the case of halogen
bonds by Politzer and others.>*! Equation 1.1 shows the basis of this methodology for
the calculation of the electrostatic potential surfaces, V/(r) at location Ra (Za being the
charge on nucleus A and p(r) being the electronic density function of the studied
molecule). This approach allows for the identification of electrophilic and nucleophilic
regions on a molecule of interest. Modelling of the electrostatic potential surfaces of
halogenated species reveals an anisotropic electron distribution in covalently bound
halogen atoms (Figure 1.1). Such surfaces show depletion of the electron density at
the extension of the R-X covalent bond (R = any suitable atom for covalent bonding,
X = halogen atom), often culminating in a localized region of positive potential that
has since been termed the o-hole.'??! As described in Politzer’s 1994 paper, this
arrangement affords interactions ‘“head-on with nucleophiles, side-on with
electrophiles” allowing for a wide variety of interaction possibilities.® The same paper
also described the interactions as “hydrogen bond breakers” due to the early indication
of the comparable interaction energies of halogen bonds. Critically, electrostatic
surface potential is not just a computationally derived term, and Steward and co-
workers demonstrated several experimental measurements of it using diffraction
methods.???*  Furthermore, recent study by Hobza, Jelinek and co-workers
demonstrated real-space imaging of o-holes using Kelvin probe force microscopy;

adding further strength to the s-hole model.?®
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(Equation 1.1)

Correlation of c-hole electrostatic surface potential maxima at 0.001 a.u (Vsmax) with
calculated gas phase interaction strengths has yielded some strong
correlations.141526:27 Reassuringly, the expansion of this approach to other interactions
involving donor species with anisotropic electron distributions has seen similar levels
of success.* Accordingly, the overarching term, o-hole interaction, is now in common

usage.

-75

Figure 1.1: Electrostatic surface potential calculated for methyl iodide. Note the comparable

electrostatic potentials over the o-hole and hydrogen atoms.

Initial studies of o-holes in halogenated species in the 2000’s found that c-holes are
not present on fluorine atoms, which was attributed to the degree of sp orbital
hybridization within the halogen atom. A much greater degree of p orbital
hybridisation is observed in fluorine, leading to greater electron density over the
extension of the R-X bond compared to the other halogens.'® However in 2011,
Metrangolo demonstrated that while fluorine-centred XBs tend to be weaker than those
involving heavier halogens, they can still occur.® Drawing attention to several
previous gas-phase? and solid-state examples,®3! the authors note that while positive
c-holes in fluorine are only observed as a result of adjacent strong electron
withdrawing groups; the o-hole is still present in all R-X moieties even if the Vs,max
remains negative.?® A 2011 paper by Frontera and co-workers, presented an in-depth

computational study of substituent effects on halogen bonds, and found a good



correlation with established Hammett constants on both halogen bond donors and
acceptors.®? The field of halogen bonding has seen rapid development, which
continues to be seen. The IUPAC definition of halogen bonding states that they occur
“when there is evidence of a net attractive interaction between an electrophilic region
associated with a halogen atom in a molecular entity and a nucleophilic region in
another, or the same, molecular entity.”* The detailed 2013 IUPAC recommendations
draw attention to the notion that electrostatics, polarisation, charge transfer, and

dispersive forces all pay important roles in the interaction.*

1.2 The role of electrostatics and anti-electrostatic halogen bonds

The often-assumed pre-eminence of electrostatic forces in halogen bonding has been
challenged by so called anti-electrostatic or counter intuitive halogen bonds. Such
systems are characterised by attraction between a typical halogen bond acceptor and a
halogen bond donor with a negatively charged extension of the X-R bond axis. Mo
and co-workers drew attention to such systems in 2018 following theoretical reports
of anti-electrostatic hydrogen bonding by Weinhold.3* Such reports prompted
debate, 3 during the course of which, several anti-electrostatic hydrogen bonds in
previously reported protein structures were retrospectively identified.3*? Indeed, even
though the recent bout of interest in such halogen bonding systems can be attributed
to the work of Mo and co-workers, attractive halogen bonds featuring negative surface

potential c-holes are not a new phenomenon.*3-48

The Mo 2018 study®® looked at both anti-electrostatic hydrogen bonds and halogen
bonds and attributed the dominant attractive force in such systems to polarisation.
Significant delocalisation of electron density from the donor to the acceptor was
identified using computational electron density difference maps. Though not the
dominant attractive force, the authors noted the important role played by charge
transfer. Calculations revealed reduced interaction well depth on plots of relative AE
against interaction distance when charge transfer was artificially quenched using the
block-localised waveform methodology.*®-? The authors noted that this effect was

more pronounced in halogen bonds compared to hydrogen bonds.



kJ mol

Figure 1.2: A) ESP of 1,2-bis(dicyanomethylene)-3-iodo-cyclopropanid anion Vs max = —80.4 kJ mol~
153 B) 1,2-his(dicyanomethylene)-3-iodoimidazolyl-cyclopropanid anion Vg max = —127.9 kJ mol.%3
Anti-electrostatic halogen bonds were also studied computationally in 2020 by Huber
and co-workers® using the anions shown in Figure 1.2. Calculated interaction-distance
plots revealed attractive kinetic stabilities and negative AG values for complexes of
these anions with halide ions. The interactions remained favourable even when an
SMD18 solvent model®* for acetonitrile was applied, suggesting that some anti-
electrostatic halogen bonds may be stable in solution. Huber and co-workers later
demonstrated that bond critical points (BCPs) existed along the halogen bond path
using QTAIM analysis, > while non-covalent interaction index (NCI) treatments also
confirmed an attractive interaction.®”*® As part of the 2020 paper®? the relevant donor
species were synthesised and shown to produce clearly recognisable halogen bonds in
crystals. The structure of a complex formed with the donor shown in Figure 1.2A
possessed C-1-N angles of 178.9° and intermolecular distances of 2.97 A (16% shorter
than the sum of the van der Waals radii), resulting in linear chains (Figure 1.3A). The
high degree of linearity is worth drawing attention to, but it is also worth noting that
Stone and co-workers, demonstrated that much of the linearity of halogen bonds stems

from exchange repulsion considerations,*® which are assumed to be unchanged in anti-



electrostatic systems. The complexes in Figure 1.2B assembled as halogen-bonded
dimers and trimers rather than linear chains, which to led to less-linear halogen bond
geometries, with C-I'-N angles of 170-173° and bond lengths approximating the sum

of the respective van der Waals radii Figure 1.3B.
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Figure 1.3: A) Halogen bonded chains in crystals of the 1,2-bis(dicyanomethylene)-3-iodo-
cyclopropanid anion. B) Dimer (left) and trimer (right) structures found in the crystals produced by
the 1,2-bis(dicyanomethylene)-3-iodoimidazolyl-cyclopropanid anion.5?

Emphasis is often placed on the role of polarisation in halogen bonding, which can be
examined using the point charge approach.®%®! It was found by Huber and co-workers
that positioning —1.0 and —0.5 single point charges at halogen bond-relevant distances
(3.5 A and 3.0 A) on the complexes shown in Figure 1.2, flipped the Vsmax from a
negative electrostatic potential to a positive one. Polarisation to such a degree would
be in line with other studies and presents an explanation for the viability of anti-

electrostatic halogen bonds.®* However, using atomic charges (as determined by



natural bond orbital (NBO)®2% and Mulliken®*% calculations) and distances
determined from the crystal structures provides a more realistic model of the
polarisation effects. When such modelling was performed, the observed polarisation
resulted in less negative Vsmax values, and critically, did not involve sign switching.*
This means that the electrostatic interactions within these halogen bonds are still
repulsive in nature. Indeed, complexes of these specific halogen bond donors were
modelled in the gas phase and gave repulsive kinetic and energetic terms. Huber notes
that the large electrostatic repulsion between the anions may be alleviated by the
inclusion of counter ions, the dielectric environment of the polar solvent, and
solvophobic effects (solvent-solvent interactions outcompeting solvent-solute
interactions).> Such medium effects are not dissimilar from packing forces increasing

the viability of particularly weak interactions in the solid state.

The results of these calculations do not diminish the importance of polarisation in such
halogen bonds; a change in Vsmax from —80 kJ mol~ to —16 kJ mol~* or —9.6 kJ mol-!
(for NBO or Mulliken charges respectively) are very substantial. Indeed, modelling of
polarisation in other anti-electrostatic halogen bonds has been shown to be sufficient
to overcome an otherwise repulsive electrostatic term.*>® The findings allow the
authors to draw attention to the importance of lone pair (LP) to o* orbital interactions
in enabling the occurrence of these and other anti-electrostatic halogen bonds.*®
Moreover, the cyclopropenylium-based anti-electrostatic halogen bonds (Figure 1.2)
were proven to occur in solution.>® These experiments agreed with the computational
findings that pointed to the importance of solvation; anti-electrostatic halogen bonding
was found to be strongest in polar solvents. The use of UV-Vis spectroscopy showed
strong increases in absorption bands in the 290-350 nm range in response to increasing
concentrations of anionic halogen bond donor in a BusNI solution (Figure 1.4A).
Absorption in this range indicative of increasing iodine concentration, which is
consistent I~ anion dissociating from the Bu4N™; a product of halogen bonding.
Furthermore, significantly different behaviour was seen when measurements were

repeated with an analogous non-halogenated donor species (X = H, Figure 1.4B).
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Figure 1.4: A) Superimposed UV-Vis spectra for titrations of BusNI against 2-
bis(dicyanomethylene)-3-iodo-cyclopropenylium. Dashed red line is uncomplexed 2-
bis(dicyanomethylene)-3-iodo-cyclopropenylium, dashed blue line is uncomplexed BusNI. B)

Cyclopropenylium-derivatives employed by Huber et al.%®

Calculations on complexes between the 1,2-bis(dicyanomethylene)-3-iodo-
cyclopropanid anion and Br-, CI-and I-anions®** found a trend of increasingly strong
complexation with decreasing halide size; though the omission of F~ from the series is
noted. Despite their anti-electrostatic nature, this mirrors previously reported free
energy trends in neutral XB complexes.?®”®8 The UV-Vis spectra of anti-electrostatic
XBs show interesting departures from conventional halogen bonds. Typically, a trend
of increasing red shift is observed as halide acceptors descend the group.8®’ Such a
trend is not seen in the anti-electrostatic halogen bonds, and the wavelengths of the
absorption peaks remain static. Employing Mulliken charge-transfer theory,545 the
trend observed with neutral halogen bond donors can be explained by increases in the
HOMO-LUMO gap as the halide HOMO energies increase from CI- to I".%° This is
predicated on the fact that the complex-wide HOMO is located on the halide in
conventional XB complexes, but this is no longer the case in complexes formed with
the 1,2-bis(dicyanomethylene)-3-iodo-cyclopropanide donor. The anti-electrostatic
halogen bond donor possesses a HOMO that is higher in energy than those of the
individual halides. Accordingly, the lowest-energy electron excitations occur almost
exclusively within the donor species and are independent of the halide.>® This does not
mean that charge transfer is not occurring within these systems. Instead, halogen bond
donor-acceptor transitions no longer correspond to the lowest energy absorption
band,®® and any such processes are masked by absorption transitions occurring within

the 1,2-bis(dicyanomethylene)-3-iodo-cyclopropanide donor species®



2021 also saw commentary on anti-electrostatic halogen bonds by some of the authors
behind the initial identification of the o-hole in the context of halogen bonding.
Politzer and co-workers, looked at a broader scope of 20 anti-electrostatic halogen
bonded systems in a comparative study with more traditional analogues.”> A good
correlations (R? = 0.97) was obtained for fits of the calculated AE values for the 20
anti-electrostatic halogen bonds using a regression based on the electrostatic potentials

and the average polarizability of the nitrogen base (Equation 1.2).

AE = — a|V, ax] — blal + ¢ (Equation 1.2)

Vs max as defined by Equation 1.1. o is the average polarisability of the nitrogen base.” a, b, and ¢ are
coefficients derived by multiple linear regression analysis.”? For anti-electrostatic halogen bonded
systems; a, b, and ¢ are 0.06849, 0.6052 and 0.7442, respectively. For additional weak halogen bonded
systems; a, b, and ¢ are 0.1633, 0.7488 and 0.8550, respectively. For additionally included strong
halogen bonded systems; a, b, and ¢ are 0.3437, 1.193 and 2.625, respectively.

Compellingly, extending the same approach to analogous weak-to-intermediate
strength conventional halogen bonds also gave a good correlation (R? = 0.95).
However, when stronger halogen bonds were considered with AE = >40 kJ mol, the
regression based values were found to be consistently less negative than the calculated
AE values. This is not unsurprising as previous studies have shown greater polarisation
contributions in stronger halogen bonds, which cannot be effectively accounted for
using a simple regression model like this which only accounts for the polarisation of

the acceptor.’

The authors stress that polarisation is an intrinsic part of any intermolecular interaction
and note that while many previous studies have been able to correlate AE values with
the Vsmax Values for the o-holes, >4 this is predicated on the fact that polarisation
plays a minor role in most weak-to-intermediate strength halogen bonds (AE = 0-40 kJ
mol1) and its omission was not detrimental to the correlations. The occurrence of anti-
electrostatic halogen bonds has led to sweeping and provocative statements being
made, such as “the essential irrelevance of electrostatic contributions®* and

“electrostatics and polarization determine the strength of the halogen bond: a red
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card for charge transfer”.® Given the small number of anti-electrostatic halogen
bonding systems that have been studied in detail; a more reasoned assessment would
place the relative importance of different contributions being dependent upon the
nature of the individual system, rather than being hallmarks of halogen bonding as a
whole. Indeed, the very definition of charge transfer is controversial in its own right,
since it is easily argued that charge transfer and polarisation are inherently
indistinguishable.™ One accepted distinction is that charge transfer refers to a discrete
intermolecular exchange of electrons, while polarisation corresponds to electron

redistribution within the confines of the individual components of the complex.””

1.3 The role of charge transfer and polarisation in halogen bonds

We do not need to just consider such extreme examples as anti-electrostatic halogen
bonding to see the role played by non-coulombic forces in halogen bonding. Indeed,
examples of the importance of such forces can be seen in relatively simple systems,
even where electrostatics constitute the primary attractive force. Like Legon and Hill,”®
we would like to draw attention to Shaik’s theoretical examinations of 1:1 solvent-
dihalogen complexes’”” similar to those that sparked interest in halogen bonding in the
1940°s.5 Shaik’s works employed both bottom-up valence bond theory (VB)"*# and
the top-down block-localised wave (BLW) methodology.*®-°28384 Both methods
indicated a consistent and strong role for charge transfer in all but the weakest halogen

bonds.

The bottom-up approach of valence bond theory allowed the authors to consider the
frozen state. This can be described as the complex of the donor and acceptor species
at optimal distances, but without allowing any changes in the wave functions. This
state thus consists of the Pauli repulsion and deformation energies, which are
associated with the cost of transitioning from the free monomers to the minimised
complex. The vast majority of the energies for these frozen states are repulsive,
showing that electrostatics alone are not sufficient to overcome the inherent repulsive
forces incurred upon complexation. Charge transfer terms were found to be the most
significant energies not present in the frozen states of the 24 complexes representative

of the solvent-dihalogen complexes. The VB and BLW methods gave consistent
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energies, and good correlations were also found between the calculated charge transfer

terms and the total energies (R? >0.83).”’

Shaik and co-workers also noted strong correlations between the lengthening of the X-
X bond and the charge transfer energies (and by extension, the total interaction
energies) determined using the VB and BLW methods. Such bond lengthening occurs
when the formation of a halogen bond results in electron density being accepted into

the o* orbital of the X-X bond of the, counterintuitively named, halogen bond donor.

Internal polarisation of the individual complex components was also quantified in the
methodologies employed by Shaik and co-workers.”” While all of the energies were
negative, and contributed to stabilising the complexes, in all but a handful of cases, the
polarisation terms were not sufficient to invert the sign of the frozen energies. Previous
studies see good correlations between interaction energies and the BLW polarisation
term alone.®® However, mirroring Huber’s examination of anti-electrostatic halogen
bonds, the favourable role of polarisation is not sufficient enough to produce a stable
complex without other favourable interaction contributions.®** Shaik helpfully points
out that both the polarisation and charge transfer terms can be effectively absorbed
into the electrostatic energy term in the parameterisation of computationally efficient

force fields.””

Interestingly, charge transfer has been identified as the main contributor to putative
halogen bonds involving F. (Figure 1.5). Since F2 lacks a positively charged o-hole,
this effectively make such complexes anti-electrostatic in nature. This reinforces the
position that anti-electrostatic halogen bond may be more ubiquitous than might be
assumed based on the prevalence conception of halogen bonds being electrostatically

dominated.
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Figure 1.5: Breakdown of BLW energy contributions to the binding energies of dihalogens, F», Cl,
and Br (left to right) with A) pyridine and B) dimethylaminopyridine. o, © and o+= refer to
conformations pertaining to dihalogen approaching the heteroaromatic nitrogen on the aromatic plane,

interactions with the aromatic r system, and interactions with both respectively.””

Mo and co-workers has also employed block-localised wave function theory to study
charge transfer in halogen bonds.®® Comparison of the BLW function to DFT-D
calculations allows charge transfer components to be excluded, or included,
respectively; an approach referred to as BLW energy decomposition (BLW-ED). The
authors noted the similarity of this approach to the absolute localised molecular orbital
(ALMO) method?®” that has also been applied to halogen bonded systems.® Minimised
geometries produced using the two methodologies yielded some immediately apparent
differences; most notably the dispersion-excluded BLW produced much longer
halogen bonds than the dispersion included DFT-D calculations. The results of this
much can be seen in the frozen energy terms, which were all attractive in the longer,
charge-transfer excluded complexes, but predominantly repulsive in the shorter

charge-transfer included complexes.8

The complexes that retain attractive frozen energies in both methodologies all featured
FsC-X halogen bond donors, which contain the most electron withdrawing substituent
and thus possessing the deepest c-holes and largest electrostatic terms.!?1%7 The

frozen energies for DFT-D calculations were larger in magnitude than the BLW
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calculations as a result the shorter bonds incurring larger steric repulsion energies. The
DFT-D complexation energies were more stable than their BLW counterparts (average
enhancement of 81%), in spite of the universally less negative frozen energies; a result
of the inclusion of large charge transfer terms. The shorter halogen bonds also had
more negative polarisation terms, as anticipated. This is reflected in the strong
correlation between the change in bond distance (ARcx) with both the BLW-ED charge
transfer energy (AEct) and the amount of charge transferred as determined by natural
population analysis (pct) (Figure 1.6). The authors also note the more pronounced
effect that substituents have on the systems where charge transfer is allowed. Indeed,
a change of < 4 kJ mol* is seen moving from F3C-X:--A to BrsC-X---A for the BLW
calculations compared to the DFT calculations which yielded consistently greater
changes. Previous studies have determined the effects of substituents on halogen bonds
via correlations with Hammett substituent constants,* but Mo and co-workers®® also
identify substituent-modulated charge transfer interactions as playing an additional

role.
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Figure 1.6: A) Plot of change in C-X bond length (ARcx) against BLW-ED charge transfer term
(AEcT). B) Plot of change in C-X bond length (ARcx) against charge transferred as determined by

natural population analysis (pct).%

Computational studies showing the importance of charge transfer to halogen bonds are
supported by Taylor and co-workers.?® They compared computational energies of
halogen bonded complexes with AG values obtained experimentally using **F NMR
titrations. Given the prevalence of heavily fluorinated species in studies pertaining to
halogen bonding, °F NMR spectroscopy is a well-established technique for study of

halogen bonds.**®! Taylor’s study employed substituted iodoperfluoroarenes (Figure
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1.7) as halogen bond donors. lodopentafluorobenzene (Figure 1.7A) was found to bind
to tributylphosphine oxide with a binding constant (Ka) that was ten times higher than
its amine-substituted analogue (Figure 1.7B) in cyclohexane solution. A strong
correlation between the experimental measurements and o-hole electrostatic surface
potentials was determined using B3LYP/6-31G**-LANdp (R? = 0.97).
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Figure 1.7: lodoperfluoroarene species employed by Taylor and co-workersr in an **F NMR study of

halogen bonding.%

The above is in line with computational studies conducted by Politzer and co-
workers.”™ Although, the small datasets of experimental halogen bond energies
measured in solution initially appeared reasonably consistent with a simple
electrostatic model,® both Hunter®® and Taylor® later found that experimental data
could not be rationalised using simple electrostatic models. For example, Taylor found
in his 2010 study, that halogen bond acceptor ability ranked using electrostatic
potentials should follow the order BusPO>Bu,SO~quinuclidine>EtzN, but the order

was instead experimentally determined to be quinuclidine>BuzsPO>Me,SO>Et3N.
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Figure 1.8: A) Plot of logK, for CsF171: TEA complexes determined using °F NMR titrations against
logKa. predicted using the Hunter solvation model for the same system. Red dashed line corresponds to
y = x. B) and C) Fits of experimental the same experimental logK, values as a function of the E+(30)
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Further inadequacies of a purely electrostatic model were revealed when solvent
effects were considered (Figure 1.8A).2° The most significant deviations from the
experimentally measured values were for the Lewis basic solvents. The experimental
values were significantly more favourable than predicted based on electrostatics alone,
indicating the presence of additional attractive components. Furthermore, no
correlations were seen against solvent polarity as encoded using the E+(30) and py
scales, respectively (Figure 1.8B-C).%* The most notable outliers correspond to the
strongest hydrogen bond donor solvents, which the py scale has been shown to
effectively separate from polarisability.®® Such deviations were suggested to result

from competition between hydrogen and halogen bond donor sites.-%

In stark contrast with the poor correlations involving empirical scales, the experimental
halogen bond energies were instead found to correlate strongly (R? = 0.97) with DFT
gas-phase complexation energies that were corrected for basis set superposition errors
(BSSE) using counterpoise correction.®® While the magnitude of the calculated and
experimental energies differed significantly due to the lack of a solvent model in the
calculations, the ability of the DFT calculations to modelling charge transfer yielded a
very notable benefit. Indeed, Hunter and co-workers have also noted the limitations of
electrostatic models in predicting the energies of halogen bonds with strong acceptors

where charge transfer is expected to play a larger role.®?

1.4 The role of exchange repulsion in halogen bonds

While the role played by charge transfer in halogen bonds can be described as
somewhat contentious, the role played by exchange repulsion is less so. Stone’s 2013
paper constitutes the seminal paper on this matter.>® Stone employed a symmetry
adapted perturbation theory DFT (SAPT(DFT))01 energy dissection to several
simple halogen bonding systems (Figure 1.9 and 1.10). Like numerous other works,
he found the primary attractive component to be electrostatic, but with non-negligible
contributions from induction and dispersion. He concluded that it is acceptable to
describe halogen bonds as being electrostatically driven. However, exchange repulsion
was observed to be the most important term governing the linearity of halogen bonds.

Due to their similarities to hydrogen bonds, there is often temptation to employ the
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hard sphere repulsion models to halogen bonds. However, covalently bound halogens
have an oblate shape? since the extension of the R-X bond axis is shorter than the
equatorial radii due to the same anisotropic distribution of electron density that gives

rise to o-holes.102193
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Figure 1.9: SAPT dissection of the halogen bonding systems studied by Stone. Components
correspond accordingly; thick black lines to SAPT total; red to electrostatic term; green to dispersion
term; blue to induction; thin black to exchange repulsion. Terms are plotted with variations in angle 6

that corresponds to changes in the orientation of the -hole relative to the halogen-bond axis.>®
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This characteristic was first noted by Legion?® when considering abnormally short
halogen bonds,?® in which there is increased overlap of the donor and acceptor electron
densities as the bond deviates from linearity. Correspondingly, the lines corresponding
to exchange repulsion (thin black lines in Figure 1.9) show a noticeable increase in
energy due to deviations in angle 6 away from co-linearity with the halogen bond axis.
Stone®® draws much attention to the fact that the total interaction energies (thick black
lines) shadow the exchange repulsion energies (thin black lines) closely in terms of
angular dependencies. The SAPT(DFT) calculations show very little change the
attractive components in response to angle 6 (Figure 1.9; red, blue, and green lines),
meaning that the larger changes in the exchange repulsion dominate the changes in the
total energy. Stone® acknowledges that this correlation of energies with exchange
repulsion had previously been noted by Adhikari and Scheiner.'% In contrast, Shields
and co-workers!® attributed the linearity of base---BrCN complexes to repulsive
electrostatic interactions originating from the non-bonding electron pairs located
around the equator of the bromine atom; though neither of the earlier studies were as

comprehensive as Stone’s.*
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Stone’s study is also extended to variations in angle ¢, which is defined as the
deviation from collinearity with the halogen bond, and is a measure of alignment of
the halogen bond axis with the lone pair of the halogen bond acceptor (Figure 1.10).%°
Figure 1.10 shows a more complex relationship that should be considered on a case by
case basis; perhaps unsurprisingly, given the more varied nature of the acceptors
considered. Reassuringly, the effects of polar flattening can be seen here as well in the
case of the H-F acceptor system (Figure 1.10, top centre) which adds weight to prior
conclusions. However, the curvature is less pronounced due to the more spherical
nature of the fluorine atom relative to the heavier halogens.’ In this system, the
exchange repulsion term steadily increase as the halogen bond and the extension of the
F-H axis move away from collinearity. Even with a completely negative electrostatic
surface potential, the manifestation of the fluorine o-hole can be seen in the
electrostatic term here, which becomes more negative as the halogen bond acceptor

site moves towards the electron rich equator.>®

Further study into the effects of polar flattening on the stabilities of halogen bonded
complexes was conducted by Hobza and co-workers in 2015.192 They note that polar
flattening has been known since the 1960’s and exists in all covalently bonded
atoms.1%81%7 The prominence of polar flattening in halogens can be attributed to their
predominant monovalency, which exposes the flattened extension of the covalent bond
rather than being masked by other covalent bonds.’®> Hobza and co-workers
considered a simplistic hard-sphere model to a more realistic flattened one to assess
the effects of polar flattening on halogen bonds. They applied such a comparison to 32
complexes and decomposed the interaction energies using the SAPT

methodology.100:10t

As might be expected, polar flattening allows for shorter halogen bond distances due
to a reduction in exchange repulsion.t%? The extent of this reduction can be measured
by the differences between the equatorial (Figure 1.11, r,) and axial (Figure 1.11, ry)
radii of the calculated standard 0.001 bohrs/A3 isodensity surfaces.!%®1% Energetic
changes due to polar flattening can be ascertained by comparing equilibrium geometry

energies to those of geometries adjusted by the elongation of halogen bond. Shorter
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bonds increased the magnitude of electrostatic, dispersion, and orbital mixing

interactions when polar flattening was modelled.!1°

Figure 1.11: Graphical representation of the model employed by Hobza et al, to assess the energetic
effects of polar flattening. A) representing systems with single atom anion acceptors, B) representing

systems with equatorial XH acceptor species.%

Using the above approach, the dihalogens FBr, CIBr, Br. and IBr were found to exhibit
polar flatting representing 15%, 12%, 11% and 10% of the isodensity.%? Polar
flattening in halogen bonded complexes of these dihalide species showed a tight range
spread for the minimum electron-density (pmin) locations as determined using QTAIM
for a variety of acceptors (A< 0.07 A). The range was even tighter within specific
classes of acceptors, such as for halide anions, hydrogen halides, and noble gases. The
authors noted that the relative degree of polar flattening observed in these complexes
maintained the same FBr > CIBr > Br > IBr trend, and that variations in the magnitude
of polar flattening observed after complexation did not exceed 2%. This demonstrates
that the degree of polar flattening is a property of the uncomplexed donor species and
is in turn, predominantly dependent on the electronegativity of the adjacent halogen

moiety.

Energies for the minimised complexes and those elongated by the polar flatting
equivalent distance as determined by either the absolute monomer radial distance
difference or the pmin locations, are shown in Figure 1.12. As might be expected, the
absolute values for the anionic F~ acceptor systems are much more negative than their
neutral analogues. However, the trends in energetic changes are consistent with the
elongated halogen bonds both being weaker than those found in the complexes at

equilibrium geometries. The slightly more severe monomer radii based flattening
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model resulted in the less negative AE values than the pmin location based flattening
model. The stronger anionic halogen bond complexes see smaller relative changes due
to the absence of polar flattening as defined by pmin. This can be attributed to their
relatively wide association energy well that make such interaction relative resistant to

minor changes in distance. %2
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Figure 1.12: CCSD(T)/CBS energies calculated for dihalogen complexes with Ar, F-and HF
acceptors (left to right). Corresponding to; equilibrium geometry, red; elongated by magnitude of
polar flattening as determined by differences in atomic radii, green; elongated by magnitude of polar

flattening as determined by pmin location; green.1%

DFT-SAPT calculations can rationalise the high strength of the F acceptor
interactions, and large roles are played by electrostatic and charge transfer terms
(Figure 1.13 centre). For all of the three donor types the changes in the individual terms
are much greater than the changes in the total term. This is due to the counter play of
the three attractive terms against the exchange-repulsion term; with the latter seeing
the most significant changes, thus holding the greatest degree of influence on the
interaction. The relative importance of the attractive SAPT terms changes significantly
for each acceptor class. The need to consider the relative importance of the attractive
forces behind halogen bonds on case-by-case basis is a central theme of this review,
which is very much typified by these SAPT results. This also highlights the importance
of the type of acceptor present in the halogen bond and many previous studies into the
nature of such interactions only considered one type of acceptor; typically either halide

anions or Lewis bases.
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Figure 1.13: SAPT component breakdowns for halogen bonding complexes with three distinct
category acceptor species. Colours correspond to; equilibrium geometry, red; elongated by magnitude
of polar flattening as determined by differences in atomic radii, green; elongated by magnitude of
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1.5 The role of London dispersion in halogen bonds

Though it has been found to be non-negligible in the vast majority of halogen bonds,
London dispersion (the attractive component of van der Waals (vdW) forces) has been
shown to be increasingly important when weaker acceptors are involved.2 The noble-
gas acceptors considered in the above-discussed study by Hobza and co-workers'®? is
a prime example of this, with many authors pointing out the usefulness of such systems
that lack strong interactions between permanent multipoles for the study of non-
electrostatic forces in halogen bonded systems.'0211-115 Similarly, a series of 2019
papers by Pirani and co-workers studied halogen-noble gas interactions and employed
an integrated experimental/theoretical approach based on the parametrisation of data
obtained from molecular beam scattering techniques. 111112116117 These studies found
dispersion to be the most significant force in the systems. However, comparison of
dihalogen-noble gas complexes to other diatom-noble gas complexes that are purely
driven by dispersion, found that purely vdW-dependent calculations were unable to
reproduce the experimental ground-state dihalogen-noble gas results. This suggests

that these halogen bonding interactions are primarily, rather than purely dispersive.
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Figure 1.14: Plot of relative conformational stability of T-shaped and co-linear conformations (Ae/s)
against the polarisability of the diatom (A o/a). AA and AB refer to two distinct computational
models for the diatom; the former employing a two-interaction site model (each contributing half the
polarisability) and the latter a single unique anisotropic interaction site. *X and ®B refer to the ground
and triplet excited states respectively.!2

Figure 1.14 shows that the conformational preferences of dihydrogen, dinitrogen and
dioxygen noble gas adducts all favour perpendicular T-shaped complexes
(positiveA €/g). This can be rationalised by the directional anisotropy of polarisability
in such electron acceptors. Dihydrogen shows little conformational preference, but the
much more anisotropic (60-80%) dinitrogen and dioxygen express a clear energetic
preference for interactions away from the less polarisable polar-regions. The
polarisation anisotropy of dichloride sits between dihydrogen and dioxygen, but the
experimental results show significant deviation from the calculations and show a much

weaker conformational preference.

Charge transfer from the noble gas atom to the halogen in the collinear geometry is
found to be the cause of this discordance between the experimental and vdW models.
A more detailed computation model that employed a three-body term accounting for
molecular orbital formation within the Cl> molecule, and an additional charge-transfer
model alongside the vdW forces (improved Lennard-Jones function model)!*® was
able to reproduce the experimental potential energy surfaces quantitatively (Figure

1.15). Indeed, the authors note that they are not the first to draw attention to the role
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of charge transfer in such systems. Analogous studies of noble gas complexes with
CCls and weak hydrogen bonded helium adducts also possessed charge-transfer
characteristics. Interestingly, Figure 1.14 shows that in the triplet excited state the
conformational preference of the dichloride complex can, like the other diatoms, be
predicted based on the polarisation anisotropy. This can be seen again for the more
complex computational model in Figure 1.15, with the energy well for the collinear

conformation being much shallower.
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Figure 1.15: Plot of interaction potential against intermolecular distance. Solid lines refer to
experimentally derived potential energy surfaces, and white circles to ab initio calculated energies.
Red, linear geometry; blue, T-shaped geometry. 12

In the follow-up paper,!! the authors extend this analysis to a broader set of
dihalogens, considering Bro-Ng and 1.-Ng complexes as well as the previously
discussed Cl,-Ng'*? and find good agreement between experimental and charge-
transfer-included analytical models. For all dihalogen-noble gas systems considered,
the movement from ground to triplet excited state was accompanied by the switching
of geometric preference from collinear to T-shaped in response to the disappearance
of charge transfer interactions in the latter state.!'*!2 As might be expected of
predominantly dispersive interactions, there is a general increase in interaction
stability in response to increases in the size and polarisability of the atoms involved.
These systems are a powerful example of how a term that is secondary in magnitude

can still exhibit a strong influence on the halogen bond.

A 2015 study by Frontera and co-workers'?® strikes similar chords, demonstrating the
need for the inclusion of dispersion corrections in the modelling more traditional

electrostatically driven o- and =-hole systems. They found that, even though

24



dispersion corrections often result in overestimations in stability, their inclusion was
necessary for accurate predictions. The study focuses on the geometric preferences of
the halogen bonds and =-hole interactions shown in Figure 1.16B. The authors
emphasise the similarities of the physical nature of these two classes of interactions.!%-
121 For the halogen bonded complexes, agreement in terms of interaction energies
calculated by the MP2 and BP86 levels are significantly improved when the latter is
appended with Grimme’s D3 dispersion correction.'?? The same was found to be true
for the n-hole complexes where fluorine acts as the electron donor, but for similar
complexes involving iodine the D3 correction was found to significantly overestimate
energies. This is unsurprising given that the latter is an interaction between two very
large and polarisable atoms. Since this work was published, Grimme’s improved D4
dispersion correction'?®!2* has become available and aims to provide a better
representation of polarisability, but to our knowledge this new model has not been

applied to these systems.
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Figure 1.16: A) Model systems as employed by Frontera and co-workers. B) Arrangements
employed. Examples are presented using a ZOF system but are applicable to ZOF, and ZO3 systems

where applicable.t®

The importance of dispersion in halogen bonds was also emphasised by Riley and
Hobza in their 2008 paper.*® The authors discuss some of the issues present in earlier
studies that comment on dispersion, but employ basis sets that are not large enough to
describe such effects accurately, often leading to their underestimation.!?® The authors

present the failure of the Hartree-Fock methodology*?® (which does not model
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dispersion) to predict the strength of several Br and Cl halogen bonds that have been
shown to be favourable experimentally.?® In response, the authors conducted SAPT
energy dissections on DFT-minimised geometries with a large basis sets (up to aug-
cc-pVQZ)1?"1%8 on a set of H3CX-OCH, complexes (Figure 1.17). As might be
expected, the interactions are stabilised on descending the halogen series. However,
the relative magnitudes of the energy components shows a more unconventional
picture with the dispersion terms being more negative that the electrostatic terms for
the chlorine and bromine halogen bonds in all of the three aug-cc-pVxZ basis sets and
in the extrapolated complete basis set limit.2?° Minimised geometries also support the
dominance of dispersion in chlorine-oxygen halogen bonds, with their minimised
geometries possessing a more relaxed linear dependency (~167° versus ~173° for
iodine). This suggests the diminished, though far from negligible role of the c-hole in
the interaction.*®> For the iodine halogen bonds the situation is changed and
electrostatics are now the most significant term with this being seen in the relative
predictive success of Hartree-Fock methods that lack dispersion correction. It is worth
noting that the magnitude of all SAPT energy terms increased on descending the

halogen series and it is only the relative weighting of the terms that changes.

CH,
- HIF
H3C” OmmX—EHIF - X = Cl/Br/
HIF

Figure 1.17: Model system employed by Riley and Hobza. Models include all variations in the

number of fluorine atoms on the halogen bond donor.*?
Riley and co-workers also extend SAPT calculations to fluorinated analogues of the
halogen bond donors (Figure 1.17).* As has been extensively documented, the
increase in the electronegativity of atoms adjacent to a halogen bond donor increases
the depth of the halogen’s c-hole,*? typically resulting in increased halogen bond
strengths. This is manifested in the larger magnitude of the SAPT interaction totals in
all three halogen systems in response to increasing number of fluorine substituents
(Figure 1.18). The increased strength of the o-hole is expressed in the same increases
being observed in the electrostatic terms. However, the expansion of the c-hole is

accompanied by a relocation of electron density away from the halogen, as expressed

26



in the reduced dispersion term accompanying increasing fluorination. This results in
the flipping of the dominant term from dispersion to electrostatics in the trifluoro
chlorine complex and in the difluoro bromine complex. The effect that fluorination has
on the larger halogen atoms is unsurprising,®*° but the prevalence of highly fluorinated,
heavy halogen donors may contribute to the colloquial description of halogen bonds
as predominantly electrostatic interactions.
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Figure 1.18: Graphical depiction of the terms of SAPT energy dissection conducted by Riley and

Hobza.*®
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1.6 Chalcogen bonds

Unsurprisingly, the phenomena responsible for the emergence of o-holes in
halogenated species are not unique, and halogen bonding analogues have been noted
throughout the main group. Perhaps the second most widely recognised of these
interactions (after halogen bonding) are chalcogen bonds, which feature o-hole
interactions involving group 16 elements as electron acceptors.3! Like halogen bonds,
the earliest observations of what we now understand to be chalcogen bonds date back
to the nineteenth century, 3213 put it was the comparatively recent rationalisation of
the o-hole that has led to contemporary interest in them.!® Indeed, both halogen and
chalcogen bonds can be justified by the same orbital mixing arguments.!2161°
Chalcogen bonds also exhibit remarkably similar behaviours to halogen bonds being
often being characterised by linearity and proportionality to the electrostatic surface
potential 1819134138 However, in contrast to the monovalent halogens, the divalency of
group 16 elements means that they can furnish two o-holes at the extension of covalent
bonds. Nonetheless, comparison can be drawn to halogen bonding systems involving

hypervalent iodine donors (Figure 1.19).137-140

K mol
|

Figure 1.19: A) electrostatic surface potential for hypervalent iodine™" showing dual c-holes, B)

Electrostatic surface potential for a typical chalcogen bond donor species.
The relatively well-established nature of chalcogen bonds yielded an IUPAC
definition in 2019,1! and we expect that the next decade will see definitions for other
c-hole type interactions. Unlike the definition of the halogen bond,! the chalcogen

bond definition makes no mention of specific intermolecular forces responsible for the

bond, which can be seen as a sign of the more contested nature of such forces that has
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arisen in recent years. Discussion concerning the role of orbital interactions and

dispersive forces has spilled over from halogen bonds to their analogous interactions.

In 2017, the original documenters of the o-hole phenomena, Politzer and co-
workers®% revisited the subject and provided extended insight into its relevance to
group 15, 16 and 17 elements.’® The authors comment on the relative simplicity of
univalent halogen bond donors that point away from the molecule to which they are
bound compared to the more complicated environment of analogous o-hole donors.
By comparison, the group 14, 15, 16 and 17 atoms are more deeply embedded into the
frame work, which often deflects o-hole interactions away from the extensions of the
covalent bond axis.'®134141-145 |ndeed, many different examples are highlighted in
Politzer’s review,'® which discusses geometric aspects primarily from an electrostatic
potential perspective. While others have corroborated such observations, they are
typically rationalised as being the result of anisotropic exchange repulsion forces. Both
Politzer'®® and Haberhauer*® note much closer boundaries of the electron densities
of the chalcogen atoms in the equatorial plane of the Ch-R bonds as compared to the
perpendicular plane. SAPT studies by the latter showed significantly greater exchange
repulsion penalties for deviations out of the equatorial plain (Figure 1.20). In a similar
vein to Stone’s findings for halogen bonds,*® Haberhauer and co-workers found
electrostatics to be the driving force of the chalcogen bonds, but exchange repulsion
showed the strongest response to changes in geometry in all directions (Figure 1.20B
and C). All of these studies were performed computationally in the gas phase.
However, o-hole interactions observed in the crystalline phase have been commonly
been found to deviate unexpectedly from geometries anticipated from gas-phase

calculations 136,142-144,147,148
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Politzer and co-workers, as well as several other authors, extend their conclusions
advocating for the purely Coulombic (electrostatic and polarisation) model of halogen
bonds to chalcogen bonds'® and to the other o-hole interactions.'®18149.150 A 2017
study by Cockroft and co-workers underscored the potential importance of polarisation
in chalcogen bonding.’®* Compellingly, this study centred around solution-phase
studies with interaction strengths being determined from the conformational
preferences of molecular balance systems (Figure 1.21A). A 13-solvent screen of the
conformational preferences of these molecular balances was conducted. Remarkable
solvent-independence of the conformational preferences was observed (Figure 1.21B).

Most of the energies for each balance were within error, except in the very strong
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hydrogen-bond donor solvent perfluoro-tert-butyl alcohol, which competed for

hydrogen bonding to the carbonyl group.
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Figure 1.21 A) Molecular torsion balance system as employed by to measure ChB strengths B)

Experimentally measured conformational free energies for molecular torsion balance systems studied

by Cockroft and co-workers in a verity of solvents.?%

A multitude of studies have demonstrated the ability of solvents to exert pressures on
the conformational preferences of molecular balances though both electrostatic and
solvophobic influences.?®21%% The fact that interaction strengths are seemingly
unaffected by the presence of competing hydrogen donors and acceptors constitutes a
considerable rebuttal to electrostatic forces being a primary determinant of chalcogen

bond interactions. However, the observation is in line with previous solution phase
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chalcogen bonding studies that noted only modest variations in response to solvent
changes.®! The authors also considered the role of London dispersive forces based on
the relationship between the measured interaction energies and the bulk polarisability
of the solvents used. If the chalcogen bonds present in these balances were
significantly dispersive in nature, then highly polarisable solvents such as carbon
disulfide would be expected to offer significant attenuation, but this was not seen. The
negligible role of dispersion in these systems is further reinforced by there being no
significant change in the correlation between experimental and computational results
when dispersion corrections are added (B3LYP/6-311G* R?= 0.94 and ®B97X-D/6-
311G* R?=0.84).15! A lack of a strong solvent dependency has been previously noted
in several studies for other o-hole type interactions,3®9293161 hyt examples counter to
this have also been seen.>!62163 gych context dependency is perhaps unsurprising,
given that we have already shown such interactions to be rather resistant to

generalisations about their behaviour.

Cockroft and co-workers™! find a much more conclusive result when considering the
chalcogen bonds as a product of induction effects. Molecular orbitals energies for the
open and closed conformers of the balances were determined using DFT calculations.
The majority of orbitals saw little change between the conformers in which the
chalcogen bond was present or broken. However, some orbitals saw noticeable
conformer-dependent changes in energy. They could be divided into two categories;
though-bond resonance effects resultant from the delocalisation of amide lone pairs
into the aromatic ring (orange points, Figure 1.22), and lone pair to c*ch-c orbital
mixing from the O/S chalcogen bond acceptor to the S/Se chalcogen bond donor (teal
points, Figure 1.22). It is interesting to note that this orbital mixing was also seen in
the B-thiophene balances, but with the delocalization going into the c*nc orbital
instead. This demonstrates not only the similarity between chalcogen bonds and

hydrogen bonds, but also the presence of orbital interactions to both.
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molecular balances shown in Figure 21. Grey points denote orbitals where no significant change is
observed between the conformers. B) Visualisation of electron delocalisation though conformer-
dependent resonance effects. C) Visualisation of LP to o* orbital mixing between oxygen and
heteroaromatic chalcogen atoms. D) Visualisation of LP to o* orbital mixing between oxygen and the
C-H bond.

Orbital interactions where electrons are accepted into an anti-bonding orbital are
characterised by an accompanying lengthening of the acceptor bond, and accordingly
this was seen in the calculated minimised structures. Correlation of this elongation to
the experimental energies was poor, but the chalcogen adjacent bond length is also
modulated by the adjacent substituent groups (Figure 1.21B). Reassuringly, a good
correlation (R? = 0.99) between the thiophene balance experimental energies and the
energies of the orbitals identified to contain the LP to o* orbital mixing in both the
chalcogen and hydrogen bond examples was found (Figure 1.23). This combined with
the lack of solvent dependencies provides a compelling for argument that the energetic
trends (but not necessarily the absolute energies) of the chalcogen bonds were
dominated by orbital interactions. Nonetheless, Cockroft and co-workers raise the
important point that the preference for the chalogen bonded conformer for the
selenophene balance was more favourable than the trend observed for the thiophene
balances (Figure 1.23). They pointed out that the relative chalcogen bond donor and
acceptor abilities of these systems are heavily influenced by the intramolecular

geometric constraints imposed by the molecular balance design.
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Figure 1.23: Plot of experimentally measured conformational free energies for molecular torsion
balance systems against LP to * orbital energies. LP to 6*cn-c, teal; LP to o*u.c, teal and black

striped.t®!

The previously mentioned, study by Haberhauer and co-workers also identified orbital
interaction as playing a role in chalcogen bonds; especially when the larger tellurium
is acting as the chalcogen bond donor atom.2#® NBO calculations conducted as part of
their studies into angular dependencies of chalcogen bonds deemphasised the role of
specific LP to o* mixing and noted the relatively minor change in the sum of
intermolecular orbital energies in response to both axial and equatorial changes in
chalcogen bond geometries relative to the plane of the aromatic donor.2*¢ The expected
diminishing magnitude of LP to o* mixing was predicted to be compensated by other
mixing events (hollow bars in Figure 1.24). However, it should be noted that all of
these calculations still involve contact between the chalcogen atoms, hence the limited
change in polarisation aspects is somewhat different to the case where a chalcogen

bond is either completely broken or formed.
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While Politzer® and Cockroft'® deemphasise the role of dispersion in chalcogen
bonds, dispersion can play a larger role in the absence of a solvent that competes for
dispersion.’41  For example, Chopra examined diphenylselenide and
diphenyltelluride synthons, which upon crystallisation yielded double chalcogen
bonds with m system acceptor moieties (Figure 1.25).%% Such systems are
comparatively rare for chalcogen bonds, but crystal database analysis showed that

there is a general preference for bonding to lone pair acceptors over  systems,67-16°

Figure 1.25: Crystal structures for A) Ph,Se and B) Ph,Te highlighting putative Ch---n chalcogen

bonds.164
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The authors noted the high degree of similarity between the two analogues.'®* QTAIM
analysis of the two crystal structures also showed similarities with both of them
possessing chalcogen bond typical bond critical points with positive Laplacian values
indicating a degree of covalency to the otherwise closed-shell chalcogen bonds
present. This is reinforced by NBO modelling that showed overlap between two c*ch
antibonding orbitals and occupied r orbitals in both species. The more positive
Laplacian values for the tellurium bond critical points, their shorter lengths relative to
the sum of their van der Waals radii, and the shallower c-holes of the selenium systems
all point towards Te-n chalcogen bonds being stronger than their selenium analogues.
This trend may also offer an explanation for the failure of diphenylsulphide to produce
crystals via the same methodology. !
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Figure 1.26: Graphical depiction of the LMO-EDA energy dissection terms conducted by D. Chopra

et al.164

Figure 1.26 shows the results of LMO-EDA calculations®” conducted on the obtained
crystal structures using M06-2X/6-31G**, but with a much larger cc-pVVDZ-PP pseudo
potential being applied to the selenium and tellurium atoms.!%* The total energies of
these calculations confirms the predicted strength of the Te---n bond over the Se:--x.
The most striking results of these calculations are the very large dispersion terms that
represent 70% and 67% of the stabilisation terms for the selenium and tellurium
dimers, respectively. This finding draws parallels to the X-Ng halogen bond SAPT
calculations reported by Hobza and co-workers.® Chopra and co-workers
acknowledge the limitations inherent to using a simple dimer to provided commentary

on the real-space behaviour of systems.'®* Analysis of the energy frameworks*’* yields
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similar results; the radii of the green cylinders shown in Figure 1.27 corresponding to
dispersion are noticeably greater than the red ones corresponding to electrostatics. The
observation of horizonal cylinders also revealed weak C-H---7t interactions (Figure
1.28), which by contrast, are the most stabilising interaction in crystals of the
analogous compound diphenyloxide (which lacks the ability to form chalcogen

bonds).12

Total Electrostatic

Ph,Se

Ph,Te

Figure 1.27: Energy frameworks for Ph,Se and Ph,Te (insert) blue. Frameworks dissected into
electrostatic (red) and dispersive (green) components. The diameter of the cylinders is proportional to
the strength of the interaction forces along the indicated axis.'®*

Though demoted to a secondary role in these systems, the effects of electrostatics can
still be clearly seen. Electrostatic potentials for the diphenylchalcogenide series show
some asymmetry in the two o-holes on each chalcogen atom (60.4 kJ mol~tand 55.1
kJ mol for Se and 94.5 kJ mol~* and 91.9 kJ mol™?),’4 which is a product of the
different phenyl orientations. This asymmetry is clearly reflected in the slight
asymmetry of the chalcogen bond lengths see in the crystalised structures (Figure
1.25). Studies on analogous perfluorophenyl derivatives demonstrated deeper c-holes
on both the tellurium and selenium atoms that would produce chalcogen bonds with a
more prominent electrostatic terms.}”® However, the stability demonstrated by the
phenyl-substituted species demonstrated that maximising the amount of electron

withdrawing substituents is not a prerequisite for forming stable o-hole interactions.

Comparison of the work of Chopra to other studies should also be prefaced with an
acknowledgment that comparing packed crystal structures to solution or gas phase

systems is inherently imperfect due to the to the large cost of breaking dispersive
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interactions without a solvent to fill in the resultant space. Previous studies have
demonstrated this, with energetically favourable interactions that predominantly

dispersive interactions being heavily attenuated by competition by the solvent. 1214

1.7 Pnictogen bonds

The term pnictogen bonds is used to describe o-hole interactions featuring group 15
electrophiles by comparison with halogen and chalcogen bonds. Though
comparatively understudied, pnictogen bonding systems have proved useful in
furthering our collective understanding of o-hole interactions. At the time of writing,
there is no formal IUPAC definition for pnictogen bonding. However, the terms
pnictogen bond and tetrel bond (group 14 analogue) are mentioned in Resnati and
colleagues’ preface of the recommendation to the IUPAC on the definition of the
chalcogen bond.*®! Politzer and co-workers’ identification of c-holes and associated
secondary bonding interactions again provided a fresh perspective of otherwise
counterintuitive behaviours observed in solution and crystals over the previous
century. 149174177 In the original 2007 paper, it was noted how smoothly the c-hole
concept may be transferred to pnictogen bonding; o-holes can again be rationalised by
depleted of p orbitals at the extension of o bonds.}*® The higher degree of sp
hybridisation seen in the lighter pnictogens explains their shallower c-holes. Like
chalcogen bonds, pnictogen bonds tend to be less linearly aligned along the covalent
bonding axis than halogen bonds. Indeed, Politzer determined that electrostatic Vs,max
location deviated by around 20° from the from the bonding axis.*® Like halogen!?®178-
181 and chalcogen bonds, 33147148 pnictogen bonds are also influenced by surrounding

atoms and substituents.
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Figure 1.28: Pnictogen bonding systems studied by Politzer et.al.1#°

In addition to characterising the o-holes of pnictogen atoms, Politzer also examined

the complexes shown in Figure 1.28.1%° A strong relationship between complex
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stability and c-hole depth was readily established, and corroborated by subsequent
studies. For example, Matile and co-workers have examined the catalytic potential of
c-hole interactions in pentafluorophenyl-substituted halogen, chalcogen, and

pnictogen bond donors.*”
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Figure 1.29: A) o-hole interaction donor species studied by Matile et al. B) Tetrabutylammonium

chloride (TBACI) employed as a c-hole interaction acceptor in *°F NMR titrations.'"3

%F NMR titrations of the o-hole donors shown in Figure 1.29 against TBACI were
used to determine the dissociation constants of the resultant chloride complexes. The
strength of these complexes followed the trend of increasing strength descending from
row 3 to 4 and increasing from group 17 to 16 to 15.1"® The inter-row trend can be
attributed to the decrease in electronegativity and the increase in polarisability with the
same trend being reported by several previous studies.>!21%14° The strength of the
pnictogen bonds and weakness of the halogen bonds compared to the chalcogen bonds
showed increasing binding strength with increasing number of electron-withdrawing
species. One might also reasonably consider this increased binding strength to be due
to an increasing number of c-hole binding sites.!®? However, the computationally
minimised structures of tris(pentafluorophenyl)arsine and
tris(pentafluorophenyl)stibane reject this suggestion, since the bulky aromatic

substituents afford the central pnictogen atom with only one solvent/substrate-
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accessible c-hole (Figure 1.30). In addition, replacing one of the pentafluorophenyl
groups with a non-fluorinated, less-electron withdrawing substituents was found to
increase the desiccation constant of the interaction from 19 uM to 570 uM
respectively, demonstrating a significant reduction in binding strength. This is
supported by accompanying DFT (M06-2X/6-311G**/aug-cc-pVTZ-pp) calculations
for the chloride binding energies, which see the same decrease in halogen bond
strength; —216.7 kJ mol~ to —185.8 kJ mol™.

Figure 1.30: Electrostatic surface potentials for the three faces of tris(pentafluorophenyl)stibane as

employed by Matile et al. The o-hole is only viable on one of the faces, left.!"®

Compellingly, the results of both the non-fluorinated substitution experiment and the
comparison of the halogen, chalcogen, and pnictogen species translated well into
catalytic activity in the two chloride extraction experiment shown in Figure 1.31.1"
However, the tellurium and iodine catalysts had very similar catalytic activity, both of
which were orders of magnitude weaker than the antimony catalyst. Catalytic turnover
was not observed with any of the row 4 element catalysts, which was in accord with
the dissociation constants measured in NMR titrations noted above. Indeed, the
catalytic role of the o-hole interactions was confirmed by the addition of 1.1
equivalents of the competitive binder TBACI, which completely quenched catalytic
activity. The authors note the remarkable effectiveness of these relatively simple,
monodentate, and neutrally charged species in this catalytic context. By comparison,
hydrogen, halogen, and chalcogen catalysts required multidentate binding sites and/or
charges to achieve the same catalytic activity as tris(pentafluorophenyl)stibane, 183187
Hence, there is strong impetus for the consideration and study pnictogen bonds, despite

the present lack of a formal IUPAC definition.
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Figure 1.31: Chloride extraction experiments employed by Matile et al. to test the catalytic activity of

the o-hole interaction donors shown in Figure 1.30.17

Though electrostatics are undeniably a very important component in pnictogen
bonding, several computational techniques have identified important roles played by
other forces in pnictogen bonded systems. Sdnchez-Sanz and co-workers applied AlIM,
NBO and SAPT calculations to XNO2 (X =F, Cl, Br, I) homodimers (Figure 1.32A).188
A variety of o-hole interactions, including pnictogen bonds, were formed that
depended on the relative geometry of the interacting monomers. Molecular
electrostatic surface potentials revealed o-holes following the expected trends;
halogen atom o-holes increased in depth with increasing halogen size/polarisability,
while the pnictogen o-holes increased in depth with increasing halogen
electronegativity. The authors employed Bader’s AIM methodology'® to classify the
interactions within the multitude of arrangements, all of which contained bond critical
points with relatively small electron density values and small positive Laplacians; both

of which are characteristic of the mostly closed shell c-hole interactions.
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Figure 1.32: A) XNO; species as employed by Sanchez-Sanz et.al. B) Halogen (left) and C)
pnictogen (right) bonding examples of the multitude of arrangements possible for the XNO,

homodimers.188
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Mirroring earlier discussion of anti-electrostatic halogen bonds, it is interesting to note
that the FNO; halogen o-hole is not positively charged, yet the calculations suggested
the formation of favourable halogen bonded dimers. However, SAPT-DFT
calculations showed dispersion to be the largest attractive term regardless of the
specific bonding interaction in all but a few complexes; accounting for up to 71% of
the interaction.'® Accordingly, most of these interactions may not be manifested in
the presence of solvent. Only the systems with the deepest o-holes were found not
dominated by dispersion; iodine systems where halogen bonding occurred and fluorine
systems where pnictogen bonding is occurred.

The SAPT-DFT calculations generally showed the induction term to be the least
important of the attractive terms in these systems, accounting for around 10% of the
total.*¥ NBO calculations were in agreement with this finding. Electronegativity was
found to govern the magnitude of orbital interactions, but the extent of delocalisation
was generally small. This is unsurprising as the majority of the interactions within
these systems could be described as longer range interactions that are often dispersive

in nature 188190

The exceptions to this trend were the situations where iodine acted as either a halogen
bond donor or acceptor. In these cases, the induction term was found to be slightly
smaller than the electrostatic term while also involving short interaction distances
relative to the sum of the component van der Waals radii (~3.4 A). The only pnictogen
atom included in this study was the nitrogen,'® so we are unable to see if induction

dominated short range interactions occur for other heavier pnictogens.

SAPT calculations have been used to examine pnictogen bonding systems involving
phosphorus donors. Sanchez-Sanz and co-workers studied pnictogen bonds within the
proton sponge systems shown in Figure 1.33A.2! In these cases, the phosphorus centre
provides the o-hole, while the nitrogen centre serves as a lone pair donor. As might be
predicted, the addition of electron-donating substituents (CH3 moieties) to the nitrogen
atom increased its ability to form pnictogen bonds (Figure 1.33, blue). Similarly, the
addition of electron-withdrawing substituents to the phosphorus atom also
strengthened the interaction, but by deepening the phosphorus c-hole (Figure 1.33,

red). The interaction strength was found to increase in proportion to the
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electronegativity of the substituent. Substitution of the pnictogen bond donor yielded
stronger effects on the interaction strength and bond length. This can be attributed to
the higher polarisability of phosphorus compared to nitrogen. The SAPT data showed
that the electrostatic term was the largest, typically twice that of the second largest
term, dispersion. Two exceptional cases were seen where electrostatics was eclipsed
by the dispersion; these were the situations where strong electron-withdrawing groups
were positioned on the pnictogen bond acceptor, reducing its nucleophilicity.
Consequently, these two exceptions were the most repulsive studied, demonstrating

the importance of electrostatics.
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Figure 1.33: A) 8-phosphinonaphthalen-1-amine derivatives as employed by Sanchez-Sanz et al. and
B) corresponding isodesmic energies calculate at CCSD(T)/aug0-cc-pVDZ.1%!

The addition of electron-withdrawing groups to the pnictogen bond acceptor yielded
interaction strengths that were inversely proportional to the electronegativity of the
substituent appended. Curiously, however, the unsubstituted -NH, acceptor was the
most repulsive (Figure 1.33, grey). From an electrostatics standpoint, this observation

does not make sense given the modest electronegativity of hydrogen substituents.
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However, this is only part of the story, as the role of the pnictogen bond donor/acceptor
may be reversed in this system; nitrogen may act as a pnictogen bond donor, while
phosphorus possesses lone pairs subtle for pnictogen bond accepting. Such a situation
was confirmed using NBO calculations, which found Prp to o*n-x transfer being
observed alongside the expected Npp to 6*p_x in many systems. The situation was most
clearly demonstrated with the case of NH2:P(CHs)2 where Nip to o*p_x was effectively
quenched and supplanted by P.p to o*n-x transfer with more than two-fold relative

magnitude. %

NBO calculations also showed increased orbital interactions upon the addition of
electron withdrawing groups to either, or both, of the pnictogens. With the substitution
on phosphorus again, being markedly more effective. Curiously, the trends within the
substituted systems run counter to the substituent electronegativity trend and in the
case of phosphorus substitution, and counter to the calculated interaction energies.
This is especially noteworthy in the substituted nitrogen systems, as while this is
expected for Nip to o*p_x interactions, this also extends to the P.p to o*n-x transfer.
The first of these oddities can be rationalised by the fact that the pnictogen bond
distance follows the observed NBO trends, so it can be argued that the degree of orbital
overlap results from the proximities of the interacting moieties, rather than that
interaction being the driving force behind the association.'®* This is supported by the
results of AIM calculations where the relevant bond critical points have very modest
electron densities and Laplacians, which is indicative of predominantly closed shell
interactions. The trend of the NBO energies for the substituted phosphorus species
running counter to the trend in the isodesmic interaction energies is more complicated
however. DFT minimised geometries (MP2/aug0-cc-pVDZ) and electron localisation
function (ELF) calculations conducted on them, show that the nitrogen lone pair
consistently faces the phosphorus c-hole, rather than the other way around (Figure
1.34). This was also verified via a crystal structure database search of related
structures,*®2 which found that the average C-N---P angle was significantly wider than

the average C-P---N angle.19!1%

44



Figure 1.34: ELF isosurfaces for N(NC):PH: (top) and NH2:P(NC), (bottom). Yellow, monosynaptic
(hydrogenoid) basins; teal, disynaptic (double bond) basins; red, monosynaptic (lone pair) basins.
Arrows denote the approximate locations of lone pairs.*®!

Some sense can be made of the observed discord between the trends by considering
the dispersion interactions arising from the close contact between the polarisable
halogen atoms to the donor species. Indeed, the chalcogen bond interaction energies
also correlated with dispersion interaction coefficients.’**% The addition of Grime’s
D3 dispersion correction®?? revealed a trend of increasing interaction strength with
increasing dispersion interaction coefficient. This relationship between dispersion and
orbital interactions is unsurprising given the relative SAPT weightings and is very
much in line with the findings of Sanchez-Sanz’s homodimer studies discussed

above.188

More recently, other dissection methodologies have been applied to pnictogen bonds.
In 2021, Bickelhaupt and co-workers'®® applied canonical energy decomposition
analysis and other computational methods to a XsPn---A~ model system. As might be
expected using a hard electrostatics model, pnictogen bond strength increased with
increasing pnictogen size, while increasing the halide ion size decreased pnictogen
bond strength accompanying. The energy decomposition analysis revealed both
attractive Coulombic and orbital interactions, while the Pauli exclusion was
repulsive.r¥7-1% Interestingly, significant orbital interactions were observed, even for

the lighter pnictogens; with the term making up between 34% to 64% of the total
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attractive energy. The authors also employed Voronoi deformation density (VDD)
analysis®®2%t which is a novel method for studying atomic charges, which rather than
calculating specific atomic charges, tracks the movement of charge into or out of a
defined Voronoi cell, which in this case was defined around the pnictogen atom. The
VDD analysis revealed an increasing atomic charge associated with the heavier
pnictogens. For example, a +0.21 change was observed for the FsN donor vs. +0.57
for the FsSb donor. Whilst such changes obviously augment the electrostatic terms,
the authors also point out the corresponding benefit to the orbital interaction, since the
delocalisation results in the o*pn.x acceptor orbital possessing a higher amplitude that
allows for better HOMO-LUMO overlap, though it can also be argued that this can be
seen as orbital interactions being strengthened by electrostatics. Figure 1.35 illustrates
the relatively high degree of parallelism between the trends observed for the attractive
electrostatic and orbital interaction energy terms in the energy decomposition analysis.
The authors note that the same type of analysis yielded similar results for halogen and

chalcogen bonds,196:202-204
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Figure 1.35: Energy decomposition analysis of to XsPn---A" model systems. Left, on varying the

pnictogen atom; right, on varying the Xs substituents.*%

The above findings contrast with Sanchez-Sanz’s previously discussed work that
found only small orbital interactions in some pnictogen bonds.'®1% The pnictogen
bonds examined by Bickelhaupt here were much stronger; employing charged

acceptors. The fact that they differ from the longer range dispersive nitrogen
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interactions should not be considered especially noteworthy. However, the different
trends observed in the two studies from changing the halogen covalently bonded to the
pnictogen atom is surprising. A c-hole model based on substituent electronegativity
would predict FsPn complexes to yield stronger pnictogen bonds than analogous BrsPn
complexes. However, the inverse is reported by Bickelhaupt and co-workers in their
2021 paper,'*® as shown in Figure 1.36. This discrepancy can be resolved by
considering the role of strain in these systems.?%>29” The same changes in
electronegativity that change the strength of the X-Pn bond also influence the deepness
of the o-holes. Accordingly, the weaker Pn-Br covalent bonds can stretch more easily

than the stronger Pn-F covalent bonds when adopting equilibrium geometries.
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Figure 1.36: Graphical depiction of M06/QZ4P energies calculated for the XsPn---A” model systems.
A-=F (grey), CI-(blue); Br-(red).1%
Consequently, the proportionally greatest changes in pnictogen bond strength can be
seen in the Pn = N complexes as the X-N covalent bonds are the weakest. VVoronoi
deformation density reveals that the atomic charges associated with the pnictogen cell
can be seen to increase in positivity in response to X-Pn bond expansions; this has a
greater effect on the depth of the o-hole than the substituent electronegativity.
Interestingly, the relative weakness of the fluorine-substituted pnictogen bond donors

can be seen to be partially result from the limited capacity of strong F-Pn covalent
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bonds to extend. Indeed, Figure 1.35 (right) shows that the fluorinated example reaches
the zenith of its electrostatic and orbital enhancements upon changing the X pnictogen

bond distance much earlier than the heavier halogen analogues.

Throughout, Bickelhaupt and co-workers comment on the many similarities between
pnictogen,t® halogen,?°? chalcogen,?® and hydrogen bonds.2°22%* They note that the
interaction energies fall in a broadly similar range, and that strong orbital components
occur in all of them, and contributing up to 65% 97%, 76% and 66% of the attractive
terms, respectively.?°22%4 Indeed, the authors describe the results of this paper as
consolidating earlier works. Furthermore, the model presented here is also very similar
to what has been observed for interactions between anions and alkali or coinage
metals.?* Interestingly, this portfolio of work suggests that halogen, chalcogen, and
pnictogen bonds have the potential to be noticeably stronger than hydrogen bonds; not
only due to their stronger orbital interactions, but in the enhanced electrostatic forces
resultant from these interactions.!®® Such a conclusion contradicts what might be
expected based on examining the electrostatic potentials of the isolated pnictogen bond

donor; Vs max values would place hydrogen bonds as typically being stronger, 42021208

1.8 o-hole interaction comparisons

Comparison between o-hole interactions and hydrogen bonds are often made and with
good reason. Arunan and co-workers have compared halogen bonds and hydrogen
bonds to lithium bonds.?*® Employing Bader’s atoms in molecules (AIM) theory,8
strong correlations between the electron density at the bond critical points (BCPs) and
the bond strengths were observed for all three interactions (Figure 1.37). However, the
authors note that while the slopes for hydrogen and halogen bonds are very
comparable, lithium bonds see significantly steeper slopes. The positive Laplacian
values for all three interactions are indicative of predominantly closed-shell
interactions, but the far more positive values for the lithium bond suggest a near purely
ionic interaction. The close to zero Laplacian vales for the halogen bonds and hydrogen
bonds indicate only a slight covalent character, which is supported by NBO

calculations.
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Figure 1.37: Plot of BSSE-corrected MP2/aug-cc-PVTZ energies and BCP electron densities for HB,
LiB and XB (CI only) complexes studied by Arunan et al.?%

In addition to highlighting similarities, the supporting NBO calculations also reveal
subtle differences between the hydrogen and halogen bonds. While hydrogen-bond
formation results in a loss of covalent character and proportional increase in iconicity
in the H-R bond, halogen-bond formation only sees an accompanying loss of
covalence in the X-R bond. Bickelhaupt and co-workers also point out orbital
interaction differences between hydrogen and halogen/chalcogen/pnictogen bonds;
noting that the small size of hydrogen results in less Pauli repulsion due to the absence
of overlap between the HOMO of the bond acceptor and the filled high-energy atomic
orbitals of the bond donor.1%:202203 |ndeed, differences between halogen bonds and
hydrogen bonds have been described by many authors, often with an emphasis being
placed on the role that dispersion plays in halogen bonding due the inherently higher
polarisabilty of heavier atoms.%:202210-212 A 2019 study by Frontera and co-workers?*3
investigated halogen and hydrogen bonds involving hypohalous acid donors, and
found remarkable similarities between the two in terms of electrostatic and orbital
interactions. They noted that the dispersion terms were dependent upon the size of the
halogens in the halogen bonds, but this term was of course, approximately constant for

the hydrogen bonded complexes (due to the constant hydrogen bond donor atom).

As has been discussed above, the relative weightings and behaviours of the attractive
and repulsive forces that drive o-hole interactions are highly dependent on the

identities of both the acceptor and donor species. As originally outlined by Politzer
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and co-workers,*22! s-hole depth is encoded by the electrostatic surface potential and
this serves as useful first approximation for predicting interaction strength. However,
numerous examples of this identifier falling short have been identified and presented
above. Critically, examples of these cases have been demonstrated not only by
calculation, but by empirical measurements of various bonding systems, 535589.111.112,151
Furthermore, energetic dissections have demonstrated that stable halogen bonded
systems can be dominated by either dispersive forces or electron sharing interactions
as well as the commonly discussed electrostatic forces. In light of this, it is not accurate
to reference only one of the partially motivating forces driving the interaction. The
situation is baked into the IUPAC definition of the halogen bond, which clearly
references the multitude of forces involved.! Given the high degree of similarity in the
nature of halogen, chalcogen, and pnictogen bonds, but also hydrogen bonds, 75105209
tetrel bonds,**8214  triel bonds,?>2!® peryllium bonds,?'°?% aerogen bonds,??!?22
lithium bonds,?22% alkali metal interactions?® and  coinage/other metal
interactions?%+227-22% several authors have argued the need for a broad definition for
this collection of interactions.**??° Throughout this chapter the term c-hole interaction
has been used, but as initially prefaced, this is used due to a lack of a better alternative.
The o-hole is indeed a common theme in these interactions; even in anti-electrostatic
interactions the o-hole is still present, meaning that positive electrostatic potential is a
common, but not a defining characteristic.5*°72 The issue with such a term is that it
invites neglect of dispersion and electron delocalisation forces that can often play
important, if not primary roles. The same issue exists with the term weak non-covalent
interaction that is also in common parlance, as it is not uncommon for these
interactions to possess at least some covalent character. A zenith case can be provided
by halogen bond examples, such as the IF---F reported by Bickelhaupt and Wolters,
that are nearly entirely driven by orbital interactions (97%).2°2 A more inclusive term

that is representative of the multifaceted forces behind these interactions is needed.
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Abstract

Crystallographic and computational studies support the occurrence of favourable
interactions between polarisable arenes and halogen atoms. However, the systematic
experimental quantification of halogen---arene interactions in solution has been
hindered by large variance in steric demands of the halogens. Here we have employed
synthetic molecular torsion balances to quantify halogen--arene contacts in solution.
204 conformational free energy differences were determined using a series of 10
molecular torsion balances in 17 solvent systems. A thermodynamic double-mutant
cycle was used to dissect out the contribution of the halogen-arene interactions and the
associated solvent effects. The experimental measurements found that such
interactions were outcompeted by dispersion interactions with the surrounding solvent
(AAG > +1.5 kJ molt). Halogen--arene contacts were slightly less disfavoured in
solvents with higher solvophaobicities and lower polarisabilities, but strikingly, were
always less favoured than CHs--arene contacts (AAG = —1.0 kJ mol-1). A battery of
computational methods was applied to the systems to dissect the various energetic

contributions and to study the angular and geometric dependencies of such contacts.

Contributions: All compounds pertaining to balance series 1 were prepared and
characterized by Dr Nicholas Dominelli-Whiteley. All compounds pertaining to
balance series 2 were prepared and characterized by AMLW. In addition, AMLW
conducted all double mutant cycle analysis and computational studies on both balance
series.
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2.1 Introduction to halogen---arene interactions

Halogen--arene interactions were first identified in 1940s,%? and are receiving renewed
attention through the broader emerging interest in secondary bonding interactions.3®
Indeed, halogen--arene interactions have been observed in over 20,000 crystal
structures in the CCSD® and have been implicated in several protein-ligand binding
interactions”° as well as having applications in pharmaceuticals,’*° supramolecular
assemblies!*?* and in functional materials.’® The comparatively large size of the
phenyl binding partner provides a multitude of potential halogen-arene interaction
geometries. In simplistic terms, these can be broken down into T-shaped and side-on
geometries (Figure 2.1), which broadly differ in regard to the degree of involvement

of the halogen c-hole.

?

Figure 2.1: A) T-shaped and B) side-on geometries for halogen-+-arene contacts between benzene and

iodobenzene.

The T-shaped geometry (Figure 2.1A) most closely resembles a conventional halogen
bond as defined by IUPAC, which explicitly mentions the tendency for halogen bonds
to form at the linear extension of the C-X bond.* However, as highlighted in Chapter
1 and discussed below, attractive halogen bonds are not necessarily entirely defined
by attractive electrostatic interactions stemming from the o-hole. Side-on geometries
(Figure 2.1A) represent the most extreme deviation from a conventional halogen
bonded arrangement. Indeed, there is an emerging consensus that the geometries of
halogen-arene interactions tend to be less rigidly constrained than their halogen-Lewis
base analogues.®>!1620  For example, Jiang prepared iodine-functionalised
N-amidothioureas that assembled into helices via tilted perpendicular iodine:--arene
interactions (0 = 148.1°-154.6°) (Figure 2.2A). ! Meanwhile, tetrabromo-diquinolines
prepared by Bishop were found to form side-on bromine-arene contacts within

crystalline solid-state lattices (Figure 2.2B).%!
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Figure 2.2: A) N-Amidothiourea helices held together by halogen---arene contacts as prepared by
Jiang et al.!* B) Tetrabromo-diquinoline lattice boxes held together by a combination of halogen

bonding and halogen--arene contacts as prepared by Bishop et al.?

Despite their prolific nature, deep understanding of halogen-arene interactions has not
permeated the scientific community, at least in part due to the multifaceted nature of
halogen bonds, discussed in Chapter 1.3* Moreover, solvent effects complicate the

quantitative understanding of weak interactions in general.

2.2 Computational examination of halogen-arene interactions

Computational studies of halogen---arene interactions have provided insights into their
nature and key energetic trends. A 2016 study by Ono et al. provided an in-depth
examination of the geometric dependency of halogen-arene interactions. Their work
demonstrated the limited role that o-hole character plays in governing such
interactions and highlighted the multiplicity of the forces at work.*” Accordingly, side-
on halogen---arene geometries similar to that depicted in Figure 2.1 are perhaps better
described as interactions between two large polarisable moieties rather than as
conventional halogen bonds. Indeed, the importance of dispersion has been
underscored by several studies which found that dispersion must be included to

reproduce experimentally observed geometries,16-1922.23

79



More dissent in opinion is observed when considering the role of orbital effects in
halogen---arene interactions. NBO analysis finds charge transfer to be both negligible?8
and non-negligible? in different systems. A 2018 study by Wong and co-workers®®
into interaction site preferences posits the idea of repulsive orbital overlap playing a
key role. Borrowing nomenclature from inorganic chemistry, the authors discuss
halogen---arene interactions in terms of hapticity; referring to the over-atom, over-bond

and over-centroid binding modes as n1, n2 and n6 respective (Figure 2.3A).

Overatom  Overbond  Over centroid
1 ¥ X
ni nz2 ne

sloleslevela’s
OG0 O A0

Figure 2.3: A) Interaction geometries considered for halogen--arene contacts. B) Aromatic and N-
hetero-aromatic surfaces as considered by Wong et al. Red circles denote the locations of minimised

halogen---arene interactions.'®
For the aromatic/N-hetero-aromatic surfaces shown in Figure 2.3B, a search of the
Cambridge Structural Database gave over 5500 hits where a halogen atom was found
in close contact with one of the structures (as defined by the sum of the vdW radii). Of
these hits, 3488 and 1742 were for the n1 and n2 binding modes respectively, while
only 90 hits were identified for the n6 binding mode. A clear preference for
interactions with the rim of the aromatic species was found, which Wong and co-
workers are not alone in noting.'® DFT calculations employing »B97x-D/agu-cc-
pVTZ geometry minimisation followed by sSAPTO/jun-cc-pVDZ energy dissection
was employed to rationalise this behaviour. The n6 complex was found to be
significantly less stable (for example; —14.9 kJ mol* for n6 Benzene--BrF vs. —22.5
kJ mol~* for n2 Benzene--BrF). SAPT dissection scans along the purple line shown in
Figure 2.4 revealed that dispersion was the most significant attractive term at all
coordinates, with strength peaking over the centroid. These findings fit with the

accepted literature consensus, but the lack of alignment between the trends for
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dispersion and the SAPT total suggests that dispersion is not governing interaction
behaviour. Instead, the SAPT total terms were most negative in the over-bond
geometries, which was in line with the DFT findings. The induction and electrostatic
terms also followed the same trend.
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Figure 2.4: SAPT component breakdowns for scans of Cly, 3.2 A over A) benzene and B)

naphthalene.®

Wong and co-workers posit that both the induction and electrostatic terms can be
rationalised by considerations of molecular orbitals, electrostatic variations being
explained by lone pair---7 repulsion rather than c-hole--r attraction.'® Though this is

not a traditional description and is somewhat contentious.

Despite the insights provided by computational chemistry, calculations are currently
unable to accurately account for the strongly perturbing influence of the surrounding
solvent. However, crystallographic experimental investigations cannot reveal the
thermodynamic nature of any putative interactions. Hence, other experiments are
required to understand interaction thermodynamics in solution. Few experimental
studies quantifying halogen--arene interactions have been conducted, and no studies
have performed comprehensive solvent screens to study solvent effects.?*?" The
situation is underscored in the knowledge that solvents are known to exert an

attenuating influence of dispersion-dominated interactions.?*?’
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2.3 Quantification of halogen-arene interactions in supramolecular complexes

The solution-phase experimental examination of halogen--arene interactions date back
to the original 1940’s UV-vis examinations.}? A contemporary analogue of this very
early work was conducted by Hansen et al. in 2011, who studied the complexation of
CsF7l isomers with toluene-ds (Figure 2.5).28 By employing '°F NMR experiments and
van’t Hoff analysis to dissect out thermodynamic information, they were able to report
enthalpically favourable interactions with toluene-dg for both CsF-I isomers with AH
~ —2.8 kJ mol*. These findings were supported by DFT calculations (B3LYP-PCM/6-
311++G(d,p) + LanL2DZ*) which corroborated the interaction trends, but gave
interaction energies that were approximately double the magnitude of the experimental

values.

F F F
| )Q/(kF iE>l§<<,:
FF |
1-1C5F, 2-1C5F;

Figure 2.5: C3F;I isomers employed by Hansen et al. in 2011.%°

More complicated supramolecular complexes are have also been used to probe
halogen---arene interactions. A 2004 study by Hunter et al.*® employed NMR titrations
to measure the binding of H-bonded complexes hosting halogen---arene interactions
(Figure 2.6). Crystallographic structures of truncated singly H-bonded complexes
supported the possibility of the larger complexes being able to host halogen--arene
contacts. A thermodynamic double-mutant cycle approach was used to dissect out the
contribution of the halogen---arene contacts to the complexation energies measured in

the titrations.
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halogen---arene contacts in chloroform.*

Double-mutant cycles were originally developed for dissecting out specific
contributions in protein interactions,®3 but have since been widely adopted in
supramolecular chemistry.30:3234-40 The halogen---arene interaction in Figure 2.6 could
be assessed by comparing the binding energy of complex I with either of the single-
mutant complexes Il or Ill, where one of the interacting moieties has been deleted.
However, doing this does not account for any secondary interactions that are changed
by the single mutation. Any such secondary changes are encoded in the complexation
energy change from a single mutant (11 or 111) to a double mutant (IV). Hence, the
equation in the centre of Figure 2.6, provides a means of accounting for secondary
interaction changes and isolating the contribution of the halogen---arene interaction to
the overall complexation energy. Upon performing this dissection, the halogen---arene
interactions examined were all found to be repulsive, but with the fluorine--arene
interaction being slightly more so. However, the study was limited by solubility issues
and geometric complications arising from the large changes in the size of the CX3
moiety. There were large variations in the interaction distances; 3.07 A (X =F, Y =
NO,) to 3.61 A (X = Br, Y = NOy), while iodine was not included in the study.
Therefore, the authors themselves concluded that it was difficult to draw any strong

conclusions.®°
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2.4 Quantification of halogen-arene interactions using molecular torsion

balances

An alternative to the use of supramolecular complexes to quantify interactions is the
use of molecular torsion balances.***** Molecular torsion balances provide a potent tool
for the investigation of weak non-covalent interactions such as halogen---arene
interactions. The term molecular torsion balance was first coined by Wilcox in the mid
1990°s.#5¢ Such systems rely on a conformational equilibrium serving as a reporter of
the relative interactions occurring in a folded and unfolded state (Figure 2.7).
Molecular balances can be designed such that an intramolecular interaction of interest
is formed in the folded conformer (red line in Figure 2.2), but absent in the unfolded
conformer. Hence, the relative strength of an interaction of interest can be studied by
its perturbation of the equilibrium. Typically, the barrier to rotation between the states
AGrorg = —RT InKpp4 (Equation 2.1)

(AG* in Figure 2.7B) should be large enough that distinct peaks corresponding to each
conformer can be resolved on the NMR time-scale. Hence, the conformational
equilibrium constant between these states, Kria can be readily determined by
integrating the ratios of the NMR peaks corresponding to each conformer. From this,

the Gibb’s free energy difference between the states can then be determined using

equation 2.1.
A B
’ }—O 8 :
AGfold . =
@ u g Unfolded
ol — o
-
Unfolded Folded

Folding coordinate

Figure 2.7 A) Cartoon depiction of a molecular torsion balance showing the unfolded and folded
conformers. B) Energy profile for a molecular torsion balance. AG?, energy barrier to rotation; AGiq,

change in energy upon change in conformation.
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Several classes of molecular torsion balances have been devised for measuring a wide
range of interactions in different interaction geometries, and notable examples are
presented in Figure 2.8. Indeed, one of the main advantages (and equally main
limitations) of molecular balances is the well-defined geometry of the intramolecular
interactions. This enables specialised geometries and interaction distances to be
examined so that the designs can serve as analogues of interactions identified from
protein or crystal structures. Halogen--arene interactions have seen study by several

flavours of balance.

o

Figure 2.8: Examples of molecular torsion balance systems, interacting moieties are shown in red for
clarity A) triptycene-derived molecular balance used by Oki and Gung.*” B) Troger’s base derived
“Wilcox” balance.*® C) Bicyclic N-arylimide molecular torsion balance designed and used by
Shimizu.® D) “Motherwell” type Dibenzobicyclo[3.2.2]-nonane molecular torsion balance.*** E)
Slow rotating amide C-N bond derived balance referred to as the “Cockroft” balance.5!5? F)

Terphenyl molecular torsion balance.®

Oki pioneered the use of molecular torsion balances in 1980s,*’** several years before
the term had been coined.*® As part of these studies, Oki and co-workers used
triptycene-based balances to examine a limited range of halogen---arene interactions
(Figure 2.9).*" These triptycene molecular balances are in slow exchange between the
two conformers shown in Figure 2.9B at 253 K. Halogen---arene contacts are present
in the two conformations shown in the bottom of Figure 2.9B, but absent in the
conformer at the top. Hence, deviation away from the statistically expected 2:1
population ratio indicates the relative energies of the different interactions in the two
classes of conformation. Br-arene interactions were found to be favour over Cl---arene

interactions, but both were more favourable than an analogous CHs:---arene
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interaction.*” In contrast, a subsequent study by Gung et al., employed a similar
triptycene balance that could form either halogen--arene or CHs---arene contacts, but
this expressed a preference for the CHs---arene contacts in both solid and solution states
(Figure 2.9C).% The contrasting findings of these related studies likely arise from
differences in the interaction geometries, which very much sets the tone for the

geometric sensitivity of halogen---arene contacts in supramolecular structures.

O H H
A A

o

* ﬁ kh xJ\:O

Figure 2.9: A) Triptycene type molecular torsion balance as employed by Oki et al. B) Three-way
conformational equilibrium found in triptycene molecular torsion balances. Halogen (X) arene
contacts are possible in both of the lower two conformers, but not the upper one.*”%* C) Derivative of

the Triptycene type molecular torsion balance as employed by Gung et al.>

O, N X O N m "
5 o Shimizu study aromatic surfaces
% > Rz > — N —\ =
/dp —/?—/ N Q 7

oG

Figure 2.10: Bicyclic N-arylimide molecular torsion balance systems as employed by Schmieder and

Shimizu showing the respective studies employed aromatic surfaces.>"8

More recently, the Shimizu®” and Schmieder®® groups have both employed bicyclic N-
arylimide molecular torsion balance systems to examine halogen---arene interactions
(Figure 2.10). Schmieder et al. utilised residual dipolar coupling (RDC) NMR

spectroscopy to determine the open/closed conformer ratios. The authors suggested
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that all the halogen---arene interactions were favourable, with magnitudes greater than
—5 kJ mol, which were comparable to the energies of biomolecular systems.®®
However, these energies were not direct measures of the interaction and were instead
derived relative to a fluorine-substituent and extrapolated from a correlation of
energies vs. the van der Waals radii of the halogens examined. While this may seem
to be a potentially sound methodology, it is predicated on the fluorine---arene
interaction being inert. However, examination of the raw conformational energy
differences shows that the interaction trends are instead dominated by repulsion, with
the largest halogens being strongly repelled from the aromatic face. Indeed, the work
was completely undermined by work published in the same journal issue by Shimizu
and co-workers.®” The Shimizu group pioneered N-arylimide balances containing
aromatic shelves;* they found that all halogen---arene interactions in such balances are
repulsive (Figure 2.11). Contrasting with the traditional halogen bonding in which the
more polarisable iodine forms the strongest bonds,* Shimizu found that iodine formed
the most repulsive halogen---arene interactions and fluorine the least repulsive. The
inflexibility of the bicyclic N-arylimide torsion balance means that is unable to
accommodate the larger halogens. Irrespective of this steric limitation, all balances
show the trend of increasing closed conformer preference as the ESP of the aromatic
shelf became less negative. The introduction of increasing numbers of nitrogen atoms
makes the aromatic shelf increasingly electron poor, which is manifested in their
calculated ESPs. Accordingly, the least repulsive halogen---arene interactions

uncovered by Shimizu are more akin to anion--7 interactions than halogen bonds.>">%

61
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Figure 2.11: Plots of balance folding energies against calculated ESP values for the hetro-/aromatic

surfaces shown.%’

Halogen---arene interactions have also been examined in dibenzobicyclo[3.2.2]-
nonane balances (Figure 2.12).°2 The study compared the halogen--arene contact
against the comparatively better understood CH:--arene contact. Although the
CH---arene interaction is considered to be one of the weakest noncovalent interactions,
it was found to consistently outcompete the halogen---arene contact when R = H.
Consistent AG values were seen across the halogen series (7.9 kJ mol™), except the
fluorine balance (AG = 3.9 kJ mol™) suggesting greater competition (or less repulsion)
from the fluorine---arene contact compared to the other halogens. This work
corroborates the prior findings of Shimizu®’ that F--arene interactions are more
favourable (or less repulsive) than the other halogen contacts. These works also
highlight the weakness of halogen---arene contacts, especially when there is little -

hole involvement.

R hd
X —_— - X = F/Cl/Br/I
1 ) R=H/Me
LD TN

Figure 2.12: Dibenzobicyclo[3.2.2]-nonane “Motherwell” type molecular balance with conformers

featuring halogen arene contacts and CH arene contacts. X = Br/I for R = H only.®?
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Replacing the R group proton with CHsz increased the preference for the
halogen---arene contact, which was attributed to the increased bulk of the CHz group.
Indeed, the CH--arene contact was found to be favoured by —6.8 kJ mol-! in the
balance where X = H and R = CHa. In the series of balances where R = CHs, the
fluorine---arene contact was favoured over the chlorine:-arene contact, the latter of
which was slightly more favourable than the CHz-arene contact. Energy
decomposition analysis conducted on a truncated version of the balance systems found
AE strain to be the single largest factor in determination of which conformer was more
favourable, which explains the experimental preference for the fluorine---arene contact
over the chlorine, and H over CHs. Unfortunately, the study did not include the full
series of stable halogens for the R = CHsz balances to complete the energetic

comparisons.

2.5 Aims of the project

Halogen---arene contacts represent a relatively common place and useful interaction in
a variety of contacts. This chapter aims to study these interactions both in the solution
phase and computationally; overcoming some of the hindrances that previous studies
have run into. To this end, two series of Wilcox type molecular torsion balances have
been prepared and analysed to study halogen---arene contacts featuring the stable
halogens (F/CI/Br/l) and compare them to analogous CH:--arene contacts (Figure
2.13A).

Interaction energies from within the balance systems have been measured across a 17
point solvent screen containing both single and mixed solvent systems with the
objective of assessing the effects of solvent properties on halogen---arene contacts. In
addition a combined double mutant cycle analysis of the two balance systems allows
for dissection of the halogen---arene and CH---arene contacts from the background of
balance system (Figure 2.13B). The principals of this approach having been outlined

in Section 2.3.

In support of solution phase studies is an extensive computational study of
halogen---arene contacts using DFT, DFT-D and SAPT methodologies to study both
the interactions with the balance systems and the nuisances of halogen--arene contacts

more generally.
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2.6 Results and discussion

To facilitate study of halogen---arene interactions in solution, the Wilcox balance

shown in Figure 2.13A was designed to bring the halogen and arene moieties into

contact.
A
Unfolded Folded
K
——
ﬁ
N
B
1X (X = I/Br/Cl/F/Me)
AG| —AGH‘ AGH _AG\V
]| v

2X (X = I/Br/Cl/F/Me) 2H

Figure 2.13: A) Wilcox molecular balance employed in this study showing the unfolded and folded
conformers. B) Double mutant cycle employed to dissect out the energies associated with

halogen---arene contacts.
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The folded conformer resulting in geometries similar those that were found to be most
prevalent in Schneider’s crystallographic database study.® In contrast to rigid bicyclic
N-arylimide balances used to examine halogen---arene interactions in previous
studies,®"*8 the Wilcox balance is more flexible, which accommodates the wide range
of covalent radii present within the halogen series. This flexibility should ideally
mitigate issues of steric clashes that have limited previous studies.®**® The balance
system is inherently suited to the study of dispersive contacts due to the orientation of
the halogen o-hole away from the arene moieties. Finally, the balance is small enough
to allow for relatively cheap computational analysis, thus enabling comparative and

energetic dissection calculations.

2.7 Synthesis of the molecular balances
The molecular torsion balances of series 1 and all relevant precursors were prepared
previously by Dr Nicholas Dominelli-Whiteley in accordance with the reaction

scheme presented in figure 2.14. Full synthetic details are presented in appendix A.12.

R o NH NH
/@%(f _NaOH (10 mol%) a _ B, THE NH,
H
Cl Dioxane, reflux reflux, 20h |/@N
o] 18h
Br
B

39% Quantitative yield

r

p formaldehyde /jg/ /),
TFA, /@ eawenc, /@

40 °C, 3 days THF,
62% 50°C. 16h 81%
SPhos
(BPm) 80% Pd(OAc)z SPhos 94%
KOAc,
K
dioxane, H écgéN
110 °C, 16h 2 '
80 °C, 16h

HO

OH
LiOH, HZO MeOH
50 °C, 40 h PyBOP, NEt;, DCM
rt, 72h

Quantitative yield

54-69%
X=F, Cl, Br, I, H, Me
Figure 2.14: Synthetic scheme and yields for the preparation of balance series 1 and preceding

intermediates.
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Molecular torsion balance series 2 and all relevant precursors were prepared by
AMLW and is presented in figure 2.15. Full synthetic details are presented in appendix
A.13.

NH
/@Q(Y NaOH (10 mol%) a BHs, THF NH,
N _— H
Dioxane, reflux Cl reflux, 20h C|/©[/N
18h o} \©

30% Quantitative yield

NG
Pdy(dba)3 o /E:[/N
p formaldehyde /\/© SPhos ,B
(0]
TFA, /@ BP'” 0%

40 °C, 3 days KOAc
82% dioxane,
110 °C, 16h
© \
Br O 00 O N@ NaOH, H;0, MeOH_
Pd(OAc), SPhos O N 50°C, 40 h
K,COs,
H,0, ACN, 58%
80 °C, 16h Quantitative yield

05O Nﬁ@
= O N
PYBOP, NEt;, DCM
i, 72h

34-88%

X=F, Cl,Br, |, H, Me
Figure 2.15: Synthetic scheme and yields for the preparation of balance series 2 and preceding

intermediates.
Synthesis for both series starts with the formation of an amide from a commercially
available chloroisatoic anhydride and an aniline species; brominated aniline for
balance series 1. The resultant amide is then reduced to a secondary amine using a
borane-THF solution. The reduced species this then dissolved in a large volume of
TFA along with paraformaldehyde and stewed at relatively low temperature for three
days. This yielding a di-halogenated Troger’s base species for the synthesis of balance
series 1 and a mono-halogenated Troger’s base species for the synthesis of balance

series 2.
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At this point synthesis diverges. The di-halogenated Troger’s base species for the
synthesis of balance series 1 is appended with an additional aromatic ring in place on
its bromine atom via a [1,1’-Bis(diphenylphosphino)ferrocene]dichloropalladium'

mediated Suzuki-Miyaura procedure.

After this the synthetic methods reconverge for the addition of a pinacol ester to the
Troger’s base species in place of the chlorine. Synthesis again employs a Suzuki-
Miyaura cross-coupling reaction, this time mediated by Palladium' acetate. This cross-
coupling reaction sees the addition of a 1-methyl,3-methyl-benzoate to the Troger’s
base that contains the reporting methyl group used to measure the equilibrium between
the two conformers, with the formed C-C covalent bond rotating in slow exchange on
an NMR timescale. The balance series 1 intermediate was demethylated using lithium
hydroxide and the balance series 2 intermediate was demethylated using sodium
hydroxide. The resultant carboxylic acids were then employed in a variety of
esterification relations with 1,4 substituted phenols using PyBOP as a coupling

reagent; yielding the balances of series 1 and 2 (34-88% vyield).

2.8 Structural and computational analysis

X-ray crystal structures for series 1 were previously obtained by Dr Nicholas
Dominelli-Whiteley.®® The crystal structures showed contact between halogens I, Br,
Cl and the terminal aromatic ring (Figure 2.16, left). The small size of the fluorine
substituent meant that it did not attain contact with terminal ring in compound 1F.
Compound 1F can therefore be considered as an electronic control since it has similar
electronegativity to the other halogens. Although-the difference between the solid-
state and calculated conformations were small, the gas-phase dispersion-corrected
DFT-D minimised structures (M06-2X/6-311G*, ®B97X-D/6-311G* and B3LYP-
D3/6-311G*(Figure 2.17) consistently placed the halogens in 11, 1Br and 1Cl above,
and in closer contact with the one of the phenyl ring bonds (rather than the ring
centroid). By comparison, crystal structures suggest a slightly more distant contact
nearer the edge of the arene moiety, and closer to the minimised DFT structures
(0B97X/6-311G* and B3LYP/6-311G™* (figure 2.16, right and centre respectively).

Closer inspection of the X-ray structures revealed stacking and edge-to-face packing
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contacts between the halogen-substituted aromatic rings, which perturbs the geometry

in solid state.

Crystallographic Dispersion excluded

1F

1cl

1Br

11

1H

1Me

XRC

Distant X---Ar Contacts

B3LYP/6-311G* ®B97X/6-311G*

Distant X---Ar Contacts

Figure 2.16: Geometries obtained from x-ray crystallography studies of balance series 1 conducted by

Dr Nicholas Dominelli-Whiteley (left) and DFT minimized geometries (centre and right) of balance

series 1 conducted by AMLW.
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Dispersion Included

MO06-2X/6-311G* B3LYP-D3/6-311G* ®B97X-D/6-311G*

1F

1Cl

1Br

11

1H

1Me

Close X---Ar Contacts

Figure 2.17: Dispersion included DFT-D minimized geometries for balance series 1. Note
consistently closer contact between the X and arene moieties.
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The unfolded conformations of each of the balances were also calculated using the
same DFT and DFT-D methods (Appendix A.6), allowing the gas-phase
conformational energy difference between the balances, AE, to be determined
(Appendix A.5). Figure 2.18A shows that the preference for the folded conformation
decreased with increasing halogen size for the DFT methods, suggesting a strong role
for sterics. However, this trend is inverted for the DFT-D functionals, due to the large
contribution from stabilising dispersion interactions. Indeed, the large energetic
dispersion contributions can be assessed by comparing the magnitudes of the AE
values calculated with and without dispersion corrections for both levels of theory.
The inversion of the AE trend within the halogen series upon the addition of a
dispersion correction can be rationalized by increasing halogen polarizability
accompanying an increase in size. These strong effects on not only the magnitude but
also the trend suggest that dispersion plays a key role in our halogen---arene

interactions.

To build upon this initial computational analysis, the ®B97X-D minimised geometries
for all 1X series balances were used to perform an energetic dissection using the
SAPT2 methodology. The Wilcox balance frameworks were deleted to leave only a
truncated model consisting of the terminal phenyl group and X-substituted aromatic
ring in the same geometries expressed in the full balances (Figure 2.18B, inset bottom
right), before SAPT2 calculations were performed on the interacting phenyl fragments.
The SAPT2 calculations enabled dissection of the total interaction energy of each
model complex (SAPTwtar) to be dissected into the dispersion, electrostatic, induction,
and exchange repulsion components (Figure 2.18B), providing insights into the

relative weighting of these terms.®4%°

Halogen--arene contacts within the balance system were found to be attractive with
strength increasing with halogen size (Figure 2.18B). This is reassuring as it confirms
the attractive AE values seen in the DFT and DFT-D calculations are not just a product
of interactions within the balance backbone. Attractive components related to
induction and electrostatics were identified but the largest attractive components were

found to be dispersive in nature, consistent with previous studies.'6192223 This key role
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of dispersion confirms initial thoughts regarding the discrepancy in trends observed
between the DFT and DTF-D calculations.
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Figure 2.18 A) AE values associated with the unfolded to folded conformational change in balance
series 1X (Figure 2.13A) for DFT and DFT-D methodologies respectively. B) SAPT2 energy
dissection for the isolated phenyl-X-phenyl interactions hosted within the series 1X balances.

Calculations conducted on a truncated version of ®B97X-D/6-311G* minimised structures (insert).

Given the inherent flexibility of the Wilcox balance, we also examined the angular
dependency of the various SAPT2 energy components using a minimal model. Like
the SAPT2 calculations this model, as shown in Figure 2.19, truncates the Wilcox
balance into a benzene ring from the lower half of the balance and a halobenzene from
the upper half. Models were varied by modulation of the bond midpoint-halogen-C1
angle whilst constraining the centroid-bond midpoint-halogen angle to 90°. Inter-

benzene ring interactions were accounted for by subtracting energies obtained for
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analogous non-halogenated models from the calculated halogenated system energies.
All calculations were conducted in Psi4 using the SAPT2 methodology and a 6-311G*
basis set. Minimised and crystal structures suggested contact between the halogen and
the phenyl ring with interaction distances being used as determined in the
corresponding ®B97X-D/G-311G* minimisations. Interaction models involving

over- atom and over-centroid contacts were included in the study (Figure 2.19).

The total SAPT2 energies, electrostatic, induction and exchange components were
found to depend upon the angle of contact between Ca-X and the aromatic ring for all
three halogens and in all three arrangements. By contrast, the dispersion components
were found to be consistently attractive and independent of the angle of contact, which
is consistent with the non-directional nature of dispersion forces,31%:16-2066.67
Corroborating with the DFT-D (Figure 2.18A, Appendix A.5) and SAPT2 energy
calculations (Figure 2.18B, Appendix A.8), the magnitudes of the dispersion
interactions were found to increase with increasing size and polarisability of the
halogen. This consistently favourable, yet angularly independent dispersion term
accounts for the loose geometric constraints that have previously been observed in X-
ray crystallographic surveys of halogen--arene interactions. 31116208667 Comparison
of the three interaction arrangements shows very little difference between the over-
bond and over-atom geometries, which is unsurprising given the relatively
homogeneous nature of the interacting benzene moiety. The over-centroid
arrangement is also relatively similar to the other two arrangements, though it is
noticeable that the angular-dependent energies reach their zenith at greater 6 angles.
SAPT? total and electrostatics terms peaking at around 100° suggests slightly more
favourable contracts at these extreme angles for over-centroid contacts. This is
surprising in the context of past computational studies,® but appears to occur because
there is no significant increase in exchange cost when adopting this arrangement in our

model system.

98



Over bond

[

X=1 -
X =Br—o 8
X

SAPT2 Total

170 150 130 110 %0
Angle 0
Electrostatic

Angle 6

Exchange

Angle 0

Induction

170 150 130 110 %
Angle 0

Dispersion

— e e
170 150 130 110 %0
Angle 0

=10

AE [ kJ mol! AE / kJ mol! AE [/ kJ mol
AE / kJ mol1

AE / kJ mol!

AE/ kJ mol!

Over atom

:
%

SAPT2 Total

Over centroid
:

SAPT2 Total

w

- o
AE / kJ mol!

AE / kJ mol!

)

s 3
AE / k) mol!

)

AE / kJ mol?

e

e

AE / kJ mol!

170 150 130 110 %0 170 150 130 110 %0
Angle 0 Angle 6
Electrostatic Electrostatic
5
t t ° £ + + t t |
\—’_‘—’/ 2 f
~
5w
<
-10
170 150 130 110 %0 170 150 130 110 %0
Angle 6 Angle &
Exchange Exchange
20
105 /v—'—*\«
E
2
ow
<
-10
170 150 130 110 %0 170 150 130 110 %0
Angle 6 Angle 6
Induction Induction
5
K]
" E S —
2
~
5w
<
-10
170 150 130 110 20 170 150 130 110 90
Angle 6 Angle 6
Dispersion Dispersion
s
0B + b b !
E
2
5 ;:
<
—_— . .
i o P

-10
170 150 130 110 %0
Angle 0

170 150 130 110
Angle 0

)

Figure 2.19: SAPT energy components as a product of variations in C-X---arene angle. Arrangement

corresponding to A) over-bond contact, B) over-atom contact and C) over-centroid contact. All

energies are normalised against non-halogenated analogues to remove contributions from arene:--arene

interactions.
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2.9 Experimental studies

Having established the suitability of the Wilcox balance framework for investigating
halogen--arene interactions and their dispersion-dominated nature in the absence of
solvent, conformational free energy differences were determined in 17 solvents and
solvent mixtures using 'H NMR spectroscopy. The conformational equilibrium
constants, K, were determined using the ratio of the two conformer peaks relating to
the methyl group positioned meta to the ester moiety of the Wilcox balance (Figure
2.13A). Conformational free energies were then calculated using Equation 2.1.

The AG values obtained from *H NMR spectra by Dr Nicholas Dominelli-Whiteley of
the balance series 1X (Figure 2.20) show that the balances consistently prefer the
folded conformation. However, there are only small variations in the differences
between these AG values in each solvent (variation of ~1 kJ mol-!). Nonetheless, a
general inter-halogen trend of F>CI=Br>I was seen across the solvents examine, which
is in contradiction to the trend expected from the dispersion-corrected gas-phase
calculations. The seemingly analogous trend observed in the non-dispersion corrected
DFT functionals (Figure 2.18A, left) was previously characterised as being due to
steric effects. However, the experimental AG values were determined in solution, and
thus solvent effects must be considered. Consideration of factors other than steric
constraints is especially prudent here, as inter-halogen variations of similar magnitudes
are also seen in the AG values for the series 2X balances (obtained by AMLW in a
manner consistent with previous work) in which the arene moiety and its associated
steric bulk have been deleted (Figure 2.20, right). Indeed, precedent exists for
dispersion-driven interactions being attenuated by solvent effects.?42%%8 Support for
this precedent may be seen in the fact that the 1H reference balance yielded similar
AG values to the halogenated analogues. This suggest that solvent effects cancel out
any dispersive halogen--arene contact. Interestingly, the extent of cancellation for the
1Me balance that hosts a CHz--rt interaction is less than for the halogenated balance;
this interaction is not completely dispersive in nature, and thus not as strongly

attenuated by solvent effects.*¢>>69
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Figure 2.20: Experimental AG values for the 1X (left) and 2X (right) series of balances in 17 solvents

and solvent mixtures.

More noteworthy is the inter-solvent variation in the AG values. AG values for series
1X show that systematically increasing the cohesive energy density in the THF/D.O
solvent mixtures by adding more D20 increases the favourability of halogen--arene
contacts (Figure 2.20). The cohesive energy density encodes the strength of the
solvent-solvent interactions, which has been show to serve as a quantitative descriptor
of solvophobic effects.?* In other words, increasing the cohesive energy density of the
solvent drives the apolar groups into contact. Tellingly, the same variations in
THF/D20 mix composition do not induce such strong responses for the series 2X

balances where there is no halogen---arene contact present.

Similarly, adding the very polarisable molecule, I to the most polarisable solvent, CS;
enabled us to examine whether the favourability of the halogen--arene contact could
be weakened by increasing the solvent bulk polarisability, and hence solvent
competition for dispersion interactions (Figure 2.20). The AG values obtained for

series 1X show a slightly reduced preference for halogen-arene contacts (-0.6 to -0.3
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kJ mol! for 1F and -1.0 to -0.6 kJ mol~* for 11 (Appendix A.2) upon the addition of

iodine to the solvent mixture.

Plots of AG against singular solvent properties for each balance yielded no strong
correlations. Similarly, although multiple-linear regression fitting of different solvent
properties to the experimental AG values were attempted (appendix A.9), such
analyses were compounded by their small magnitudes. Multiple-linear regression
analysis of just the mixed solvent systems (THF/D.O and CS)/I>) did vyield
significantly improved correlations (R? = 0.81-0.96)(Appendix A.10) which adds
credence to the notion of interactions within the bulk solvent playing a key role in
determining halogen---arene interactions strength. Though the failure of this analysis
to yield the same correlations with the entire solvent screen limits the weight of any

quantitative conclusions that can be drawn.

AAG = AGlX - AGlH - AGZX + AGZH (Equat|0n 22)

A clearer picture of the interactions present within the series 1X balances can be
ascertained via an experimental dissection of the AG values using the thermodynamic
double mutant cycle (DMC) shown in Figure 2.13B. As outlined in Section 2.3 and
2.6, thermodynamic DMC analysis (Equation 2.2) accounts for energy changes arising
from secondary interactions, enabling the contribution of the interaction of interest to

the overall conformational free energy to be determined.

The use of DMC dissection in these molecular balances is vindicated by the
comparable magnitudes of the AG values measured for the 2X series of balances
(Figure 2.20, right). Since the 2X series of balances lacks the terminal aromatic ring,
this means that the major contributor to folding is not due to halogen--arene contacts,
but other secondary interactions such as the aromatic edge-to-face interactions and

solvophobic effects.
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Figure 2.21: Double mutant cycle dissected AAG values for halogen---arene (purple) and

methyl---arene (red) contacts.

The resultant DMC-dissected AAG values obtained for the series 1X and 2X balances
are shown in Figure 2.21. The first observation is the very small range of the interaction
energies ranging from only —1.5 kJ mol~! to +1.5 kJ mol-!. Nonetheless, there is stark
contrast between the halogen--arene contacts and CHz--n contacts (Figure 2.21). The
consistently attractive nature of the CHz--m contacts across all solvents examined
confirms our previous assertation that an interaction exists within these balances that
is not completely attenuated by solvent effects. By comparison, upon being dissected
out from all other intramolecular effects, the halogen'--arene contacts are all now
consistently disfavoured. These dissected energies are consistent in both nature and
magnitude to previous examples of dispersive interactions that have been attenuated

by competitive solvent interactions.
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Inter-halogen comparisons are still difficult due to the small energy differences, and
are further compounded due to error propagation resulting from construction of the
double mutant cycle. Despite this, it can still be seen that the larger the halogen, the
less favourable the halogen---arene interaction becomes. Moreover, the change in the
energetic penalty associated with varying the halogen is largest in the most polarisable
solvents (CS2/l> mixtures), and smallest in the solvents with the lowest polarisable
solvents (THF/40% DO has the least variation in AAG). Solvophobic influences are
also clear to see with the least disfavoured halogen---arene contacts being observed in
THF/40% DO solution, and the most disfavoured halogen---arene contacts being

found in the less cohesive organic solvents (benzene, CS;, CCla).
2.10 Conclusions

Here we have used molecular torsion balances to probe the energetics of
halogen---arene contacts. The adoption of the Wilcox balance framework and its
inherent flexibility enabled the highly variable steric demands of the halogens to be
accommodated. This enabled us to side-step steric issues that have been widely
encountered in previous attempts to systematically investigate halogen interactions
experimentally. The computational and experimental evidence to demonstrate that
such contacts are primarily dispersive in nature. Halogen---arene contacts were shown
to be weakly disfavoured in solution (AAG = 0to 1.5 kJ mol~2), irrespective of whether
the solvent had a high or low bulk polarisability (and therefore ability to engage in
competitive dispersion interactions). Nonetheless, solvents that were more polarisable
did compete more strongly with halogen-arene interactions. In contrast to the
disfavoured halogen-arene interactions, methyl-arene interactions measured in the
same class of molecular balances were found to be favoured in all solvents examined.
This finding is contrary to previous findings reported by Oki and co-workers who saw
Br/Cl--arene interactions stronger than the analogous CHs--arene contact.*”** Our
report of repulsive halogen---arene interactions is also counter to the attractive energies
extrapolated by Schmieder (issues pertaining to this latter study as documented
previously).® SAPT energy calculations support the hypothesis that the CHs---arene
interactions were favored over halogen---arene interactions due to electrostatic

attraction, which are greatly diminished in the halogen---arene interactions possessed
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of the studied geometries. The systems employed by Oki and Schmieder do not employ
the same geometries and contain halogen--arene contacts closer to collinearity with
the C-X bond. Such geometries will see a greater role played by the o-hole, inducing
greater attractive electrostatic forces and orbital effects. It is potentially here that this

discrepancy can be rationalized.

Our results are however, in fair agreement with those reported by Shimizu who shows
consistently repulsive halogen--arene interactions; with iodine being the most
repulsive.>” Halogen-arene interactions, particularly those involving the larger
halogens, were more sensitive than CHz-arene interactions to increasing the
solvophobic effect via the addition of water (up to 40% (v/v) D20 in THF). However,
the solvophobic effect could not be increased to sufficient extent (up to 40% (v/v) D.O
in THF) to make the halogen-arene interaction favourable, suggesting that competitive

interactions with the solvent still dominate the experimental behaviour.
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Abstract

The bifurcation of non-covalent interactions presents a novel approach to tuning their
strength and geometries. The bifurcation of halogen bonds is of particular interest, with
many crystallographic and computational studies suggesting advantages over
traditional one donor, one acceptor systems. However, in spite of this potential there
is a distinct lack of systematic solution phase study of bifurcated halogen bonding
arrangements. Here we attempt to address this issue by conducting such a study;
measuring the strength of a series of host guest complexes via *H NMR titrations that
contain single point, bifurcated and trifurcated halogen bonding arrangements. In
addition to studying halogen bonds; analogous hydrogen bonding host guest systems
are also studied to provide appropriate comparison. Furthermore, an array of
computational methods have been employed to dissect how the underlying forces
respond to bifurcation. Experimental measurement vindicated the notion of increased
complexation energy in response to bi- and trifurcation in halogen bonded complexes
(0.25 kJ mol? for single point XB, -4.95 kJ mol™? for a bifurcated XB). SAPT
calculations show that the key driving force behind the increased strength is a
reduction in exchange repulsion; even if the adopted geometries result in an
accompanying reduction in the attractive terms. Comparison to hydrogen bonds
showed similar increases in complexation energies as a product of bifurcation with the
rigid, pre-organized aromatic host series however struggled to form bifurcated
complexes with the more flexible aliphatic hosts and wasn’t able to form a trifurcated

complex.

Contributions: All experimental and computational work was conducted by AMLW

115



3.1 Introduction to bifurcated halogen bonds

Halogen bonding has seen a significant rise in interest over the last two decades, with
applications being found in a variety of fields.}” In this chapter we expand our
understanding of halogen bonding interactions beyond the more widely considered

linear arrangement by considering bifurcated halogen bonds.

.

™,
-

.

Figure 3.1: A) traditionally defined single point halogen bond. B) D<A, bifurcated halogen bonding
arrangement. C) D,*A bifurcated halogen bonding arrangement. D) Non-bifurcated bidentate halogen

contain system with both axial and equatorial interactions.

Bifurcated as a term is defined as divide into two branches or forks and appears in a
variety of contexts. Mirroring established terminology used to describe bifurcated
hydrogen bonds (Figure 3.1A),%° a bifurcated halogen bond involves the interaction of
two bond acceptors (A) and a single bond donor (D)2%! (D-A,, Figure 3.1B). To
maintain this analogy, a bifurcated halogen bond should be defined as the interaction
between two nucleophiles and one c—hole. The anisotropic distribution of electrons
that can be found in halogen bond donors*? (chapter 1) means that halogens can act as
both a donor and acceptor. A true bifurcated system should not include asymmetrical
interactions involving both the o-hole and the high equatorial electron density (Figure

3.1D). Indeed, such clarifications will prove highly useful when the concept of
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bifurcation is extended to systems that feature multiple c-holes'® such as halogen

bonding array systems and divalent iodide systems.*41

It should be noted that the inverse arrangement involving one bond acceptor with two
bond donors (D2¢A, Figure 3.1C), also meets the dictionary definition of bifurcation
and this motif is often used interchangeably in the literature for both halogen and
hydrogen bonding. Indeed, we would not be the first to highlight potential confusions
that this duality of definitions may cause.® At time of writing there is no formal IUPAC
definition for bifurcation or an alternate phrase, therefore we must specify that the term
bifurcation used herein exclusively refers to the D*A> (Figure 3.1B) arrangement

unless stated otherwise.
3.2 Donor-Acceptor-Acceptor Systems

Initial studies of bifurcated motifs in halogen bonded systems date back to the mid
1990’s with much work being conducted by Desiraju.'® Such studies employed NO;
as a halogen bond acceptor, which produce molecular ribbons (Figure 3.2A) assembled
with shorter halogen bond distances than any of the nine examples of bifurcated
halogen bonds that had been identified in the CSD at the time. In contrast, the
structurally similar =C(CN)2. acceptor moiety did not form bifurcated bonds and
assembled into a different crystal structure (Figure 3.2B). While the linear single-point
halogen bonds in Figure 3.2B are shorter and more linear, only the bifurcated synthon
produced well-defined sheets. Indeed, Desiraju and co-workers have since
demonstrated the reliability of the bifurcated I---NO2 synthon as a useful building block

for crystal engineering.t’-%

A

0, [oN .0 o]
- O34
[s; jog 0 ko]

Figure 3.2: A) Bifurcated I'"NO; discovered in Desiraju’s early work, B) Ribbons featuring =C(CN);

halogen bond acceptor moieties did not to bifurcate.
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Computational studies into the physical nature of bifurcated halogen bonds have
proved to be a rich vein of study. The X:--NO> bifurcated motif as seen in Desiraju’s
papers were studied by Zou and co-workers in 20062t at MP2 level of theory using the
aug-cc-PVDZ basis set. The compared bifurcated and linear halogen bonded
arrangements (Figure 3.3). Contrasting with the experimental observed packing, the
calculations suggested that the side-on linearly halogen bonded complexes were
stronger than the bifurcated arrangement. The complexation energy of the bifurcated
system when X = Cl was only 18% of the strength of the side-on system, but when X
= Br the energy of the bifurcated system increased to 42% of the strength of the
correspondent side-on system. This suggests that the bifurcated halogen bonding
interactions are proportionally more stable with larger halogen atoms, which may
explain the stability of the I---NO2 synthon found in Desiraju’s structures.'®18
Oy, .0 K= ClyBr

0. TR Y —
ek}

Bifurcated Single-Point

Figure 3.3: Bifurcated and single-point halogen bond interactions in the X-*NO- system studied

computationally by Zou et al.?*

In addition to the MP2 calculations, the study also employed Bader’s atoms in
molecules (AIM) theory?? to analyse the bifurcated arrangements. This showed two
bond critical points (BCPs) and a ring critical point (RCP) demonstrating the
involvement of both oxygen atoms. AIM analysis revealed modest electron density at
the BCPs and their respective Laplacians, suggesting that the bifurcated interactions
are predominantly closed shell. Single linear halogen bonded analogues yielded BCPs
with approximately twice the electron density of those found for the individual halogen
bonds in the bifurcated system. The Lapacian values followed a similar pattern, but

were sufficiently small to indicate only a limited degree of covalence.

Ji and co-workers?® expanded the exploration of bifurcated halogen bonded systems
into heterocyclic aromatic species. Specifically, 1,10-phenanthroline-5,6-dione
(PDONE), 4,5-diazafluoren-9-one (DAFONE) and 4,4’,6,6’-tetramethyl-2,2’-
bipyrimidine (TMPM) (Figure 3.4). A 2011 CSD search by the authors for the X--"-NO2
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bifurcated motif revealed that despite more examples being added to the database, fully
symmetrical arrangements are very rare. Indeed, even asymmetrically skewed
bifurcated arrangements are rare when compared to the side-on single halogen bond
arrangement analogous to those studied by Zou. PDONE and TMBPM shown in
Figure 3.4A aimed to produce more stable symmetrical arrangements by featuring
shorter distances between the two local electrostatic potential minima (Vsmin) than

present in either nitromethane or DAFONE.
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Figure 3.4: A) Designs of XB acceptors and donors employed by Ji to investigate bifurcated XBs. B)
Crystal packing from co-crystals of F4DIB and DAFONE, top; PDONE, middle; TMBPM, bottom.?

Complexes formed between the heterocyclic acceptors and CsF4X2 halogen bond
donors were minimised at the B97D/TZVP level, with iodine atoms being treated with
a TZVPP pseudopotential. Compellingly, Ji was able to produce several co-crystals in
the laboratory by utilising these designs. Though it should be noted, in line with Ji’s
computational expectations, only species featuring iodine halogen bond donors readily
formed co-crystals. As predicted, PDONE and TMBPM produced symmetrical
bifurcated structures both computationally and in the solid state (Figure 3.4B), while
the more distant lone pairs of DAFONE allowed for asymmetrically and symmetrically
bifurcated arrangements to coexist computationally. In all cases, AIM analysis showed
two BCPs between the halogen and both nitrogen/oxygen atoms. However, a more in-
depth analysis showed a non-zero number of imaginary frequencies for all of the
symmetrical structures save for those formed between PDONE/TMBPM and CsFual2,
which suggested that all of the other symmetrical minima were actually transition

states. Only the aforementioned combinations of donor and acceptor vyielded
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symmetrically bifurcated chains. However, there is not consistent agreement between
the crystal structures and calculations; the crystals obtained from DAFONE and CsF4l2
produced linear single halogen bonds with the second nitrogen being too far from
iodine to meaningfully bifurcate. Nonetheless, this work served as a proof-of-concept

for the computational design of novel bifurcated halogen bond acceptors.

Similar designs of bifurcated halogen bond acceptors are shown in Figure 3.5 as
employed in a 2015 study by Bartashevich and co-workers.?* Computational gas-phase
complexes between these acceptors and dihalides produce asymmetrically bifurcated
complexes, with theoretical symmetrical complexes producing a non-zero number of
imaginary frequencies. Corroborating with the AIM studies of the previously
discussed work, the superposition of atomic p- and ¢-basins (as defined by the (IQA)
method)?® over electrostatic static potential maps (figure 3.5 B&C).262® The former
basin (p) defining the chemically bounded atoms and the latter (¢) defining electrically
neural fragments. As much showed that interactions involving the halogen and both
nitrogen atoms occurred in all cases; demonstrated by the penetration of the nitrogen
atoms electron density into the halogen atoms ¢-basin. Due to the asymmetrical
arrangement of the complex, the shorter X-*N contacts were found to be associated
with significant delocalisation of electrons from the relevant nitrogen to the halogen
atom. The pathways are noted to be more complex for the longer X-N”’ contact, but

attraction is present in all cases.
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Figure 3.5: A) Expanded scope of bifurcated XB acceptors as employed by Bartashevich and co-
workers. B&C) Superimposed images of the p- and ¢-basins atop electrostatic surface potentials for
Cl,/4,5-diazafluoren-9-one and I./10-phenanthroline-4,7-diamine respectively. Red lines, p-basins;

blue lines, p-basins; red arrows direction of atomic attraction.?
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Breakdown of the energetic components using the IQA methodology 23! shows
increasing electrostatic terms with increasing halogen size and an increase in the
exchange repulsion term with decreasing halogen size. While this much may appear
counter intuitive this can be rationalised by the X--*N” contact exerting a greater degree
of influence over the heavier halogens; a product of the increased halogen size. Indeed
a breakdown of the exchange energies into two-atomic terms shows counter acting
trends for the X---N and X--*N’ contributions in response to changing halogen size. The
more symmetrical and evenly distributed bonding contributions found in the heavier
halogen systems highlight their greater suitability for bifurcated halogen bonding, but

the results clearly demonstrated that bifurcation remains possible for CI.

Marek and co-workers®? drew attention to the interplay of energetic contributions in
bifurcated halogen bonding. The study examined 1,2-dimethoxybenzene derivatives
as bifurcated acceptors (Figure 3.6), and suggested that the stabilisation afforded by
electrostatic components is comparable to the non-electrostatic terms. Furthermore, it
was concluded that both the electrostatic and non-electrostatic terms increase in

parallel with increasing negative charge on the electron donor.

R = COO/0 /PO;H /S /SO, /SOy

X
IX\

—-O' \O"‘ R = Br/C,Hy/CFy/CH5/CHO/CI/CN
JCOOH/F/H/NHy/NO,/OCH,/0C
HO/OH/SCH;/SH/SO,CI/SO5H

Positively charged
R R = CH,NH;*/N(CH3);*/NH;*

/S(CH3),"

Figure 3.6: Substituted 1,2-dimethoxybenzene XB acceptors studied by Marek and co-workers.?

These conclusions were based on a battery of computational examinations, including
Bader’s quantum theory of atoms in molecules (QTAIM),?? energy decomposition
analysis (EDA)*® and natural bond order (NBO).3* QTAIM identified line critical
points (LCP) between the donating halogen atom and both oxygen atoms in the
majority of cases, a few of which will be discussed later in this section. This finding is
similar to previous studies,??® except for the finding that there was a reduction in the
electron density at the LCP for the adjacent C-O bonds in the substituted 1,2-

dimethoxybenzene derivatives. This was consistent with electron delocalisation into
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the halogen bond upon complexation. NBO analysis also confirmed electron
delocalisation from one lone pair on each oxygen atom into the LUMO of the halogen-
carbon bond. Dissection of the interactions into their component terms via EDA based
on M06-2X/def2-TZVPPD minimised geometries showed than in strong halogen
bonds the sum of the electrostatic and Columbic terms are dominant. However, in the
weaker halogen bonds this term is typically diminished and the exchange—correlation
term becomes dominant. Notably, both the electron sharing terms from the EDA and
the delocalisation index at the LCPs correlate well with the calculated complex
energies. This emphasises the role that terms other than electrostatics play, but the
relative weighting of the component terms varies significantly depending on the
substituents involved. Reminiscent of the work of Riley, Hobza and others %27 that
demonstrated increased non-electrostatic term weightings in conventional traditional
halogen bonds when less electron withdrawing substituents decorate the halogen

moiety.
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Figure 3.7: A) Electrostatic surface potential (kcal mol) of 1,2-dimethoxybenzene, B) electron
deformation density map as produced by a +0.5 a.u. point charge positioned 3 A from the oxygen

atoms. Blue and red lobes denote electron concentration and depletion respectively.3?

Minimisation of the series of 1,2-dimethoxybenzene bifurcated halogen bond
acceptors with several hetero-dihalogens yielded an interesting finding. Though the
ESP Vsminis centred between the two oxygens, the asymmetrical arrangement of the

bonding results in the halogen o-hole coincides with region that is most polarised
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(Figure 3.7) as identified by electron deformation density mapping.®%° The
implication is that the geometry of the halogen bond favours contact associated with
the best potential for polarisation (i.e. the oxygen) rather than the electrostatic
minimum. Indeed, as seen in other studies, the hypothetical symmetrical arrangement
is less stable.?2* The authors also comment on the wide range of angles that are
observed between the aromatic plane and the X-X bond axis. Such deviation suggests
a reduced role of electrostatics in the electron-poor donors.®4%42 In a few cases where
minimisation rotated one of the methoxy groups out of the aromatic plane, and these
geometries exhibited two-centre halogen bonds that constituted some of the most
stable complexes studied. This finding again suggests that a single close-contact
halogen bond (bond length 68% of X vdW radii) is typically stronger than a slightly

more distant bifurcated arrangement (bond lengths ~90% of vdW radii).

The role of substituent effects on bifurcated halogen bonding is documented in
Frontera’s 2011 paper.®® This study concluded that substituent effects affected
bifurcated halogen bonds to the same extent as conventional single-point halogen
bonds.***5 The strength of bifurcated and single halogen bonds were found to be
similar in magnitude; the loss in linearity due to bifurcation being compensated by a
proportional increase in donor strength. Two-acceptor one-donor (D<A>) bifurcated
halogen bonds were also found to be stronger than two-donor one-acceptor (D2¢A)

cases.
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Schiff base 1,2-dimethoxybenzene motif

Figure 3.8: Single XB Schiff base motif and bifurcated XB 1,2-dimethoxybenzene motifs studied by
Cincic and co-workers.*

A more recent study by Cincic and co-workers* considered complexes between
iodopentafluorobenzene and Schiff bases (Figure 3.8). A CSD survey found that
structures containing the 1,2-dihydroxyl Schiff base (Figure 3.8, right) had a 11 to 1

preference to form bifurcated bonding arrangements over single-point halogen bonds.
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Of the five crystal structures included in this study, only three were found to include
hydroxyl halogen bond acceptors with only two of those showing “optimal
geometries”. Quite tellingly, all these cases also featured an N--I halogen bond.
Meanwhile, the purely homoaromatic Schiff base (figure 3.8 left) formed halogen-
arene contacts in preference to HO-I halogen bonds, even though the former are
expected to be very weak interactions. One limitation of such crystallographic studies
is that the relative interaction strengths are not measured. However, the authors did
note that the length of the single HO-'I bond was similar to the shorter of the two
bonds observed in the bifurcated arrangement. This led to the suggestion that the two
should be reasonably comparable in strength as there is some precedent for using bond
length as a predictor for strength.'24748 In this case, the bond shortening of the primary
halogen bond was attributed to the additional stability afforded by the formation of the
secondary bifurcated interaction.
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Figure 3.9: Square-planar acac metal complexes employed as bifurcated XB acceptors by Cincic et

al.*

More recently, bifurcated halogen bond acceptors derived from metal-ligand
complexes have garnered interest. Cincic and co-workers examined bifurcated halogen
bonds to acetylacetonate ligands bound to square-planar metal complexes (Figure
3.9).%° The negatively charged oxygen atoms of the anionic ligand present a
particularly strong halogen bond acceptor. Co-crystallisation of CsFsX2 with the
square-planar metal complexes revealed the formation of bifurcated halogen bonds.
The addition of two H,O ligands (Figure 3.9C) showed the hydrogen bonds
outcompeted the bifurcated halogen bonds from CeF4Xa, instead yielding single-point
halogen bonds with the complexes H2O ligand’s oxygen atoms. However, metal

complexes containing only a single H20 ligand could still form bifurcated interactions

124



with CeF4X2 on the unoccupied side of the metal complex (Figure 3.9D), suggesting a

preference for bifurcation over the single-point bond.
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Figure 3.10: A) Novel bacterial type 11 topoisomerase inhibitor (NBTI) employed by Anderluh and
co-workers. B) Molecular dynamics simulation snapshots for the three halogenated NBTIs. C) Hybrid
cartoon representation of the CI NBTI crystal stature in a gyrase-DNA-inhibitor complex, 2.3-A

resolution (DNA shown in red, GyrA in blue and GyrB in yellow).

The potential of bifurcated halogen bonding to be exploited in pharmaceutical design
was demonstrated by Anderluh and co-workers in 2021.°° Halogenated bacterial type
Il topoisomerase inhibitors (NBTIs) were shown to act as potent antibacterial DNA-
gyrase inhibitors (Figure 3.10A). The authors point to such gyrase inhibitors featuring
in over 200 papers in the last decade.®® The mode of action for these species constitutes
the formation of gyrase-DNA-inhibitor complexes that induces single-strand DNA

cleavage (Figure 3.10C).>* High-quality crystal structures revealed that the left-hand

125



side of the NBTIs species intercalates with the DNA,*°2 while right-hand side
interacts with a hydrophobic binding pocket within the GyrA protein.>® This pocket
is largely devoid of polar amino acid residues that might be targeted by

pharmaceuticals to attain specificity and binding stability.

In the absence of traditional binding targets, the halogenated NBTIs instead form
bifucated halogen bonds with the protein backbone, in this case the Ala68 residues
(Figure 3.10B). As much being shown by both molecular dynamics simulations and
crystal structures. Attempts were made to replicate this approach with bifurcated
hydrogen bonds, but subsequent cleavage assays against S. aureus and E. coli showed
a marked decrease in potency when compared to bifurcated halogen bonded
compounds. The strategy of targeting backbone moieties minimises the development
of bacterial resistance via single residue mutation. Tests against S. aureus and
methicillin-resistant S. aureus both demonstrated the same strong antibacterial
activity. The authors also make note of the relatively small size of the GyrA interaction
pocket, which is less able to accommodate larger moieties and therefore making
bifurcation from relatively small halogen-bond donor attractive over much larger

moieties reliant on more defuse binding modes such as hydrophobicity.
3.3 Donor-Donor-Acceptor Systems

The bifurcated interactions discussed thus far all involve a single halogen atom
interacting with a pair of donor species (Figure 3.1B, D+A>). However, bifurcation
may also refer to the inverse arrangement involving two halogen atoms interacting
with a single acceptor (Figure 3.1C, D2¢A). A comprehensive study of nitrogen,
oxygen and sulphur atoms acting as bifurcated halogen bonding acceptors was
conducted in 2011.>* A search of the CSD showed that although Dz*A hydrogen
bonding is relatively common, the halogen bonded equivalent is rather rare. Instead,
there is a strong preference for single-point bonding alternatives when available
(Figure 3.1A). The CSD search identified five structures in which phosphine oxides
acted as D2*A bifurcated acceptors. However, attempts to co-crystalise such species
with heavily fluorinated iodobenzenes (Figure 3.11) did not contain the desired
arrangement. Instead of donating into the oxygen acceptor, the second halogen bond

is shown to bond to the equatorial electron density of the iodine atom (figure 3.11B).
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Figure 3.11: D,+A Bifurcated XBs employing an oxygen acceptor. A) Structure as designed,

B) Structure as observed in the crystal structure.>*

Nevertheless, the authors were able to produce crystals structures featuring D2°A
bifurcated S and N centres. The sulphur containing systems are based around 1,4-
dithiane, which forms a ladder complex with 1,4-CeFsl> (Figure 3.12A). The S--1
distances observed, while shorter than the sum of the van der Waals radii, were notably
longer than single halogen bonded analogues,®®® and the same was true for the
acridine example (Figure 3.12B). The acridine example formed interlocking chains
with 1,2-CeFsl> stabilised by aromatic stacking. In contrast, phenazine co-
crystallisation with 1,2-CeF4l> forms only a single-point halogen bond. However, it
should not be concluded that DA nitrogen bifurcated halogen bonds are only
accessible in the presence of aromatic stacking; a CSD search revealed several
examples that were not reliant on other supporting forces.>”%® An interesting example
single short linear halogen bond between an iodine atom and a pyridine moiety that
was also involved in a second longer range N--I contact at ~90° from the first was also
found.>*%° Such an arrangement further complicates the bifurcated naming dichotomy,
as it could be interpreted as the combination of an I'*N and an I---arene halogen bonds
(Figure 3.13).
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Figure 3.12: A) Sulphur acceptor based D;*A bifurcated ladder complex. B) Nitrogen acceptor DA

bifurcated XB complex. Figure only shows one thread of the interlocking complex.>*

Figure 3.13: Potential trifurcated halogen bond reported by Goldberg et al. featuring a short 3.06 A

N---1 contact in the porphyrin plane, and distant 3.48 A N---I contacts out of the plane. 59,61

Mirroring the examination of metal complexes in D<A bifurcated halogen bonds
(Figure 3.9),%° transition metal complexes have also been used the acceptor species in
D2+A arrangements. Tetracyanonickelate [Ni(CN)4]*>~ was found to crystallise with
both bi- and trifurcated XBs upon co-crystallisation with diiodoacetylene (Figure
3.14).5! However, attention needs to be paid to role of the counter ion with the initial
co-crystallisation yielded linear tapes featuring conventional single-point halogen
bonds.®? This was attributed to the bulky [PPh4]* counter ions, which prevented
interaction between the tapes. Instead, the use of [NBu4]" cations allowed for the
inclusion of additional bridging Czl> molecules between the tapes, thus creating
bifurcated halogen bonds on the nitrogen atoms at the cost of slightly longer bonds
(2.77-2.96 A elongated to 2.85-3.11 A) compared to those seen in the [PPhs]* counter

ion single-point bond only tapes. Further changes to the counter ion resulted in the
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formation of a rare trifurcated halogen bond in the presence of the
Bis(triphenylphosphine)iminium ([PNP]*) counter ion. The crystal structures and
DFT-minimised analogues indicated that the relative denticity of halogen bond centres
is seemingly independent of the traditional relationship of more linear halogen bonds
being shorter.!2 The trifurcated centres bear a striking resemblance to covalently
bonded tetrahedral structures with 90° angles between the constituent bonds. An angle
that is common to the only other known example of a single-donor trifurcated halogen
bond (Figure 3.13).°
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Figure 3.14: Tetracyanonickelate [Ni(CN)*]*”Czl, complex employed by Malichewshi et al.,
exhibiting both D2*A bifurcation and Ds*A trifurcation.5!

The observed I---N---I angles for both structures (Figure 3.13 and Figure 3.14) being
very similar suggests uniformity of binding motif. However, the > 0.4A difference
between the shorter and two longer halogen bonds seen in the figure 3.14 example
contrasts strongly with the relatively uniform bond lengths presented by Malichewshi
and co-workers. This difference is likely due to the aromatic vs. aliphatic character of
the two nitrogen atoms, with the long-range halogen bonds, Figure 3.13 plausibly
being described as halogen-arene contacts. Clearly, evidence for the significance of
trifurcated halogen bonds remains scarce and as such we draw away from making

strong conclusions pertaining to the geometries of such systems.
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3.4 Aims of the project

Bifurcated halogen bonds have been widely studied using computational and
crystallographic means, and their use as a versatile and useful synthon has been
demonstrated. However, the details of their energetics and experimental significance
in solution are limited. This chapter aims to quantify single-point, bifurcated, and
trifurcated halogen bonds in solution using a combination of experimental and
computational methods. A series of small molecules designed to facilitate a variety of
halogen bonding arrangements were employed and compared to their hydrogen
bonded analogues. Computational analysis of the systems employed is provided by a
battery of DFT techniques including energy decomposition using symmetry adapted
perturbation theory (SAPT).

3.5 Results and discussion

To facilitate study of halogen bond denticity in the solution phase, a series of host-
guest NMR titration experiments involving the compounds shown in Figure 3.15 were

devised.
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Figure 3.15: Host and guest species employed in this study to investigate halogen bonding

interactions via host-guest *H NMR titrations.
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The primary guest species selected for this study was iodopentafluorobenzene (CsFsl).
lodopentafluorobenzene is well suited to this study as a strong halogen bond donor
and while stable enough that it does not readily dissociate into a halonium ion in
solution. Furthermore, it has been used in several prior studies,*3#6>* which facilitates
comparison of solution phase experimental data with the results of published

crystallographic studies.

The host species selected for investigation contain either aromatic or aliphatic nitrogen
lone pair halogen bond acceptors. In the aliphatic series, triethylamine (TEA) (H5 in
Figure 3.15), tetramethylethylenediamine (TMEDA) (H6 in Figure 3.15) and 1,4,7-
triazacyclononane (H7 in Figure 3.15) form a series where acceptor species feature 1,
2 and 3 potential halogen bond acceptors. Pyridine is included as a single-point
halogen bond acceptor, while the dinitrogen heterocyclic systems orientate the

nitrogen lone pairs in different directions (Figure 3.16).

H2 H3 H4
R
Divergent Parallel Convergent

Figure 3.16: Dinitrogen aromatic hosts employed in this study, showing the relative orientations of

the nitrogen lone pairs.

Additional hydrogen bonding donating guest species enable comparison between
halogen bonding and hydrogen bonding analogues with equivalent numbers of donor
sites (Figure 3.15, green). The solution-phase studies were supported by computational
analyses. Minimised geometries and BSSE counterpoise corrected formation energies
were calculated using DFT and DFT-D methodologies (B3LYP/6-311G* and ®B97x-
D/6-311G*). Energetic dissections were also conducted using the SAPT2 and
SAPT2+(ccd) methodologies to provide insight into the nature of the interactions
involved in our host-guest complexes. Calculated natural bond orbitals (NBOs) helped
to visualise the electron delocalisation contributions and add meaning to the SAPT

induction terms.
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3.6 Halogen bonded complexes

DFT minimisation of the complexes formed between G1 and the host series all showed
the formation of favourable host-guest complexes featuring halogen bonds (Figure
3.17A). The observed geometries are consistent with the anticipated single-point, bi-
and trifurcated XBs forming with the aliphatic hosts (Figure 3.17A, left). In the
aromatic host series, symmetrical bifurcation is observed in G1/H4 (Figure 3.17A,
bottom left), but with single-point, or asymmetric interactions involving a primary
halogen bond and an additional secondary halogen bond in the other two dinitrogen-
aromatic systems (Figure 3.17A, middle two, left). Expectedly a single-point halogen

bond is observed with the single nitrogen acceptor species (Figure 3.17, top).

Solution-phase titrations of G1 with the host series were performed in benzene (ds) (as
described in Appendix B.1). The experimentally determined limiting changes in H
NMR chemical shift, Ad are displayed alongside the minimised structures in Figure
3.17A. AGxg values were calculated from this solution-phase data by fitting the &

values for Ha to a 1:1 binding model, fits are shown in appendix B.3.

For the aliphatic host series, all experimental data fit well to the 1:1 binding model and
a clear trend in the solution-phase AGxg values was observed (Figure 3.17B green),
whereby increasing the number of halogen-bond acceptors increased stability of the
complexes. This suggests that these systems may present examples of bi- and

trifurcated halogen bonds in solution.

132



-12.0

Hy -0.29 -10.0

A
He +0.15

#
1.

He +0.22

Hg + 0.10

-8.0

-0.29

@
£
=
L
b1
@
=
=
=
2
=
=
S
@
=
[l
K
=
'
=
o
S
J

[

CgFsl - 1,8-Naphthyridine
AG / k) mol!

P Y Ha -0.11
“ fx;:'Ha - then +

He -then +

20

4.0

(5
6.0

H, +then -

»{ 1 Hy + 0.05
© Hc - then + 8.0
1

Hp - 0.03 § é‘\/ \Q’b

CgFsl - 1,4,7-triazacyclononane

o
2
£
£
g
g
v
=
a
o
Iy
o

Figure 3.17: A) Host-guest complexes for G1 minimised using B3LYP/6-311G* and the
corresponding experimentally determined limiting changes in complexation induced chemical shift for
each of the respective protons (Ad). B) Measured changes in Gibbs free energies for complexes
formed between the two-host series and guest G1 (all in benzene-ds at 300 K). The hashed bar denotes
less accurate data due to the observation of a secondary binding event in this complex that affects

fitting of the Ha signal (see main text).

For the aromatic host series, the picture is somewhat more complex. Though fitting of
the data to a 1:1 binding model was successful for the G1/H1 single halogen bond
system, the calculated AGxg value is approximately zero due to solvent competition.
A slight stepwise increase in the favourability of AGxg was observed for the H2 and

H3 complexes. This trend is consistent with attractive partial bifurcation from the
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proximal second nitrogen atom, mirroring the change in the electrostatic potential

(Vsmin) associated with the acceptor sites of the three hosts.

Host Species Designator ESP Vsmin (kJ mol™)
Pyridine H1 -191.1
1,2-pyrazine H2 -206.5
1,8-naphthyridine H3 -237.5
1,10-phenanthroline H4 -284.9
Triethylamine H5 -159.4
Tetramethylethylenediamine H6 -187.0
1,4,7-triazacyclononane H7 -333.1

Table 3.1: Calculated ESP Vs min Vales for acceptor species employed.

!H NMR spectra for the G1/H4 complex showed a flip between de-shielding and
shielding for the Ha signal midway through the titration (Figure 3.18), suggesting the
influence of a second binding mode. The same swing between de-shielding and
shielding is also observed for the Hg and Hc signals in the G1/H3 complex, which also
features a larger aromatic host. The increased shielding at higher concentrations for
the larger aromatics is consistent with a host-guest aromatic stacking interaction, or
other higher order host-guest complex. Stacking of the host was also considered as a
possible explanation, but deemed unlikely as this behaviour is not observed with any
of the other titrations using the same larger hosts, but with different guests. Indeed,
there is strong literature precedent for the association of electron-rich aromatics with
electron poor ones.®3% Further support for this hypothesis was obtained via DFT
minimisations conducted with an expanded scope of starting geometries, which
yielded stacked geometries (Appendix B.15) that were less stable than the desired
halogen bonded arrangements. To minimise the contribution of this weaker secondary
binding mode in the G1/H4 complex the obtained experimental chemical shifts were
instead fitting up to the maximum observed Ad (i.e. before dominant occurrence of the
secondary binding mode at higher concentrations). Despite the increased error
associated with the measurement of binding in the G1/H4 complex, the data still

suggests that this complex is more stable than the complexes in the aromatic series.
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Figure 3.18: Stacked 400 MHz *H NMR spectra for the Ha signal of the titration of H4 with G1 in
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Figure 3.19: Computational BSSE counterpoise corrected formation energies for the aromatic (blue)
and aliphatic (green) host series and guest G1. DFT B3LYP/6-311G* energies are shown in solid

colour and the DFT-D ©B97X-D/6-311G™* energies are shown as a superimposed outline.
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BSSE counterpoise-corrected formation energies were calculated for complex G1/H1
to G1/H7 using the DFT and DFT-D minimised geometries (Figure 3.19).

The inclusion of a dispersion correction to the calculation has little effect on the
energetic trend, but dispersion correction results in an improved, but still qualitative
correlation between experimental and computational values (R? of ~0.77, Appendix
B.7). The observation of a more stable calculated AExg value for the G1/H4 complex
IS reassuring given the uncertainty associated with our experimental measurement due
to secondary complexation. Interestingly, the G1/H3 complex is predicted to be only
slightly more stable than the G1/H1 and G1/H2 complexes. The DFT minimised
structure of the G1/H3 complex reveals a less linear C-I'*N angle than in the single
ring host complexes (H1 and H2), in spite of their experimentally (Figure 3.17) and
computationally (Figure 3.19) observed strength; something that is counter to the
precedent of linear interactions being stronger developed for single-point XB
systems.*-4287 As mentioned previously, the increased stability of the G1/H3 complex
could be rationalised by strengthened columbic forces, with H3 possessing a Vs min Of
-237.5 kJ/mol, compared to -191.1 kJ/mol for H1 and -206.5 kJ/mol for H2. However,
the closest point of contact between the host and guest species is found at a nitrogen
atom rather than at the Vsmin located midway between the two nitrogen atoms (Figure
3.20). The fact that the C-I bond axis —denoting the location of the o-hole- and the
central C-C bond axis —denoting the location of Vsmin- do not align points to a
multiplicity of factors determining the arrangements of the complexes; specifically
secondary electrostatic and steric repulsive forces, electron delocalisation via donor-

acceptor interactions, and dispersion (for the dispersion-corrected calculations).
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B) ®B97X-D/6-311G* minimised G1/H3 geometry. Geometries are similar with the latter seeing a
slightly more linear C-I--N angle.

Similar patterns are seen for the aliphatic series, with the trifurcated G1/H7 complex
possessing significantly more stabilised AExg and AGxgs values than the singularly
halogen bonded G1/H5 complex. However, there is a significant discordance between
the position of the G1/H6 complex in the experimental and DFT computational trends.
A misalignment that is rectified by the addition of a dispersion correction; suggesting

a significant role for dispersion in the system.

Analysis of the bond lengths and distances between atoms found in the DFT and DFT -
D minimised geometries provided insights into the complexation mode of the aliphatic
series with guest G1. The G1/H6 complex exhibits a clear preference for binding to
one nitrogen. Electron isodensity surfaces calculated at the 0.002 bohrs/A2 show that
closest contact involves substantial electron cloud overlap between the iodine and
nitrogen involved in the primary halogen bond, while the secondary iodine-nitrogen
distance does not. The distance between the secondary nitrogen and iodine atoms is
observed to shorten from the DFT (3.685 A) to the DFT-D (3.501 A) minimized
structure, which can explain the increased AE value. However, the latter is very close
to the = wdV radii and is significantly longer than the primary nitrogen. Indeed, the
preference of halogen bonding to one nitrogen over the other in G1/H6 more closely
resembles the minimised geometries for the G1/H2 or G1/H3 complexes than the
symmetrically bifurcated G1/H4 complex. Natural bond orbitals (NBOs) calculated
from the B3LYP/6-311G* geometries show nitrogen lone pair (LP) to o*;-c donation

for all nearby nitrogen atoms with second order perturbation energies >4 kJ/mol in
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both the G1/H4 and G1/H7 bi- and trifurcated complexes. In contrast, all the other G1
complexes only show LP to *|.c donation >4 kJ/mol involving a single nitrogen atom
(Figure 1.21, appendix B.12 and B.13).

A B C D

Figure 3.21: Example NBO donations for A) G1/H1, B) G1/H4, C) G1/H7, D) G3/H2. All other

systems are shown in appendix B.12.

Though neither are especially convincing, the R? values for AExg against AGxg show
a marked increase in correlation going from the DFT values to DFT-D; suggesting an
important role for dispersion in halogen bonded systems. The case of potentially
G1/H6 typifying as much. It would be remiss not to mention that one limitation is that
the DFT/DFT-D calculations only provide static snapshots of the geometries with the
minimum energies and do not model the entropic advantages associated with
cooperative chelate binding. Such calculations do not model the possibility of forming
a second, or replacement halogen bond to a proximal nitrogen atom following
formation of the initial halogen bond. In addition, the solvent was not modelled in the
calculations; solvent attenuation being a significant factor in significantly dispersive

interactions.5871

To more deeply probe the nature of the forces responsible for the complexation
energies, energetic dissection was conducted using the SAPT2 methodology using the
B3LYP/6-311G* minimised geometries (Figure 3.22).”> The SAPT2 total energy
produced by these calculations mirrored the calculated DFT AExg formation energies

shown in Figure 3.19.
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Figure 3.22: SAPT2 energy terms calculated from B3LYP/6-311G* minimised geometries of the
G1/HX host-guest complexes.

As expected for halogen bonds, the most significant attractive term is the electrostatic
term with its magnitude being greater than the sum of the other two attractive terms
(induction and dispersion). Counterintuitively, the observed trends in the electrostatic
terms oppose the trends seen in the SAPT2 total energies, the experimentally measured
AGxg values and the trends seen in the Vsmin values for the two host series. For
example, H7 possesses the most negative ESP Vsmin in the series, which is manifested
through space in the centre of the triazocyclononane ring (and along the axis of the

bound C-1), but this does not result in the most favourable electrostatic SAPT term.

To understand the difference between the trends in the electrostatic terms and SAPT?2
total values we must consider the other energetic terms output by SAPT calculations.
The dispersion terms follow similar trends to the SAPT2 total, with dispersion
becoming more favourable as the number of nitrogen acceptors and the size of the

intermolecular contact area increases.

Interestingly, the dispersion terms within the aliphatic host series are very consistent
and consistently more negative than their aromatic counterparts. Given the relative 2D
nature of the side-on aromatic contacts compared to the 3D nature of the aliphatic

contacts, this increased dispersion term should be expected. The remaining attractive
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term of the SAPT2 energetic decomposition, induction, followed a similar trend to the
electrostatic term, with the main difference being that the relative magnitudes of the
G1/H2 and G1/H3 complex induction terms being flipped, breaking the stepwise
pattern. Relative to the size of the changes in electrostatic terms however, they are
close enough to each other that this difference has a negligible effect on the total

energy.

Further SAPT2 energetic decomposition analysis was performed using ©B97X-D/6-
311G* DFT-D minimised geometries (Appendix B.10) and SAPT2+(ccd)’
calculations on the B3LYP/6-311G* DFT minimised geometries (Appendix B.11).
However, neither of these yielded any additional findings compared to the previously
discussed SAPT2 data derived from the B3LYP/6-311G* DFT minimised geometries.

Logical comparisons between the SAPT induction term and the calculated second-
order perturbation energies of the associated NBOs can be drawn. With regards to the
aromatic series of hosts, a comparable correlation is seen between the induction term
and the sum of the second-order perturbation energies (X E?) >4 kJ/mol (Appendix
B.13) as is seen between the SAPT electrostatic term and £ E2 >4 (G1/H2 > G1/H3 for
both = E?>4 kJ/mol and the SAPT electrostatic term). More noteworthy differences
between the SAPT2 induction terms and the ¥ NBO >4 kJ/mol values can be seen in
the aliphatic host series. This correlation shows a stepwise trend running inverse to the
experimental AGxg values in spite of the issues concerning the minimised geometry
for G1/H6, from which the NBO’s are derived. In the case of the SAPT?2 induction
terms for the aliphatic series, the G1/H5 and G1/H7 complexes are broadly
comparable, with the latter being slightly more negative, while G1/H6 being notably

less negative.

Given the number of orbitals involved it is possible that the G1/H7 SAPT2 induction
term is an overestimation. Indeed, it is worth noting that the comparison between the
two methodologies is not a perfect one. SAPT calculated induction terms are
concerned with orbital polarisation rather that the specific transfers that are considered
in NBO calculations. While higher order charge-transfer modelling SAPT (SAPT2-ct
for example”™) may produce a better correlation with ¥ E2>4 kJ/mol values, the

additional computational cost of conducting another series of higher order SAPT
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calculations was deemed outside of the scope of this study, given the larger issue of

the solvation not being considered in these calculations.

The SAPT dispersion terms are not sufficient to explain the disparity of the
electrostatic and induction trends running contrary to both the SAPT2 total energy and
the experimentally measured AGxg. Hence, attention falls upon the remaining
exchange term. A stepwise reduction in the exchange-repulsion cost associated with
complex formation as the number of binding sites is increased is observed within the
aromatic and aliphatic host series. The complexation of G1/H6 and G1/H7 both incur
lower exchange penalties than complexation of G1/H5 (issues concerning the non-
bifurcated B3LYP minimization for G1/H6 as discussed previously). Hence, we can
conclude that the stronger binding of the bi- and trifurcated systems over the singly
bonded complexes arises from the reduction in steric clash, even if the geometries that
facilitate such binding modes come at the expense of weaker electrostatic and

induction contributions.
3.7 Hydrogen bonded complexes

As outlined in the aims of this project and Figure 3.15, hydrogen bonded complexes
were analysed alongside the halogen bonded complexes to facilitate comparison. The
experimentally determined complexation free energies (AGng) of the aromatic and
aliphatic host series with N-butylacetamide (G2), N,N’-dibutylurea (G3) and N,N-
dibutylthiourea (G4) were determined in benzene ds (Figures 3.23 and 3.25).
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3.7.1 N-butylacetamide (G2) complexes
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Figure 3.23: A) Host guest complexes for G2 minimised using B3LYP/6-311G* and the
corresponding experimentally determined limiting changes in complexation induced chemical shift for
each of the respective protons (Ad). B) Measured changes in Gibbs free energies for complexes
formed between the two host series and guest G2 (all in benzene-ds at 300 K). Hashed bar denotes the

observation of a secondary binding effect that affects the Ha signal.

The values of AGng for the hydrogen bonding studies were determined by the fitting
the Ha *H NMR signals to 1:1 binding models using the same method as for the G1
titrations used for the halogen bonding studies (Appendix B.3). Dimerization of G2
was observed during these titrations due to the presence of both a hydrogen bond donor

and acceptor. The dimerization constant of G2 was determined in separate dilution
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experiments (1.48 M1), and accounted for in the fitting of the complexation data used

to determine the AGhg values (Appendix B.3).

The AGhg Vvalues for the G2/HX complexes shown in Figure 3.23 show interesting
trends for the both the aromatic and aliphatic host series. The dinitrogen aromatic hosts
bound guests with similar AGng values, with the singly bonded, mono-nitrogen, G2/H1
complex being significantly less stable. Given the lack of relationship between ESP
Vsmin and the AGng values, this trend can be attributed to the likely occurrence of
bifurcation in these complexes. Caution should be observed in analysing experimental
data of the G2/H2 complex as a switch from deshielding to shielding was observed in
the Ha *H NMR signal during the titrations (similar to as seen in the G1/H4 complex).
The secondary binding mode was attributed to Ha acting as a weak hydrogen bond
donor, based on the similarity in the behaviour of the Ha signals during guest
dimerisation dilution experiments (Appendix B.3). We expect that hydrogen bonding
between G2 Ha and the oxygen atom of the guest is involved since similar behaviour
is observed in the G3/H2 complex, but not in the thiourea G4/H2 complex (due to

sulphur being a noticeably weaker hydrogen bond acceptor than an amide oxygen).

For the aliphatic host series, a stepwise increase in the stability of AGng with G2 from
H5 to H7 was observed. The stepwise trend that is observed for the aromatic host series
with G2, draws obvious comparison to the similar stepwise trend observed in the G1
halogen bond complexes. Notably, AGng values for the hydrogen bonded H5 and H6
complexes are positive, whereas all of the AGxg values were negative (Figure 1.16B).
The weaker complexation energies for the hydrogen bonded complexes compared to
the halogen bonded complexes is consistent with both the hydrogen bonds being
weaker than the corresponding halogen bonds, and/or the cost of desolvating the polar
NH being greater than desolvation of the much less polar halogen bond donor due to

hydrogen bonds with the solvent being stronger than the analogous halogen bonds.

To complement the experimental work conduced on our hydrogen bonding systems,
the same computational battery employed to study our halogen bonded systems was
employed here. B3LYP/6-311G* minimised geometries for the G2 host-guest
complexes are shown in Figure 3.23A alongside the experimentally measured

complexation-induced limiting changes in chemical shift, Ad. Calculated AEns
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formation energies are shown in Figure 3.24, revealing some striking differences

between the experimental and in silico trends.
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Figure 3.24: Computational BSSE counterpoise corrected formation energies for the two host series
and guest G2. DFT B3LYP/6-311G* energies are shown in solid colour with the DFT-D ®B97X-D/6-

311G™* energies being shown as a superimposed outline

The most striking differences between the hydrogen bonding and halogen bonding
systems are those observed within the aromatic host series. All these complexes
minimised to form single HB complexes with G2 in both DFT and DFT-D
calculations, except for the G2/H4 complex that produced a symmetrically bifurcated
complex remarkably similar the G1/H4 complex. Similarly, calculated NBOs only
found LP to *1-n donation from more than one nitrogen atom of the host in the G2/H4
complex (Appendix B.12). These features are manifested in the AEng trend, which
resembles that seen for the halogen bonded G1 complexes. The discord between the
experimentally observed AGxg values and the calculated AExs values in the G1/H6
complex that was attributed to the entropic favourability of forming a second
interaction post initial association. Such chelate cooperativity also manifests in the

hydrogen bonded complexes, which as before, is not modelled in the simple

144



computations conducted here. The retention of misalignment between the AGng and
both the DFT and DFT-D AEwng values pushes conclusions away from the discord
being the product of a lack of dispersion modelling in B3LYP. The behaviour observed
in the minimised structures can potentially be rationalised by the hydrogen atom being
too small to be able to interact with both acceptor sites. However, the close proximity
of the nitrogen atoms in the host series —especially in H2- should not prevent relatively
close contact in solution. Indeed, given the much broader range of geometries
acceptable for hydrogen bonding, it might be anticipated that higher-order multi-point
interactions would be more likely to occur than more geometrically sensitive halogen

bOﬂdS 42,74,75

The situation is more complex for the G2 complexes with the aliphatic host series, and
a better correlation between the computational and the experimental results is seen
compared to the aromatic series (Figures 3.23B and 3.25 green) especially for the DFT
calculations. Of note is the very substantial (-51.7 kJ mol™) BSSE-corrected formation
energy calculated for the G2/H5 complex calculated at the ®B97X-D level. The
minimised host-guest complex revealed sizeable contact between alkyl chains, which
while favourable in the gas-phase, is essentially energetically zero in organic solution
(Appendix B.18).”%7® Indeed, it is likely the overestimation of such contacts that sees
the correlation between the ®B97X-D/6-311G* values and experimental data being
exceptionally poor; the inverse of what is seen in the halogen bonded systems
(Appendix B.7). The aliphatic host/G2 complexes are experimentally observed to form
significantly less stable complexes (Figure 3.23B) relative to their aromatic bifurcated
hydrogen bond counterparts, which differs from the G1 halogen bonded complexes
(Figure 3.17B). Minimised geometries all show only single hydrogen bonds for the
aliphatic host complexes in both the DFT and DFT-D minimizations; further
supporting the notion of dispersive alkyl chain interactions being overestimated in
DFT-D calculations and pushing conclusions away from hydrogen bond bi- or
trifurcation in aliphatic host hydrogen bonded systems. Indeed, the minimised
geometry of the triazacyclononane ring in the G2/H7 complex showed a different
conformation (Figure 3.23A, bottom right) to that seen in the G1/H7 complex (Figure
3.17A, bottom right), meaning that in contrast, trifurcation cannot be accommodated

in the hydrogen bonded complex.
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Given the previously discussed discordance between the computational and
experimental data caution should be observed regarding the SAPT2 calculations that
were conducted on the both the DFT and DFT-D minimised geometries. Figure 3.25
and Appendix B.8/9 shows the energies determined from the B3LYP/6-311G*
geometries, while the energies from the ®B97X-D/6-311G* geometries are tabulated
in Appendix B.10. There is good qualitative correlation between the AEng energies
and the SAPT?2 total energies. The unusually similar total energies for G2/H6 and
G2/H7 complexes stems from a lower-than-expected value for the dispersion term in
the G2/H7 complex (Appendix B.9), potentially indicative of an upper limit on how

strong dispersive interactions from the G2 hydrogen bond donor can be.
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Figure 3.25: SAPT2 electrostatic and exchange terms of all host guest complexes included in this
study. Energies were calculated from B3LYP/6-311G* minimised geometries with the SAPT?2 total

energies superimposed on top (black outlines).

Imminently obvious is the inversion of trends observed in the electrostatic and
exchange terms from what was observed in the halogen bonded G1 complexes; this
being especially pronounced in the aliphatic host series (Figure 3.25). A more
conventional relationship was observed between the attractive and repulsive forces as
the distance between the hydrogen bonded groups is varied. The aliphatic host series

typified this trend, with the hydrogen bonds distances across the series being 2.320 A,
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2.214 A&, and 2.103 A, which was correlated with increased attraction and repulsion as
the distances became shorter. This is also observed in both the SAPT2 induction term
and in the X E?>4 kJ/mol values for the aliphatic host series (Appendix B.8/13). These
observations are predicated on the single hydrogen bond model for the G2 aliphatic
host complexes, and it is therefore conceivable that these observations are not relevant
if bi- and trifurcation is present in these systems in solution. Insights into how
bifurcated hydrogen bonds may differ from their halogen bonded analogues can be
gleaned by comparison of the G2/H1 and the G2/H4 complexes; the latter being the
only G2 complex to produce a bifurcated minimised geometry. Here we observe the
same reduction in exchange repulsion penalty that bifurcation affords in halogen
bonded systems, however the accompanying reduction in electrostatic and induction
term strengths is not observed. As much may be indicative of hydrogen bonds being
more suitable that halogen bonds for forming bifurcated complexes s they appear to
offer the strengths afforded by the arrangement without incurring the same penalties
to the attractive terms. This much can be seen in the more negative AGng values seen
for the G2/H2-4 complexes that are suspected to be bifurcated in solution. The less
negative AGng values seen for the aliphatic series do however, show limitations for
bifurcated hydrogen bonds potentially caused by the small size of the hydrogen bond
donor moiety and its difficulty in complexing with multi-dentate systems that lack

preorganization.
3.7.2 N,N’-dibutylurea (G3) and N,N’-dibutylthiourea (G4) complexes

Finally we consider the remaining two guest species included in this work, G3 (N,N -
dibutylurea) and the analogous G4 (N,N’-dibutylthiourea). These two guest systems
feature dual hydrogen bond donors to provide comparison between bifurcated systems
and systems containing multiple distinct hydrogen bonds. G3 and G4 were found to
bind well with all hosts included in this study and fitting to the 1:1 binding models was
successful for all complexes when host-host dimerisation was accounted for
(Appendix B.3), with the exception of H5 containing complexes where host-host
dimerization significantly outcompeted the host-guest. Figure 3.26A and C show the
B3LYP/6-311G* minimised geometries and complexation induced limiting changes

in chemical shift AS for G3 and G4 complexes. The experimental AGng values are
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shown in Figures 3.26B and D. The experimental AGng values were most favourable
for these complexes, with G4 complexes generally being more stable complexes than
the G3 analogues.
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Figure 3.26: (previous page) A) Host-guest complexes for G3 minimised using B3LYP/6-311G* and
the corresponding experimentally determined limiting changes in complexation induced chemical shift
for each of the respective protons (A8). B) Measured changes in Gibbs free energies for complexes
formed between the two host series and guest G3 (all in benzene-d6 at 300 K). C) Host guest
complexes for G4 minimised using B3LYP/6-311G* and the corresponding experimentally
determined limiting changes in complexation induced chemical shift for each of the respective protons
(Ad). D) Measured changes in Gibbs free energies for complexes formed between the two host series
and guest G4. Hashed bar denotes the observation of a secondary binding effect that affects the Ha
signal (all in benzene-d6 at 300 K).

There are similarities between the trends observed in the G3/G4 complexes and the G2
complexes, but with greater variance observed in the H2 through H4 complexes for
both G3 and G4 guests. The similarity of the energies of the G3 and G4 host-guest
complexes is not surprising as the minimised geometries support the intended dual-
point hydrogen bonding is found in both complexes. The large variance observed in
AGng may be due to the broad range of interaction geometries observed across these
series; from the perpendicular arrangement of the H4 complexes to the parallel
arrangement of the H2 and H3 complexes (Figure 3.26A and C).”” Relatively little
variance in AGug was observed for the aromatic host complexes that were able to
accept two hydrogen bonds (Figure 3.23B and 3.26B/D). This adds support to the
occurrence of bifurcation in the G2/H2-4 complexes, as one would expect a much more
significant change in AGxg when comparing single and dual hydrogen bonded systems
(cf. G2/H1 complexes with G3/H2-4 or G4/H2-4 complexes).’822

Interestingly, the aliphatic host series produced the same stepwise trend that was seen
in the G1 and G2 guest complexes. As with the G2/H5 system, the G3/H5 and G4/H5
host-guest complexes were observed to yield positive AGxg values suggesting the
same concerns pertaining to the high cost of desolvating the polar NH. The flip of
positive to negative AGng values in the G3/H6 and G4/H6 complexes does however

imply a degree of cooperativity during the desolation of a pair of NH moieties.

The G3/H7 and G4/H7 complexes were among the most stable studied. The minimised
geometries of the H7 complexes produced the same dual hydrogen bonded

arrangements seen with H6 and the dinitrogen-aromatic hosts. As in the case of the
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previously discussed guest species, the stronger H7 complex can be attributed to the
stronger acceptor ability of the nitrogen atoms of 1,4,7-triazacyclononane (H7) over
those in TMEDA (H6). However, given the proximity of the nitrogen atoms, we also
considered the possibility of longer range though-space interactions involving the
more distant third nitrogen atom within H7 molecule. However, any such long-range
contribution is likely to be small, as like the G2/H7 complex, the lone pair of the third
nitrogen points in H7 away from the interaction site in the DFT minimised geometry
(Figure 3.26A and C).

Given that the calculated formation energies for the G3 and G4 host-guest complexes,
AEwng, (Figure 3.27) retain the stepwise trend seen experimentally (Figure 3.26B/D)
(even with the third lone pair pointing away from the binding site), it is likely that

acceptor strength is the most significant factor in determining complex stability.

More definitive conclusions can be drawn from the SAPT2 calculations, the result of
this can be seen in Figure 3.25 (Appendix B.9). The trends observed in all SAPT2
terms for the hydrogen bonding complexes G2-G4 follow the same pattern;
simultaneous increase of attractive and repulsive terms as total interaction strength
increases. As previously described, these trends constitute the traditional relationship
between attractive and repulsive terms and can be readily linked to diminishing
interaction distances. Previous studies on hydrogen bonding arrays have demonstrated
that the two bonds in close proximity do have an effect on each other,”®®2 but as our
data shows, there is little effect on the relationship between the SAPT terms in
response to increasing the number of hydrogen bonds from one to two (Figure 3.25
and Appendix B.10).

It is clear than even though the SAPT total trends and the experimentally measured
trends (Figures 3.17B, 3.23B, 3.25B and 3.25D) are broadly similar for all guest series,
halogen and hydrogen bonding, energetic dissection reveals that the observed
increases in complex strength are the product of two distinct mechanisms. A reduced
repulsive term driven mechanism as seen in bi- and trifurcated systems and an

enhanced attractive term driven mechanism in the single point and duel bond systems.

150



-60

-40

AE / k) mol!

-20

-90

AE / kJ mol!

G3/H1

o
HW‘NJLNM
L

G4/H1

G4/H2

G4/H3

G4/H5
-
L]

~

N

wB97X-D

@B97X-D

G3/H6 G3/H7
5u_"iugﬂu a«.NJnLNm
AR A A

[
_./\_:u_ Kﬂ)
wB97X-D wB97X-D

G4/H6

s
o, J o
Wi

= =
(-

G4/HT

Figure 3.27: A) Computational BSSE counterpoise corrected formation energies for the two host
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3.8 Bifurcation mode comparisons

The minimised geometries for both the G3/H1 and G4/H1 complexes show Dz°A
bifurcation (Figure 3.1C). Comparing these D2*A complexes with the DA, G2/H4
complex reveals a striking difference in AGng and AEns values. Although both modes
of bifurcation appear similar, our results suggest that the same increases in stability
afforded by DeA> bifurcation (Figures 3.23B and 3.24) is not afforded by the D2*A
mode (Figures 3.25B and 3.26). As a preface it would remiss of us to not consider that
this lack of additional stability being afforded by D»¢A bifurcation is simply the
product of it not occurring. Indeed precedent exists for thiourea species to favour anti-
conformations (figure 3.28A) over the syn-conformations needed to facilitate
bifurcation (figure 3.28B).8384
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Figure 3.28: A&B) syn- and anti-conformations for dibutylthiourea respectively. C) Computational
BSSE counterpoise corrected formation energies for G4/Hx complexes calculated at B3LYP/6-311G*.

Syn-conformations, solid; anti-conformations, striped.
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Concern of this notion can be somewhat alleviated by the high degree of similarity
between the G3 and G4 complexes; with the same preference for anti-conformations
not being seen in urea species.®3# Some more concrete support for the formation of
can be seen D+A bifurcated systems can be drawn from the calculated energies for the
various G4/Hx complexes in both syn- and anti-conformations. Here we see AEng
values that are consistently more negative for the syn-conformations of all G4
complexes (figure 3.28C). As much suggests that the formation of additional bonds
energetically outweighs the intramolecular forces that induces the previously reported
anti-conformation preference. Appendix B.17 does however show two distinct *H
NMR signals that correspond to amide hydrogens in the G3/H1 and G4/HL1 titrations.
This much is a sign of asymmetry in the equilibrium state of the guest species; and
may be the product of both the host-guest and guest-guest complexes being present in
the equilibrium system. Indeed, these signals bare striking resemblance to those seen
in guest dimerization experiments (Appendix B.17) —something that, as mentioned

previously, we have accounted for energetically-.

Fundamental electronic differences between the D+A> and D2*A modes of bifurcation
are observed in the NBOs calculated from the B3LYP/6-311G* minimised geometries
(Figure 3.21 and Appendix B.12). In all of the D*A> complexes in this study, the
magnitude of LP to *y+- i donation from each lone pair differed significantly, with
one donation being significantly greater than the other. By comparison, for the D2cA
bifurcated complexes (G3/H1 and G4/H1) the magnitude of the two LP to o*H - n
donations are very similar (G3/H1, 2.25 and 2.61 kJ mol™?; G4/H1, 3.38 and 3.38 kJ
mol™?). Indeed, the G3/H5 and G4/H5 host guest complexes (Figure 3.26 A and C) (H5
being the other host species with only a single bond acceptor) minimised to suggest
only a single hydrogen bond, with the other donor moiety remaining unbound. The
energetics of the minimised structures may be unrepresentative of the solution state
complexes since the formation energies, AEng, from the aromatic host complexes with
G3 and G4 did not produce the same distinct difference between the dual and D2<A
bifurcated bonds that is seen in the experimental results, with a more stepwise trend
being predicted computationally (Figure 3.27). Counter to this, are the significantly
less stable G3/H5 and G4/H5 complexes compared to the G3/H1 and G4/H1

complexes in both the DFT and experimental AGng values (5.1 t0 5.2 kJ mol™ vs. 0.4
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to -1.9 kJ mol™). Such is not the case for the DFT-D formation energies, but
overestimations are not uncommon for dispersion corrections especially when the

solvent is not fully modelled and alkyl chains are involved.’
3.9 Conclusions

Bifurcation of halogen bonds is a concept that has been much discussed in
computational and crystallographic studies. The present work provides an examination
of halogen bonding denticity in solution using relatively simple host-guest complexes.
AGxg values obtained from fitting *H NMR titration data to 1:1 binding models showed
increased stability being afforded by bi- and trifurcation. To understand the seemingly
counterintuitive increases in interaction strength being afforded alongside reductions
in the linearity of the C-I---N axis, we conducted additional computational studies. The
most noteworthy findings came from the energetic dissection conducted using the
SAPT2 methodology on DFT minimised structures. Herein, reductions in the stability
of the key attractive electrostatic and induction terms were observed with increasing
bifurcation, commensurate with the corresponding loss of C-I--N linearity. However,
accompanying these reduced attractive forces were significant reductions in the
magnitude of the repulsive exchange term. Notably, the electrostatic and induction
energetic trends ran counter to the SAPT total, AExs and experimental AGxs energy
trends. Hence, we conclude that the reduction in repulsion is the driving force
governing formation of bi- and trifurcated halogen bonds, even if this comes at the
cost of weakened electrostatic and orbital interactions compared a single linear

halogen bond.

To facilitate comparison of solution phase bifurcated halogen bonds with other
interactions, this study also included analogous hydrogen bonded systems designed to
showcase both bifurcated arrangements and two distinct bond arrangements. Trends
in the obtained AGhg values for the butylacetamide (G2) complexes suggests that
hydrogen bonds may yield stronger bifurcation than equivalent halogen bonds, which
can be rationalised by the much greater angular dependency inherent to halogen
bonds.1?24%-4287 DsA, bifurcated hydrogen bonds also possessed increased stability
compared to single-point hydrogen bonds. Computational studies again provided

insights, with the SAPT2 calculations showing the same reduction in exchange-
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repulsion for bifurcated systems, but without the same loss in electrostatic and
induction terms. Contrasting with halogen bonded systems that seek to minimise
repulsion by forming bifurcated interactions, the smaller steric demands associated
with hydrogen bonding were revealed by SAPT2 energy dissection; a more
conventional relationship was observed in which increasingly attractive energy
components are counter balanced by increases in exchange repulsion. Bifurcated and
non-bifurcated analogues were compared by considering the dual hydrogen bonded
systems formed with dibutylurea (G3) and dibutylthiourea (G4). G3 and G4 formed
the most stable complexes of those examined, showing that while complex stability of
both halogen and hydrogen bonds is increased via bifurcation, the SAPT calculations

showed that origin of these benefits differ between the two.

The single hydrogen bond in the G2/H1 complex could also be compared with the
potential D2+A binding mode in the G4/H1 complex (as opposed to the DeAzand D+As
modes seen in other complexes). AGng Vvalues for these two complexes suggest that
the same increase in stability afforded by D<A bifurcation is not is not afforded to
D2+A binding.
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A.1 Measurement of conformational free energies of molecular torsion balances

Molecular torsion balances of series 1 and 2 were prepared as 10 mM solutions in
requisite solvent or solvent mixture. Spectra were obtained using Bruker Ultrashield
600 MHz equipped with a TCI cryoprobe. Assignment of the conformer peaks was
conducted based on the rationale of expected shielding differences between the closed
and open conformers and precedent provided by previous studies employing the
Wilcox balance system. Conformational free energies were calculated from this using
equation 1.

A.1.1 Determination of equilibrium constants from *H NMR spectra

Equilibrium constants were determined from the ratio of the signals associated with
the methyl conformer peeks from phase and baseline corrected *H NMR spectra.
Relative prevalence of conformers was determined by measurement of area under the
conformer peaks using the inbuilt line fitting tool in the MestReNova software
package. Example below shows fitting for 2CIl in DCM(d>).

Line Fitting H
T (% s B -

Name: M1

From: |2.092 ppm z To: |2.214ppm

2] - @~ Rore - [

Shift{ppm) Height Width(Hz) L/G Area
1247997 291,01 216 058 9636.046

2 211790 118.29 276 0.13 5311.404

BESN

T T
220 215 2.10
1 (ppm)

Residual Error: 2.35165

A.1.2 Estimation of errors in AG values

Errors were estimated at a conservative +0.2 kJ mol ™ based for both compound series
1 and 2, in accordance with literature precedence for NMR-based studies of molecular
balances.! Validation is based on the observation that the most extreme conformational
free energy difference AGxg reported here was -3.4 kJ mol ™ (approximate conformer
ratio < 4: 1). Integration errors associated with modern NMR spectrometers generally

do not exceed 1-2%.2 Hence, based on a 3% error in integrals, the largest expected
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errors would be +0.14 kJ mol? and -0.027 kJ mol™, well within the estimate we

employ.
A.1.3 Propagation of errors in AAG values

Errors were estimated at +0.4 kJ mol™? calculated from the propagation of the

conservative £0.2 kJ mol ! error estimate used for the individual AG values.

Qunc = j (Quon)? + (Qao)? + (Qacyy)? + (Qacyy)? (Equation 2.3)

0.4 = ,/(0.2)2 + (0.2)2 + (0.2)% + (0.2)2

A.2 Free energies of series 1 molecular torsion balances

Solvent AG11/kJ AGigr/kJ AGici/kd AGir/kJ AG1n/kJ AG1me /kJ
mol™ mol™ mol™ mol™ mol™ mol™
CCl, -1.8 -1.8 -2.0 -1.9 -1.8 -2.4
CsDs -1.9 -2.0 -2.3 -2.2 -1.9 -2.3
CDCl; -1.6 -1.6 -1.7 -1.6 -1.4 -1.9
CD,Cl, -1.3 -1.4 -1.5 -1.5 -1.2 -1.6
CsDsN -1.5 -1.6 -1.7 -1.7 -1.3 2.1
DMSO-ds -15 -1.8 -2.0 -1.8 -1.6 -2.9
CS; -0.6 -0.8 -1.0 -1.0 -0.8 -1.2
2.9%wt 1,/ CS, -0.3 -0.5 -0.6 -0.6 -0.3 -0.6
58%wt |,/ CS, -0.2 -0.4 -0.5 -0.5 -0.3 -0.6
12.5% wt I,/ CS, -0.4 -0.5 -0.6 -0.5 -0.3 -0.4
THF-dg -1.4 -1.3 -1.7 -1.3 -1.7 -2.2
9% viv D,O / THF -1.5 -1.5 -1.9 -1.8 -1.9 -2.7
15% viv D,O / THF -1.8 -1.8 -2.0 -2.1 -2.1 -2.6
20% viv D,O / THF -2.0 -2.1 -2.2 -2.3 -2.3 -3.0
25% viv D,O / THF -2.2 -2.3 -2.6 -2.3 -2.3 -3.0
35% v/v D,O/ THF -2.5 -2.9 -3.1 -2.6 -2.3 -3.2
40% v/v D,O / THF -2.9 -2.8 -2.8 -2.5 -2.3 -3.4
9% viv CDs0OD / -1.4 -1.7 -1.9 -1.7 -1.7 -2.4

THF
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15% v/v CD30OD /
THF

20% v/v CD3OD /
THF

25% v/v CD30OD /
THF

35% v/v CD;0D /
THF

40% v/v CD3;0D /
THF

-1.6

In all cases THF refers to THF-dg. Samples in CS, and CCl4 were locked using a

sealed internal standard of CgDs.

A.3 Free energies of series 2 molecular torsion balances

Solvent AG2i/kJ AGasr/kJ AGaci/kJ AGar 1k AGan/kJ AGawme [kJ
mol™ mol™ mol™ mol™ mol™ mol™*

CCl, -2.2 -2.3 -2.1 -1.9 -1.2 -1.1
CsDs -2.6 -2.7 -2.5 -2.6 -15 -1.3
CDCl, -2.0 -2.0 -1.8 -1.6 -1.1 -0.9
CD,Cl, -1.6 -15 -15 -15 -0.8 -1.0
CsDsN -2.0 -1.6 -1.8 -1.7 -1.1 -0.5
DMSO-ds -1.4 -1.5 -1.4 -1.3 -1.0 -1.1
CS; -1.3 -1.3 -1.2 -1.3 -0.1 -0.4
29%wt I,/ CS, 1.1 -0.9 -0.9 -0.7 -0.1 -0.1
58%wt |,/ CS, -0.7 -1.0 -1.0 -0.7 0.0 -0.2
12.5% wt 1,/ CS, -1.0 -1.0 -0.9 -0.7 -0.1 -0.1
THF-dg -1.8 -1.8 -1.7 -1.9 -1.4 -1.4
9% viv D,O / THF -1.7 -2.0 -1.8 -1.6 -1.2 -1.2
15% viv D,O / THF -1.7 2.1 -2.0 -1.7 -1.4 -1.2
20% viv D,O / THF -1.5 2.1 -2.0 -2.0 -1.3 -1.4
25% viv D,O / THF -1.8 -2.3 -2.0 -1.9 -1.4 -1.5
35% v/v D,O/ THF 2.1 -2.1 -2.3 -2.1 -1.5 -1.7
40% v/v D,O / THF -2.5 -2.4 -2.2 -1.9 -1.5 -1.6

In all cases THF refers to THF-ds. Samples in CS, and CCls were locked using a

sealed internal standard of C¢Ds.
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A.4 DFT/DFT-D computational methodologies

Initial modelling of the balance series 1 and 2 was conducted using the Spartan 14
program using either the B3LYP or ®B97X-D methods were appropriate and the 6-
311G™* basis set. All energies were then calculated after final geometry minimizations
were conducted using the Gaussian 09 software package and the relevant level of
theory (B3LYP, B3LYP-D3, ®B97X or ®B97X-D) and included 6-311G* basis set.

A.5 Computational energies

A.5.1 Computational energies for balance series 1

Solvent AE1/kJ AE1gr/kJ AEici/kJ AE1r/kJ AE1n/kJ AE1me /kJ mol™
mol™ mol™ mol™ mol™ mol™
B3LYP/6-311G* 0.7 -0.1 -1.6 -1.8 -1.6 2.1
B3LYP-D3/6- -12.6 -7.3 -6.8 -6.4 -5.5 -0.3
311G*
®B97X/6-311G* -3.9 -5.8 -5.2 -8.4 -6.2 -8.8
©B97X-D/6-311G* -19.3 -17.3 -16.9 -18.5 -16.5 -21.9

All values reported are composite numbers obtained from comparison of “folded”

and “unfolded” minimised geometries for the balance system.

A.5.2 Computational energies for balance series 2

Solvent AE21/kJ AE2sr/kJ AE2c1/kd AE2r [KJ AE2n/kJ AEane /KJ
mol™ mol™ mol™ mol™ mol™ mol™

B3LYP/6-311G* -1.3 -1.7 -1.9 -1.8 -0.9 -0.6

B3LYP-D3/6- -12.6 -7.3 -6.8 -6.4 -5.5 -0.3
311G*

®B97X/6-311G* -4.3 -4.9 -1.1 -5.8 -3.2 -7.8

®B97X-D/6- -17.0 -15.5 -14.8 -13.4 -10.2 -13.1
311G*

All values reported are composite numbers obtained from comparison of “folded”

and “unfolded” minimised geometries for the balance system.
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A.6 DFT Minimized geometries

Folded Unfolded

A.6.1 1F at B3LYP/6-311G*

Folded Unfolded

A.6.2 1Cl at B3LYP/6-311G*

Folded Unfolded

A.6.3 1Br at B3LYP/6-311G*

Folded Unfolded

A.6.4 11 at B3LYP/6-311G*
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Folded Unfolded

A.6.5 1H at B3LYP/6-311G*

Folded Unfolded

A.6.6 1Me at B3LYP/6-311G*

A.7 DFT-D Minimized geometries

Folded Unfolded

A.7.11F at ®B97X-D

Folded Unfolded

A.7.2 1Cl at ®B97X-D
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Folded Unfolded

| ;
Py
e

A.7.3 1Br at ®B97X-D

Folded Unfolded

i

A.7.4 11 at ®B97X-D

Folded Unfolded

o
[
[
e

A.7.51H at ®B97X-D

Folded Unfolded

€
Ps
[
PS
o

A.7.6 1Me at ®B97X-D
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A.8 SAPT calculations
A.8.1 SAPT computational methodologies

SAPT calculations pertaining to halogen--arene interactions in the minimized balance
1 structure were conducted based using truncated versions of the ®B97X-D/6-311G*

minimized geometries. Calculations were conducted using the Psi4 software package.

Angular geometry SAPT calculations were conducted using a simplified model of the
system based on the truncated model. Starting models were fixed at bond distances of,
4.0A, 3.9 Aand 3.7 A for the Me, Br and CI systems respectively. C1-X-+Y (Y =atom,
bond or centroid) angles were initially set to 180° and systematically reduced by 10°
increments down to 90°. Accounting for interaction between the two aromatic rings
was done by repeating the calculations by with the X moiety replaced by a hydrogen.
Energies from this exercise were then subtracted to give corrected values for all the
systems. All calculations were conducted using the Psi4 software package using the
manually defined 6-311G* basis set.

Due to the inclusion of iodine atoms in computational studies; the 6-311G* basis set
was manually defined for Psi4 calculations as shown below. Basis set provided by
https://www.basissetexchange.org/. 6-311G™* basis set was last updated 19/02/2015 at

time of writing.

kK Kk

H 0
S 3 1.00
33.86500 0.0254938
5.094790 0.190373
1.158790 0.852161
S 1 1.00
0.325840 1.000000
S 1 1.00
0.102741 1.000000
K%k x
C 0
S 6 1.00
4563.240 0.00196665
682.0240 0.0152306
154.9730 0.0761269
44 .45530 0.2608010
13.02900 0.6164620
1.827730 0.2210060
SP 3 1.00
20.96420 0.114660 0.0402487
4.803310 0.919999 0.237594
1.459330 -0.00303068 0.815854
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SP 1

0
SP 1
0
D 1
0
KKk K
N 0
S 6
6293
949.
218.
63
18
2
SP 3
30
7
2
SP 1
0
SP 1
0
D 1
0
*k ok k
0 0
S 6
8588.
1297.
299.
87
25
3
SP 2
42
9
2
SP 1
0
SP 1
0
D 1
1
* %k %
F 0
S 6
11427.
1722.
395.
115.
33.
4
SP 3
55
12.
3
SP 1
1
SP 1

1.00

.4834560

1.00

.1455850

1.00

.626

1.00

.480

0440
7760

.69160
.82820
.720230

1.00

.63310
.026140
.112050

1.00

.684009

1.00

.200878

1.00

.913

1.00
500
230
2960

.37710
.67890
. 740040

1.00

.11750
.628370
.853320

1.00

.905661

1.00

.255611

1.00

.292

1.00
10
350
7460
1390
60260

.919010

1.00

.44410

63230

.717560

1.00

.165450

1.00

OO0

[OSIS]

OO0 OO0

[OSI)

OO0

[ IG]

.000000

.000000

.000000

.00196979
.0149613
.0735006
.2489370
.6024600
.2562020

.111906
.921666
.00256919

.000000

.000000

.000000

.00189515
.0143859
.0707320
.2400010
.5947970
.2808020

.113889
.920811
.00327447

.000000

.000000

.000000

.00180093
.0137419
.0681334
.2333250
.5890860
.2995050

.114536
.920512
.00337804

.000000

1.000000

1.000000

.0383119
.237403
.817592
. 000000

.000000

.0365114
.237153
.819702
. 000000

.000000

.0354609
.237451
.820458

. 000000
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Q.

ahe

D 1
%k 3k sk sk
Cl
S 6
105819.
15872.
3619.
1030.
339.
124.
S 3
124.
49,
20.
S 1
6
S 1
2
S 1
0
S 1
0
P 5
589
139
45
16
6
P 2
6
2
P 1
1
P 1
0
P 1
0
D 1
0
* Kk k
Br
S 6
439700.
66030.
15140.
4317.
1414.
523.
S 3
523.
207.
86.
S 1
30.
S 1
12.
S 1

4.

321892
1.00
750

1.00
(<]
00
650
800
9080
5380

1.00
5380
51350
80560

1.00

.583460

1.00

.564680

1.00

.559763

1.00

.183273

1.00

.7760
.8490
.14130
.87330
.741100

1.00

.741100
.771520

1.00

.023870

1.00

.381368

1.00

.109437

1.00

. 7500000

1.00
0
00
00
000
000
9000
1.00
9000
7000
54000
1.00
52
1.00
98
1.00
412

OO0

[OSINGR]

OO0

(O]

.000000

.000000

.000738
.005718
.029495
.117286
.362949
.584149

.134177
.624250
.291756
.000000
.000000
.000000
.000000
.002391
.018504
.081377
.221552
.772569

.572244
.992389

.000000

.000000

.000000

.0000000

.0008130
.0062850
.0319200
.1288000
.3946000
.5413000

.1831
.6176
.2538
.000000
.000000

.000000

1.000000
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1

S 1
(7]

S 1
(7]

P 3
2957
700

224

P 3
82

33

14

P 3
14

7

3

P 1
1

P 1
0

P 1
0

P 1
0

D 4
134

36

12

4

D 1
1

D 1
(7]

* % % ok

I (7]

S 5
444750.
66127.
14815.
4144.
1361.

S 2
1.06508.
209.

S 1
81.
36.

S 1
13

S 1
6

S 1
2

S 1
1

S 1
(7]

1.00

.862

1.00

.3932

1.00

.1400

1.00

.000
. 3000
.6000

1.00

.59
.19
.20

1.00

.20
.438
.526

1.00

.595000

1.00

.846200

1.00

.318600

1.00

.109600

1.00

.8
.39
.16
.341

1.00

.535000

1.00

.451000

1.00

00
00
900
200
1.00
4400
5900
1.00
959

805
1.00

.495

1.00

.8859

1.00

.5520

1.00

.2088

1.00

.2734

[SIN TN RIS

()

.000000
.000000
.000000
.02226
.18020
.86240
.3440
.5071
.2590
.07965
.3734
.6049
.000000
.000000
.000000
.000000
.01831
.13500
.42610
.60430
.000000

.000000

.00089
.00694
.03609
.13568
.33878

.43659
.18375

.00000

.00000

.00000

.00000

.00000

.00000

.00000
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S 1 1.00
0.1009
P 4 1.00
2953.600
712.6100
236.7100
92.63100
P 1 1.00
39.73200
P 1 1.00
17.27300
P 1 1.00
7.957000
P 1 1.00
3.152900
P 1 1.00
1.332800
P 1 1.00
0.494700
P 1 1.00
0.216000
P 1 1.00
0.082930
D 3 1.00
261.9500
76.73400
27.55100
D 1 1.00
10.60600
D 1 1.00
3.421700
D 1 1.00
1.137000
D 1 1.00

0.302000
* %k x

A.8.2 Tabulated truncated ®B97X-D geometry SAPT2 energies

[SIR RN

.00000
.01221
.08587
.29493
.47849
.00000
.000000
.000000
.000000
.000000
.000000
.000000
.000000
.03144
.19028
47247
.000000
.000000
.000000

.000000

Balance System Electrostatic Exchange Induction Dispersion ~ SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)

F -4.484 11.417 -1.245 -7.800 -2.111

Cl -5.663 17.830 -2.182 -13.049 -3.064

Br -5.931 19.724 -2.320 -15.166 -3.693

| -7.498 22.299 -2.528 -17.330 -5.057

H -8.962 16.007 -1.678 -11.756 -6.388
Me -12.881 25.165 -2.712 -18.704 -9.132
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A.8.3 Cartesian coordinates for truncated ®B97X-D geometries

A.8.3.1 lodine system

01

I 4.070616 2.395661 -0.646632
C -0.760540 2.019959 -0.167707
C -0.192616 3.274193 -0.335879
C 1.184879 3.385114 -0.465104
C 1.975532 2.242291 -0.422325
C 1.399924 0.990733 -0.242524
C 0.021215 0.876789 -0.118417
H 2.023552 0.090778 -0.193694
H -0.453829 -0.102467 0.010454
H -1.847086 1.878657 -0.141877
H -0.825246 4.168796 -0.361948
H 1.637406 4.373817 -0.602591
01

C 4.001706 -1.696525 0.780211
C 4.942412 -1.908311 -0.230477
C 6.191960 -1.305622 -0.175526
C 6.526859 -0.484188 0.894199
C 5.598157 -0.260636 1.902756
C 4.346333 -0.855958 1.842592
H 3.608330 -0.641905 2.624096
H 5.844083 0.402553 2.739963
H 7.514414 -0.010919 0.938575
H 6.918314 -1.488412 -0.975659
H 4.700782 -2.579098 -1.062869
H 3.012427 -2.167028 0.745999

A.8.3.2 Bromine system

01
Br -3.963980 3.540135 -1.471417
C -1.469283 1.239605 1.709076
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C -2.418659 2o
C -3.155497 2o
C -2.931068 2o
C -1.973069 1.
C -1.234705 1.
H -2.584588 Pc
H -3.911712 Se
H -1.795818 1.
H -0.479094 Q.
H -0.928409 Q.
01

C -1.012109 Prc
C -1.990493 1.
C -2.864476 2.
C -2.773072 4
C -1.805357 4
C -0.936282 Se
H -0.203248 Se
H -0.328461 1.
H -2.051535 Q.
H -3.622014 P
H -3.463161 4.
H -1.737559 5S¢

A.8.3.3 Chlorine system

Cl -3.746192 S
C -1.413372 1.
C -1.199797 1.
C -1.916030 1.
C -2.829420 28
C -3.035775 28
C -2.322503 2c
H -1.759372 1.
H -0.477392 Q.
H -0.889394 Q.

161085
856193
618077
704453
008010
338930
583054
533759
274164

609342

243782
871075

811643

.144415

.527352

585102
891294
501876
828104
500265
887070
571922

596020
302210
042705
756109
715131
979147
266083
566126
274319
663337

.127041
.178972
.170172
.585652
.362855
.195711
.496821
.653669
.059974

.424227

.250462
.175270
.702510
.318229
.398630
.866484
.111419
.822191
.506482
.430793
.734710
.073833

.370705
.716446
.371696
.580880
.170108
.176282
.128464
.648860
.073484
.436519
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H -2.473937 2
H -3.759499 e
01

C -1.056011 Pc
C -2.021190 1.
C -2.903037 Pc
C -2.833694 4
C -1.878207 4.
C -0.999533 3
H -1.827253 S
H -3.531477 4.
H -3.650339 2
H -2.065958 Q.
H -0.369988 1
H -0.276006 Se

A.8.3.4 Fluorine system

01

F 0.970708 abo
C 1.840414 abo
C 2.403085 2o
C 2.107649 2o
C 1.257742 dbo
C 0.691469 0
C 0.990684 0
H 3.079407 3
H 1.983545 1
H 0.557969 0
H 0.020515 0
H 2.535816 So
01

C -2.035173 =dlc
C -2.176426 =2
C -1.928899 =2c

.464222

742431

184601
801971

732705

.064664

457469

.525213

501551

799240

.414389

758926

.448813

837801

816312
840337
804169
789637
815997

.852298

.866523

.561466

.845919

.124439

.095772

532988

013413

219776

289401

.195715
.484239

.282677
.217505
.748928
.357321
.428862
.894228
.099448
.775308
.484747
.551075
.847699

.132642

.334021
.344955
.169677
.525840
.018599
.204477
.848755
.756997
.741644
.168103
.627214
.207983

.591146
.281425
.645420
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@ -1
@ -1
@ -1
H -1
H -2
H -2
H -1
H -1
H -2,

A.8.3.5 Hydrogen system

=

a5 a5 a5 a5 a5 a5 (@] (@] (@] (@] (@] (@] [
1
N

[y

I T T I O O O O O 0O o
=

.533990
.389378
.640790
.490348
.507756
.052198
.335041
.063618

217920

.866172
.137527
.967459
.410459
.512276
.228222
.943079
.707662
.396643
.371338
.659170
.984776

.928917
.182784
.582970
.524194
.952605
.155925
.195148
.467525
.834292
.890397

=3

.153501
.051358
.121236
.068929
.114083
.242514
.208938

.949618

960846

.571032
.487491
.332704
.507400
.254283
.341206
.679363
.219889
.521272
.120008
.073006
.353977

. 746089
.577143
.793595
.471399
.876804
.555467
.809128
.360435
.517716
.511740

.342828
.666375
.302614
.773028
.741377
.172287
.419193
.203242

.511768

.512184
.977965
.347965
.378940
.233823
.745963
.575734
.259601
.730205
.312398
.438761
.985642

.445948
.141581
.601304
.999997
.265340
.336354
.384645
.361546
.750897
.195833
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.896067
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.488598
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.230808
.851333
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.864449

.129759
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.665036
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.380609
.230392
.197147
.823820
.907546
.204814
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A.8.4 Tabulated angular geometry SAPT2 energies

A.8.4.1 lodine over bond system (n2)

A.8.4.1.1 Halogen--arene system

C1-I--bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -5.27355351 8.07453743 -1.49805337 -9.05046067 -7.74753011
170 -5.66926158 8.13797663 -1.4264074 -8.9967931 -7.95448545
160 -5.87394084 8.68224812 -1.35157366 -9.0422103 -7.58547668
150 -5.86150827 9.61524843 -1.29716335 -9.18150493 -6.72492812
140 -5.62982753 10.78626891 -1.27372595 -9.41061068 -5.52789525
130 -5.19779611 12.01381602 -1.27674774 -9.72648598 -4.18721382
120 -4.60309905 13.11173784 -1.29309729 -10.1297799 -2.9142384
110 -3.90409559 13.91171961 -1.31021735 -10.63840951 -1.94100285
100 -3.19396532 14.30041041 -1.3218459 -11.32433411 -1.53973491
90 -2.6429934 14.34281953 -1.3306545 -12.39530616 -2.02613453
A.8.4.1.2 Arene--arene system
C1-H--bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -0.76209259 0.00558103 -0.04141623 -0.73350175 -1.53142955
170 -0.7940095 0.00603043 -0.03955472 -0.71254173 -1.54007551
160 -0.82357914 0.00740397 -0.03913247 -0.72185101 -1.57715866
150 -0.85332559 0.01018848 -0.04014624 -0.76280352 -1.64608686
140 -0.88449461 0.01560776 -0.04289471 -0.84215814 -1.7539397
130 -0.91678014 0.02665673 -0.04814644 -0.97443107 -1.91270092
120 -0.94754603 0.05132283 -0.05764618 -1.18772661 -2.14159599
110 -0.97186088 0.11309668 -0.0754584 -1.53715289 -2.47137549
100 -0.99122365 0.28521559 -0.11197954 -2.13577444 -2.95376204
90 -1.06635015 0.8050975 -0.19587169 -3.22483858 -3.68196291
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A.8.4.1.3 Corrected halogen--arene system

C1-I--bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -4.51146092 8.0689564 -1.45663714 -8.31695892 -6.21610056
170 -4.87525208 8.1319462 -1.38685268 -8.28425137 -6.41440994
160 -5.0503617 8.67484415 -1.31244119 -8.32035929 -6.00831802
150 -5.00818268 9.60505995 -1.25701711 -8.41870141 -5.07884126
140 -4.74533292 10.77066115 -1.23083124 -8.56845254 -3.77395555
130 -4.28101597 11.98715929 -1.2286013 -8.75205491 -2.2745129
120 -3.65555302 13.06041501 -1.23545111 -8.94205329 -0.77264241
110 -2.93223471 13.79862293 -1.23475895 -9.10125662 0.53037264
100 -2.20274167 14.01519482 -1.20986636 -9.18855967 1.41402713
90 -1.57664325 13.53772203 -1.13478281 -9.17046758 1.65582838
A.8.4.2 Bromine over bond system (n2)
A.8.4.2.1 Halogen---arene system
C1-Br-+bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -2.18844372 4.42214624 -0.80800641 -6.35458152 -4.92888542
170 -2.51716635 4.49829521 -0.78292821 -6.31729577 -5.11909511
160 -2.64229061 4.82819204 -0.75771974 -6.33564803 -4.90746633
150 -2.54914918 5.35350589 -0.74473807 -6.41006408 -4.35044544
140 -2.24162575 5.98450673 -0.75063506 -6.54493342 -3.5526875
130 -1.7460354 6.61796997 -0.7731495 -6.74846491 -2.64967983
120 -1.11871313 7.15280885 -0.80284013 -7.03749075 -1.80623516
110 -0.454072 7.50858913 -0.82824495 -7.45356608 -1.2272939
100 0.11498134 7.66569613 -0.84231865 -8.09925403 -1.1608952
90 0.40121751 7.78785693 -0.85176057 -9.21311225 -1.87579838
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A.8.4.2.2 Arene--arene system

C1-H-bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™?) (kJ mol™) (kJ mol™) (kJ mol™)
180 -0.80630921  0.01539818 -0.05178895  -0.88986643 -1.73256641
170 -0.85648034  0.01649869 -0.04965719  -0.86879186 -1.75843069
160 -0.89916393  0.01953495 -0.04915374  -0.88199833 -1.81078105
150 -0.93778648  0.02543504 -0.05029198 -0.93147179 -1.89411521
140 -0.97412551  0.03637882 -0.05346428  -1.02528818 -2.01649915
130 -1.00812255  0.05743028 -0.05969623  -1.18042433 -2.19081283
120 -1.0375308 0.10127651 -0.07131583 -1.42941548 -2.4369856
110 -1.05967314  0.20186086 -0.0937263 -1.8349876 -2.78652619
100 -1.0852066 0.45467703 -0.14006693  -2.5215944 -3.29219088
90 -1.19930433  1.13557269 -0.24323775 -3.7419452 -4.04891458
A.8.4.2.3 Corrected halogen---arene system
C1-Br-+bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -1.38213451 4.40674806  -0.75621746 -5.46471509 -3.19631901
170 -1.66068601 4.48179652 -0.73327102 -5.44850391 -3.36066442
160 -1.74312668 4.80865709 -0.708566 -5.4536497 -3.09668528
150 -1.6113627 5.32807085  -0.69444609 -5.47859229 -2.45633023
140 -1.26750024 5.94812791 -0.69717078 -5.51964524 -1.53618835
130 -0.73791285 6.56053969 -0.71345327 -5.56804058 -0.458867
120 -0.08118233 7.05153234 -0.7315243 -5.60807527 0.63075044
110 0.60560114 7.30672827 -0.73451865 -5.61857848 1.55923229
100 1.20018794 7.2110191 -0.70225172 -5.57765963 2.13129568
90 1.60052184 6.65228424 -0.60852282 -5.47116705 2.1731162
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A.8.4.3 Chlorine over bond system (n2)

A.8.4.3.1 Halogen*--arene system

C1-Cl-+bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™?) (kJ mol™) (kJ mol™) (kJ mol™)

180 -2.71491984 5.28133528 -0.81485345 -6.13192674 -4.38036475

170 -3.06009179 5.36273476 -0.8056701 -6.08954109 -4.59256822

160 -3.07512852 5.68721687 -0.79880954 -6.09139901 -4.27812021

150 -2.81729269 6.19885976 -0.8003843 -6.14083022 -3.55964744

140 -2.37683743 6.80905787 -0.81354123 -6.25012434 -2.63144513

130 -1.83631176 7.41423962 -0.83531316 -6.44183801 -1.69922331

120 -1.27859482 7.91613621 -0.85784842 -6.75724329 -0.97755032

110 -0.79667031 8.25754406 -0.87348431 -7.27923284 -0.6918434

100 -0.51921393 8.51851113 -0.88365737 -8.18185109 -1.06621125

90 -0.74271075 9.20012387 -0.92067067 -9.83054439 -2.29380194

A.8.4.3.2 Arene---arene system

C1-H-bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)

180 -0.94046115 0.05494369  -0.08344709 -1.27002187 -2.23898642

170 -1.00822917 0.0579758 -0.08056629 -1.24154501 -2.27236468

160 -1.06404172 0.06679789 -0.08005095 -1.26118625 -2.33848103

150 -1.11213418 0.08376054 -0.08193797 -1.33219294 -2.44250454

140 -1.15449015 0.11448493 -0.08693051 -1.46698345 -2.59391918

130 -1.19114044 0.17199769 -0.09686471 -1.69174311 -2.80775057

120 -1.22253001 0.28793494 -0.11605036 -2.05700441 -3.10764983

110 -1.26158378 0.5438476 -0.15469792 -2.65979455 -3.53222865

100 -1.37938663 1.15977435 -0.23765304 -3.68824481 -4.14551012

90 -1.85579494 2.76432212 -0.42794701 -5.51212461 -5.03154444
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A.8.4.3.3 Corrected halogen---arene system

C1-Cl-+bond Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -1.77445869 5.22639159 -0.73140636 -4.86190487 -2.14137833
170 -2.05186262 5.30475896  -0.72510381 -4.84799608 -2.32020354
160 -2.0110868 5.62041898  -0.71875859 -4.83021276 -1.93963918
150 -1.70515851 6.11509922 -0.71844633 -4.80863728 -1.1171429
140 -1.22234728 6.69457294 -0.72661072 -4.78314089 -0.03752595
130 -0.64517132 7.24224193 -0.73844845 -4.7500949 1.10852726
120 -0.05606481 7.62820127  -0.74179806 -4.70023888 2.13009951
110 0.46491347 7.71369646 -0.71878639 -4.61943829 2.84038525
100 0.8601727 7.35873678  -0.64600433 -4.49360628 3.07929887
90 1.11308419 6.43580175 -0.49272366 -4.31841978 2.7377425
A.8.4.4 lodine over atom system (n1)
A.8.4.4.1 Halogen---arene system
C1-I--atom Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -4.35173135 6.34215037  -1.25518209 -7.68581981 -6.95058289
170 -4.86961028 6.38544309  -1.21618652 -7.64080933 -7.34116304
160 -5.18747621 6.86098767 -1.15977791 -7.67799669 -7.16426315
150 -5.26501875 7.68865657 -1.10647237 -7.79119667 -6.47403123
140 -5.09131251 8.73342574 -1.07176647 -7.97544336 -5.4050966
130 -4.68388408 9.83128507 -1.06050577 -8.22794333 -4.14104812
120 -4.0859256 10.81455823 -1.06759099 -8.54990437 -2.88886274
110 -3.36351244 11.53233178 -1.08312131 -8.95481671 -1.86911869
100 -2.60936449 11.87409921 -1.09784139 -9.49131658 -1.32442324
90 -1.96914494 11.83731156 -1.10718834 -10.29587932 -1.53490104
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A.8.4.4.2 Arene---arene system

C1-H--atom Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -0.67073463 0.00513694 -0.03374792 -0.65749357 -1.35683918
170 -0.71302727 0.00542263  -0.03177868 -0.63727 -1.37665333
160 -0.75194456 0.00641537  -0.03098328 -0.64308294 -1.41959541
150 -0.79118075 0.00847118  -0.03132983 -0.67573061 -1.48977
140 -0.83350278 0.01245899  -0.03303773 -0.74036542 -1.59444694
130 -0.88092438 0.02045291  -0.03671747 -0.8482094 -1.74539834
120 -0.93464338 0.03780506  -0.04376231 -1.02072932 -1.96132995
110 -0.99555248 0.07969942 -0.05739828 -1.29892595 -2.27217729
100 -1.06992158 0.19174896 -0.08545727 -1.76376739 -2.72739727
90 -1.19879925 0.51475421  -0.14780963 -2.58101033 -3.41286499
A.8.4.4.3 Corrected halogen---arene system
C1-I-~atom Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™t) (kJ mol™) (kJ mol™) (kJ mol™)
180 -3.68099672 6.33701343  -1.22143417 -7.02832624 -5.59374371
170 -4.15658301 6.38002046  -1.18440784 -7.00353933 -5.96450971
160 -4.43553165 6.8545723 -1.12879463 -7.03491375 -5.74466774
150 -4.473838 7.68018539 -1.07514254 -7.11546606 -4.98426123
140 -4.25780973 8.72096675 -1.03872874 -7.23507794 -3.81064966
130 -3.8029597 9.81083216 -1.0237883 -7.37973393 -2.39564978
120 -3.15128222 10.77675317 -1.02382868 -7.52917505 -0.92753279
110 -2.36795996 11.45263236 -1.02572303 -7.65589076 0.4030586
100 -1.53944291 11.68235025 -1.01238412 -7.72754919 1.40297403
90 -0.77034569 11.32255735 -0.95937871 -7.71486899 1.87796395
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A.8.4.5 lodine over centroid system (n6)

A.8.4.5.1 Halogen--arene system

Cl-I--atom Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™?) (kJ mol™) (kJ mol™) (kJ mol™)
180 -5.18308596 7.47001339 -1.2504435 -9.0304233 -7.99393938
170 -5.07391000 7.65547431 -1.2664512 -9.08209966 -7.76698655
160 -4.75990267 8.18654503  -1.30614935 -9.23824038 -7.11774738
150 -4.2793358 8.98177092 -1.34960321 -9.50007377 -6.14724186
140 -3.68354722 9.91904112 -1.37618731 -9.86866844 -5.00936184
130 -3.03117821 10.85305103  -1.37618496  -10.35241124 -3.90672338
120 -2.38968119 1164363337  -1.35568339  -10.99327096 -3.09500217
110 -1.85077929 12.23461883 -1.33377537 -11.9294686 -2.87940443
100 -1.61165258 12.91819521 -1.34571109 -13.53241754 -3.571586
90 -2.42091234 15.30467811 -1.50649188 -16.69477535 -5.31750146
A.8.4.5.2 Arene---arene system
C1-H--atom Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -0.86324266 0.00459432  -0.04612922 -0.75777325 -1.66255081
170 -0.86300179 0.00508694  -0.04694309 -0.77479453 -1.67965246
160 -0.86118578 0.0068497 -0.04957539 -0.82881407 -1.73272554
150 -0.85482523 0.01101223 -0.05458951 -0.92971167 -1.04884698
140 -0.83736491 0.02101037 -0.06325119 -1.09813671 -1.97774244
130 -0.79619679 0.0479718 -0.07834281 -1.3748402 -2.201408
120 -0.71217164 0.13033261 -0.10655463 -1.8429907 -2.53138436
110 -0.57953517 0.40271713 -0.16635532 -2.68221614 -3.02538951
100 -0.52866923 1.34202019 -0.31308221 -4.29329995 -3.7930312
90 -1.36920520 4.72086094 -0.718514 -7.57097036 -4.93782863
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A.8.4.5.3 Corrected halogen---arene system

C1l-I--atom Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™) (kJ mol™)
180 -4.31984330 7.46541907  -1.20431428 -8.27265005 -6.33138857
170 -4.21090821 7.65038737  -1.21950811 -8.30730513 -6.08733409
160 -3.89871689 8.17969533  -1.25657396 -8.40942631 -5.38502184
150 -3.42451057 8.97075869 -1.2950137 -8.5703621 -5.09839488
140 -2.84618231 9.89803075  -1.31293612 -8.77053173 -3.0316194
130 -2.23498142 10.80507923 -1.29784215 -8.97757104 -1.70531538
120 -1.67750955 1151330076  -1.24912876 -9.15028026 -0.56361781
110 -1.27124412 11.8319017 -1.16742005 -9.24725246 0.14598508
100 -1.08298335 11.57617502 -1.03262888 -9.23911759 0.2214452
90 -1.05170714 10.58381717  -0.78797788 -9.12380499 -0.37967283

A.9 Multiple linear regression analysis

Values for AGeqn were obtained from equation S1. Coefficients a, b and ¢ were
determined by fitting experimental AG values measured from balance series 1 to
equation 2.4 using the solver plugin for Microsoft Excel. In equation Al, ced refers to
cohesive energy density and P refers to bulk polarizability with values for both being

obtained from literature

AGgqn = a(ced) + b(P) +c (Equation 2.4)

A.9.1 Free energies calculated from multiple linear regression analysis

Solvent ced/cal P AGEqni AGeqner AGEegnei AGEeqnF AGEegnH AGegnme
cm® /kKImol™*  /kImol?  /kImol™  /kImol™?  /kImol?  /kJ mol™
CCl, 73.6 0.274 -1.2 -1.3 -1.5 -1.5 -1.4 -2.0
CsDsg 83.7 0.296 -1.2 -1.3 -1.5 -1.5 -1.3 -1.9
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CDCly 854 0267 13 14 16

CD.Cl, 937 0257 14 15 17

CsDsN 1124 0300 14 15 17

DMSO-ds 1686  0.285 1.8 1.9 2.1

CS; 1000 0356 -1.0 12 14

THF-ds 869 0248 14 15 17

9% ViV D,O/THF 1286  0.245 17 1.8 2.0

15% v/v D,O / 1564  0.244 -1.9 2.0 2.1
THF

20% v/v D,O / 1796 0243 2.0 2.1 23
THF

25% v/v D,O / 2027 0241 2.1 23 24
THF

35% v/v D,0 / 2491 0238 24 2.6 27
THF

40% /v D,0 / 2722 0236 26 2.8 2.9
THF

9% Vi CD:OD/ 979 0244 -15 -16 1.8
THF

15%v/vCD;OD/ 1052  0.241 -16 17 1.8
THF

20%v/vCD,OD/ 1113  0.239 -16 17 -1.9
THF

25%v/vCD,OD/ 1174 0237 17 -1.8 -1.9
THF

35%V/iVCD:OD/ 1296 0232 -1.8 -1.8 2.0
THF

40%v/ivCD;OD/ 1357 0230 -1.8 -1.9 2.0
THF

-1.5
-1.6
-1.6
-2.0
-1.5
-1.6
-1.8
-2.0

-1.5
-1.6
-1.4
-1.7
-1.0
-1.6
-1.8
-1.9

-2.2
-2.3
-2.0
-2.5
-1.5
-2.3
-2.6
-2.7

In all cases THF refers to THF-ds. Samples in CS, and CCl4 were locked using a

sealed internal standard of C¢Ds.

A.9.2 Multiple linear regression coefficients

Coefficient Egn | Eqgn Br Eqgn CI EgnF EgnH Eqgn Me

ced coefficient (a) —-0.0059 -0.0064 —-0.0064 -0.0054 —-0.0036 -0.0053

P coefficent (b) 43221 3.3610 3.1608 1.4064 6.3641 8.4261
solvent-independent constant (c) -1.9928 -1.9778 -1.9078 -1.4533 —-2.9043 -3.9620
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A.10 Plots of AGeqn against AGexp

I single solvent

I mixed solvent system

-3.0 -3.0

25 b 25
.20 e, 20 §
¢ * g, R2=0857 b

415 eos.. ... RI=00821 E B 1.5

e ST .
-1.0 | & 1.0
-0.5 0.5
-05 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5
AGign AGegn
Br single solvent Br mixed solvent system
-3.0 3.0
.
2.5 N 2.5
..

=2.0 o 20 §
o ° Sege 5]
3 . <

<15 .8 .8 ' R? = 0.0978 * R?=0.9253| 1.5

e
.

-1.0 1.0
-0.5 0.5
-05 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5

AGq, AGign
Cl single solvent Cl mixed solvent system
-3.5 -3.5
3.0 3.0
52.5 -2.5 3
Q (-]
<.2.0 207
R? = 0.0804 R? = 0.8812
-1.5 1.5
-1.0 1.0
05 1.0 1.5 2.0 2.5 3.0 3.5 3.5 3.0 25 2.0 1.5 1.0 0.5
AGggn AGegr
F single solvent F mixed solvent system
-3.0 -3.0
-2.5 2.5
2.0 20 ¢
- R? = 0.0131 ]
15 R2=08114 | 157
-1.0 -1.0
-0.5 0.5
-0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -35 -3.0 -2.5 -2.0 1.5 -1.0 -0.5
AGeg, AGggn
H single solvent H mixed solvent system
3.0 -3.0
2.5 : 2.5
520 e e 20 §
] L] 2 _ e, 2 - (Y]
e TR R? = 0.2028 ¢ RY=0.6392 .
- .

1.0 L] 1.0
-0.5 0.5
-0.5 1.0 1.5 -2.0 -2.5 -3.0 -3.5 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5
AGgg, AGegn

Me single solvent Me mixed solvent system
40 -4.0
35 .. 3.5
3.0 -3.0
225 . 25 §
R? = 0.3769 . - e R? = 0.8831 (L]
<.2.0 i 2.0 4
-1.5 . -1.5
1.0 -1.0
-0.5 -0.5
-0.5 -1.0 -1.5 -2.0 -2.5 -3.0 -3.5 3.5 3.0 2.5 -2.0 1.5 -1.0
AGgq, AGgg,

194



A.11 General experimental practices

Unless stated otherwise all synthetic procedures reported were conducted used

reagents purchased from commercial sources and used without additional purification.

Solvents listed as dry were either purchased as anhydrous or were purified using a
Glass Contour brand solvent purification system. In addition, reactions requiring dry
conditions used oven dried glassware (130-140°C overnight). Nitrogen gas for inert

atmospheres was provided via in house supply.

Analytical TLC was conducted on aluminium backed silica gel 60 F254 plates and
visualised under UV (254 nm) light. Flash chromatography was carried out using
Geduran 60 (40 — 63 um) silica gel eluting with the specified solvents/solvent

mixtures. In all cases “petroleum either” refers to 40-60°C boiling point range grade.

NMR spectra were recorded using either a 500 MHz Bruker Ultrashield equipped with
a prodigy cryoprobe, or a 600 MHz Bruker Ultrashield spectrometer equipped with a
TClI cryoprobe. All NMR analysis was conducted using standard Pyrex tubes, ambered
tubes were used for analysis of photoreactive iodine species. Chemical shifts are
reported in parts per million (ppm) coupling constants are reported in Hertz. High
resolution mass spectroscopy was conducted using a Bruker micrOTOF Il. Dr Logan

Mackay of the University of Edinburgh is thanked for this service.
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A.12 Synthesis and characterisation of balance series 1

H
N_o NH NH
@%{f _NeOH (10 mol%) a _ BHyTHF NHz
"
Cl i Dloxane reflux \©\ reflux, 20h /@N
Br
B

Quantitative yield

r

p- formaldehyde /U d(dppf) Clz &/‘/‘
TFA, /@ THF, /@

40 °C, 3 days 50 °C, 16h

SPhos
(BPIn) d(OAc), SPhos
dKOAc KoCOs,
11(;O:(gn?éh H,0. ACN,
’ 80 °C, 16h

OH
LiOH, HZO MeOH
50°C,40h PyBOP, NEt;, DCM
rt, 72h

Quantitative yield

54-69%

X=F, Cl, Br, I, H, Me

Step 1. 2-Amino-N-(4-bromophenyl)-5-chloro-benzamide

4-Bromoaniline (1 Eqg, 45.2 mmol, 7.77 g), 5-Chloroisatoic anhydride (1.1 Eq, 49.7
mmol, 9.82 g) and sodium hydroxide (0.1 Eq, 4.51 mmol, 0.18 g) were combined
under an inert nitrogen atmosphere. Dioxane (anhydrous grade, 94 mL) was added and
the mixture heated to reflux for 18 h. The reaction mixture was allowed to cool to room
temperature, filtered and concentrated under reduced pressure. The residue was
triturated from ethanol and dried under vacuum to yield 2-amino-N-(4-bromophenyl)-
5-chloro-benzamide (5.74 g, 39%).

IH NMR (500 MHz, DMSO-ds) 5 10.19 (s, 1H), 7.71 — 7.66 (m, 3H), 7.56 — 7.49 (m, 2H), 7.24 (dd, J
= 8.8, 2.5 Hz, 1H), 6.79 (d, J = 8.8 Hz, 1H), 6.47 (s, 2H).

13C NMR (126 MHz, DMSO-ds) 5 166.6, 148.7, 138.4, 132.0, 131.3, 127.8, 122.5, 118.1, 117.8,
115.6, 115.3.

HRMS (ESI) obtained m/z 346.9538, 348.9531 (M+Na+). Expected 346.9557, 348.9535.
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Steps I1-111. 2-Bromo-8-chloro-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine

2-amino-4-bromo-N-(4-chlorophenyl)benzamide (1 Eq, 14.3 mmol, 4.65 g) was
dissolved in THF (24 mL) and cooled to 0 °C. BH3.THF (5.8 Eq, 1.0 M in THF, 82.9
mmol, 83 mL) was added slowly and the mixture stirred at 0 °C for 30 minutes. The
reaction was then slowly heated to reflux and refluxed for 20 h. The solution was then
added slowly to 1.0 M aqueous sodium hydroxide (200 mL) at 0°C. The resulting
mixture was extracted with ethyl acetate (3 x 150 mL). Combined organics were
washed with brine (150 mL), dried over magnesium sulfate and solvents removed
under reduced pressure to yield crude (~90% pure) 2-[(4-bromoanilino)methyl]-4-

chloro-aniline in quantitative yield (4.17 g).

2-[(4-bromoanilino)methyl]-4-chloro-aniline (1 Eg, 21.1 mmol, 6.59 g) and
paraformaldehyde (6 Eq, 126.9 mmol, 3.81 g) were combined in TFA (350 mL) under
an inert nitrogen atmosphere. The reaction was stirred at room temperature for 30
minutes and then heated to 40 °C for 24 h. The reaction mixture was added dropwise
to 35% aqueous ammonia (500 mL) at O °C and extracted with DCM (3 x 300 mL).
Combined organics dried over magnesium sulfate and solvents removed under reduced
pressure. The residue was purified by flash chromatography (10-40% ethyl acetate in
petroleum  ether  gradient) to  vyield 2-Bromo-8-chloro-6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocine (4.40 g, 62%).

H NMR (500 MHz, CDCls) § 7.27 (dd, J = 8.6, 2.4 Hz, 1H), 7.13 (dd, ] = 8.6, 2.4 Hz, 1H), 7.06 —
7.04 (m, 2H), 7.00 (d, J = 8.6 Hz, 1H), 6.90 (d, J = 2.4 Hz, 1H), 4.64 (app dd, J = 16.8, 0.8 Hz, 2H),
4.25 (app t, J = 1.2 Hz, 2H), 4.09 (app d, J = 16.8 Hz, 2H).

13C NMR (126 MHz, CDCls) & 147.0, 146.4, 130.8, 129.9, 129.8, 129.3, 129.3, 127.9, 126.9, 126.5,
116.9, 66.7, 58.6, 58.5. Two peaks appear to coalesce at 129.9 ppm.

HRMS (ESI) obtained m/z 334.9948, 336.9931 (M+H+). Expected 334.9945, 336.9923.
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Step 1V: 2-Chloro-8-phenyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine

2-Bromo-8-chloro-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (1 Eq, 13.1
mmol, 4.40 g), phenylboronic acid (1.5 Eq, 20.0 mmol, 2.40 g), Pd(dppf)Cl..DCM
(0.04 Eq, 0.524 mmol, 0.43 g), K3PO4 (2 Eq, 26.2 mmol, 5.56 g) and water (10 Eq,
131 mmol, 2.10 g, 2.1 mL) were combined in THF (65 mL) under an inert nitrogen
atmosphere. The mixture was heated to 50 °C for 24 h. The reaction mixture was
filtered through kieselguhr eluting with ethyl acetate (250 mL). Organics were washed
with sodium bicarbonate (100 mL), brine (100 mL), dried over magnesium sulfate and
solvents removed under reduced pressure. The residue was purified by flash
chromatography (10-20%) ethyl acetate in petroleum ether gradient to yield 2-Chloro-
8-phenyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (3.53 g, 81%) and further
crude product (0.80 g).

IH NMR (500 MHz, CDCls) § 7.50 — 7.47 (m, 2H), 7.42 — 7.36 (m, 3H), 7.32 — 7.27 (m, 1H), 7.19
(app d, J = 8.3 Hz, 1H), 7.15— 7.11 (m, 2H), 7.09 (app d, J = 8.6 Hz, 1H), 6.93 (d, J = 1.9 Hz, 1H),
4.75 (d, J=16.7 Hz, 1H), 4.69 (d, J = 16.7 Hz, 1H), 4.33 (app ¢, J = 12.9 Hz, 2H), 4.19 (app d, J =
16.7 Hz, 2H).

13C NMR (126 MHz, CDCls) & 147.3, 146.8, 140.8, 137.4, 129.7, 129.1, 128.9, 127.9, 127.8, 127.2,
127.0, 126.9, 126.6, 126.5, 125.7, 125.5, 67.1, 59.0, 58.6.

HRMS (ESI) obtained m/z 333.1145 (M+H+). Expected 333.1153.
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Step V. 2-(Bispinacolatodiboron)-8-phenyl-6H,12H-5,11-

methanodibenzo[b,f][1,5]diazocine

2-Chloro-8-phenyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine (1 Eq, 10.4
mmol, 3.50 g), (BPin)2 (3 Eq, 31.1 mmol, 7.90 g), Pd2(dba)s (0.02 Eq, 0.21 mmol, 0.19
g), SPhos (0.04 Eq, 0.41 mmol, 0.17 g) and potassium acetate (3 Eq, 31.1 mmol, 3.05
g) were combined in degassed dioxane (7.3 mL) under an inert nitrogen atmosphere.
The reaction was heated to reflux for 16 h. The reaction mixture was cooled and
filtered through kieselguhr eluting with ethyl acetate (200 mL). Organics were washed
with saturated sodium bicarbonate (150 mL), brine (50 mL) and then dried over
magnesium sulfate. Solvents were removed under reduced pressure and the residue
purified by flash chromatography (10-25% ethyl acetate in petroleum ether) to yield
2-(Bispinacolatodiboron)-8-phenyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine
(3.50 g, 80%).

'H NMR (500 MHz, CDCls) & 7.62 (dd, J = 8.0, 1.1 Hz, 1H), 7.48 — 7.44 (m, 2H), 7.43 (s, 1H), 7.39 —

7.35 (m, 3H), 7.30 — 7.26 (m, 1H), 7.17 (app dd, J = 12.9, 8.2 Hz, 2H), 7.10 (d, J = 2.0 Hz, 1H), 4.80 —
4.69 (M, 2H), 4.36 (s, 2H), 4.26 (app t, J = 16.9 Hz, 2H), 1.29 (s, 12H).

13C NMR (126 MHz, CDCls) & 151.3, 147.4, 140.9, 137.2, 134.1, 133.9, 128.8, 128.1, 127.3, 127.1,
127.0, 126.4, 125.7, 125.5, 124.5, 83.8, 67.1, 59.0, 58.8, 25.0. No peak observed for boron bound

carbon.

HRMS (ESI) obtained m/z 447.2197 (M+Na+). Expected 447.2219.
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'H NMR
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Step VI- VII. 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoic acid

2-(Bispinacolatodiboron)-8-phenyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine
(1 Eq, 8.09 mmol, 3.43 g), methyl 2-bromo-3-methyl-benzoate (1.5 Eq, 12.1 mmol,
2.78 g), Pd(OAC)2 (0.02 Eq, 0.162 mmol, 0.036 g) and SPhos (0.04 Eq, 0.323 mmol,
0.13 g) were combined in acetonitrile (27 mL). Aqueous potassium carbonate solution
(2 M, 2.5 Eq, 20.2 mmol, 10 mL) was added and the reaction heated to reflux under
an inert nitrogen atmosphere for 16 h. The reaction mixture was diluted with ethyl
acetate (250 mL), washed with saturated aqueous sodium bicarbonate (2 x 150 mL)
and then brine (2 x 100 mL). Organics were dried over magnesium sulfate and solvents
removed under reduced pressure. The residue was purified by flash chromatography
(10-40% ethyl acetate in petroleum ether) to yield product which was further purified
by trituration from methanol to yield methyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-
methano dibenzo[b,f][1,5]diazocin-2-yl]benzoate (3.40 g, 94%).

Methyl 3-methyl-2-[8-(trifluoromethyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate (1 Eq, 0.208 mmol, 1.31 g) and lithium
hydroxide (17 Eq, 49.8 mmol, 2.10 g) were combined in methanol (44 mL), THF (44
mL) and water (0.4 mL) and heated to 50 °C for 40 h. Solvents were removed under
reduced pressure and the residue taken up in saturated aqueous ammonium chloride
(100 mL). 1 M Hydrochloric acid (17 Eq, 49.8 mmol, 48 mL) was added to neutralise
and the mixture was extracted with ethyl acetate (3 x 100 mL). Organics were washed
with brine (50 mL), dried over magnesium sulfate and solvents were removed under
reduced pressure to give 3  methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoic acid in quantitative yield (1.30 g).

'H NMR (500 MHz, CDCI®) § 7.64 (d, J = 7.1 Hz, 1H), 7.50 (app d, J = 7.5 Hz, 2H), 7.46 (app d, J =
6.9 Hz, 1H), 7.42 — 7.37 (m, 3H), 7.35 — 7.27 (m, 3H), 7.24 — 7.12 (m, 3H), 6.85 (s, 1H), 4.80 (app d,

J=16.8 Hz, 1H), 4.52 (app d, J = 17.0 Hz, 1H), 4.32 — 4.14 (m, 3H), 3.86 (app d, J = 12.8 Hz, 1H),
2.07 (s, 3H).

13C NMR (126 MHz, CDCls) § 172.2, 145.6, 145.1, 140.4, 139.9, 138.2, 137.8, 136.9, 134.1, 132.6,
129.1, 129.0, 127.7, 127.4, 127.4, 127.3, 127.0, 126.7, 126.6, 126.5, 125.7, 125.5, 124.4, 65.8, 58.1,
57.8, 20.9.

HRMS (ESI) obtained m/z 455.1740 (M+Na+). Expected 455.1730.
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Step VIII (1F). 4-Fluorophenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

3 Methyl-2-[8-(phenyl)-6H,12H-5,11-methano dibenzolb,f][1,5]diazocin-2-
yl]benzoic acid (1 Eq, 0.462 mmol, 0.20 g), 4-fluorophenol (3 Eq, 1.39 mmol, 0.16 g)
and PyBOP (2 Eq, 0.924 mmol, 0.48 g) were combined in DCM (11 mL).
Triethylamine (8 Eq, 3.70 mmol, 0.37 g, 0.515 mL) was added and the stirred at room
temperature for 48 h. Further DCM was added (50 mL) and the solution washed with
saturated aqueous sodium bicarbonate (40 mL). Organics were dried over magnesium
sulfate and solvents removed under reduced pressure. The residue was purified by
flash chromatography (20-40% ether in hexane) to yield 4-fluorophenyl 3-methyl-2-
[8-(phenyl)-6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-yl]benzoate (0.14 mg,
55%).

'H NMR (600 MHz, CDCls) § 7.74 (d, J = 7.5 Hz, 0.3H, minor conformer), 7.65 (d, ] = 7.6 Hz, 0.6H,
major conformer), 7.57 — 7.51 (m, 2H), 7.49 — 7.38 (m, 4H), 7.34 (app. t, J = 7.5 Hz, 1.6H), 7.30 (app.
t,J=7.4 Hz, 0.4H), 7.24 — 7.19 (m, 3H), 7.12 (app. dd, J = 8.2, 1.5 Hz, 0.6H, major conformer), 7.09
(app. d, J=8.2 Hz, 0.4H, minor conformer), 6.99 (app. t, J = 8.5 Hz, 0.7H, minor conformer), 6.84
(app. d, J = 0.8 Hz, 0.7H, major conformer), 6.80 (app. s, 0.3H, minor conformer), 6.74 — 6.71 (m,
0.6H, minor conformer), 6.41 (app. t, J = 8.6 Hz, 1.3H, major conformer), 6.08 — 6.04 (m, 1.2H, major
conformer), 4.86 — 4.76 (m, 1.7H), 4.69 (d, J = 16.8 Hz, 0.4H, minor conformer), 4.42 — 4.18 (m, 4H),

2.16 (s, 2H, major conformer), 2.09 (s, 1H, minor conformer).

13C NMR (126 MHz, CDCls) & 168.2, 167.6, 160.3 (d, ] = 244.4 Hz), 159.9 (d, ] = 244.4 Hz), 147.7,
147.6, 147.4, 146.6 (d, J = 2.5 Hz), 146.0 (d, J = 2.6 Hz), 141.2, 140.7, 140.5, 137.7, 137.5, 137.1,
136.2, 135.9, 133.7, 133.5, 131.9, 131.8, 129.0, 128.9, 128.6, 128.3, 128.3, 128.1, 127.7, 127.5, 127.3,
127.3,127.2,127.1, 127.1, 126.9, 126.5, 126.3, 125.9, 125.7, 125.6, 125.5, 125.0, 122.8 (d, J=8.4
Hz), 122.2 (d, J= 8.5 Hz), 116.0 (d, J = 23.8 Hz), 115.8 (d, J = 23.7 Hz), 67.1, 67.0, 58.8, 58.7, 58.6,
58.5, 21.0, 20.9. Two conformers. Some aryl conformer peaks occluded.

%F NMR (376 MHz, 1H decoupled, CDCI3) § -116.80 (s, 0.7F), -117.08 (s, 0.3F).

HRMS (ESI) obtained m/z 549.1935 (M+Na+). Expected 549.1949.
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Step VIII (1Cl). 4-Chlorophenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

3 Methyl-2-[8-(phenyl)-6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-
yl]benzoic acid (1 Eq, 0.391 mmol, 0.17 g), 4-chlorophenol (3 Eq, 1.17 mmol, 0.15 g)
and PyBOP (2 Eq, 0.781 mmol, 0.41 g) were combined in DCM (11 mL).
Triethylamine (8 Eq, 3.70 mmol, 0.37 mg, 0.515 mL) was added and the reaction
stirred at room temperature for 48 h. Further DCM was added (50 mL) and the solution
washed with saturated aqueous sodium bicarbonate 40 mL). Organics were dried over
magnesium sulfate and solvents removed under reduced pressure. The residue was
purified by flash chromatography (20-50% ether in hexane) to yield 4-chlorophenyl 3-
methyl-2-[8-(phenyl)-6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-yl]benzoate
(0.13 mg, 59%).

'H NMR (500 MHz, CDCl3) & 7.76 (d, J = 7.5 Hz, 0.3H, minor conformer), 7.68 (d, J = 7.6 Hz, 0.7H,
major conformer), 7.61 (app d, J = 7.6 Hz, 1.4H, major confomer), 7.55 (app d, J = 7.6 Hz, 1.4H,
major conformer), 7.52 (dd, J = 8.3, 1.7 Hz, 0.7H), 7.48 — 7.40 (m, 3.5H), 7.39 — 7.30 (m, 2.5H), 7.27
—7.20 (m, 2.4H), 7.15—7.09 (m, 1H), 6.84 (app d, J = 21.3 Hz, 1H), 6.73 (d, J = 8.7 Hz, 2H), 6.07
(app d, J=8.7 Hz, 1.3H), 4.89 — 4.77 (m, 1.7H), 4.70 (app d, J = 16.8 Hz, 0.3H), 4.45 — 4.20 (m, 4H),
2.19 (s, 2H), 2.12 (s, 1H).

13C NMR (126 MHz, CDCls) & 168.2, 167.5, 149.5, 148.9, 147.9, 147.7, 141.5, 141.0, 140.5, 138.0,
137.6, 137.3, 136.4, 136.1, 134.0, 133.8, 132.0, 131.9, 131.5, 131.3, 129.7, 129.5, 129.3, 129.2, 128.8,
128.6, 128.5, 128.3, 128.0, 127.9, 127.7, 127.6, 127.5, 127.3, 127.1, 126.7, 126.5, 126.1, 126.0, 125.9,
125.6, 125.3, 123.0, 122.5, 67.3, 67.2, 59.0, 58.9, 58.8, 21.2, 21.1. Two conformers, some aromatic
and one Troger's base bridgehead conformer peaks occluded.

HRMS (ESI) obtained m/z 543.1819 (M+H+). Expected 543.1834.
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Step VIII (1Br). 4-Bromophenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

3 Methyl-2-[8-(phenyl)-6H,12H-5,11-methano dibenzolb,f][1,5]diazocin-2-
yl]benzoic acid (1 Eq, 0.462 mmol, 0.20 g), 4-bromophenol (3 Eq, 0.924 mmol, 0.48
g) and PyBOP (2 Eq, 0.924 mmol, 0.48 g) were combined in DCM (11 mL).
Triethylamine (8 Eq, 3.70 mmol, 0.37 g, 0.515 mL) was added and the stirred at room
temperature for 48 h. Further DCM was added (50 mL) and the solution washed with
saturated aqueous sodium bicarbonate 40 mL). Organics were dried over magnesium
sulfate and solvents removed under reduced pressure. The residue was purified by
flash chromatography (20-40% ether in hexane) to yield 4-bromophenyl 3-methyl-2-
[8-(phenyl)-6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-yl]benzoate (0.16 g,
59%).

'H NMR (600 MHz, CDCl3) § 7.73 (d, J = 7.6 Hz, 0.3H, minor conformer), 7.65 (d, ] = 7.5 Hz, 0.6H,
major conformer), 7.60 (d, J= 7.4 Hz, 1.3H), 7.54 — 7.49 (m, 1.3H), 7.46 — 7.38 (m, 4H), 7.36 — 7.29
(m, 2H), 7.28 — 7.26 (m, 0.7H), 7.25 — 7.18 (m, 2.3H), 7.13 — 7.06 (m, 1H), 6.86 (d, J = 8.7 Hz, 1.3H,
major conformer), 6.84 (d, J = 1.1 Hz, 0.6H, major conformer), 6.79 (app. s, 0.3H, minor conformer)
,6.65 (d, J = 8.7 Hz, 0.7H, minor conformer), 5.99 (d, J = 8.7 Hz, 1.2H, major conformer), 4.87 — 4.76
(m, 1.7H), 4.68 (app. d, J = 16.8 Hz, 0.3H, minor conformer), 4.43 — 4.17 (m, 4H), 2.16 (s, 2H, major

conformer), 2.09 (s, 1H, minor conformer).

13C NMR (126 MHz, CDCls) 5 167.8, 167.2, 149.9, 149.2, 147.8, 147.8, 147.6, 147.4, 141.2, 140.8,
140.7, 140.7, 140.2, 137.7, 137.3, 137.0, 136.1, 135.9, 133.8, 133.6, 132.4, 132.2, 131.7, 131.6, 129.1,
128.9, 128.6, 128.4, 128.3, 128.1, 127.7, 127.6, 127.5, 127.3, 127.3, 127.1, 126.9, 126.4, 126.2, 125.9,
125.7,125.6,125.3, 125.1, 123.2, 122.7, 119.0, 118.8, 67.1, 67.0, 58.8, 58.6, 58.5, 21.0, 20.9. Two

conformers, some aromatic and one Trdger's base bridgehead conformer peaks occluded.

HRMS (ESI) obtained m/z 609.1101, 611.1086 (M+Na+). Expected 609.1148, 611.1134.
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Step VIII (11). 4-lodophenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

3 Methyl-2-[8-(phenyl)-6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-
yl]benzoic acid (1 Eq, 0.201 mmol, 0.087 g), 4-iodophenol (3 Eqg, 0.603 mmol, 0.13
g) and PyBOP (2 Egq, 0.402 mmol, 0.21 g) were combined in DCM (5 mL).
Triethylamine (8 Eq, 1.61 mmol, 0.16 g, 0.225 mL) was added and the reaction stirred
at room temperature for 72 h. Further DCM was added (50 mL) and the solution
washed with saturated aqueous sodium bicarbonate (30 mL) and brine (2 x 30 mL).
Organics were dried over magnesium sulfate and solvents removed under reduced
pressure. The residue was purified by flash chromatography (20-40% ethyl acetate in
petroleum ether) to yield 4-iodophenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate (0.067 g, 54%).

IH NMR (601 MHz, CDCl3) & 7.75 (d, J = 7.6 Hz, 0.3H, minor conformer), 7.68 (d, ] = 7.5 Hz, 0.7H,
major conformer), 7.65 — 7.61 (m, 2H), 7.56 — 7.53 (m, 1.3H), 7.49 — 7.40 (m, 3.5H), 7.38 — 7.29 (m,
2.7H), 7.27 = 7.20 (m, 2.4H), 7.14 — 7.08 (m, 2.3H), 6.86 (d, J = 1.3 Hz, 0.6H, major conformer), 6.81
(app. s, 0.3H, minor conformer), 6.56 (app d, J = 8.7 Hz, 0.7H, minor conformer), 5.90 (app. d, J=8.7
Hz, 1.3H, major conformer), 4.88 — 4.78 (m, 1.7H), 4.70 (d, J = 16.8 Hz, 0.3H, minor conformer),
4.44 —4.19 (m, 4H), 2.18 (s, 2H, major conformer), 2.11 (s, 1H, minor conformer).

13C NMR (126 MHz, CDCls) 5 167.6, 167.0, 150.5, 149.9, 147.6, 147.5, 147.3, 141.1, 140.6, 140.6,
140.1, 138.3, 138.1, 137.6, 137.0, 136.9, 136.0, 135.7, 133.6, 133.5, 131.6, 131.5, 129.1, 128.8, 128.4,
128.2,128.1,127.9, 127.6, 127.5, 127.3, 127.2, 127.2, 127.1, 127.1, 127.0, 126.8, 126.2, 126.1, 125.7,
125.6, 125.5, 125.1, 124.9, 123.5, 123.0, 89.7, 89.5, 66.9, 66.8, 58.6, 58.5, 58.4, 20.8, 20.7. Two

conformers, some aromatic and one Trdger's base bridgehead conformer peaks occluded.

HRMS (ESI) obtained m/z 635.1179 (M+H+). Expected 635.1190.
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Step VIII (1H). Phenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

3 Methyl-2-[8-(phenyl)-6H,12H-5,11-methano dibenzolb,f][1,5]diazocin-2-
yl]benzoic acid (1 Eq, 0.430 mmol, 0.19 g), phenol (3 Eq, 1.29 mmol, 0.12 g) and
PyBOP (2 Eq, 1.29 mmol, 0.12 g) were combined in DCM (10 mL). Triethylamine (8
Eq, 3.44 mmol, 0.35 g, 0.480 mL) was added and the stirred at room temperature for
72 h. Further DCM was added (50 mL) and the solution washed with saturated
aqueous sodium bicarbonate 40 mL). Organics were dried over magnesium sulfate and
solvents removed under reduced pressure. The residue was purified by flash
chromatography (20-40% ether in hexane) to yield phenyl 3-methyl-2-[8-(phenyl)-
6H,12H-5,11-methano dibenzol[b,f][1,5]diazocin-2-yl]benzoate (0.12 g, 55%).

IH NMR (500 MHz, CDCl3) & 7.75 (d, J = 7.6 Hz, 0.4H, minor conformer), 7.66 (d, ] = 7.6 Hz, 0.7H,
major conformer), 7.56 — 7.50 (m, 2H), 7.48 — 7.37 (m, 4H), 7.37 — 7.28 (m, 2.6H), 7.24 — 7.15 (m,
3.3H), 7.15-7.08 (m, 1H), 6.85 (s, 0.6H, major conformer), 6.82 (s, 0.4H, minor conformer), 6.77
(app d, J=7.9 Hz, 0.7H, minor conformer), 6.75 — 6.70 (m, 1.3H, major conformer), 6.69 — 6.65 (m,
0.6H, minor conformer), 6.11 (d, J= 7.9 Hz, 1.2H, major conformer), 4.86 — 4.75 (m, 1.6H), 4.69 (app
d, J=16.8 Hz, 0.4H, minor conformer), 4.43 — 4.17 (m, 4H), 2.16 (s, 1.9H, major conformer), 2.10 (s,

1.1H, minor conformer).

13C NMR (126 MHz, CDCls) § 168.2, 167.6, 150.9, 150.2, 147.8, 147.7, 147.4, 147.4, 141.1, 140.8,
140.7, 137.6, 137.3, 137.0, 136.2, 135.9, 133.5, 133.3, 132.2, 132.1, 129.4, 129.2, 128.9, 128.6, 128.4,
128.3,128.1, 127.7, 127.4, 127.3, 127.2, 127.2, 127.1, 127.0, 126.9, 126.5, 126.2, 125.9, 125.8, 125.6,
125.5,125.0, 121.4, 120.8, 67.0, 67.0, 58.8, 58.7, 58.7, 58.5, 21.0, 20.8. Two conformers, some peaks
occluded.

HRMS (ESI) obtained m/z 509.2185 (M+H+). Expected 509.2224. Significant dimer signal also

observed in mass spec m/z 1017.4278.
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Step VIII (1Me) 4-methylphenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

3 methyl-2-[8-(phenyl)-6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-
yl]benzoic acid (1 Eqg, 0.417 mmol, 0.18 g), 4-methylphenol (3 Eq, 1.24 mmol, 0.14
g) and PyBOP (2 Eq, 0.832 mmol, 0.43 g) were combined in DCM (10 mL).
Triethylamine (8 Eq, 3.32 mmol, 0.34 g, 0.465 mL) was added and the reaction stirred
at room temperature for 96 h. Further DCM was added (50 mL) and the solution
washed with saturated aqueous sodium carbonate (30 mL), bicarbonate (30 mL) and
brine (30 mL). Organics were dried over magnesium sulfate and solvents removed
under reduced pressure. The residue was purified by flash chromatography (20-40%
ether in hexane) to yield 4-methylphenyl 3-methyl-2-[8-(phenyl)-6H,12H-5,11-
methano dibenzo[b,f][1,5]diazocin-2-yl]benzoate (0.14 g, 62%).

H NMR (601 MHz, CDCl3) & 7.73 (d, J = 7.5 Hz, 0.3H, minor conformer), 7.64 (d, ] = 7.5 Hz, 0.7H,
major conformer), 7.58 (app. d, J = 7.3 Hz, 1.4H), 7.53 (app. d, J = 7.5 Hz, 0.6H), 7.49 (dd, J = 8.3,
1.9 Hz, 0.7H), 7.45 -7.38 (m, 3.3H), 7.35-7.28 (m, 2H), 7.25 — 7.18 (m, 2.3H), 7.27 (app. s,
obscured by solvent peak, 0.7H) 7.13 — 7.08 (m, 1.6H), 6.84 (d, J = 1.1 Hz, 0.7H, major conformer),
6.81 (app. s, 0.3H, minor conformer), 6.64 (d, J = 8.3 Hz, 0.6H, minor conformer), 6.52 (d, J = 8.2 Hz,
1.3H, major conformer), 5.95 (d, J = 8.4 Hz, 1.3H, major conformer), 4.86 —4.76 (m, 1.7H), 4.69 (d, J
= 16.7 Hz, 0.3H, minor conformer), 4.43 —4.18 (m, 4H), 2.31 (s, 1H, minor conformer), 2.16 (s, 2H,

major conformer), 2.09 (s, 1H, minor conformer), 1.72 (s, 2H, major conformer).

13C NMR (126 MHz, CDCls) & 168.4, 167.8, 148.6, 147.9, 147.8, 147.8, 147.3, 141.1, 140.7, 140.6,
140.5, 137.5, 137.0, 136.9, 136.3, 135.9, 135.9, 135.5, 135.2, 133.4, 133.2, 132.4, 132.3, 129.9, 129.7,
129.0, 128.9, 128.7, 128.4, 128.4, 128.3, 128.2, 127.6, 127.4, 127.4, 127.4, 127.3, 127.2, 127.2, 127.1,
127.0, 126.9, 126.3, 126.2, 125.9, 125.8, 125.6, 125.4, 125.0, 121.1, 120.5, 67.1, 67.0, 58.8, 58.7,
58.6, 30.5, 21.0, 20.8, 20.3. Two conformers, one aromatic and one Troger's base bridgehead

conformer peaks occluded.

HRMS (ESI) obtained m/z 523.2356 (M+H+). Expected 523.2380.
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A.13 Synthesis of balance series 2
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Step 1. 2-Amino-5-chlorobenzanilide

5-Chloroisatoic anhydride (1.1 Eq, 15.00 g), aniline (1 Eq, 6.23 mL) and sodium
hydroxide (0.1 Eq, 0.30 g) were dissolved in dioxane (anhydrous grade, 150 mL) under
an inert nitrogen atmosphere. The mixture was then heated to reflux and refluxed for
48 hours. Reaction mixture was cooled to room temperature, filtered and concentrated
under reduced pressure before being diluted with ethyl acetate (50 mL) and washed
with water (2 x 50 mL). Organics were dried with magnesium sulfate before solvent
was removed under reduced pressure. The residue was then trituration from ethanol

and dried under vacuum to yield 2-amino-5-chlorobenzanilide (6.33 g, 30%).

IH NMR (500 MHz, CDCl3) & 7.71 (s, 1H), § 7.59 - 7.57 (dd, 2H), § 7.47 - 7.46 (d, J = 2.4 Hz, 1H), §
7.42-7.38 (m, 2H), § 7.24 — 7.22 (dd, J = 8.8, 2.4 Hz, 1H), § 7.21 — 7.17 (m, 1H), & 6.70 — 6.68 (d, J
= 8.8 Hz, 1H), § 5.50 (s, 2H).

13C NMR (126 MHz, DMSO-ds) 5 167.0, 149.1, 139.5, 132.3, 129.0, 128.4, 124.1, 121.1, 118.5,
118.3, 116.6.

HRMS (ESI) obtained m/z 269.0452, 271.0426 (M+Na+). Expected 269.0452, 271.0423.
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Step 11-111. 2-chloro-6H,12H-5,11-Methanodibenzo[b,f][1,5]diazocine

2-Amino-5-chlorobenzanilide (1 Eq, 6.00 g) was dissolved in THF (38 mL) at 0 °C
under an inert nitrogen atmosphere. BHs. THF (5.8 Eq, 1.0 M in THF, 142 mL), was
added slowly and stirred at 0 °C for 30 minutes. The reaction mixture was then slowly
heated to reflux and refluxed for 18 hours. The reaction mixture was then slowly added
toa 1.0 M aqueous sodium hydroxide (200 mL) at 0 °C. The reaction mixture was then
extracted with ethyl acetate (3 x 150 mL) before organics were washed with brine (150
mL) and dried over magnesium sulfate. Solvent was then removed under reduced
pressure to yield crude (~95% pure) 2-Amino-5-chloro-N-phenyl-

benzenemethanamine in quantitative yields (5.25 g,).

2-Amino-5-chloro-N-phenyl-benzenemethanamine (1 Eq, 5.00 g) and p-formaldehyde
(6 Eq, 3.91 g) were dissolved in TFA (500 mL) under an inert nitrogen atmosphere.
The resultant mixture was then stirred at room temperature for 30 minutes before being
heated to 40 °C and stirred for 72 hours. The reaction mixture was then added dropwise
to a 0 °C 35% aqueous ammonia solution (700 mL) before extraction with DCM (3 x
300 mL). Combined organics dried over magnesium sulfate and solvents removed
under reduced pressure. Resultant residue was purified by flash chromatography (10-
40% ethyl acetate in petroleum ether) to vyield 2-chloro-6H,12H-5,11-
Methanodibenzo[b,f][1,5]diazocine (4.59 g, 81.8%).

IH NMR (500 MHz, CDCl3) & 7.20 — 7.15 (m, 1H), & 7.13 -7.10 (m, 2H), 5 7.08 — 7.05 (d, J = 8.6 Hz,
1H), §7.02 - 6.97 (td, J = 7.4, 1.4 Hz, 1H), § 6.92 — 6.89 (m, 2H), 5 4.73 — 4.62 (app dd, J = 18.0, 2.7
Hz, 2H), 5 4.36 — 4.24 (app m, 2H), 5 4.19 — 4.08 (app t J = 15.5 Hz, 2H).

13C NMR (126 MHz, CDCls)  147.8, 146.7, 129.6, 128.9, 127.6, 127.5, 127.0, 126.8, 126.4, 125.1,
124.2, 66.8, 58.8, 58.5.

HRMS (ESI) obtained m/z 257.0840, 259.0814 (M+H+). Expected 257.0840, 259.0811.
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Step 1V. 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-6H,12H-5,11-

methanodibenzo[b,f][1,5]diazocine

2-chloro-6H,12H-5,11-Methanodibenzo[b,f][1,5]diazocine (1 Eq, 4.50 Qg),
bis(pinacolato)diboron (3 Eq, 13.35g), tris(dibenzylideneacetone)dipalladium (0.02
Eq, 0.32 g), SPhos (0.04 Eq, 0.29 g) and Pd(OACc)2 (3 Eq, 5.16 g) were dissolved in
degassed dioxane (anhydrous grade, 14 mL). The reaction mixture was then heated to
reflux and refluxed for 16 hours. The reaction mixture was then cooled and filtered
through kieselguhr with ethyl acetate. Organics were washed with saturated sodium
bicarbonate solution (150 mL), brine (50 mL) and dried over magnesium sulfate before
the solvent was removed under vacuum and purified via flash chromatography (40%
ethyl acetate in petroleum ether) to yield 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-
2-yl)-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine ( 3.94 g, 65%).

'H NMR (500 MHz, CDCls) & 7.62 — 7.57 (d, J = 8.0 Hz, 1H), & 7.39 (s, 1H), 5 7.17 — 7.08 (m, 3H), 5

6.98—6.91 (td, J= 1.6, 7.3, 6.9 Hz, 1H), 5 6.90 — 6.85 (d, J = 7.3 Hz, 1H), & 4.74 — 4.66 (app dd, J =
6.6, 16.6 Hz, 2H), §4.35 —4.31 (app s, 2H), 5 4.24 — 4.17 (app d, J = 16.6, 2H), § 1.29 (s, 12H).

13C NMR (126 MHz, CDCls) 5 151.2, 148.0, 133.9, 133.7, 127.8, 127.4, 127.2, 126.9, 83.7, 66.8,
58.8, 58.6, 24.8, 24.8.

HRMS (ESI) obtained m/z 349.2064 (M+H+). Expected 349.2082.
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Step V. Benzoic acid, 2-(6H,12H-5,11-methanodibenzo[b,f][1,5]diazocin-2-yl)-3-
methyl-, methyl ester

2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-6H,12H-5,11-
methanodibenzolb,f][1,5]diazocine (1 Eq, 2.00 g) palladium(ll)acetate (0.02 Eq, 0.026
g), SPhos (0.04 Eq, 0.094 g) and methyl 2-bromo-3methyl-benzoate (1.5 Eq, 1.97 g)
were dissolved in acetonitrile. To the resultant mixture, 2 M potassium carbonate
solution (2.5 Eq, 7.2 mL) was added before the reaction mixture was heated to reflux
under a nitrogen atmosphere and allowed to react for 16 hours. The reaction mixture
was then diluted with ethyl acetate (250 mL) and washed with sodium bicarbonate
solution (2 x 150 mL) and brine (100 mL) before the organics were dried with
magnesium sulfate before solvent was removed under reduced pressure. The crude
reaction mixture was then purified by flash chromatography (10-14% ethyl acetate in
petroleum ether) to yield Benzoic acid, 2-(6H,12H-5,11-
methanodibenzo[b,f][1,5]diazocin-2-yl)-3-methyl-, methyl ester (1.25 g, 58%).

'H NMR (500 MHz, CDCls) & 7.62 — 7.49 (dd, J = 7.7, 33.8 Hz, 1H),  7.39 — 7.30 (dd, J = 7.8, 13.97
Hz, 1H) § 7.29 — 7.23 (m, 1H), § 7.22 — 7.10 (m, 3H), 8 7.05 — 6.92 (m, 2H), 6.92 — 9.87 (d, J = 7.6
Hz, 1H), 6.73 — 6.63 (m, 1H), 8 4.79 — 4.68 (app m, 2H), 8 4.50 — 4.30 (app m, 2H), 5 4.21 — 4.08 (app

m, 2H), 6 3.58 (s, 1.2H, minor conformer), & 2.78 (s, 1.8H, major conformer), 5 2.18 (s, 1.8H, major

conformer), 6 2.02 (s, 1.2H, minor conformer).

13C NMR (126 MHz, CDCls) 6 169.7, 169.1, 143.3, 147.9, 146.9, 146.7, 136.8, 135.9, 132.9, 132.8,
128.1, 127.9, 127.4, 127.3, 127.0, 126.9, 126.8, 126.7, 125.3, 124.9, 124.6, 124.2, 123.8, 67.4, 67.0,
59.3, 59.2, 58.6, 51.9, 50.9, 20.8, 20.7.

HRMS (ESI) obtained m/z 393.1572 (M+Na+). Expected 393.1573.
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Step VI. 2-(6H,12H-5,11-methanodibenzol[b,f][1,5]diazocin-2-yl)-3-methyI-

benzoic acid.

A solution of methanol (44 mL), tetrahydrofuran (44 mL) and water (0.4 mL) was
prepared and used to dissolve  benzoic acid, 2-(6H,12H-5,11-
methanodibenzolb,f][1,5]diazocin-2-yl)-3-methyl-, methyl ester (1 Eq, 0.57 g) and
sodium hydroxide (17 Eq, 1.1 g) were added before the reaction mixture was heated
to 55 °C and allowed to react for 40 hours. The reaction mixture was then cooled to
room temperature before 1 M hydrochloride acid (1.67 mL) was added dropwise.
Phases were then separated and solvent removed under reduced pressure yielding 2-
(6H,12H-5,11-methanodibenzo[b,f][1,5]diazocin-2-yl)-3-methyl-benzoic acid. (0.55
g) in quantitative yield.

'H NMR (500 MHz, DMSO-ds) & 12.41 (s, 1H), & 7.48 — 7.44 (bs, 1H) 5 7.40 — 7.36 (bs, 1H), 3 7.34 —
7.27 (t, J= 7.6 Hz, 1H), 8 7.20 — 7.16 (m, 2H), 8 7.14 — 7.10 (d, J = 5.7 Hz, 1H), 3 7.04 — 6.93 (m,

3H), §6.79 - 6.75 (d, ] = 2.02, 1H), $ 4.71 — 4.64 (app d, J = 16.8 Hz, 1H), § 4.33 — 4.05 (app m, 4H),
8 3.66 — 3.59 (app m, 1H), §2.10 — 1.90 (d, J = 28.8 Hz, 3H).

13C NMR (126 MHz, DMSO-ds) 5 170.1, 148.8, 147.3, 140.0, 135.1, 132.4, 128.6, 128.2, 127.6,
127.5,127.4,127.3, 125.5, 124.7, 123.9, 66.5, 58.4, 20.9.

HRMS (ESI) obtained m/z 379.4139. (M+Na+). Expected 379.4142.
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Step VII (2F). 4-Fluorophenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

To a solution of 2-(4,4,55-Tetramethyl-1,3,2-dioxaborolan-2-yl)-6H,12H-5,11-
methanodibenzolb,f][1,5]diazocine (1 Eq, 0.50 g) desolved in acetonitrile (10 mL),
Pd(OAc). (0.02 Eq, 0.0065 g), SPhos (0.04 Eq, 0.024 g) and methyl 2-bromo-3-(4-
fluorophenol)-benzoate (1.5 Eq, 0.66 g) were added. To the resultant solution, 2 M
potassium carbonate solution (2.5 Eq, 1.44 mL) was added before the mixture was
heated to reflux under an inert nitrogen atmosphere and refluxed for 16 hours. The
reaction mixture was then diluted with ethyl acetate (250 mL) and washed with
saturated sodium bicarbonate solution (2 x 150 mL) and brine (100 mL) before
organics were dried over magnesium sulfate and the solvent was removed under
reduced pressure. The crude reaction mixture was then purified by flash
chromatography (30% ethyl acetate in petroleum ether) yielding 4-Fluorophenyl 3-
methyl-2-[6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-yl]benzoate (0.38 g,
58%).

IH NMR (500 MHz, CDCls) & 7.75 (d, J = 7.6 Hz, 0.3H, minor conformer), 7.67 (d, ] = 7.7 Hz, 0.6H
major conformer), 7.44 (t, 1H), 7.36 (t, 1H), 7.27-7.07 (m, 5H), 7.07-6.96 (m, 2H), 6.84 (d, J = 1.9

Hz, 0.7H major conformer), 6.80 (d, J = 1.9 Hz, 0.3H, minor conformer), 6.77-6.70 (m, 0.6H, minor
conformer), 6.56 (m, 1H), 6.11-6.05 (m, 1.3H, major conformer), 4.78 (m, J = 16.8 Hz, 1.7H, major
conformer), 4.68 (m, J = 16.8 Hz, 0.3H, minor conformer), 4.43-4.33 (m, 2H), 4.31-4.15 (m, 2H), 2.18

(s, 2H, major conformer), 2.11 (s, 1H minor conformer).

13C NMR (126 MHz, CDCls) & 168.0, 167.4, 160.7, 158.8, 148.2, 147.3, 145.9, 141.0, 140.6, 137.5,
136.0, 135.7, 133.5, 133.3, 131.8, 131.6, 129.7, 128.3, 128.1, 127.7, 127.6, 127.3, 127.2, 127.0, 127.0,
125.4,125.3, 124.9, 124.3, 123.9, 122.7, 122.6, 122.1, 122.0, 116.0, 115.9, 115.8, 115.7, 66.8, 66.7,
58.5, 58.4, 20.8, 20.7. Two conformers. Some peaks occluded.

HRMS (ESI) obtained m/z 473.1637. (M+Na+). Expected 473.1641.
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Step VII (2Cl). 4-Chlorophenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

2-(6H,12H-5,11-methanodibenzo[b,f][1,5]diazocin-2-yl)-3-methyl-benzoic acid (1
Eq, 0.099 g), 4-chlorophenol (3 Eq, 0.11 g), and PyBOP (2 Eq, 0.29 g) were dissolved
in DCM (5 mL). To the resultant mixture, triethylamine (8 Eq, 0.726 mL) was added
before the solution was stirred at room temperature for 72 hours. Additional DCM (50
mL) was added to the reaction mixture before the mixture was washed with saturated
aqueous sodium bicarbonate solution (30 mL) and brine (2 x 30 mL). Organics were
then dried on magnesium sulfate before the solvent was removed under reduced
pressure and the resultant residue was purified by flash chromatography (20% ethyl
acetate in petroleum ether). 4-Chlorophenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate was isolated as a while solid (0.090 g, 67%).

H NMR (500 MHz, CDCl3) 6 7.73 (d, J = 7.6 Hz, 0.3H, minor conformer), 7.64 (d, J = 7.5 Hz, 0.7H,
major conformer), 7.42 (t, 1H), 7.34 (t, 1H), 7.28-7.15 (m, 4H), 7.13 (m, 2H), 7.09 (dd, 1H), 6.98 (d,
1H), 6.81-676 (m, 2H), 6.70 (d, J = 8.8 Hz, 0.5H, minor conformer) 6.05 (d, J = 8.8 Hz, 0.7H), 4.75 (dd,
J =16.8 Hz, 1.7H, major conformer), 4.65 (d, J = 16.7 Hz, 0.3H, minor conformer), 4.38-4.33 (m, 2H),
4.26-4.15 (m, 2H), 2.15 (s, 2H, major conformer), 2.08 (2, 1H, minor conformer).

13C NMR (126 MHz, CDCls3) & 168.06, 167.76, 148.60, 148.11, 147.36, 136.07, 133.38, 129.42, 129.42,
129.18, 128.31, 127.60, 127.30, 127.00, 126.92, 125.36, 124.86, 124.32, 122.63, 122.00, 66.83, 66.73,
58.52, 58.41, 37.11, 36.66, Two conformers. Some peaks occluded.

HRMS (ESI) obtained m/z 489.1301, 489.1429. (M+Na+). Expected 489.1346, 489.1316.
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Step VII (2Br). 4-Brorophenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

2-(6H,12H-5,11-methanodibenzo[b,f][1,5]diazocin-2-yl)-3-methyl-benzoic acid (1
Eq, 0.087 g), 4-bromophenol (3 Eq, 0.13 g), and PyBOP (2 Eq, 0.26 g) were dissolved
in DCM (5 mL). To the resultant mixture, triethylamine (8 Eq, 0.73 mL) was added
before the solution was stirred at room temperature for 72 hours. Additional DCM (50
mL) was added to the reaction mixture before the mixture was washed with saturated
aqueous sodium bicarbonate solution (30 mL) and brine (2 x 30 mL). Organics were
then dried on magnesium sulfate before the solvent was removed under reduced
pressure and the resultant residue was purified by flash chromatography (20% ethyl
acetate in petroleum ether). 4-Brorophenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate was isolated as a while solid (0.11 g, 86%).

H NMR (500 MHz, CDCl3) & 7.75 (d, J = 7.7 Hz, 0.3 H, minor conformer), 7.67 (d, J = 7.7 Hz, 0.7H,
major conformer), 7.44 (t, 1H), 7.36 (t, 1H), 7.27-7.14 (m, 4H), 7.13-6.98 (m, 3H), 6.95 (m, 1H), 6.83
(d, J=2.0 Hz, 0.7H, major conformer), 6.79 (d, J = 1.9 Hz, 0.3H, minor conformer), 6.67 (m, 0.6H,
minor conformer), 6.01 (m, 1.3H, major conformer), 4.77 (dt, J = 16.8 Hz, 1.7H, major conformer),
4.67 (d, J = 16.8 Hz, 0.3H, minor conformer), 4.42-4.33 (m, 2H), 4.30-4.16 (m, 2H), 2.18 (s, 2H,
major conformer), 2.11 (s, 1H, minor conformer).

13C NMR (126 MHz, CDCls) § 167.7, 167.1, 149.7, 149.1, 148.2, 148.1, 147.4, 141.1, 140.6, 137.5,
135.9, 135.6, 133.6, 133.4, 132.3, 132.2, 131.7, 131.5, 128.3, 128.1, 128.0, 127.7, 127.6, 127.6, 127.3,
127.2,127.2,127.0, 126.9, 125.4, 125.3, 124.9, 124.9, 124.4, 123.9, 123.1, 122.4, 118.8, 118.4, 66.8,
66.7, 58.5, 58.4, 20.8, 20.7. Two conformers. Some peaks occluded.

HRMS (ESI) obtained m/z 533.7021, 535.0831 (M+Na+). Expected 533.0835, 535.0815.
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Step VII (21). 4-lodophenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

2-(6H,12H-5,11-methanodibenzo[b,f][1,5]diazocin-2-yl)-3-methyl-benzoic acid (1
Eq, 0.070 g), 4-iododphenol (3 Eq, 0.13 g), and PyBOP (2 Eq, 0.21 g) were dissolved
in DCM (5 mL). To the resultant mixture, triethylamine (8 Eq, 0.73 mL) was added
before the solution was stirred at room temperature for 72 hours. Additional DCM (50
mL) was added to the reaction mixture before the mixture was washed with saturated
aqueous sodium bicarbonate solution (30 mL) and brine (2 x 30 mL). Organics were
then dried on magnesium sulfate before the solvent was removed under reduced
pressure and the resultant residue was purified by flash chromatography (20% ethyl
acetate in petroleum ether). 4-lodophenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate was isolated as a while solid (0.13 g, 88%).

'H NMR (500 MHz, CDCl3) & 7.75 (d, J = 7.2 Hz, 0.5H, minor conformer), 7.66 (d, J = 7.6, 0.6H,
major conformer), 7.44 (t, 1H), 7.36 (t, 1H), 7.27-7.23 (m, 1H), 7.23-7.06 (m, 5H), 7.06-6.96 (m, 2H),
6.84-6.81 (m, 0.7H major conformer), 6.80-6.78 (m, 0.4H minor conformer), 6.55 (d, J = 8.7 Hz, 0.6H
minor conformer), 5.88 (d, J = 8.8 Hz, 1.3H, major conformer), 4.43-4.32 (m, 1.5H, major
conformer), 4.70-4.60 (m, 0.5H, minor conformer), 4.43-4.32 (m, 2H), 4.31-4.15 (m, 2H), 2.17 (s, 2H,

major conformer), 2.10 (s, 1H, minor conformer).

13C NMR (126 MHz, CDCls) § 167.65, 167.29, 149.98, 148.11, 147.38, 145.97, 144.54, 143 4,
138.29, 138.11, 137.54, 135.95, 135.79, 133.38, 132.16, 131.69, 128.34, 128.32, 127.65, 127.63,
127.56, 127.31, 127.13, 126.99, 126.96, 126.92, 126.90, 126.22, 125.53, 125.39, 125.31, 124.87,
124.39, 67.99, 66.71, 58.49, 58.37, 22.70, 20.68. Two conformers. Some peaks occluded.

HRMS (ESI) obtained m/z 581.3996. (M+Na+). Expected 581.4087.
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Step VII (2H). Phenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

To a solution of 2-(4,4,55-Tetramethyl-1,3,2-dioxaborolan-2-yl)-6H,12H-5,11-
methanodibenzolb,f][1,5]diazocine (1 Eq, 0.50 g) dissolved in acetonitrile (10 mL),
Pd(OACc)2 (0.02 Eq, 0.0065 g), SPhos (0.04 Eq, 0.024 g) and methyl 2-bromo-3-phenol
benzoate (1.5 Eq, 0.69 g) were added. To the resultant solution, 2 M potassium
carbonate solution (2.5 Eq, 1.44 mL) was added before the mixture was heated to
reflux under an inert nitrogen atmosphere and refluxed for 16 hours. The reaction
mixture was diluted with ethyl acetate (250 mL) and washed with saturated sodium
bicarbonate solution (2 x 150 mL) and brine (100 mL) before organics were dried over
magnesium sulfate before solvent was removed under reduced pressure. The crude
reaction mixture was then purified by flash chromatography (30% ethyl acetate in
petroleum ether) yielding Phenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate (0.34 g, 54%).

'H NMR (500 MHz, CDCls) & 7.77 (d, J = 7.6 Hz, 0.4H, minor conformer), 7.69 (d, J = 7.6 Hz, 0.6H,
major conformer), 7.44 (m, 1H), 7.34 (m, 1H), 7.26-7.09 (m, 5H), 7.07-6.97 (m, 2H), 6.92 (t, 1H),
6.86 (s, 0.6H, major conformer), 6.82 (s, 0.4H, minor conformer), 6.79 (d, J = 7.9 Hz, 0.8H, minor
conformer), 6.17 (d, J = 7.8 Hz, 1.1 H, major conformer), 4.78 (dd, J = 16.8 Hz, 1.6H, major
conformer), 4.69 (d, J = 16.7 Hz, 0.4H minor conformer), 4.44-4.34 (m, 2H), 4.33-4.19 (m, 2H), 2.18

(s, 1.9H, major conformer), 2.11 (s, 1.1H minor conformer).

13C NMR (126 MHz, CDCls) & 168.0, 167.4, 150.7, 150.2, 148.3, 148.1, 147.2, 141.0, 140.6, 137.5,
135.9, 135.7, 133.4, 133.2, 132.1, 132.0, 129.7, 129.3, 129.2, 128.4, 128.1, 127.9, 127.7, 127.5, 127.2,
127.1,127.0, 125.7, 125.3, 125.3, 124.9, 124.2, 123.9, 121.5, 121.3, 120.8, 66.8, 66.7, 58.5, 58.4,
29.7, 29.7. Two conformers. Some peaks occluded.

HRMS (ESI) obtained m/z 433.1671. (M+H+). Expected 433.1911.
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Step VII (2Me). 4-Methylphenyl 3-methyl-2-[6H,12H-5,11-methano
dibenzo[b,f][1,5]diazocin-2-yl]benzoate

To a solution of 2-(4,4,55-Tetramethyl-1,3,2-dioxaborolan-2-yl)-6H,12H-5,11-
methanodibenzolb,f][1,5]diazocine (1 Eq, 0.50 g) dissolved in acetonitrile (10 mL),
palladium(Il)acetate (0.02 Eqg, 0.0065 g), SPhos (0.04 Eq, 0.024 g) and methyl 2-
bromo-3-(4-methyl phenol)-benzoate (1.5 Eq, 0.72 g) were added. To the resultant
solution, 2 M potassium carbonate solution (2.5 Eq, 1.44 mL) was added before the
mixture was heated to reflux under an inert nitrogen atmosphere and refluxed for 16
hours. The reaction mixture was diluted with ethyl acetate (250 mL) and washed with
saturated sodium bicarbonate solution (2 x 150 mL) and brine (100 mL) before
organics were dried over magnesium sulfate before solvent was removed under
reduced pressure. The crude reaction mixture was then purified by flash
chromatography (30% ethyl acetate in petroleum ether) yielding 4-Methylphenyl 3-
methyl-2-[6H,12H-5,11-methano dibenzo[b,f][1,5]diazocin-2-yl]benzoate (0.22 g,
34%).

'H NMR (500 MHz, CDCl3) & 7.75 (d, J = 7.6 Hz, 0.4H, minor conformer), d, J = 7.6 Hz, 0.6H, major
conformer), 7.44 (t, 1H), 7.35 (t, 1H), 7.26-7.09 (m, 6H), 7.07-6.98 (m, 1H), 6.85 (s, 0.6H, major
conformer), 6.81 (s, 0.4H, minor conformer), 6.67 (dd, 2H), 6.04 (d, 1H), 4.78 (dt, J = 16.7 Hz, 1.6H,
major conformer), 4.69 (d, J = 16.8 Hz, 0.6H, minor conformer), 4.42-4.14 (m, 4H), 2.32 (s, 1.2H,

minor conformer), 2.23 (s, 1.8H, major conformer), 2.17 (s, 1.8H, major conformer), 2.11 (s, 1.2H,

minor conformer).

13C NMR (126 MHz, CDCls) § 168.2, 167.7, 148.4, 148.3, 148.2, 148.0, 147.3, 140.9, 140.5, 137.4,
137.4, 136.0, 135.7, 135.3, 134.8, 133.2, 133.1, 132.3, 132.1, 129.8, 129.7, 128.4, 128.1, 128.1, 127.8,
127.5,127.5, 127.2, 127.0, 126.8, 125.4, 125.3, 124.8, 124.1, 123.9, 121.1, 120.9, 120.4, 66.8, 66.7,
58.5, 58.5, 58.4, 58.3, 20.8, 20.8, 20.7, 20.7. Two conformers. Some peaks occluded.

HRMS (ESI) obtained m/z 447.1886. (M+H+). Expected 447.2017.
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B.1 Titration methodology

Host species were prepared as 0.1 M solutions in fresh benzene-ds before 500 pL of

the resultant solution was transferred to a capped NMR tube. Guest species were

prepared as 1.0 M solutions dissolved in 0.1 M solutions of the relevant host species

in fresh benzene (ds) and as 5.0 M solutions for partially weakly bound complexes.

Such preparation affording a constant host species concentration throughout the

experiment.

'H NMR spectra were recorded of a Bruker AVA-400 spectrometer operating at 400

MHz equipped with a BBFO+ room temperature probe both initially for just the host

solution and then after each subsequent injection.

B.2 Tabulated values from fitting of titration data

Guest Host % bound Logk « AG mean SD i 8 Free 8 A3 Ha
global global (kJ/mol) AG error H HG
CeFsl Pyridine 63 -0.06 0.87 0.35 025 0.10 1.75 8.53 8.25 -0.28
CeFsl Pyridine 65 -0.03 0.94 0.15 1.18 8.53 8.26 -0.26
CeFsl 1,8-Naphthyridine 56 0.26 1.83 -1.52 -168 0.16 1.19 8.88 8.77 -0.11
CeFsl 1,8-Naphthyridine 60 0.32 2.08 -1.84 0.81 8.88 8.77 -0.11
CeFsl 1,10-Phenanthroline 68 0.78 6.08 -4.55 495 0.40 3.01 9.03 9.05 0.02
CeFsl 1,10-Phenanthroline 72 0.92 8.36 -5.35 1.73 9.02 9.05 0.03
CeFsl 1,2-Pyrazine 48 0.10 1.27 -0.60 048 0.12 0.87 8.69 8.55 -0.14
CeFsl 1,2-Pyrazine 46 0.06 1.16 -0.37 1.00 8.68 8.54 -0.14
CeFsl TEA 63 0.39 243 -2.23 -1.94  0.29 0.87 243 2.38 -0.05
CeFsl TEA 58 0.28 1.92 -1.65 1.40 243 2.38 -0.05
CeFsl TMEDA 80 0.77 5.85 -4.45 -4.75 030 1.36 2.36 2.29 -0.07
CeFsl TMEDA 84 0.87 7.41 -5.05 181 2.36 2.29 -0.07
CeFsl 1,4,7- 91 1.16 14.60 -6.75 -6.10 0.65 0.71 2.57 2.30 -0.28
Triazacyclononane
CeFsl 1,4,7- 86 0.94 8.70 -5.45 117 2.56 2.29 -0.27
Triazacyclononane
N-Butylacetamide Pyridine 46 0.11 1.30 -0.65 -0.60 0.05 1.22 8.53 8.30 -0.22
N-Butylacetamide Pyridine 47 0.09 1.24 -0.54 1.63 8.52 8.31 -0.22
N-Butylacetamide 1,8-Naphthyridine 86 0.98 9.61 -5.70 -5.79  0.09 4.05 8.87 8.73 -0.14
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N,N’- 1,8-Naphthyridine 80 1.26 18.12 -7.30 - - 2.94 8.87 8.73 -0.14
Dibutylthiourea
N,N’- 1,10-Phenanthroline 91 1.68 47.53 -9.73 -9.89 0.16 0.86 9.02 8.72 -0.30
Dibutylthiourea
N,N’- 1,10-Phenanthroline 92 1.73 53.97 -10.05 - - 2.04 9.02 8.72 -0.29
Dibutylthiourea
N,N’- 1,2-Pyrazine 81 1.27 18.72 -7.38 -7.58 0.20 2.06 8.69 8.55 -0.14
Dibutylthiourea
N,N’- 1,2-Pyrazine 83 1.34 21.99 -7.79 - - 2.34 8.69 8.56 -0.13
Dibutylthiourea
NN’- TEA 5 -0.64 0.23 3.71 5.11 1.40 5.26 0.96 0.35 -0.62
Dibutylthiourea
N,N’- TEA 2 -1.12 0.08 6.50 - - 2.75 0.97 0.48 -1.95
Dibutylthiourea
N,N’- TMEDA 48 0.60 3.99 -3.49 -2.97 052 0.61 212 1.84 -0.28
Dibutylthiourea
N,N’- TMEDA 38 0.42 2.64 -2.45 - - 127 212 1.76 -0.36
Dibutylthiourea
N,N- 1,4,7-
Dibutylthiourea Triazacyclononane 83 1.34 22.04 -7.79 -7.79  0.00 0.86 2.56 2.45 -0.11
N,N’- 1,4,7-
Dibutylthiourea Triazacyclononane 83 1.34 22.06 -7.79 - - 0.88 2.56 2.45 -0.11
B.3 Binding isotherm plots for HG systems
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B.3.1 Titrations of CeFsl : Pyridine in benzene-ds
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B.4 Computational methodologies

All geometry minimizations were concluded using the Spartan ’14 program using
either the B3LYP or ®B97X-D methods were appropriate and the 6-311G* basis set.
Counterpoise corrected BSSE calculations and all SAPT calculations were conducted
using the Psi4 software package.

Due to the inclusion of iodine atoms in computational studies; the 6-311G* basis set
was manually defined for Psi4 calculations as shown below. Basis set provided by
https://www.basissetexchange.org/. 6-311G™* basis set was last updated 19/02/2015 at

time of writing.

% kK %k

H 0
S 3 1.00
33.86500 0.0254938
5.094790 0.190373
1.158790 0.852161
S 1 1.00
0.325840 1.000000
S 1 1.00
0.102741 1.000000
*k ok k
C 0
S 6 1.00
4563.240 0.00196665
682.0240 0.0152306
154.9730 0.0761269
44 .45530 0.2608010
13.02900 0.6164620
1.827730 0.2210060
SP 3 1.00
20.96420 0.114660 0.0402487
4.803310 0.919999 0.237594
1.459330 -0.00303068 0.815854
SP 1 1.00
0.4834560 1.000000 1.000000
SP 1 1.00
0.1455850 1.000000 1.000000
D 1 1.00
0.626 1.000000
K%k x
N 0
S 6 1.00
6293.480 0.00196979
949.0440 0.0149613
218.7760 0.0735006
63.69160 0.2489370
18.82820 0.6024600
2.720230 0.2562020
SP 3 1.00
30.63310 0.111906 0.0383119
7.026140 0.921666 0.237403
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B.5 Tabulated B3LYP/6-311G* (BSSE=CP) calculated energies and interaction

energies

Bond Donor Bond Acceptor Complex energy Donor energy Acceptor energy AE
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

CeFsl Pyridine -20725028.0 -20072635.7 -652365.1 -20.9
CeFsl 1,8-Naphthyridine -21170840.5 -20072635.7 -1098178.5 -20.9
CeFsl 1,10-Phenanthroline -21574567.3 -20072635.7 -1501903.3 -23.0
CeFsl 1,2--Pyrazine -20767043.5 -20072635.7 -694382.8 -19.7
CeFsl TEA -20840976.3 -20072635.7 -768316.9 -21.0
CeFsl TMEDA -20986325.6 -20072635.7 -913667.3 -19.4
CeFsl 1,4,7-Triazacyclononane -21128514.8 -20072635.7 -1055839.8 -29.3
N-Butylacetamide Pyridine -1615222.9 -962829.2 -652365.1 -24.0
N-Butylacetamide 1,8-Naphthyridine -2061040.0 -962829.2 -1098178.5 -28.6
N-Butylacetamide 1,10-Phenanthroline -2464769.5 -962829.2 -1501903.3 -32.9
N-Butylacetamide 1,2-Pyrazine -1657239.7 -962829.2 -694382.8 -24.5
N-Butylacetamide TEA -1731159.1 -962829.2 -768316.9 -11.9
N-Butylacetamide TMEDA -1876519.4 -962829.2 -913667.3 -20.0
N-Butylacetamide 1,4,7-Triazacyclononane -2018706.9 -962829.2 -1055839.8 -24.8
N,N’-Dibutylurea Pyridine -2070558.0 -1418160.4 -652365.1 -28.4
N,N’-Dibutylurea 1,8-Naphthyridine -2516382.7 -1418160.4 -1098178.5 -40.2
N,N’-Dibutylurea 1,10-Phenanthroline -2920108.5 -1418160.4 -1501903.3 -42.9
N,N’-Dibutylurea 1,2-Pyrazine -2112582.0 -1418160.4 -694382.8 -34.2
N,N’-Dibutylurea TEA -2186491.6 -1418160.4 -768316.9 -18.2
N,N’-Dibutylurea TMEDA -2331863.6 -1418160.4 -913667.3 -32.6
N,N’-Dibutylurea 1,4,7-Triazacyclononane -2474089.5 -1418160.4 -1055839.8 -36.3
N,N'-Dibutylthiourea Pyridine -2918013.0 -2265610.8 -652365.1 -32.5
N,N'-Dibutylthiourea 1,8-Naphthyridine -3363838.6 -2265610.8 -1098178.5 -45.8
N,N'-Dibutylthiourea 1,10-Phenanthroline -3767568.3 -2265610.8 -1501903.3 -52.9
N,N'-Dibutylthiourea 1,2-Pyrazine -2960037.4 -2265610.8 -694382.8 -38.4
N,N'-Dibutylthiourea TEA -3033938.8 -2265610.8 -768316.9 -11.1
N,N'-Dibutylthiourea TMEDA -3179320.0 -2265610.8 -913667.3 -40.7
N,N"-Dibutylthiourea 1,4,7-Triazacyclononane -3321541.3 -2265610.8 -1055839.8 -45.6
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B.6 Tabulated ®B97X-D/6-311G* (BSSE=CP) calculated energies and

interaction energies

Bond Donor Bond Acceptor Complex energy Donor energy Acceptor energy AE
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

CeFsl Pyridine -20723611.1 -20071473.1 -652103.6 -29.2

CeFsl 1,8-Naphthyridine -21169256.7 -20071473.1 -1097747.9 -314

CeFsl 1,10-Phenanthroline -21572836.4 -20071473.1 -1501321.1 -385

CeFsl 1,2--Pyrazine -20765609.8 -20071473.1 -694105.3 271

CeFsl TEA -20839579.5 -20071473.1 -768060.8 -40.1

CeFsl TMEDA -20984881.6 -20071473.1 -913365.3 -43.0

CeFsl 1,4,7-Triazacyclononane -21127037.3 -20071473.1 -1055502.6 -53.4
N-Butylacetamide Pyridine -1614641.1 -962496.2 -652103.6 -36.9
N-Butylacetamide 1,8-Naphthyridine -2060288.8 -962496.2 -1097747.9 422
N-Butylacetamide 1,10-Phenanthroline -2463875.6 -962496.2 -1501321.1 -56.6
N-Butylacetamide 1,2-Pyrazine -1656639.4 -962496.2 -694105.3 --34.9
N-Butylacetamide TEA -1730605.0 -962496.2 -768060.8 -51.7
N-Butylacetamide TMEDA -1875900.4 -962496.2 -913365.3 -48.2
N-Butylacetamide 1,4,7-Triazacyclononane -2018068.7 -962496.2 -1055502.6 -55.1
N,N’-Dibutylurea Pyridine -2069837.4 -1417683.3 -652103.6 -47.2
N,N’-Dibutylurea 1,8-Naphthyridine -2515493.9 -1417683.3 -1097747.9 -59.5
N,N’-Dibutylurea 1,10-Phenanthroline -2919075.1 -1417683.3 -1501321.1 -71.6
N,N’-Dibutylurea 1,2-Pyrazine -2111839.9 -1417683.3 -694105.3 -46.3
N,N’-Dibutylurea TEA -2185791.7 -1417683.3 -768060.8 -55.8
N,N’-Dibutylurea TMEDA -2331125.6 -1417683.3 -913365.3 -79.0
N,N’-Dibutylurea 1,4,7-Triazacyclononane -2473311.4 -1417683.3 -1055502.6 -76.6
N,N'-Dibutylthiourea Pyridine -2917216.3 -2265058.1 -652103.6 -49.7
N,N'-Dibutylthiourea 1,8-Naphthyridine -3362880.7 -2265058.1 -1097747.9 -711.4
N,N'-Dibutylthiourea 1,10-Phenanthroline -3766459.6 -2265058.1 -1501321.1 -81.7
N,N'-Dibutylthiourea 1,2-Pyrazine -2959224.2 -2265058.1 -694105.3 -57.4
N,N'-Dibutylthiourea TEA -3033178.8 -2265058.1 -768060.8 -63.5
N,N'-Dibutylthiourea TMEDA -3178505.9 -2265058.1 -913365.3 -89.6
N,N"-Dibutylthiourea 1,4,7-Triazacyclononane -3320695.2 -2265058.1 -1055502.6 -89.4
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B.7 Correlations of computational and experimental energies

B3LYP/6-311G*
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B.7.1 Plots of experimental against computational energies for C6F51 (G1)

complexes
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B.7.2 Plots of experimental against computational energies for Butylacetamide (G2)

complexes
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B.7.3 Plots of experimental against computational energies for N,N’-Dibutylurea

(G3) complexes.
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B.7.3 Plots of experimental against computational energies for N,N’-Dibutylthiourea

(G4) complexes.

B.8 Tabulated SAPT2 terms (B3LYP/6-311G* minimised geometries)

Bond Donor Bond Acceptor Electrostatic Exchange Induction Dispersion SAPT2 Total
(kJ/mol) (kJ/mol) (kd/mol) (kJ/mol) (kJ/mol)
CeFsl Pyridine -76.6 91.6 -27.3 -20.5 -32.8
CeFsl 1,8-Naphthyridine -60.7 71.1 -23.8 -20.6 -34.1
CeFsl 1,10-Phenanthroline -59.2 65.5 -22.2 -24.4 -40.3
CeFsl 1,2-Pyrazine -65.2 75.7 -23.2 -18.3 -31.1
CeFsl TEA -94.4 114.8 -30.4 -31.2 -41.1
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B.9 Full graphical presentation of hydrogen bonded SAPT2 terms
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B.9.1 Energetic terms of SAPT2 data for N-Butylacetamide (G2) host guest
complexes based on B3LYP/6-311G* minimised geometries.
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B.9.2 Energetic terms of SAPT2 data for N,N’-Dibutylurea (G3) host guest

complexes based on B3LYP/6-311G* minimised geometries.



B.9.1 Energetic terms of SAPT2 data for N, N’-Dibutylthiourea (G4) host guest

Electrostatic ~ Exchange
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complexes based on B3LYP/6-311G* minimised geometries.

B.10 Tabulated SAPT2 terms (wB97X-D/6-311G* minimised geometries)

Bond Donor Bond Acceptor Electrostatic Exchange Induction Dispersion ~ SAPT2 Total
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
CeFsl Pyridine -71.6 84.6 249 -19.6 -314
CeFsl 1,8-Naphthyridine -62.3 74.4 -24.5 -21.3 -33.7
CeFsl 1,10-Phenanthroline -62.9 72.0 -23.6 -25.7 -40.3
CeFsl 1,2-Pyrazine -62.8 72.4 -21.7 -17.8 -29.9
CeFsl TEA -101.2 126.0 -32.4 -32.9 -40.5
CeFsl TMEDA -87.4 111.8 -28.7 -35.0 -39.3
CeFsl 1,4,7-Triazacyclononane -94.6 1115 -334 -335 -50.0
N-Butylacetamide Pyridine -52.9 58.5 -14.7 -20.6 -29.7
N-Butylacetamide 1,8-Naphthyridine -56.1 58.9 -16.2 -21.9 -35.3
N-Butylacetamide 1,10-Phenanthroline -66.0 69.8 -20.0 -32.6 -48.9
N-Butylacetamide 1,2-Pyrazine -50.3 51.1 -14.7 -16.9 -30.8
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N-Butylacetamide TEA -66.1 96.3 -19.0 -39.4 -28.3
N-Butylacetamide TMEDA -61.3 96.6 -17.3 -41.5 -23.5
N-Butylacetamide 1,4,7-Triazacyclononane -71.9 90.0 -21.2 -34.2 -37.4
N,N’-Dibutylurea Pyridine -60.3 66.8 -14.7 -28.8 -37.1
N,N’-Dibutylurea 1,8-Naphthyridine -79.1 85.3 -24.4 -32.4 -50.7
N,N’-Dibutylurea 1,10-Phenanthroline -74.0 95.3 -22.3 -56.4 -57.4
N,N’-Dibutylurea 1,2-Pyrazine -65.4 62.3 -18.9 -20.7 -42.7
N,N’-Dibutylurea TEA -64.6 86.1 -17.7 -39.5 -35.7
N,N’-Dibutylurea TMEDA -108.5 139.6 -34.3 -51.2 -54.4
N,N’-Dibutylurea 1,4,7-Triazacyclononane -124.7 152.9 -39.1 -45.7 -56.7
N,N'-Dibutylthiourea Pyridine -65.1 61.5 -17.7 -20.8 -42.0
N,N'-Dibutylthiourea 1,8-Naphthyridine -87.9 82.2 -30.1 -23.8 -59.7
N,N'-Dibutylthiourea 1,10-Phenanthroline -96.1 92.4 -33.8 -30.8 -68.3
N,N'-Dibutylthiourea 1,2-Pyrazine -77.0 68.1 -23.9 -18.8 305
N,N'-Dibutylthiourea TEA -67.8 94.0 -16.3 -46.7 -36.8
N,N'-Dibutylthiourea TMEDA -118.9 153.9 -39.2 -58.4 -62.6
N,N'-Dibutylthiourea 1,4,7-Triazacyclononane -138.2 164.3 -46.2 -49.5 -69.6
B.11 Tabulated SAPT2+(ccd) terms (B3LYP/6-311G* minimised geometries)
Bond Donor Bond Acceptor Electrostatic Exchange Induction Dispersion ~ SAPT2+ Total
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
CeFsl Pyridine -76.6 91.6 273 -18.6 -30.8
CeFsl 1,8-Naphthyridine -60.7 711 -23.8 -18.4 -31.8
CeFsl 1,10-Phenanthroline -52.0 38.1 -14.4 -20.2 -48.6
CeFsl 1,2-Pyrazine -59.1 48.6 -16.6 -17.2 -44.3
CeFsl TEA -94.4 114.8 -30.4 -28.8 -38.7
CeFsl TMEDA -50.4 50.8 -14.3 -26.0 -39.9
CeFsl 1,4,7-Triazacyclononane -89.1 101.3 -314 -28.5 -47.8
N-Butylacetamide Pyridine -46.9 42.6 -134 -14.3 -32.0
N-Butylacetamide 1,8-Naphthyridine -46.6 37.6 -13.9 -15.2 -38.1
N-Butylacetamide 1,10-Phenanthroline -52.0 38.1 -14.4 -20.2 -48.6
N-Butylacetamide 1,2-Pyrazine -43.7 36.3 -12.3 -12.1 -31.8
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N-Butylacetamide
N-Butylacetamide
N-Butylacetamide
N,N’-Dibutylurea
N,N’-Dibutylurea
N,N’-Dibutylurea
N,N’-Dibutylurea
N,N’-Dibutylurea
N,N’-Dibutylurea
N,N’-Dibutylurea
N,N'-Dibutylthiourea
N,N'-Dibutylthiourea
N,N'-Dibutylthiourea
N,N'-Dibutylthiourea
N,N'-Dibutylthiourea
N,N'-Dibutylthiourea

N,N'-Dibutylthiourea

TEA
TMEDA
1,4,7-Triazacyclononane
Pyridine
1,8-Naphthyridine
1,10-Phenanthroline
1,2-Pyrazine
TEA
TMEDA
1,4,7-Triazacyclononane
Pyridine
1,8-Naphthyridine
1,10-Phenanthroline
1,2-Pyrazine
TEA
TMEDA

1,4,7-Triazacyclononane

-37.0

-50.4

-56.3

-51.7

-67.5

-59.1

-49.2
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-91.3

-58.2
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-33.5
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40.2
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33.8
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B.12 Renderings of NBOs involved in inter-unit donation > 4 kJ mol*

B.12.1 CeFsl/Pyridine (G1/H1)

LP to o*(l - €)
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LPtoc*(l - Q)

B.12.2 CeFsl/1,2-Pyrazine (G1/H2)

LPto o*(l - C)

B.12.4 CeFsl/1,10-Phenanthroline (G1/H4)

e e

LPtoc*(l -Q)

B.12.5 CsFsl/TEA (G1/H5)
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LPtog*(l - Q)

B.12.6 CsFsl/TMEDA (G1/H6)

LPto o*(l - Q)

B.12.7 CeFsl/1,4,7-Triazacyclononane (G1/H7)

LP to o*(H - N)

B.12.8 Butylacetamide/Pyridine (G2/H1)
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LP to o*(H - N)

B.12.9 Butylacetamide/1,2-Pyrazine (G2/H2)
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g 31 S
¢ ¢

LP to ¢*(H - N)

LP to ¢*(H - N)

B.12.12 Butylacetamide/TEA (G2/H5)
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LPtoo*(H - N) [

B.12.15 N,N -Dibutylurea/Pyridine (G3/H1)

} LP to *(H - N)

o=l
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@ c

B.12.19 N, N -Dibutylurea/ TEA (G3/H5)
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B.12.20 N, N -Dibutylurea/ TMEDA (G3/H6)
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LPtoc‘(H-N)[ LPto G*H - N)
L
'*,A .
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B.12.22 N,N’-Dibutylthiourea/Pyridine (G4/H1)

T
Ce

LP to ¢*(H - N)

§ o
!

B.12.23 N,N’-Dibutylthiourea/1,2-Pyrazine (G4/H2)
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L=

B.12.25 N,N’-Dibutylthiourea/1,10-Phenanthroline (G4/H4)

B.12.26 N,N’-Dibutylthiourea/ TEA (G4/H5)
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B.12.28 N,N’-Dibutylthiourea/1,4,7-Triazacyclononane (G4/H7)

B.13 Tabulated = E2 = >4 kJ/mol (B3LYP/6-311G* minimised geometries)

Bond Donor Bond Acceptor = NBO > 4 kJ mol*
(kJ mol™)
CeFsl Pyridine 39.0
CeFsl 1,8-Naphthyridine 315
CeFsl 1,10-Phenanthroline 25.6
CeFsl 1,2-Pyrazine 33.7
CeFsl TEA 38.8
CeFsl TMEDA 304
CeFsl 1,4,7-Triazacyclononane 29.8
N-Butylacetamide Pyridine 34.2
N-Butylacetamide 1,8-Naphthyridine 28.0
N-Butylacetamide 1,10-Phenanthroline 374
N-Butylacetamide 1,2-Pyrazine 30.3
N-Butylacetamide TEA 17.1
N-Butylacetamide TMEDA 251
N-Butylacetamide 1,4,7-Triazacyclononane 38.3
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B.14 Synthesis of G2

N,N’-Dibutylurea Pyridine 20.3
N,N’-Dibutylurea 1,8-Naphthyridine 425
N,N’-Dibutylurea 1,10-Phenanthroline 31.6
N,N’-Dibutylurea 1,2-Pyrazine 38.0
N,N’-Dibutylurea TEA 28.6
N,N’-Dibutylurea TMEDA 52.0
N,N’-Dibutylurea 1,4,7-Triazacyclononane 66.2
N,N’-Dibutylthiourea Pyridine 28.3
N.N’-Dibutylthiourea 1,8-Naphthyridine 47.8
N,N’-Dibutylthiourea 1,10-Phenanthroline 385
N,N’-Dibutylthiourea 1,2-Pyrazine 48.6
N,N’-Dibutylthiourea TEA 5.4
N,N’-Dibutylthiourea TMEDA 58.2
N,N’-Dibutylthiourea 1,4,7-Triazacyclononane 72.9
For general synthetic procedure see section A.11.
O O
AN ’

S NH2 \/\/N\n/

Zn0O o)

RT

A solution of butylamide (0.1 mol, 1.00 mL) and acetic anhydride (0.1 mol, 0.94 mL)

was prepared at room temperature. Zinc oxide (0.005 mol, 0.41 g) was added. Reaction

progress was monitored by TLC until completion. Reaction mixture was subsequently

diluted with 20 mL of DCM before the reaction mixture was washed with an aqueous

bicarbonate solution and dried over anhydrous sodium sulphate. Products were clean

by NMR so no further purification was needed (0.87 g, 7.578 mmol, 76 % yield).

IH NMR (500 MHz, CDCl3) 8, 5.47 (bs, 1H), 3.24 (q, 2H, J = 6.9 Hz), 1.96 (s, 3H), 1.47 (m, 2H), 1.34

(m, 2H), 0.92 (¢, 3H, J = 7.4 Hz).

13C NMR (126 MHz, CDCls) & 170.03, 39.41, 31.68, 23.35, 20.06, 13.73

HRMS (ESI) obtained m/z: 115.09996 Expected: 115.09917
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'H NMR
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B.15 Alternative G1/H4 geometries

Face to Face Face to Edge

Bond Donor Bond Acceptor Complex energy Donor energy Acceptor AE
(kJ/mol) (kJ/mol) energy (kJ/mol) (kJ/mol)

C6F5I XB -21579617.5 -20078514.3 -1501068.2 -35.0

C6F51 Face to Edge -21176132.8 -20078514.3 -1097598.6 -19.9

C6F51 Face to Face -21176120.8 -20078514.3 -1097598.6 -7.9

B.16 Tabulated B3LYP/6-311G* (BSSE=CP) calculated energies and interaction

energies for Syn- and Anti- dibutylthiourea (G4) complexes

Bond Donor Bond Acceptor Syn-complex Syn- apparent Anti-complex Anti- apparent
AE (kJ/mol) bonding mode AE (kJ/mol) bonding mode
N,N’-Dibutylthiourea Pyridine 325 D2-A -26.0 Single
. . . Dual .
N,N’-Dibutylthiourea 1,8-Naphthyridine -45.8 -25.1 Single
. . . Dual .
N,N’-Dibutylthiourea 1,10-Phenanthroline -52.9 -36.0 Single
. . . Dual
N,N’-Dibutylthiourea 1,2-Pyrazine -38.4 -25.7 D-A2
Single
N,N’-Dibutylthiourea TEA -11.1 g -2.4 Single
. . Dual .
N,N’-Dibutylthiourea TMEDA -40.7 -12.7 Single
. . . Dual .
N,N’-Dibutylthiourea 1,4,7-Triazacyclononane -45.6 -22.4 Single
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B.17 Hydrogen bond donor guest species dimerization
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B.17.1 Stacked spectra for G2 titrations; left G2 alone (dimerization); right G2/H1

titration
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B.17.2 Stacked spectra for G3 titrations; left,
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B.17.3 Stacked spectra for G4 titrations; left, G4 alone (dimerization); right, G4/H1

titration.
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B.18 Dispersion corrected minimized geometries (aB97X-D/6-311G*)

B.18.1 CsFsl/Pyridine (G1/H1)

B.18.2 CeFsl/1,2-Pyrazine (G1/H2)

b

B.18.3 CeFsl/1,8-Naphthyridine (G1/H3)
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B.18.4 CeFsl/1,10-Phenanthroline (G1/H4)

‘ ;
B.18.5 CsFsl/TEA (G1/H5)
‘ ;
??}1&

B.18.6 CsFsl/TMEDA (G1/H6)
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e

B.18.7 CeFsl/1,4,7-Triazacyclononane (G1/H7)

T

B.18.8 Butylacetamide/Pyridine (G2/H1)
L ;

B.18.9 Butylacetamide/1,2-Pyrazine (G2/H2)

%
{

B.18.10 Butylacetamide/1,8-Naphthyridine (G2/H3)
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B.18.11 Butylacetamide/1,10-Phenanthroline (G2/H4)

¥

B.18.12 Butylacetamide/TEA (G2/H5)

g

B.18.13 Butylacetamide/ TMEDA (G2/H6)

%

B.18.14 Butylacetamide/1,4,7-Triazacyclononane (G2/H7)
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A

B.18.15 N,N -Dibutylurea/Pyridine (G3/H1)

Sk
<&

B.18.16 N,N’-Dibutylurea/1,2-Pyrazine (G3/H2)

Fhhrite
A EA

B.18.17 N,N’-Dibutylurea/1,8-Naphthyridine (G3/H3)

B.18.18 N,N’-Dibutylurea/1,10-Phenanthroline (G3/H4)
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g

B.18.19 N, N -Dibutylurea/ TEA (G3/H5)

B.18.20 N, N -Dibutylureas/ TMEDA (G3/H6)

et
X

B.18.21 N,N’-Dibutylurea/1,4,7-Triazacyclononane (G3/H7)

e

B.18.22 N,N’-Dibutylthiourea/Pyridine (G4/H1)
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(¥ tt
B.18.23 N,N -Dibutylthiourea/1,2-Pyrazine (G4/H2)

v

B.18.24 N,N’-Dibutylthiourea/1,8-Naphthyridine (G4/H3)

C¢

B.18.25 N,N’-Dibutylthiourea/1,10-Phenanthroline (G4/H4)

B.18.26 N,N’-Dibutylthiourea/ TEA (G4/H5)
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B.18.27 N, N -Dibutylthiourea/TMEDA (G4/H5)

w

B.18.28 N,N’-Dibutylthiourea/1,4,7-Triazacyclononane (G4/H7)
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